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Abstract 
 

Bottlebrush polymers (BBPs) exhibit unique physical properties and distinct 

brush-like topologies with side chains attached to repeating units that are distributed 

in a segmental fashion along the polymer backbone. This dissertation reports the 

synthesis of BBPs and bottlebrush block copolymers (BBCPs) with unique 

properties. In addition, the self-assembly of amphiphilic BBCPs is important in 

understanding this dissertation. Owing to the steric hindrance of densely grafted side 

chains, chain–chain entanglement is limited to the bulk and solution. Consequently, 

well-defined nanostructures with large periodicities can be obtained from the self-

assembly of BBCPs. 

 

For the first time, amphiphilic BBCPs with polyethylene glycol (PEG) and 

polystyrene side chains attached to the polynorbornene backbone via ring-opening 

metathetical polymerization (ROMP) were synthesized (Chapter 2). BBCPs 

underwent a morphological transition as the brush ratio decreased, and when the 

brush ratio was below 7%, BBCPs self-assembled into inverse mesophases (polymer 

cubosomes). In particular, the polymer cubosomes exhibited icosahedral 

morphologies with large periodicities when allowed to self-assemble for an extended 

period.  

 

Furthermore, the synthesis of perfectly discrete BBPs with well-defined chemical 

structures is reported (Chapter 3). An iterative convergent growth technique that 

involves a copolyester backbone composed of approximately 64 repeating units of 

an alternating sequence of lactic acid and 2-hydroxy-4-pentenoic acid was prepared, 

and discrete side chains (polylactides) were introduced in the presence of the vinyl 
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groups of 2-hydroxy-4-pentenoic acid residues on the copolyester backbone using 

thiol–ene click chemistry. In addition, amphiphilic BBCPs containing hydrophobic 

dodecanethiol and discrete poly(ethylene glycol) were synthesized and self-

assembled into well-defined micelles in an aqueous solvent. 

 

Finally, we synthesized amphiphilic block copolymers containing guanidinium 

moieties and boroxole derivatives as ATP-responsive drug delivery systems 

(Chapter 4). To synthesize polypeptide backbones, ε-benzyloxycarbonyl(z)-L-lysine 

N-carboxyanhydride monomers were synthesized, and NCA ring-opening 

polymerization (ROP) was performed while controlling the nitrogen flow rate using 

PEG amine initiators. The ε-benzyloxycarbonyl group was removed in acidic 

conditions to afford block copolymer backbones with amine moieties. The obtained 

block copolymers could reversibly bind with guanidinium ions and nitro boroxole 

derivatives in ATP by forming salt bridges and bonding covalently, respectively.  

 

This dissertation provides synthetic protocols for BBPs and BBCPs and may serve 

as a model system that elucidates the function of the brush structure on the physical 

and chemical nature of BBCPs in solution. 

 

Keyword: Bottlebrush polymer, Grafting, Amphiphilicity, Ring-Opening 

Metathesis Polymerization (ROMP), Self-assembly, Morphology, Polymer 

cubosome, Discrete polymer, Iterative convergent growth, Post-

funtionalization, NCA Ring-Opening Polymerization (ROP). 
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Chapter 1. Introduction 

1.1. Bottlebrush polymers 

Bottlebrush polymers (BBPs) are one of the most important classes of gated 

polymers with high molecular weights (MWs). Polymeric side chains are attached 

to each repeating unit of the linear polymer backbone. The unique architecture of 

BBPs looks like “bottlebrushes”.1  

There are crucial parameters that control the sizes of BBPs, such as the degree of 

polymerization (DP) of the backbone and side-chain, chemical composition, and 

grafting density (the number of side chains per repeating unit). The unique structure 

of BBPs arises from the grafting density, which affects crowding among the side 

chains because of steric repulsion. Therefore, the BBP backbone could be longer 

than its side chain, resulting in a cylindrical morphology.2-4 Thus, controlling the 

parameters during synthesis is the key to obtaining BBPs with well-defined 

structures. BBPs have various architectures, including bottlebrush block copolymers 

(BBCPs), random BBPs, core-shell BBPs, and Janus BBPs. (Figure 1-1).5 

 

Figure. 1-1. Various BBP architectures.5 

 

1.1.1 Strategies for the synthesis of bottlebrush polymers 

BBPs were first synthesized in the early 1980s. Primarily, studies on BBPs have 

focused on the development of strategies for synthesis.6,7 There are three main 

strategies for synthesizing BBPs: “grafting-to,” “grafting-through”, and “grafting-

from” (Figure 1-2). 
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Figure 1-2. The 3 main strategies for synthesizing BBPs: grafting-to, grafting-

through, and grafting-from.8  

 

The grafting-to strategy: This strategy is based on attaching end-functional side 

chains to a linear polymer backbone containing complementary functionality on each 

monomer unit using coupling reactions, such as click chemistry and nucleophilic 

substitution. The advantage of the grafting-to strategy is that the linear backbone and 

side chains are prepared individually. Thus, the chain lengths of the linear backbone 

and side chains can be appropriately controlled, and their purity can be characterized 

before the coupling reaction.9 However, the disadvantage of the grafting-to strategy 

is the steric hindrance between the bulky side chains. Therefore, to drive the high 

conversion of the grafting reaction, an excess of side chains is employed. In addition, 

the removal of unreacted side chains is problematic for preparing graft polymers with 

high grafting densities. To obtain graft polymers with high grafting densities and 

narrow MW distributions, many new coupling approaches have been investigated. 

One of the coupling reactions of side-chain attachment, click chemistry, is largely 

used to prepare dendronized polymers with high grafting densities. For example, 

Fréchet and Hawker successfully synthesized doubly dendronized polymers by 

coupling azide-functionalized polybenzyl ether dendrons to linear backbones of 

poly(hydroxy) styrene polymers with polyaliphatic esters (Figure 1-3).10 
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Figure 1-3. Click reaction between G3 Fréchet-type dendrons containing azide 

moieties and acetylene functionalized dendronized linear polymers. 

 

Another coupling reaction, the thiol–ene coupling that is used to prepare 

bottlebrush polymers possesses multiple advantages of the click reaction. Unless any 

metal catalyst is used, the coupling reaction can proceed via a radical mechanism 

under ultraviolet (UV) illumination, base/nucleophile-mediated addition, and 

thermal heating unless a metal catalyst is used. This reaction also indicates good 

oxygen and moisture tolerance, and the coupling reaction can be performed with fast 

kinetics. Renard et al. synthesized amphiphilic bottlebrush copolymers using 

hydrophilic thiol-terminated polymers (α-amino-ω-methoxy poly(oxyethylene-co-

oxypropylene)) as side chains and a hydrophobic vinyl moieties-containing 

backbone (poly(3-hydroxyalkanoates)) via thiol–ene addition under UV 

irradiation.11  

 

The grafting-through strategy: Another strategy for synthesizing bottlebrush 

polymers is grafting-through, which involves polymerizing macromonomers to other 

polymerizable end groups. The advantage of this strategy is that its 100% grafting 

density, which plays a considerable role in controlling the properties of bottlebrush 

polymers, can be ensured because every repeating unit of the linear backbone 

contains a functional side chain. In addition, the length of the side chains can be 

easily tuned by regulating the DP of the backbone and side chains separately. The 

side chains are perfectly characterized before polymerization, enabling the 

preparation of well-defined bottlebrush polymers. However, the disadvantage of this 
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strategy is the intrinsic properties of macromolecules, including the steric hindrance 

of the propagating chain end and high viscosity. Owing to these properties, 

polymerization and the conversion rate of the reaction could be low. To obtain well-

defined bottlebrush polymers using the grafting-through strategy, combinations of 

different polymerization methods have been developed, including ring-opening 

metathesis, ring-opening, living anionic, and controlled radical.1,5 

Ring-opening metathesis polymerization (ROMP) is a powerful grafting-through 

strategy method. Macromonomers consisting of norbornenyl chain ends that lead to 

a larger space between side chains polymerize to bottlebrush polymers. The ROMP 

driving force is the ring strain in the functional group that provides kinetically 

favorable conditions for polymerization. Grubbs et al. reported the synthesis of 

bottlebrush polymers via a combination of ROMP, the click reaction, and atom-

transfer radical polymerization (ATRP) (Figure 1-4).12 

 

Figure 1-4 Synthesis of graft copolymers using a combination of ATRP, the click 

reaction, and ROMP.9,12 

 

Wooley et al. employed ROMP and tandem polymerization via ROMP, ATRP13, 

reversible addition-fragmentation chain transfer (RAFT),14 and nitroxide-mediated 

polymerization (NMP)15 in preparing well-defined bottlebrush polymers.1 

 

The grafting-from strategy: This strategy is based on a macroinitiator 

comprising a predetermined number of initiation sites. Because the polymers grow 

gradually from each initiating moiety, the strong point of this strategy is the 

preparation of long-backbone bottlebrush polymers with a high grafting density and 
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narrow molecular weight distribution. However, the disadvantage of this strategy is 

the low controllability of the side chain length and grafting density compared with 

the grafting through strategy.1 Additionally, undesired intermolecular termination 

and macroscopic gelation can occur during radical polymerization.5 

Matyjaszewski et al. first reported the synthesis of dense bottlebrush copolymers 

using a combination of ATRP and the grafting-from strategy (Figure 1-5).16 Poly(2-

trimethylsilyoxyethyl methacrylate) was synthesized via ATRP and transformed into 

a macroinitiator. The bottlebrush polymers were prepared via the polymerization of 

styrene and n-butyl acrylate initiated by the macroinitiator. 

 

 
Figure 1-5 Synthesis of graft copolymer using a combination of the grafting-from 

strategy and ATRP.9,16 

 

1.1.2 Molecular weight and molecular weight distribution 

Regarding complex macromolecules, conventional characterization techniques 

are often limited.17 Therefore, a combination of techniques, including gel permeation 

chromatography (GPC), viscometry, and light scattering, is utilized to characterize 

the MW, MW distribution, and molecular conformation. In addition, molecular 

visualization using scanning probe microscopy enables accurate measurements of 

the molecular size, branching topology, weight, and chemical conformation.18 The 

MW distribution of BBPs is determined using a combination of the Langmuir–

Blodgett technique and atomic force microscopy.19  

However, precise characterization of the structural properties, purity of the 

network, and composition can still be challenging, and the results should be analyzed 

with caution.20,21 Guironnet et al. investigated the impact of the structural parameters 
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on the dispersity of BBPs and the limits of size-exclusion chromatography (SEC) 

analysis of BBPs using a combination of experiments and Monte Carlo simulations.20 

In this study, the basic analysis of data leading to inaccurate results and provision of 

practical information to develop polymer characterization to support the 

advancement of precise structure–function relationships was demonstrated. 

 

1.1.3 Applications of bottlebrush polymers 

Owing to the steric crowding between the side chains, BBPs with cylindrical 

morphology have distinct physical properties that differ from those of linear 

polymers. Such unique structural features enable the use of bottlebrush polymers in 

various applications, including photonic crystals, patterning, antifouling coating, and 

biomedical applications (Figure 1-6).5,9 

 

Figure 1-6. Various application fields of BBPs.5 

 

Photonic crystals: BBPs show great promise in research on photonic crystals (PC) 

that have periodic structures on the same length scale as the wavelength of light.22 

PCs have aperiodic structures consisting of alternating layers with large domain sizes 

(>100 nm), where some of the incident light is reflected. The thickness of each layer 
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dominates the reflected light peak position. The wavelength of the reflected light (λ) 

can be calculated from the equation λ = 2(d1n1 + d2n2), where d and n are the domain 

size and refractive index of each layer, respectively (Figure 1-7).5,8 

 

Figure 1-7. Photonic crystal consisting of periodic BBCPs structures.8 

 

Grubbs et al. developed a method for rapid self-assembly of BBCPs with high 

molecular weights (MW) into nanostructures. The photonic bandgap could be 

controlled by tuning the MW of the BBCPs from the UV to near-infrared regions 

(Figure 1-8). The DP of the backbone and side chains of BBCPs was used to control 

the wavelength of the reflected light.23  

 
Figure 1-8. Structures and schemes for the synthesis of brush block copolymers from 

isocyanate-based macromonomers and their self-assembly in photonic crystals 

reflecting violet, green, and red lights, depending on the MW of the BBCPs.23 

 

In addition to using the MW of BBCPs, changing the solvents or self-assembly 

conditions can be used to manipulate the domain spacing of photonic crystals. 

Macfarlane et al. reported the blending of PS/PLA BBCPs with linear homopolymer 
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(HP) additives as another method of controlling the domain spacing.24 The HPs were 

incorporated into the lamellar blocks and uniformly distributed throughout the BBCP 

blocks. They demonstrated that the self-assembled BBCP blends exhibited a positive 

linear correlation between the lamellar domain spacing and HP:BBCP weight ratio 

(Figure 1-9).  

 
Figure 1-9. (a) Synthesis and self-assembly of BBCPs into lamellar arrays. The 

addition of HP swells these arrays and improves long-range order. (b) SEM images 

of BBCP film cross-sections with varying levels of HP.24 

 

Antifouling coating: The presence of densely grafted side chains on the surface 

has been found to improve the antifouling ability; thus, amphiphilic BBCPs are 

generally considered ideal for highly effective antifouling surfaces.25 Huang et al. 

prepared fluorine-containing asymmetric amphiphilic BBCPs as an antifouling 

coating.26 The hydrophilic poly(ethylene oxide) (PEO) and hydrophobic poly(2,2,2-

trifluoromethacrylate) side chains were densely grafted onto the linear backbone. 

This demonstrates that antifouling properties were obtained by coating 

heterogeneous asymmetric BBCPs onto the surface.  

 

Biomedical applications: Since BBP is a class of polymers with uniform 

dimensions, excellent stability, and tunable structural properties, they have been 
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extensively used in biological fields, including drug delivery, fluorescence imaging, 

and detection. Zhao et al. designed a BBP carrier with a core-shell structure for 

doxorubicin delivery using hydrophobic polycaprolactone as the core and 

hydrophilic poly(ethylene glycol) (PEG) as the shell.27 DOX was encapsulated in the 

nucleus of BBCP by hydrophobic interactions and slowly released within the cell. 

They found that the loading process of BBCP was simple and drug-release properties 

were faster than those of spherical micelles formed from linear BBCP despite having 

the same chemical composition.  

 

1.2. Solution self-assembly of block copolymers 

1.2.1 Self-assembly of linear block copolymers 

The self-assembly of small-molecule amphiphiles has been studied for decades, 

and various morphologies have been observed in bulk and aqueous solutions.28,29 

The packing parameter (p) has been widely used in various studies because it 

determines the morphology of small-molecule amphiphile aggregates. The packing 

parameter is defined as v/aolc, where v and lc represent the volume and length of the 

hydrophobic tail, respectively; ao is the cross-sectional head group area.30 Depending 

on the p value, various morphologies of aggregates can be observed, such as spheres 

(S), cylinders (C), bicontinuous structures (G), and lamellae (L). 

Based on this packing parameter, the morphologies of block copolymers (BCPs) 

can be predicted (Figure 1-10).31 Since polymer aggregates show higher durability 

and stability, the self-assembly of BCPs has attracted significant consideration for 

applications in various fields.32 The observed morphologies of BCP mainly include 

spherical micelles (p < 1/3), cylindrical micelles (1/3 < p < 1/2), vesicles (1/2 < p < 

1), lamellae (p = 1), and minimal surface structures (p > 1). 
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Figure 1-10. Schematic of BCP self-assembly in solution.31 

 

Earlier studies on the self-assembly of BCPs focused on “crew-cut” aggregates in 

which the hydrophilic block is shorter than the hydrophobic block studied over the 

last 15 years.33 Kim et al. synthesized an amphiphilic BCP consisting of dendritic 

hydrophilic (PEG) and hydrophobic (polystyrene (PS)) blocks. They reported that a 

topological transition of cylindrical micelles, such as “crew-cut” aggregates, could 

be induced by adjusting the number of PEG chains without changing the block 

ratio.34 

 
Figure 1-11. Transmission electron microscopy (TEM) images obtained from dried 

micelle solutions of (a) 3(PEG22)–PS152 (0.5 wt%) and 9(PEG7)–PS150 (0.5 wt%).34  

 



 

 11 

When p > 1, minimal surfaces (G, D, and P surfaces) or inverse Hex, fcc, and bcc 

structures are formed. In 2014, La et al. formed an inverse bicontinuous cubic 

mesophase from dendritic-linear BCPs in dilute solutions (Figure 1-12).35 Since the 

structure of these inverse bicontinuous cubic mesophases resembles that of lipid 

cubosomes, they used the term “polymer cubosomes” to describe the observed 

colloidal particles. Depending on the architecture of the dendritic hydrophilic block, 

various symmetries of the self-assembled cubosomes were observed, including 

primitive cubic (Schwarz P, Im3̅m), double diamond (Schwarz D, Pn3̅m), and double 

gyroid (Schoen G, Ia3̅d) minimal surfaces. 

 

Figure 1-12. Chemical structures and schematics of dendritic–linear BCPs and their 

self-assembly.35 

 

Since calculating the packing parameter of a BCP is rather difficult, a block ratio 

(f) that is defined as the weight fraction of a hydrophilic block to a hydrophobic block 

in an aqueous solution, is commonly used. Adjusting the block ratio of BCPs results 

in an observable morphological transition from micelles to inverse phases, including 

cubosomes and hexosomes (Figure 1-13).36 
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Figure 1-13. (a) Schematic of a branched–linear BCP and its self-assembly using 

cosolvents. (b) Phase diagram of the self-assembled BCP according to the BCP block 

ratio (f) and concentration.36 

 

Furthermore, the morphology of self-assembled BCPs could be controlled by a 

mix-and-match strategy employing binary blends of 2 BCPs with different f values 

without synthesizing a series of BCPs with different block ratios (Figure 1-14).37 

Since the morphology of the self-assembled BCP blends was determined from the 

average f value of the binary blends, the resulting self-assembled BCP blend 

morphology changed from spherical micelles to cubosomes with decreasing block 

ratio.  

 

Figure 1-14. Mix-and-match strategy for controlling the self-assembled structures.37 

 

Polymer vesicles are potential materials for use in various fields. Kim et al. 

reported that block copolymers containing styreneboroxole self-assembled into 

polymer vesicles. Styreneboroxole, which reversibly binds to diols, such as 

monosaccharides, selectively increases the solubility of the polymer in aqueous 

solutions. Polymer vesicles from block copolymers containing styreneboroxoles can 

encapsulate water-soluble cargo molecules, such as insulin, and can be disassembled 

in high concentrations of glucose by binding with diols. Consequently, these 
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polymersomes can be used as drug delivery systems, depending on the concentration 

of glucose (Figure 1-15).38 

 

 

Figure 1-15. Self-assembly of PEG-b-PBOx and its disassembly in the presence of 

monosaccharides.38 

 

A new class of sugar-responsive polymers based on a sequence-specific 

copolymer of styreneboroxole and N-functionalized maleimide was synthesized via 

RAFT polymerization.39 The synthesized block copolymers self-assembled into 

polymer vesicles and responded to a lower level of glucose in the medium in 

physiologically relevant pH and glucose levels. As a self-regulated insulin delivery 

system, it is possible to release the loaded drug at low monosaccharide 

concentrations (Figure 1-16). 

 

Figure 1-16. Schematic of glucose-triggered disassembly of polymersomes of sugar-

responsive block copolymers in a physiologically relevant pH and glucose level.39 

 

Kim et al. reported the synthesis of new monosaccharide-responsive polymers and 

block copolymers comprising styreneboroxole and oligo(ethylene glycol)-

functionalized styrenes (OEG-STs) (Figure 1-17). These polymers are thermally 
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responsive, demonstrating that they possess the characteristic of tunable lower 

critical solution temperature in water. Owing to their ability to bind diols, 

styreneboroxole units function as a switch to change the solubility of the copolymers 

in an aqueous solution. By introducing the minimum number of monosaccharide-

responsive styreneboroxole units onto the OEG-ST backbone, the monosaccharide-

responsive behavior of the polymer vesicles from block copolymers was 

demonstrated in an aqueous solution.40 

 

Figure 1-17. Schematic for self-assembly of sugar- and thermo-responsive block 

copolymers and their disassembly in the presence of monosaccharides.40 

 

1.2.2 Self-assembly of bottlebrush block copolymers 

For linear BCPs, stabilizing a particular morphology is compensated for by chain 

stretching for a range of compositions. Therefore, when the stretching of chains 

cannot compensate for altering polymer asymmetry, a morphological transition is 

induced.41 For BBCPs, the linear backbone is fully extended owing to the steric 

repulsion of the side chains. Consequently, chain stretching only originates from the 

side chains attached to the linear backbone. Thus, the bottlebrush architecture cannot 

adapt to the modification of the interfacial curvature. Rzayev et al. hypothesized that 

the morphological windows of shape-persistent macromolecules, such as BBCPs, 

are narrow.42 Furthermore, intermediate aggregates, which are unusual composite 

structures, were observed when BBCPs were packed in a shape-dependent manner 

to diminish free energy.  
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Wooley et al. investigated the self-assembly of polyacrylic acid-containing 

BBCPs in aqueous solutions.43 They synthesized linear amphiphilic PS-b-PMA-b-

PAA triblock copolymers and amphiphilic BBCP having triblock PS-b-PMA-b-PAA 

side chains (Figure 1-18). Although BCP and BBCP were self-assembled into 

aggregates under similar conditions, the observed self-assembled structures were 

different. Globular nanoscopic and cylindrical morphologies were observed for the 

linear BCPs and BBCPs, respectively. It was hypothesized that the rigid backbone 

of BBCPs limited the conforming freedom of the triblock copolymer-grafted side 

chains.  

 

Figure 1-18. Synthesis and self-assembled structures of amphiphilic linear 

amphiphilic PS-b-PMA-b-PAA triblock copolymers and amphiphilic BBCP having 

triblock PS-b-PMA-b-PAA side chains. 

 

Gianneschi et al. developed phase diagrams including diverse structures from 

ROMP copolymer amphiphiles (Figure 1-19).44 They found that selectively 

controlling the specific morphology of ROMP copolymers by changing the block 

ratio values is quite challenging. Alternatively, a variety of morphologies can be 

obtained from amphiphilic BBCPs because of the kinetically trapped nature of the 

bottlebrush polymers. Alternatively, they manipulated the morphologies of self-

assembled BBCP structures by changing the organic cosolvent.  
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Figure 1-19. Morphologies generated from ROMP copolymer amphiphiles.44 

 

1.3. Discrete polymers 

1.3.1 Discrete linear polymer 

Biopolymers, such as proteins, have structures whose sequences and lengths are 

completely defined; in particular, amino acid sequences form specific secondary 

structures in response to specific functional groups, leading to vital activities. 

Biopolymers store and function in various types of necessary information. Therefore, 

efforts have been made to produce synthetic polymers with defined sequences and 

lengths, such as biopolymers. Diverse synthetic approaches have been developed to 

synthesize sequence-controlled polymers, including controlled polymerization, 

template methods, and iterative approaches (Figure 1-20).45 

 
Figure 1-20. Approaches for the synthesis of sequence-controlled polymers.45 
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The solid-phase synthesis reported by Merrifield is one of the most widely used 

methods of synthesizing monodisperse polymers.46 Although this synthetic method 

is extensively applied and used for the formation of discrete synthetic oligomers, 

many synthetic reactions, such as coupling, capping, and deprotection are needed. 

Lutz et al. synthesized monodisperse sequence-defined polymers via protecting-

group-free iterative strategies (Figure 1-21).47 Unlike solid-phase synthesis, this 

strategy bypasses the use of protecting groups. Instead, a large excess of bifunctional 

building blocks is used for successive coupling. In addition, chemoselective 

approaches that rely on more than 2 reactive functions can be used to synthesize 

monodisperse sequence-defined polymers. 

 
Figure 1-21. Protecting-group-free approaches.47 

 

In 1982, Whiting et al. demonstrated the iterative divergent/convergent approach 

as an efficient method of providing oligomers and polymers with perfectly-known 

structures and DPn (Figure 1-22).48,49 The key concept of this approach is selective 

deprotection at both ends of the diprotected monomer. After orthogonal deprotection 

reactions, the monoprotected intermediates are coupled to yield an orthogonally 

protected dimer. This cycle can be repeated several times to obtain a sequence of 

length 2n. This method has been extensively used for the synthesis of polymers with 

well-defined chemical sequences.50,51 
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Figure 1-22. Principle of the iterative divergent/convergent approach.52 

 

The synthesis of monodisperse poly(α-hydroxy acid) composed of a large discrete 

number of monomers using the iterative divergent/convergent method was 

reported.53 Due to a defined aperiodic sequence of polymers, digital information 

could be stored in the irregular sequence composed of 2 or more chemically distinct 

monomers. In addition, the encoded sequence could be fully decoded by the tandem 

mass technique using matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry. The synthesis of cyclic polymers and block copolymers with discrete 

MWs was also reported to exploit the topology change.54 Upon cyclization of 

monodisperse end-functionalized poly(rac-lactide), the hydrodynamic volume was 

reduced for a wide range of MWs.  

 

1.3.2 Discrete bottlebrush polymer 

Interestingly, nature builds hundreds of functional proteins from only 20 different 

kinds of amino acid monomers.55,56 The diverse functionality of biomacromolecules 
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is attributable to the absolute control of the sequences in polymeric chains57 in 

developing synthetic systems of protein-like polymers.  

Johnson et al. reported an iterative exponential growth plus side-chain 

functionalization (IEG+) strategy, consisting of absolute control over sequence and 

stereoconfiguration, of forming polymers.58 By chemoselective substitution and 

subsequent functionalization of monomers, specific side-chain placement in each 

iteration could be allowed. In addition, they reported a new allyl-IEG strategy that 

yields unimolecular and chiral BCPs with side-chain functionalities (Figure 1-23).59 

Owing to the allylated oligomer, efficient post-functionalization reactions for 

synthesizing uniform BCPs could proceed.  

 
Figure 1-23. The incorporation of functional groups into IEG+ by utilizing post-

functionalization reactions.59 

 

Palmans et al. demonstrated the synthesis of functional, sequence-defined, and 

discrete oligo-L-glutamamides.56 Sequence-defined octamer containing alkyne- and 

alkene-based reactive functional groups at determined positions could be obtained 

using subsequent deprotection, activation, and coupling reactions. Complete 

functionalization of the octamer is accomplished by Cu(I)-catalyzed alkyne–azide 

and thiol–ene “click” chemistry. 

As an example of a monodisperse brush polymer, Weil et al. synthesized 

anisotropic brush polymers with monodisperse lengths using the grafting-from 

strategy (Figure 1-24).60 A chemical function was introduced into a defined position 

placed along the polypeptide backbone. This mono-functionalization method was 

linked to biotin-streptavidin interactions, demonstrating the potential for site-

specific self-assembly. Benetti et al. investigated the impact of side-chain 

heterogeneity within graft polymers on hydration and hydrophobic interactions using 
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several surface analyses.61 They demonstrated that dispersity within brush polymers 

plays an important role in determining interfacial physicochemical properties. 

 
Figure 1-24. A unique synthetic framework exploiting the architecture of proteins 

to construct precision anisotropic brush polymers.60 

 

1.5. Summary of dissertation 

This dissertation reports the synthesis of amphiphilic bottlebrush polymers and 

the self-assembly of bottlebrush block copolymers in solution. Bottlebrush polymers 

(BBPs) exhibit unique physical properties and distinct brush-like topologies with 

side chains attached to repeating units that are distributed in a segmental fashion 

along the polymer backbone. This dissertation reports the synthesis of BBPs and 

bottlebrush block copolymers (BBCPs) with unique properties. In addition, the self-

assembly of amphiphilic BBCPs is important in understanding this dissertation. 

Owing to the steric hindrance of densely grafted side chains, chain–chain 

entanglement is limited to the bulk and solution. Consequently, well-defined 

nanostructures with large periodicities can be obtained from the self-assembly of 

BBCPs. Diverse strategies are available for the synthesis of BBPs. 

 

In chapter 2, amphiphilic BBCPs with polyethylene glycol (PEG) and polystyrene 

side chains attached to the polynorbornene backbone via ring-opening metathetical 

polymerization were synthesized (Chapter 2). BBCPs underwent a morphological 

transition as the brush ratio decreased, and when the brush ratio was below 7%, 

BBCPs self-assembled into inverse mesophases (polymer cubosomes). In particular, 
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the polymer cubosomes exhibited icosahedral morphologies with large periodicities 

when allowed to self-assemble for an extended period.  

 

In chapter 3, the synthesis of perfectly discrete BBPs with well-defined chemical 

structures is reported (Chapter 3). An iterative convergent growth technique that 

involves a copolyester backbone composed of approximately 64 repeating units of 

an alternating sequence of lactic acid and 2-hydroxy-4-pentenoic acid was prepared, 

and discrete side chains (polylactides) were introduced in the presence of the vinyl 

groups of 2-hydroxy-4-pentenoic acid residues on the copolyester backbone using 

thiol–ene click chemistry. In addition, amphiphilic BBCPs containing hydrophobic 

dodecanethiol and discrete poly(ethylene glycol) were synthesized and self-

assembled into well-defined micelles in an aqueous solvent. 

 

In chapter 4, we synthesized amphiphilic block copolymers containing 

guanidinium moieties and boroxole derivatives as ATP-responsive drug delivery 

systems (Chapter 4). To synthesize polypeptide backbones, ε-benzyloxycarbonyl(z)-

L-lysine N-carboxyanhydride monomers were synthesized, and NCA ring-opening 

polymerization was performed while controlling the nitrogen flow rate using PEG 

amine initiators. The ε-benzyloxycarbonyl group was removed in acidic conditions 

to afford block copolymer backbones with amine moieties. The obtained block 

copolymers could reversibly bind with guanidinium ions and nitro boroxole 

derivatives in ATP by forming salt bridges and bonding covalently, respectively. 

This dissertation provides synthetic protocols for BBPs and BBCPs and may serve 

as a model system that elucidates the function of the brush structure on the physical 

and chemical nature of BBCPs in bulk and solution. 

 

Excerpts from the following chapters have already been published: 
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Chapter 2: Ma, H.; Kim, K. T. Self-Assembly of Bottlebrush Block Copolymers into 

Triply Periodic Nanostructures in a Dilute Solution. Macromolecules 2020, 53, 711–

718. 

Chapter 3: Ma, H.; Ha, S.; Jeong, J.; Wang, V.; Kim, K. T. Synthesis of discrete 

bottlebrush polymers via the iterative convergent growth technique and post-

functionalization. Polym. Chem., 2022, 13, 3689–3695. 
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Chapter 2. Self-Assembly of Bottlebrush Block 

Copolymers into Triply Periodic Nanostructures in a 

Dilute Solution 

 

2.1. Abstract 

Bottlebrush block copolymers (BBCPs) exhibit a distinct brush-like topology, 

which extends their conformations and, consequently, limits chain−chain 

entanglement in bulk forms and in concentrated solutions. These characteristics 

make them attractive building blocks to create well-defined nanostructures with large 

periodicities by self-assembly. However, self-assembly of BBCPs into periodic 

nanostructures in a dilute solution has rarely been studied. Here, we report the 

solution self-assembly of amphiphilic BBCPs with poly(ethylene glycol) (PEG) and 

polystyrene (PS) as pendants attached to a polynorbornene backbone. Similar to the 

self-assembly of conventional linear block copolymers (BCPs), the BBCPs 

underwent a morphological transition from spherical micelles to vesicles as their 

brush ratio, defined by the weight fraction of hydrophilic PEG brushes compared to 

the weight of the block copolymer brushes (wPEG), decreased. We found that the 

BBCPs self-assembled into inverse mesophases when the value of wPEG was below 

7%. In particular, highly symmetric icosahedral cubosomes of BBCPs with internal 

double diamond lattices were formed when allowed to undergo self-assembly for an 

extended time period.  

 

Figure 2-1. Schematic representation of the formation of crew-cut aggregates from 

micelles to inverse mesophases according to wPEG value in aqueous solution. 
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This condition led us to find that new morphologies from self-assembly of BBCPs 

in a dilute solution, such as nanotubes and tubular networks, were analogous to the 

reticulated cylindrical micelles observed from the nonergodic assembly of linear 

BCPs. Our results suggested that BBCPs could serve a class of macromolecular 

building blocks to create complex nanostructures with unusual morphologies. 

 

2.2. Introduction 

Bottlebrush block copolymers (BBCPs) possess chemically distinct polymers as 

pendants attached to the repeating units that are distributed in a segmental fashion 

along the backbone polymer.1−5 BBCPs exhibit an increased mobility in condensed 

phases because their unique brush-like topology limits chain−chain entanglement.6−8 

Consequently, BBCPs with high or ultrahigh molecular weights (>1 MDa) can 

readily self-assemble to form ordered structures with large domain sizes, which arise 

from high molecular weights and extended conformation of the bottlebrush polymer 

blocks.9−12 Lamellar structures of BBCPs have attracted recent attention as photonic 

band gap materials exhibiting reflection at the wavelengths correlated with the 

domain sizes of the microphase-separated structures.13−15 The reflection wavelength 

of the one-dimensional photonic crystals of BBCPs could be controlled by precisely 

controlling the chemistry and molecular weights of polymer brush pendants and the 

degree of polymerization (DP) of the polymer backbone.16−18 Three-dimensional 

periodic structures created by the self-assembly of block copolymers have been 

proposed as promising photonic band gap materials. However, these structures with 

large periodicities have not yet been achieved by allowing BBCPs in condensed 

phases to undergo self-assembly.  

Solution self-assembly of block copolymers (BCPs) into inverse bicontinuous 

cubic (IBC) mesophases is an alternative route to the creation of highly ordered 3D 

polymeric nanostructures.19−22 Polymer cubosomes, colloidal particles of IBC 

structures composed of triply periodic minimal surfaces of BCP bilayers, have 

recently been attracting attention as ordered porous materials that provide unique 
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nanospaces for the adsorption of proteins,23,24 drug delivery,25,26 and nano-

templating.27 The symmetry and dimensions of the internal lattices of polymer 

cubosomes are determined by the architecture, the block ratio, and the molecular 

weights of polymer blocks constituting the BCP.28,29 High-molecular-weight BCPs 

can self-assemble to form polymer cubosomes with large lattice parameter (a) 

comparable to Nature’s length scale exhibited by biophotonic crystals.30 The 

resulting polymer cubosomes composed of large cubic lattices could serve as 

templates for the synthesis of single cubic networks of silica or titania, which are 

synthetic analogues to biophotonic crystals exhibiting omni-directional band gaps. 

However, BCPs with very high molecular weights (>200 kDa) are not easily 

thermodynamically stabilized during self-assembly because of their extensive 

entanglement in the condensed phase, resulting in the formation of intermediate 

structures with kinetically determined morphologies.  

Here, we report the synthesis of BBCPs with short poly(ethylene glycol) (PEG) (Mn 

= 550 Da) and polystyrene (PS) (Mn = 3 kDa) tethered to a polynorbornene backbone 

by ring-opening metathesis polymerization (ROMP) of macromonomers. A series of 

BBCPs with asymmetric brush ratios, expressed as the weight fraction of a water-

soluble brush block (wPEG), was synthesized to investigate the formation of crew-cut 

aggregates in aqueous solution (Figure 2-1). In addition to the formation of 

conventional structures including nanospheres, worm-like micelles, and vesicles, the 

BBCPs self-assembled into IBC mesophases as the wPEG value of the BBCP 

decreased. Polymer cubosomes with well-defined internal cubic lattices (Im3̅m and 

Pn3̅m space group) were formed from the self-assembly of BBCP with a wPEG value 

below 7%. The internal order of the polymer cubosomes was strongly dependent on 

the time scale of the introduction of a poor solvent for the PS-brushed block during 

the self-assembly. The introduction of water into the BBCP solution by vapor 

diffusion for an extended time period yielded polymer cubosomes with icosahedral 

morphology, suggesting the presence of a single crystalline domain residing in the 

polymer cubosomes.31 We also found that the colloidal particles with disordered 
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bicontinuous structures (sponge-phase particles) of BBCP unwound into nanotubular 

networks with closed end caps under conditions conducive to self-assembly, thereby 

allowing the mobility of BBCPs for an extended time period. 

 

2.3. Results and Discussion 

2.3.1. Synthesis of BBCPs.  

BBCPs of which the hydrophilic block has a small weight fraction compared to that 

of the block copolymer brush, defined here by the brush ratio (wPEG), could behave 

as conventional BCPs with high block asymmetry forming crew-cut aggregates.32−35 

We envisaged that these BBCPs with small wPEG values could self-assemble into IBC 

mesophases in solution by assuming that topologically limited entanglements of 

BBCPs in condensed phases could alleviate the kinetic trapping of self-assembly in 

solution into intermediate structures.  

We adopted the ROMP of N-functionalized norbornene dicarboximide (NDCI) 

with Grubbs’ third generation catalyst to synthesize BBCPs because of the fast 

propagation of macromonomers without sacrificing the living polymerization 

character. The hydrophilic macromonomer, N-PEG-cis-norbornene-exo-2,3-

dicarboximide (PEG550-NDCI), was synthesized by coupling short mono-methoxy 

PEG (Mn = 550 Da) with N-carboxyethyl-norbornene-exo-dicarboximide by 

esterification (Figure S2-1). As a hydrophobic macromonomer, N-PS3k-norbornene-

exo-dicarboximide (PS3k-NDCI) was prepared by Cu(I)-catalyzed azide−alkyne 

cycloaddition (click chemistry) with azido-PS (PS-N3) (Mn = 3 kDa) and N-

propargyl-norbornene-exo-dicarboximide. The purity of macromonomers was 

confirmed by 1H NMR, matrix-assisted laser desorption/ionization-time-of-flight 

mass spectrometry (MALDI), and gel permeation chromatography (GPC) (for 

synthetic details and characterization data, see the Supporting Information).  

BBCPs were synthesized by the ROMP of PS3k-NDCI (0.05 M) with Grubbs’ third 

generation catalyst in THF, followed by the sequential addition of PEG550-NDCI to 

this solution. After complete consumption of PS3k-NDCI after 1 h, a small portion 
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of the solution was taken to measure the absolute molecular weight and DPn of the 

hydrophobic bottlebrush block by GPC with a multi-angle laser light scattering 

(MALS) detector. After consumption of the PEG block was complete, ethyl vinyl 

ether was added to the solution to quench the reactions. The synthesized BBCPs were 

precipitated in cold methanol to remove unreacted macromonomers and catalysts 

(Scheme 2-1).36 The GPC results of the synthesized BBCPs showed unimodal peaks 

with narrow dispersity (Figures S2-6 and S2-7). The brush ratio (wPEG) of the BBCPs 

was estimated by 1H NMR integration of the peak corresponding to the PEG brushes 

and the peaks corresponding to the phenyl groups of the PS brushes (Figure S2-5). 

 

Scheme 2-1. Synthesis of (A) PEG550-NDCI, (B) PS3k-NDCI, and (C) PEG−PS 

BBCP via ROMP 

 

 

2.3.2. Self-Assembly of BBCPs in Dilute Solution.  

High-molecular-weight BBCPs self-assemble into micelles and vesicles in a dilute 

solution.37−41 Holder and Sommerdijk reported that block copolymers with short 

pendant brushes, such as tripeptides and dodecyl chains, self-assembled into a 

variety of structures including bicontinuous nanoparticles and polymer 

cubosomes.42,43 The synthesized BBCPs possess asymmetric brush ratios as 

indicated by their small wPEG values. These BBCPs can be compared with linear 
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diblock copolymers with short hydrophilic chains. In aqueous solution, a myriad of 

morphologies has been identified from the self-assembly of BCPs with asymmetric 

block ratios.  

We investigated the morphology of self-assembled structures of a series of BBCPs 

(BBCP 1−3) composed of an identical PS-brushed hydrophobic block and PEG-

brushed hydrophilic blocks having different number-average DP (DPn) (Table 2-1). 

The wPEG values gradually decreased from 13% for BBCP 1 to 10% for BBCP 2 and 

7% for BBCP 3. When the same volume of water was added at a rate of 0.5 mL/h to 

the 1,4-dioxane solution of BBCP 1 (5 mg/mL), followed by dialysis against water 

for 24 h, we observed the formation of spherical micelles by transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM) (Figure 2-2A,B). The 

average diameter (Dav) of the spherical micelles was estimated to be 81 nm from the 

electron microscopy images, which coincided with Dav determined by dynamic light 

scattering (Figure S2-8A). The morphology changed to polymer vesicles when 

BBCP 2 was allowed to self-assemble under identical conditions (Figure 2-2C,D). 

BBCP 3 self-assembled into particles with internal porous structures without the 

crystalline order (Figure 2-2E). SEM images of colloidal particles of BBCP 3 

showed that the bicontinuous pores residing in these particles were not exposed to 

the surroundings (Figure 2-2F). Another series of BBCPs with similar block ratios 

and increased overall molecular weights (BBCP 4−6) also exhibited the same 

morphological transition from spherical micelles to vesicles and inverted phase 

structures as the wPEG value of the BBCP decreased from 17 to 7% (Figure S2-9). 

This morphological transition observed for the series of BBCPs suggested that the 

morphology of crew-cut aggregates of BBCPs was dictated by the brush ratio 

between two incompatible brushed polymer blocks in a similar way the morphology 

of linear diblock copolymers with block asymmetry is controlled (Figure S2-8B). 

 

 

 



 

 33 

Table 2-1. Characterization of BBCPs 

BBCP X(PEG)a Y(PS)a 
M

n, obsd 

(kDa)b 

M
w, obsd 

(kDa)b 
Ð b w

PEG
(%)c 

1 29 34 158 161 1.01 13 

2 21 34 154 157 1.02 10 

3 14 34 108 111 1.03 7 

4 60 59 284 292 1.03 17 

5 35 59 267 268 1.01 10 

6 23 59 260 262 1.01 7 

7 10 39 128 131 1.02 6 

8 16 76 250 253 1.01 5 

9 10 29 106 118 1.12 8 

10 40 177 672 699 1.04 5 
aThe number average DPn of PS block and PEG block determined by GPC/MALS and 1H 

NMR integration. bDetermined from GPC/MALS. cThe molecular weight ratio of the PEG 

domain to that of the block copolymer. The molecular weight of macromonomers was 

determined by GPC/MALS, MALDI, 1H NMR integration (PEG550-NDCI = 550 Da, PS3k-

NDCI = 3 kDa). 
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Figure 2-2. TEM images and SEM images of morphological transition of self-

assembled structures of (A and B) BBCP 1, (C and D) BBCP 2 and (E and F) BBCP 

3 in 1,4-dioxane solution from micelles to colloidal particles with bicontinuous pores 

according to wPEG value in an aqueous solution. 

 

2.3. Self-Assembly of BBCPs into Inverse Cubic Mesophases.  

To expand the structural diversity of nanostructures of BBCPs in solution, we 

further investigated the self-assembly of BBCPs by reducing the wPEG values even 

further. BBCP 7 (wPEG = 6%) self-assembled into polymer cubosomes (Dav = 4 μm, 

measured by SEM and TEM images) (Figure 2-3A−D). The thickness of the internal 

bilayer was estimated to be 28 nm by TEM, suggesting that the conformation of the 

polynorbornene backbone of the BBCP was highly stretched. Small angle X-ray 

scattering (SAXS) of the dried cubosomes of BBCP 7 showed broad peaks, which 

were assigned to the mixed phase of the Schwarz P (Im3̅m, a = 92 nm) and Schwarz 

D (Pn3̅m, a = 78 nm) surfaces (Figure 2-3E). Under the identical condition for self-

assembly, BBCP 8 also formed cubosomes with an internal Schwarz D surface, 

which was confirmed by SEM, TEM, and SAXS (Pn3̅m, a = 85 nm) (Figure 2-4).  

 

Figure 2-3. (A) SEM image showing the polymer cubosomes of BBCP 7 (Dav = 4 

μm). (B and C) The magnified views of the perforated surface layer of polymer 

cubosomes showing different planes viewed at the [100] direction and [111] 

direction, respectively. (D) TEM image showing the polymer cubosomes of BBCP 

7. Inset shows the thickness of the bilayer membrane. (E) SAXS result obtained from 
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polymer cubosomes. Peaks were assigned to mixed phases; Im3̅m (a = 92 nm, black) 

and Pn3̅m (a = 78 nm, blue). Inset shows the magnified SAXS graphs at high q. 

 

 

Figure 2-4. (A) SEM image showing the polymer cubosomes of BBCP 8 and (B) 

magnified view of the surface pores. (C) TEM image showing the polymer 

cubosomes of BBCP 8. (D) SAXS result obtained from polymer cubosomes 

indicating Pn3̅m symmetry (a = 85 nm). Inset shows the magnified SAXS graphs at 

high q. 

 

The formation of the internal bicontinuous structures of polymer cubosomes is 

strongly related to the overall molecular weight of a BCP. The limited mobility of 

high-molecular-weight BCP renders the self-assembled structures to be kinetically 

trapped before reaching the thermodynamically stable structures. We realized that 

the rate of the addition of the nonsolvent (water) influenced the degree of the internal 

order of the polymer cubosomes of BBCP 7 and BBCP 8.44  

When the rate of addition was increased from 0.5 to 1 mL/h, the disorder of the 

internal cubic mesophases of the polymer cubosomes of BBCP 7 increased, as 

indicated by the TEM images (Figure S2-10A−C). The TEM images also exhibit that 

the internal cubic order of the polymer cubosomes of BBCP 8 also deteriorated 

significantly (Figure S2-10E−G). We reasoned that this kinetic influence of the self-
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assembly in the cosolvent method might cause the appearance of the mixed internal 

phase of the cubosomes of BBCP 7. However, the mixed internal phase of the 

cubosomes of BBCP 7 was not altered into the minimal surfaces of a single 

symmetry (P or D) even with the reduced rate of water addition (0.1 mL/h) used for 

self-assembly.  

We attempted to maintain the chain mobility for a prolonged time period by using 

the “solvent diffusion−evaporation-mediated self-assembly” (SDEMS) method45 to 

introduce water into a 1,4-dioxane solution of BBCP (Figure 2-5). This method of 

self-assembly utilizes the humidity in the air as a source of water. A dioxane solution 

of BBCP 7 (5 mg/mL, 2 mL) was placed in a closed chamber saturated with the 

vapor of a mixture of dioxane and water (1:1 v/v). While the dioxane slowly 

evaporated, water diffused into the solution over an extended period. The vapor 

pressure of dioxane was adjusted with the amount of dioxane in the water/dioxane 

mixture.  

 

Figure 2-5. Schematic representation of the self-assembly of BBCPs by using 

SDEMS method.  

 

After 24 h under SDEMS conditions, BBCP 7 self-assembled into polymer 

cubosomes having only the Schwarz D surface as indicated by TEM and SAXS 

(Pn3̅m, a = 85 nm) (Figure 2-6A,F). Fast Fourier transform (FFT) analysis of the 

TEM images showed the presence of a double diamond lattice with a lattice 

parameter of 88 nm (Figure 2-6B,C). The average diameter of the cubosomes of 

BBCP 7 was estimated to be 6 μm by SEM (Figure 2-6D,E). Extending the time (48 
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and 72 h) during which SDEMS was applied did not alter the morphology and the 

lattice dimension of the cubosomes of BBCP 7.  

 

Figure 2-6. (A) Low-magnification TEM image of the polymer cubosomes. (B and 

C) TEM images showing the internal structure of the polymer cubosomes of BBCP 

7. The magnified view of the internal structures and the fast Fourier transform (FFT) 

(inset) show a double diamond (Pn3̅m) lattice viewed in the [111] direction and [110] 

direction. (D) Low-magnification SEM image of the polymer cubosomes of BBCP 

7. (E) The magnified views of the perforated surface layer of polymer cubosomes 

showing different planes viewed along the [111] direction. (F) SAXS result of the 

dried polymer cubosomes of BBCP 7, which indicates the double diamond (Pn3̅m) 

lattice (a = 85 nm). Inset shows the magnified SAXS graphs at high q. 

 

When the dioxane solution of BBCP 8 was allowed to self-assemble for 24 h under 

the same SDEMS conditions, the morphology of the cubosomes transformed from 

irregular spheres to highly symmetric icosahedra (Figure 2-7). The internal structure 

was estimated to be the Schwarz D surface and the lattice periodicities was increased, 

which was confirmed by the SAXS results (Pn3̅m, a = 114 nm) (Figure 2-8B). The 

lattice parameter estimated from the FFT analysis of the TEM image was 112 nm 

(Figure 2-8C,D). The high molecular weights of the BBCPs (>250 kDa) correspond 

with the increased lattice dimension. The analysis of the TEM images of the 

cubosomes of BBCP 8 exhibited the presence of double diamond lattices inside the 
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cubosomes, suggesting that the icosahedral morphology of the cubosomes was a 

result of the crystallinity of the internal periodic minimal surface (Figure 2-8A). 

These results strongly suggested that the kinetic factors influence the mobility of 

BBCPs and the order of the periodic structures created by self-assembly of BBCPs 

in dilute solution.  

TEM images, in combination with fast Fourier transform analysis46,47 obtained from 

the TEM images taken at different tilting angles (−30 to +30°), were used for 

obtaining information on the space group and crystallographic structure of polymer 

cubosomes (Figures S2-11 and S2-12 in the Supporting Information). The space 

group of the internal structure was determined by the FFT analysis of the TEM image 

of the polymer cubosomes of BBCP 7. When viewed along the [112] direction and 

[110] direction, the {111} reflection was obtained. Because the {111} reflection is 

forbidden for the space group Im3̅m, we can determine that the space group of 

polymer cubosomes from BBCP 7 is Pn3̅m and not Im3̅m. Also, the space group of 

polymer cubosomes from the BBCP 8 is Pn3̅m because the {111} reflection was also 

obtained when viewed along the [110] direction and [112] direction.  

In order to increase the lattice parameters of polymer cubosomes of BBCPs, we 

attempted the self-assembly of BBCP 10 with a higher overall molecular weight (Mn 

= 672 kDa, Đ= 1.04), having a similar brush ratio (wPEG = 5%) under the SDEMS 

condition, which only yielded spherical colloidal particles after 72 h under the 

SDEMS conditions (Figure S2-13). This result indicated that, in addition to the brush 

ratio, the topological complexity of a BBCP, such as the length of the polymer brush 

in both hydrophilic and hydrophobic blocks, should be considered as an important 

structural factor for the control of the morphology of the self-assembled structure of 

a BBCP. 
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Figure 2-7. (A) Low-magnification SEM images of polymer cubosomes of BBCP 8. 

The inset shows a schematic representation of icosahedral structure. (B) The 

magnified view of icosahedral morphology of the cubosomes from BBCP 8. 

 

 

Figure 2-8. (A) TEM image of the polymer cubosomes of BBCP 8. (B) SAXS result 

of dried polymer cubosomes of BBCP 8. Peaks were assigned to Pn3̅m symmetry (a 

= 114 nm). Inset shows the magnified SAXS graphs at high q. (C and D) TEM 

images showing the internal structure of the polymer cubosomes of BBCP 8. The 

magnified view of the internal structures and the fast Fourier transform (FFT) (inset) 

show a double diamond (Pn3̅ m) lattice viewed in the [111] direction and [100] 

direction, respectively. 

 

2.4. Nanotubes and Tubular Networks of BBCPs.  

After identifying the kinetic effect of the self-assembly of BBCPs under SDEMS 

conditions, we re-examined the morphology of self-assembled structures of BBCPs 
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formed under these conditions. The self-assembly of BBCPs into spherical micelles 

and vesicles did not show any change of morphology under SDEMS conditions. 

However, BBCP 3 and BBCP 6 exhibited a morphological transition from inverted 

particles to pea-pod tubular structures upon changing the self-assembly method to 

SDEMS for 24 h. Exposure of BBCP 3 (5 mg/mL, 2 mL) to SDEMS conditions for 

an extended time period changed the morphology of the self-assembled structures to 

pea-pod tubular structures with closed ends (Figure 2-9A,B). Similar to the self- 

assembly of BBCP 3 and BBCP 6 (5 mg/mL, 2 mL), which has a higher molecular 

weight, pea-pod tubular structures were formed with a vesicular blob after 72 h under 

SDEMS conditions (Figure 2-9C,D). These results suggested that the formation of 

featureless inverted particles of high-molecular-weight BBCPs with low wPEG values 

could originate from the kinetic restraint of the mobility of BBCPs in condensed 

phases (Figure S2-14).  

 

Figure 2-9. (A and B) TEM and SEM images of pea-pod tubular structures from 

BBCP 3 under SDEMS conditions (2 mL, a mixture of dioxane and water (1:1 v/v), 

24 h). (C and D) TEM and SEM images of pea-pod tubular structures with a vesicular 

blob after from BBCP 6 under SDEMS conditions (2 mL, a mixture of dioxane and 

water (1:1 v/v), 72 h). 
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The formation of nanotubes of BBCPs under SDEMS conditions from the self-

assembly of BBCP 9 (Mn = 106 kDa, wPEG = 8%) was pronounced. When the dioxane 

solution of BBCP 9 (5 mg/mL, 2 mL) was placed in the humidity chamber for 24 h, 

the dispersion contained a snapshot of the structural evolution from disordered 

bicontinuously porous particles (sponge-phase particles) to nanotubular networks 

and nanotubes with closed end caps (Figures 2-10A−D and S2-15). Cryogenic TEM 

(cryoTEM) images of these nanotubular networks indicated the presence of closed 

end caps (Figure 2-10E,F). It is noteworthy that the observed morphology of 

nanotubular networks of BBCP 9 is reminiscent of the networks of worm-like 

micelles of BCPs with molecular weights greater than the critical value for the 

nonergodic behavior of BCP self-assembly.48,49  
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Figure 2-10. (A) Low-magnification SEM images of the formation of nanotubes of 

BBCP 9 under SDEMS conditions (2 mL, a mixture of dioxane and water (1:1 v/v), 

24 h). A snapshot of the structural evolution from (B) disordered bicontinuously 

porous particles (sponge-phase particles) to (C) nanotubular networks and (D) 

nanotubes. Scale bars are 500 nm. (E and F) CryoTEM images of nanotubular 

networks with closed end caps. 

 

After 72 h under SDEMS conditions, the sponge-phase particles were converted 

into tubular networks mixed with nanotubes with closed ends (Figure S2-16). This 

observation suggested that the nanotubes with closed end caps could be a 

consequence of self-assembly of BBCP 9 under thermodynamic conditions.  

To estimate the utility of the nanotubes of BBCP 9 as a closed compartment 

encapsulating molecular guests, BBCP 9 self-assembled under SDEMS conditions 

in the presence of water-soluble fluorescent molecules, fluorescein sodium salt (λem 

= 512 nm, 1 mM). After dialysis for 7 days to remove organic solvents and excess 

fluorescence dyes, structured illumination microscopy (SIM) and super-resolution 

confocal laser scanning microscopy (SR-CLSM) revealed fluorescence contained 

within the nanotubes (Figure 2-11). These nanotubes and tubular networks of BBCPs 

could be used as delivery vehicles for water-soluble molecules and proteins, which 

might encourage the distinct behavior of pharmacokinetics of spherical vesicles. 

These results imply that BBCPs could be a useful class of block copolymers that 

self-assemble to form nanostructures unavailable as a result of the self-assembly of 

conventional linear block copolymers. 

 
Figure 2-11. (A) SIM and (B) SR-CLSM image of the fluorescein-encapsulating 

tubular networks of BBCP 9. 
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2.4. Conclusions 

In summary, we synthesized a series of BBCPs by adopting the ROMP of PEG and 

PS as pendants tethered to a polynorbornene backbone. We showed that the 

morphological transition of self-assembled structures could be controlled from 

spherical micelles to inverse mesophases in aqueous solution by decreasing the brush 

ratio value (wPEG) gradually. The increased rate of water addition (1 mL/h) in the 

cosolvent method affected the degree of the internal order and mixed internal phase 

of the polymer cubosomes; thus, we adopted the SDEMS method to obtain a single 

symmetry by extending the chain mobility for a prolonged time period. As a result, 

BBCPs self- assembled into polymer cubosomes with only a single surface. 

Furthermore, the cubosomes could be observed to exhibit icosahedral morphology 

with large periodicities because of the increased crystallinity of the internal periodic 

minimal surface. In addition, under SDEMS conditions, the evolution from 

disordered bicontinuously porous particles to nanotubular networks could be 

observed by SEM and cryoTEM. The fact that the nanotubes underwent end-capping 

closure could be confirmed by encapsulating fluorescence dye into nanotubes, which 

was revealed by SIM and SR-CLSM. Our results suggest the availability of 

controlling the morphologies from micelles to highly defined periodic nanostructures 

created from BBCPs via solution self-assembly, which might be a platform for 

applications such as separation and nanotemplating. The existence of tubular 

networks of BBCPs could be valuable for applications such as delivery vesicles to 

encapsulate water- soluble molecules and proteins to show behavior distinct from 

that of the pharmacokinetics of spherical vesicles. 

 

2.5. Experimental Section 

2.5.1. Materials and Methods. 

General. Cis-5-Norbornene-exo-2,3-dicarboxylic anhydride, propargylamine, 

trimethyl-amine (TEA), copper(I) bromide, N,N,N′,N′,N′′-pentamethyldiethylene-
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triamine (PMDETA), anisole, (1-bromoethyl)benzene, styrene, sodium azide, 1-

ethyl-3-(3-dimethylaminopropyl) carbodimide (EDC), 4-dimethylaminopyridine 

(DMAP), poly(ethylene glycol) (PEG) methyl ether (Mn= 550 g mol-1), β-alanine 

and pyridine were purchased from Alfa Aesar. Grubbs’ second-generation catalyst 

[(H2IMes)(PCy3)(Cl)2Ru=CHPh] was purchased from Sigma Aldrich. Toluene, 

dichloromethane (DCM), dimethylformamide (DMF), methanol (MeOH), 

tetrahydrofuran (THF), n-pentane, and magnesium sulfate (MgSO4) were purchased 

from Samchun Chemicals. DCM was dried over CaH2 under N2 and THF was 

refluxed over a mixture of Na and benzophenone under N2 and distilled before use. 

All reactions were performed under N2 unless otherwise noted. Styrene monomer 

was purified by using basic alumina column before use.  

Methods. 1H and 13C NMR spectra were recorded on a Varian/Oxford As-500 and 

Agilent 400-MR DD2 magnetic resonance system using CD2Cl2 and CDCl3 as 

solvents.  

Molecular weights and polydispersity index (PDI) of bottlebrush block copolymers 

and macromonomers were measured by two gel permeation chromatography (GPC) 

system. The first GPC was equipped with waters 1515 pump, manual injector with a 

loop volume of 50 µL, 2 Shodex GPC LF-804 size-exclusion columns, DAWN-

HELEOS 8+ multi-angle laser light scatter and OptiLab T-rEx refractive index 

detectors (each from Wyatt Technologies Corporation). HPLC-grade THF (inhibitor 

free) was used as a mobile phase at 35 ºC. The dn/dc values which were obtained for 

each injection by assuming 100% mass elution from the column, were used for the 

PS brush homopolymer (0.163) and PEG-PS bottlebrush block copolymer (0.154) 

respectively. The second GPC was equipped with a Phenogel 5 μm Linear LC 

Column 300 x 7.8 mm (Phenomenex). DMF was used as a mobile phase with a flow 

rate of 1.0 mL min-1 at 50°C. A narrow PS standard kit (Agilent Technologies) was 

used for calibration. The samples were filtered over a 0.2 µm PTFE filter prior to 

injection.  
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Matrix-assisted laser desorption ionization time-of-flight mass spectroscopy 

(MALDI-TOF-MS) was performed on a Bruker Ultraflex III TOF-TOF mass 

spectrometer equipped with a nitrogen laser (335 nm). The analytical sample was 

prepared by mixing THF solution of macromonomers (10 mg mL-1), matrix (trans-

2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB), 30 mg 

mL-1) and salt (sodium trifluoroacetate, 10 mg ml-1). The obtained mixture was 

loaded on the MALDI plate and dried before measurement. 

Scanning electron microscopy (SEM) was performed on a Hitachi S-4300 at an 

acceleration voltage of 15 kV. In the case of polymer cubosome, all polymer 

cubosome samples were dried by freeze-dry processing overnight. The dried sample 

was placed on a conductive carbon tape and then coated with Pt with a thickness of 

3 nm by using Hitachi E-1030 ion sputter. In the case of the other morphologies of 

BBCPs such as micelle and vesicles, the droplet of dispersed solution was placed on 

a conductive carbon tape and air-dried overnight. After drying, the dried samples 

were coated with Pt with a thickness of 3 nm by using Hitachi E-1030 ion sputter. 

We added this method into supporting information. The dried sample was placed on 

a conductive carbon tape and then coated with Pt with a thickness of 3 nm by using 

Hitachi E-1030 ion sputter.  

Conventional transmission electron microscopy (TEM) was performed on JEOL 

JEM-2100 microscope at 200 kV. Sample specimens were prepared by placing a 

drop of the sample solution on a carbon-coated Cu grid (200 mesh, EM science). The 

grid was air-dried overnight. Cryogenic electron microscopy (cryoTEM) images 

were taken from JEM-1400 (JEOL) operating at 120 kV. The cryoTEM experiments 

were performed with a thin film of aqueous sample solution (5 μL) transferred to a 

lacey supported grid (copper, 200 mesh, EM science) by the plunge-dipping method. 

The thin aqueous films were prepared at ambient temperature and with a humidity 

of 97-99% within custom-built environment chamber in order to prevent water 

evaporation from the sample solution. The excess liquid was blotted with filter paper 
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for 1s, and the thin aqueous films were rapidly vitrified by plunging them into liquid 

ethane (cooled by liquid nitrogen) at its freezing point.  

Synchrotron small angle X-ray scattering (SAXS) data were obtained on the 6D 

SAXS beamline at Pohang acceleration laboratory in Korea (PLS-II, 3.0 GeV). The 

sample-to-detector distance (SDD) was 3.5 m. The concentrated suspension of the 

PCs was dried in a freeze-dryer. Ti-SBA-15 was used as standard sample and 

scattering spectra of powder samples were taken in a transmission mode at room 

temperature (11.6 keV).  

Fluorescence microscopy images of PCs in which fluorescein sodium salt (Sigma 

Aldrich, λEx = 460 nm, λEm = 515 nm) is encapsulated were obtained using Nikon 

NSIM Super-Resolution Microscope and STED Super-Resolution Confocal 

Microscope System. The analyte sample were prepared by placing 10 μL of 

concentrated suspension of the fluorescently labeled tubular network on a slide glass 

and sealed with cover glass. Residual solution was removed and cover glass was 

fixed with sealant. 

 

2.5.2. Synthetic Procedures 

Synthesis of N-PEG550-cis-norbornene-exo-2,3-dicarboximide (PEG550-NDCI) 

N-cis-β-alanine-norbornene-exo-2,3-dicarboxyimide was synthesized by slightly 

modified from the previous literature.36 Norbornene exo-anhydride (5.0 g, 36.46 

mmol, 1.0 mol. eq.), β-alanine (3.26 g, 36.55 mmol, 1.2 mol. eq.), TEA (0.29 mL, 

3.65 mmol, 0.12 mol. eq.), and toluene (65 mL) were added to a two neck flask 

equipped with a stir bar and reflux condenser. The mixture was heated at 110 °C for 

24 h, cooled to room temperature, and the solvent was removed under vacuum. The 

remaining solid was redissolved in DCM and washed subsequently with water (x3) 

and brine (x3). The organic layer was extracted with DCM and dried with anhydrous 

MgSO4 and filtered. The solvent was removed under vacuum to yield a yellowish 
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solid. 1H NMR (δ = ppm, 500 MHz, CDCl3) 6.31-6.27 (m, 2H), 3.82-3.77 (t, 2H), 

3.30-3.26 (m, 2H), 2.75-2.65 (m, 4H), 1.54-1.50 (d, 1H), 1.28-1.22 (d, 1H).  

 

N-PEG-cis-norbornene-exo-2,3-dicarboximide (PEG550-NDCI) (2) The 

procedure to synthesize PEG550-NDCI was based on the modified literature 

methods.36 Norbornene carboxylic acid imide (2.0 g, 8.5 mmol, 1 mol. eq.), PEG 

methyl ether (Mn=550 g/mol, 3.88 g, 7.1 mmol, 0.83 mol. eq.), EDC (2.45 g, 12.8 

mmol, 1.5 mol. eq.), DMAP (0.10 g, 0.85 mmol, 0.1 mol. eq.) were dissolved in dry 

DCM (70 mL) and the reaction was stirred for 24 h. After completion of the reaction, 

about half of the DCM was removed in vacuo. The reaction mixture was washed 

with 1 M HCl (x3) and brine (x3). The extracted organic layer was dried with 

anhydrous MgSO4 and filtered. The solvent was removed under reduced pressure, 

then the mixture was purified by flash column chromatography using silica gel 

(DCM: MeOH = 94:6 v/v). The solvent was removed under vacuum to yield a 

colorless liquid.  

1H NMR (δ = ppm, 500 MHz, CDCl3) 6.30-6.26 (m, 2H), 4.24-4.20 (t, 2H), 3.81-

3.51 (br m, 41H), 3.39-3.36 (s, 3H), 3.29-3.25 (s, 2H), 2.69-2.67 (s, 2H), 2.66-2.62 

(t, 2H), 1.53-1.49 (d, 1H), 1.27-1.24 (d, 1H). 

 

Figure S2-1. 1H NMR (500 MHz, CDCl3) spectrum of PEG550-NDCI.  
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Synthesis of N-polystyrene3k-norbornene-exo-dicarboximide (PS3k-NDCI) 

Brominated polystyrene (PS-Br) (1) was synthesized by following the literature 

methods.29 CuBr (194 mg, 1.35mmol, 0.5 mol. eq.) and PMDETA (468 mg, 

2.70mmol, 1.0 mol. eq.) were mixed with anisole (4 mL) in a schlenk flask and 

stirred under N2 for 15 min. To the mixture, 1-bromoethyl benzene (500 mg, 2.70 

mmol, 1.0 mol. eq.) and styrene (141g, 1.35 mol, 500 mol. eq.) were added. After 

addition was complete, the solution was degassed by bubbling N2 for 20 min, then 

the schlenk flask was immersed in a preheated oil bath (95 ℃). The polymerization 

was monitored using GPC at regular intervals. The polymerization was quenched by 

adding chloroform and exposing to air in ice bath when the molecular weight of 

polymers was desired. The quenched solution was filtered by using basic alumina 

column to remove the Cu catalyst and the solvent was removed under vacuum. The 

crude products dissolved in a small amount of DCM were precipitated into MeOH 

multiple times to afford white powder.  

 

Polystyrene azide (PS-N3) (2) The brominated polystyrene (PS-Br) (7.5 g, 2.35 

mmol, 1.0 mol. eq.) and sodium azide (1.53 g, 23.5 mmol, 10 mol. eq.) were 

dissolved in DMF (50 mL) and stirred at room temperature. After stirring 12 h, DMF 

was removed by a rotary evaporator and then crude products were re-dissolved in 

DCM. The mixture was washed with water (x1) and brine (x2) for removing residual 

sodium azide. The organic layer was extracted with DCM and dried with anhydrous 

MgSO4 and filtered. The reaction mixture dissolved in DCM was precipitated into 

methanol and concentrated under vacuum to give a white powder. 1H NMR (δ = 

ppm, 500 MHz, CDCl3) 7.23-6.30, 2.13-1.24 

 

N-propargyl-norbornene-exo-dicarboximide (3) was synthesized as previously 

reported.36 A two-neck round bottle flask was charged with norbornene exo-

anhydride (5 g, 30.5 mmol, 1.0 eq.), propargylamine (1.82 g, 33.0 mmol, 1.1 eq.), 
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TEA (0.33 g, 3.35 mmol, 0.11 eq.) and toluene (70 mL) and equipped with reflux 

condenser. The reaction was proceeded at 110 °C for 24 h. The resulting solution 

was cooled to room temperature, then the toluene was removed under vacuum. The 

resulting solid was purified by recrystallization in methanol three times to yield the 

title product as plate-like brown crystals. The product was obtained in 79% yield.  

1H NMR (δ = ppm, 500 MHz, CDCl3) 6.33-6.28 (m, 2H), 4.27-4.21 (d, 2H), 3.36-

3.30 (m, 2H), 2.75-2.70 (m, 2H), 2.20-2.17 (t, 2H), 1.53-1.50 (d, 1H), 1.31-1.26 (d, 

1H). 13C NMR (100 MHz, CDCl3) δ 178.68, 140.00, 79.40, 79.06, 78.80, 78.56, 

73.38, 49.87, 47.55, 44.81. 

N-polystyrene3k-norbornene-exo-dicarboximide (PS3k-NDCI) (4) Norbornene 

propargyl imide (226 mg, 1.13 mmol, 1.0 mol. eq.) and PS-N3 (5.7 g, 1.68 mmol, 

1.5 mol. eq.) were added into two neck round bottom flask and dried in vacuum for 

15 min. CuBr (422 mg, 1.69 mmol, 1.5 mol. eq.) and PMDETA (669 mg, 3.38 mmol, 

3.0 mol. eq.) were dissolved in THF (3 mL) and the mixture was stirred in N2 for 15 

min. CuBr mixture was added into the two neck flask containing norbornene imide 

and PS-N3. The mixture was degassed by bubbling N2 for 20 min. After the degassing 

procedure complete, the click reaction was proceeded at 50 °C for 24h. The reaction 

was quenched by exposing the solution to air, followed by dilution with chloroform. 

Upon cooling to room temperature, the solution was filtered through a pack of 

aluminum oxide (basic) with DCM as an eluent to remove the Cu catalyst. The 

reaction mixture was concentrated under vacuum. The crude product was dissolved 

in DCM and precipitated into methanol. White powder was collected by vacuum 

filtration and dried in vacuo.  

1H NMR (δ = ppm, 500 MHz, CD2Cl2) 7.31-6.35 (br m, 2H), 6.28-6.23 (br s, 2H), 

4.63-4.51 (m, 1H), 3.22-3.13 (m, 2H), 2.68-2.58 (m, 2H), 2.16-2.04 (m, 1H). 13C 

NMR (400 MHz, CD2Cl2) δ 127.09, 125.20, 91.37, 53.85, 53.55, 53.29, 53.03, 52.78. 

GPC(THF) Mn = 3061 g mol-1, MALDI-TOF Mn = 3566 g mol-1, NMR Mn = 3895 

g mol-1 
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Figure S2-2. 1H NMR (500 MHz, CD2Cl2) spectrum of PS3k-NDCI. 

 

 

Figure S2-3. MALDI-TOF spectrum of PS3k-NDCI. 
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Figure S2-4. GPC trace of PEG550-NDCI (Mn = 550 g mol-1) (blue) and PS3k-NDCI 

(Mn = 3061 g mol-1) (red) macromonomers. Mobile phase = THF. 

 

Synthesis of Grubbs’ 3rd generation catalyst [(H2IMes)(pyr)2(Cl)2Ru=CHPh] 

Grubbs’ third-generation catalyst was synthesized by previously reported 

methods.36 Grubbs’ second-generation catalyst [(H2IMes)(PCy3)(Cl)2Ru=CHPh] 

(100 mg, 0.12 mmol, 1.0 eq.) and pyridine (280 mg, 3.53 mmol, 30.0 eq.) were mixed 

in a 20 mL vial. The mixture was stirred at room temperature for 5 minutes in 

glovebox. When the color of catalyst mixture changed from brown to green changed, 

pentane added into solution. The green precipitates were synthesized and washed 

with 30 mL pentane (x5), and dried in vacuo. 

1H NMR (δ = ppm, 400 MHz, CDCl3) 19.21-19.09 (m, 1H), 8.70-8.50 (s, 1H), 7.88-

7.71 (s, 2H), 7.70-7.54 (br m, 2H), 7.53-7.37 (s, 2H), 7.12-7.00 (br m, 4H), 7.00-

6.88 (s, 2H), 6.82-6.65 (br m, 2H), 4.26-3.93 (s, 4H), 2.90-2.46 (s, 6H), 2.44-2.06 (s, 

13H). 
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Synthesis and Self-assembly of bottlebrush block copolymers 

PS macromonomers were dissolved in THF ([M]0=0.05 M) and stirred in a vial. 

Upon injecting Grubbs’ 3rd generation catalyst into the solution containing PS 

macomonomers, the polymerization was initiated. After 1 h, a small aliquot was 

extracted and quenched by ethyl vinyl ether for measuring conversion of PS 

macromonomers. Following confirming the complete synthesis of PS 

homopolymers, the solution containing PEG macromonomers in THF ([M]0 = 0.05 

M) was quickly added into the vial containing PS brush homopolymers. After 1 h, a 

small aliquot was extracted, quenched by ethyl vinyl ether, and measured by GPC. 

After full conversion of PEG macromonomers was complete, ethyl vinyl ether was 

added quickly and the mixture was rapidly stirre. The mixture was precipitated into 

MeOH two times and filtered. White powder was collected dried in vacuo. 

 

Figure S2-5. 1H NMR (500 MHz, CD2Cl2) spectrum of PEG-PS bottlebrush block 

copolymer. 

 

Procedure for Self-Assembly of Block Copolymers. 

Co-solvent method.  

10 mg of BBCP was charged in a vial equipped with a magnetic stirring bar. 2 mL 

of dioxane was added to this vial. The polymer solution in the vial capped with a 
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rubber septum was stirred for overnight at room temperature in order to dissolve the 

polymer into dioxane completely. To this solution, 2 mL of water was added via a 

syringe pump at a rate of 0.5 mL h−1 with stirring (850 rpm). After addition of water, 

the suspension was subjected to dialysis against water by using a dialysis membrane 

(MW cut-off 12–14 kDa) with frequent change of water every 2 hrs for 24 h.  

 

Solvent diffusion–evaporation-mediated self-assembly (SDEMS) method45 

10mg of BBCP was dissolved in 1,4-dioxane (2 mL) in a vial and stirred for 

overnight at room temperature. A humidity chamber was prepared by mixing 20 mL 

of 1,4-dioxane and 20 mL of water in a 100 mL vial including a cylindrical column 

to put an alumina dish. The dissolved polymer solution was poured into the alumina 

dish on the column in the humidity chamber. The humidity chamber was then sealed. 

After extended period (24–72 h), the alumina dish was immersed into excess water. 

The self-assembled structures were collected after removing 1,4-dioxane by solvent 

exchange in water every 2 hrs for 24h. 

2.5.3. GPC Traces of BBCP 1–6 
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Figure S2-6. GPC traces of PEG-PS bottlebrush block copolymers. (A) BBCP 1, (B) 

BBCP 2, (C) BBCP 3, (D) BBCP 4, (E) BBCP 5, (F) BBCP 6. DMF was used as an 

eluent. 

 

Figure S2-7. GPC traces of PEG-PS bottlebrush block copolymers. (A) BBCP 7, (B) 

BBCP 8, (C) BBCP 9, (D) BBCP 10. DMF was used as an eluent. 

 

2.5.4. Dynamic light scattering (DLS) size plots of self-assembled structures of 

BBCP 1–3 

 

Figure S2-8. Dynamic light scattering (DLS) size plots of self-assembled structures 

of (A) BBCP 1–3 and (B) BBCP 4–6 in dioxane solution which coincided with Dav 

determined by EM images. 
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2.5.5. Additional electron microscopy images 

 

Figure S2-9. TEM and SEM images of morphological transition of self-assembled 

structures of (A,B) BBCP 4, (C,D) BBCP 5 and (E, F) BBCP 6 in dioxane solution 

from micelles to colloidal particles having the bicontinuous pores according to wPEG 

in an aqueous solution. 

 

 

Figure S2-10. Electron micrographs of polymer cubosomes of (A–C) BBCP 7 and 

(E–G) BBCP 8 with deteriorated internal cubic order when the rate of addition was 

increased from 0.5 mL/h to 1 mL/h. TEM images of internal structures of polymer 

cubosomes of (D) BBCP 7 and (H) BBCP 8 when the rate of addition was 0.5 mL/h. 

The fast Fourier transform (FFT) (inset) shows the internal structure of polymer 

cubosomes viewed in the [111] direction, respectively. 
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Figure S2-11. TEM images of polymer cubosomes having a diamond cubic structure 

(Pn3̅m) from BBCP 7. The particle is viewed along the (A) [110] direction, (B) [111] 

direction and (C) [112] direction. (D–F) The FFT of image A, B and C, respectively. 

The space group of polymer cubosomes from BBCP 7 is Pn3̅m because of the 

presence of {111} reflection. 

 

 

Figure S2-12. TEM images of polymer cubosomes having a diamond cubic structure 

(Pn3̅m) from BBCP 8. (A) The particle is viewed along the [110] direction, (B) [111] 

direction and (C) [112] direction. Scale bars are 200 nm. (D–F) The FFT of image 

A, B and C, respectively. The space group of polymer cubosomes from BBCP 8 is 

Pn3̅m because of the presence of {111} reflection. 
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Figure S2-13. (A–D) SEM images of self-assembled structures from higher overall 

molecular weight polymer BBCP 10 under the SDEMS condition (2 mL, a mixture 

of dioxane and water (1:1 v/v), 72 h). Spherical colloidal particles were observed 

without regard to time.   

 

 
Figure S2-14. Additional TEM and SEM images of pea-pod tubular structures from 

(A–D) BBCP 3 under the SDEMS conditions (2 mL, a mixture of dioxane and water 

(1:1 v/v), 24 h) and (E–H) BBCP 6 under the SDEMS conditions (2 mL, a mixture 

of dioxane and water (1:1 v/v), 72 h). 
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Figure S2-15. TEM images of nanotubular networks and nanotubes from BBCP 9 

with closed end caps.  

 

 

Figure S2-16. SEM images of nanotubular networks and nanotubes from BBCP 9 

after (A–C) 48h and (D–F) 72 h under SDEMS conditions. The sponge-phase 

particles were converted into tubular networks mixed with closed end-capping 

nanotubes.  
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Chapter 3. Synthesis of discrete bottlebrush 

polymers via the iterative convergent growth 

technique and post-functionalization 

 

3.1. Abstract 

Bottlebrush polymers (BBPs) have unique physical properties that arise from 

polymeric side chains that are densely grafted onto their polymer backbone. Despite 

their promising attributes, well-defined BBPs are challenging to prepare partly due 

to steric hindrance encountered during macromonomer polymerization or during the 

coupling of side-chain polymers with functional groups present in the repeating units 

of the backbone polymers. Here we report the synthesis of perfectly discrete BBPs 

with absolutely defined chemical structures. The copolyester backbone, composed 

of up to 64 repeating units of an alternating sequence of lactic acid and 2-hydroxy-

4-pentenoic acid, was synthesized using an iterative convergent growth technique. 

Discrete side chains, such as discrete polylactides (LAn-SH), were introduced in the 

presence of the vinyl groups of the 2-hydroxy-4-pentenoic acid residues on the 

copolyester backbone using thiol-ene click chemistry promoted by UV light (λ = 365 

nm), which produced a fully grafted BBP, t-LP(LA8)32-LA8 (Molecular weight 

(MW = 34 kDa). We also synthesized an amphiphilic bottlebrush block copolymer 

(BBCP) (MW = 19 kDa) by introducing the hydrophobic dodecanethiol and discrete 

poly(ethylene glycol) as side chains. The resulting BBCP self-assembled into well-

defined micelles in water. Discrete BBCPs may serve as model systems that help to 

elucidate the role of the branched architecture on the physical and chemical behavior 

of BBCPs in bulk and solution. 

 

3.2. Introduction 

Bottlebrush polymers (BBPs) possess distinct physical properties derived from 
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oligomeric or polymeric side chains which are densely attached to their linear 

polymer backbone.1-3 In particular, bottlebrush block copolymers (BBCPs) have 

recently attracted attention as macromolecular building blocks for the creation of 

nanostructures with large chemically distinct domains that are promising candidates 

for use in photonics,4-10 coatings,11, 12 drug delivery,13-15 imaging,16-18 patterning,19, 20 

and antifouling21-24 applications. 

In spite of their potentially valuable properties, well-defined BBPs are challenging 

to prepare due to steric hindrance encountered during macromonomer 

polymerization (the grafting-through approach)25, 26 and during the coupling of side-

chain polymers with functional groups present in the repeating units of the backbone 

polymers (the grafting-to approach).27-29 Well-defined BBPs have also been 

synthesized by the controlled polymerization of side chains using backbone-tethered 

initiators (the grafting-from approach),30-32 in which the growth of multiple side-

chain polymers could be difficult to control.33, 34 In addition to the abovementioned 

synthetic difficulties, characterizing BBPs using conventional analytical methods, 

such as size-exclusion chromatography, light scattering, and viscometry, can be 

complicated mainly due to their complex architectures that deviate from those of 

conventional linear polymers.35 Also, the molecular weight distribution of the 

backbone and side-chain polymers complicates the precise estimation of the absolute 

molecular weight of the resulting BBPs by light scattering measurements. 

Discrete macromolecules composed of exact numbers of repeating units arranged 

in perfectly defined sequences can be synthesized by the sequential addition of 

individual monomers or the linear convergence of building blocks.36-41 The structures 

of the resulting discrete macromolecules can be further elaborated by grafting their 

side chains toward reactive functional groups present in the building blocks. For 

example, Johnson and coworkers reported a side-chain functionalization (IEG+) 

strategy that facilitated the synthesis of homogeneous oligomers and polymers, with 

repeated exponential growth reported.42, 43 Palmans et al. reported the synthesis of 
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orthogonally protected L-γ-glutamide octamers, including alkyne- and alkene-based 

reactive units, using a multi-step synthesis protocol.44 Weil and coworkers 

asymmetrically attached a target function to a bottlebrush with atomic accuracy, and 

reported the synthesis of an anisotropic molecular bottlebrush with a single dispersed 

contour length.45 Hartmann et al. combined the solid-phase syntheses of precision 

glycomacropolymers with grafting-to poly(active ester) scaffolds to synthesize 

bottlebrush glycopolymers with sequence-defined side chains.46 The ability to 

synthesize BBPs composed of macromolecular units with absolutely defined 

chemical structures is highly desirable. 

Here we report the synthesis of perfectly discrete BBPs and BBCPs using the 

iterative convergent growth (or iterative exponential growth) approach involving 

discrete copolyesters with alternating sequences of lactic acid and 2-hydroxy-4-

pentenoic acid with up to 64 repeating units (Figure 3-1). Side chains were 

introduced onto the vinyl groups present in the 2-hydroxy-4-pentenoic acid residues 

using thiol-ene click chemistry, which resulted in the formation of a structurally 

perfect BBP with discrete side chains. We also demonstrated that the synthetic 

method introduced in this work can be used to synthesize perfectly discrete BBCPs 

that self-assemble into cylindrical micelles or spherical micelles in water, depending 

on the nature of the cosolvent present during self-assembly. The sophisticated design 

of BBCPs with precisely defined chemical structures could serve as a perfect 

platform to gain a better understanding of the structure-property relationship. 

 

Figure 3-1. Schematic representation of the formation of discrete BBPs (Step 1: 

Iterative convergent growth of discrete copolyester backbone. Step 2: Post-



 

 65 

functionalization using thiol-ene click chemistry for the synthesis of discrete BBP 

and BBCP.). 

 

3.3. Results and discussion 

Synthesis of the discrete copolyester backbone (LPn). We chose 2-hydroxy-4-

pentenoic acid (P) as a functional building block for the discrete copolyester 

backbone, as it can accommodate polymeric side chains through click chemistry. 

Glycolic acid monohydrate was converted into 2-hydroxy-4-pentenoic acid by the 

Barbier-type addition of allyl bromide using zinc and bismuth(Ⅲ) chloride.47 The 

carboxylic acid group of 2-hydroxy-4-pentenoic acid was then protected as the allyl 

ester (-a) to afford allyl 2-hydroxy-4-pentenoate (1) (Scheme 3-1a). Also, we chose 

lactic acid (L) as another building block for discrete backbone. 2-((tert-

Butyldimethylsilyl)oxy) (TBDMS) propanoic acid (2) was prepared by TBDMS 

protection of rac-ethyl lactate followed by hydrolysis of the ethyl ester (Scheme 

1b).48 2 was then coupled with 1 using 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC·HCl) and 4-(dimethylamino)pyridinium p-

toluenesulfonate (DPTS) to form the dimeric LP building block 3 of the discrete 

copolyester backbone (Scheme 3-1c). 

The orthogonal deprotection and coupling steps constitute building block 

convergence. The TBDMS protecting group in 3 was removed using boron 

trifluoride etherate (BF3·Et2O) to expose its hydroxy group. In a similar manner, the 

allyl ester in 3 was deprotected using an allyl transfer reaction involving 

tetrakis(triphenylphosphine)palladium(0) [Pd(PPh₃)₄] and morpholine.49 These 

deprotected compounds were coupled through esterification to yield the tetramer (t-

LP2-a). We synthesized t-LP32-a, a discrete copolyester composed of 64 α-hydroxy 

acids, by cycling the convergence step followed by purification using preparative 

size-exclusion chromatography. The resulting discrete copolyester was 

unambiguously characterized by 1H and 13C NMR spectroscopy, gel permeation 

chromatography (GPC), and matrix-assisted laser desorption ionization time-of-
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flight mass spectroscopy (MALDI-TOF MS) (synthetic details and characterization 

data are provided in the supplementary information). The purity of the resulting 

discrete copolyester was confirmed by MALDI-TOF MS and GPC: MALDI-TOF 

mass spectrum reveals that t-LPn-a possesses a single molecular ion without any ions 

corresponding to low-molecular-weight impurities observed (Figure 3-2). 

 

Scheme 3-1. Synthesis of (a) allyl 2-hydroxy-4-pentenoate (1), (b) 2-((tert-

butyldimethylsilyl)oxy) propanoic acid (2), and (c) the discrete copolyester 

backbone 3. The violet dotted box highlights the iterative convergent synthesis of t-

LP32-a. 

 

 



 

 67 

 

Figure 3-2. (a) MALDI-TOF mass spectra and (b) GPC traces of discrete 

copolyester backbones (t-LPn-a) detected by GPC equipped with dRI detector 

(Eluent = THF). 

 

Post-functionalization of discrete copolyester backbone using thiol-ene click 

chemistry.  

The discrete copolyester, which possesses vinyl groups in the P residues along its 

backbone, can be further functionalized with a discrete number of small molecules 

or oligomers (Figure 3-3a). Accordingly, we examined the thiol-ene click reaction of 

t-LP32-a with ethanethiol (ET) (8 equiv. relative to each vinyl group) in the presence 

of a photoradical generator and UV light (λ = 365 nm). After 2 h at room temperature, 

MALDI-TOF MS revealed that t-LP(ET)32-ET was produced and that the vinyl 

groups were completely functionalized, as confirmed by the appearance of a peak 

corresponding to the expected mass resulting from the introduction of 33 thioethyl 

groups into the discrete copolyester (Figure 3-3b). Encouraged by this result, we 

introduced polydisperse thiol-terminated poly(ethylene glycol) (PEG550, Ð = 1.03, 

10 equiv. relative to each vinyl group) as a brush chain onto t-LP32-a using thiol-ene 

click chemistry under the conditions described above (Figure 3-3c). 1H NMR 

spectroscopy, GPC and MALDI-TOF MS confirmed that t-LP(PEG550)32-PEG550 

had been synthesized after 12 h (see the supplementary information). A longer 

reaction time was required to completely introduce 33 PEG chains onto t-LP32-a 

compared to the introduction of ET, which highlights the importance of steric 

hindrance during the synthesis of BBPs by the ‘grafting-to’ approach.  
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Figure 3-3. (a) Synthetic scheme of post-functionalization via thiol-ene click 

chemistry. MALDI-TOF mass spectra of (b) t-LP(ET)32-ET and (c) t-

LP(PEG550)32-PEG550. 

 

In order to synthesize perfectly discrete BBPs based on discrete copolyesters, we 

prepared thiol-functionalized discrete polymers as discrete bottlebrush chains 

(Figure 3-4a). Polylactides (PLAs, TBDMS-LAn-Bz) were synthesized by iterative 

convergent synthesis using D/L-lactide as a building block. After the removal of the 

benzyl ester (Bz) by hydrogenation, the resulting PLA was reacted with allyl alcohol 

and then subjected to thiol-ene click conditions with excess 1,3-propanedithiol. A 

discrete poly(ethylene glycol) (PEG) was also synthesized by the iterative coupling 

strategy followed by reaction of the terminal hydroxy group with 3-

mercaptopropionic acid to yield thiol-functionalized PEG.50-53 The synthesized thiol-

functionalized PLA (LAn-SH) and PEG (PEG11-SH) were fully characterized by 1H 

and 13C NMR spectroscopy, and MALDI-TOF MS (Figure 3-4b, see the 

supplementary information for details). 
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Figure 3-4. Thiol-functionalized discrete polymers (a) LAn-SH and PEG11-SH. (b) 

MALDI-TOF mass spectra of the synthesized thiol-functionalized side chains. 

 

We next reacted t-LP32-a with LA8-SH (10 equiv. relative to each vinyl group) in 

the presence of photoradical generator and UV light (λ = 365 nm) for 16 h at room 

temperature. The progress of the click reaction was monitored by 1H NMR 

spectroscopy, GPC, and MALDI-TOF MS, which revealed the introduction of 33 

LA8–SH chains onto the discrete copolyester. The 1H NMR spectrum of the crude 

reaction mixture of t-LP32-a shows the complete absence of vinyl proton signals 

(Figure 3-5a). The BBP was purified by prep-SEC based on the difference in the 

sizes of the BBP and the unreacted LA8–SH. The MALDI-TOF mass spectrum of t-

LP(LA8)32-LA8 reveals the formation of a discrete BBP (Figure 3-5b). In addition, 

the absolute molecular weight of the BBP was determined by GPC augmented with 

a multi-angle laser-light scattering (MALS) detector. Despite constructing a specific 

refractive index increment (dn/dc) calibration curve for BBPs, GPC/MALS 

overestimated its molecular weight (Mn = 43.9 kDa, Ð = 1.06) (Figure 3-5c). 

We also used the same click reaction to introduce LA16–SH, a higher molecular-

weight side chain, onto the discrete copolyester backbone. However, this reaction 

did not proceed to full conversion even after a prolonged reaction time using an 

excess amount of side chain (15 equiv. relative to each vinyl group), which indicates 

the importance of the even higher steric hindrance associated with the introduction 

of LA16 side chains by the grafting-to approach (Figure 3S 64-66). 
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Figure 3-5. (a) 1H NMR spectra of t-LP(LA8)32-LA8 and t-LP32-a showing the 

complete absence of vinylic proton signals. (b) MALDI-TOF MS spectrum and (c) 

GPC trace of t-LP(LA8)32-LA8 analyzed by GPC/MALS (Eluent = Chloroform). 

 

Synthesis of discrete bottlebrush diblock copolymers (BBCPs). We synthesized 

a perfectly discrete BBCP using discrete PEG11-SH as the hydrophilic side chain and 

dodecanethiol (DDT) as the hydrophobic side chain (Figure 3-6a). To that end, the 

allyl ester of t-LP32-a (4) was deprotected to afford t-LP32-COOH (5), after which 

it was reacted with excess DDT (10 equiv. relative to each vinyl group) in the 

presence of a photoradical generator and UV light (λ = 365 nm). The reaction mixture 

was quenched after 2 h following confirmation of reaction completion by 1H NMR 

spectroscopy. MALDI-TOF MS revealed that the purified t-LP(DDT)16-COOH 

product (6) contained 16 thiododecyl (DDT) groups. Due to steric hindrance 

associated with the thiol-functionalized BBP (6), it was coupled with five equivalents 

of HO-LP32-a (7). t-LP(DDT)16-b-LP16-a (8) was obtained after purification. The 

remaining vinyl groups were finally reacted with PEG11-SH (17 equiv. relative to the 

vinyl groups) using thiol-ene chemistry, with 20 h required for complete conversion. 

After purification by prep-SEC, 1H NMR spectroscopy confirmed that PEG side 

chains had been introduced onto all vinyl groups since peaks corresponding to the 
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vinyl protons in 8 were not observed (Figure 3S 28). In addition, the desired peak 

was observed by MALDI-TOF MS, confirming that the synthesized t-[LP(DDT)16]-

b-[LP(PEG11)16]-PEG11 (9) is a discrete BBCP Figure 3-6b). The molecular weight 

of the discrete BBCP was underestimated by GPC/MALS (Mn = 11.1 kDa, Ð = 1.07) 

(Figure 3-6c), which highlights the challenges associated with absolute 

characterization of bottlebrush polymers by GPC/MALS. 

 

Figure 3-6. (a) Synthetic scheme of discrete BBCPs. (b) Combined MALDI-TOF 

mass spectra of BBCP. The inset shows the magnified MALDI-TOF MS spectra from 

2700 Da to 3000 Da (4: 2916.04 Da (Cal.), 2916.01 Da (Exp.), 5: 2877.89 Da (Cal.), 

2879.66 Da (Exp.), 7: 2803.69 Da (Cal.), 2805.95 Da (Exp.)). (c) Combined GPC 

traces of BBCP in THF. 

 

We further investigated the self-assembly of discrete BBCPs. A droplet of a 

solution of BBCP 9 dissolved in THF (5 mg/mL) was added to water, with colloidal 

BBCP particles produced through the evaporative emulsification of the BBCP-

containing droplet. TEM images negatively stained with phosphotungstic acid show 

cylindrical micelles (Figure 3-7a and 7b). In addition, BBCP 9 was dissolved in 1,4-

dioxane and emulsified in a similar manner. The TEM images stained with 
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phosphotungstic acid show spherical micelles after dialysis against water (Figure 3-

7c and 7d). The diameters of the nanoparticles in THF and 1,4-dioxane were 

determined by dynamic light scattering (Figure 3S 70). 

 

Figure 3-7. Negatively stained TEM images of self-assembled structures formed by 

BBCPs in (a and b) THF and (c and d) 1,4-dioxane. 

 

3.4. Conclusions 

 We synthesized discrete bottlebrush polymers (BBPs) using the iterative 

convergent growth technique. LP copolyester backbones containing up to 64 

repeating units were prepared using lactic acid (L) and 2-hydroxy-4-pentenoic acid 

(P) as monomers. tert-Butyldimethylsilyl (TBDMS) ether and allyl ester groups were 

used to mask the naked hydroxy and carboxylic acid copolyester termini, 

respectively. Copolyester thiol-ene click chemistry was investigated by introducing 

ethanethiol and polydisperse PEG550 onto t-LP32-a bearing vinyl groups with UV 

light illumination (λ = 365 nm). After confirming that the side chains had been 

completely introduced onto the copolyester, we prepared discrete thiol-

functionalized polymers (LAn-SH and PEG11-SH) for the synthesis of perfectly 

discrete BBPs. Indeed, the t-LP(LA8)32-LA8 bottlebrush polymer was obtained upon 
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illumination with UV light (λ = 365 nm). In addition, we synthesized t-

[LP(DDT)16]-b-[LP(PEG11)16]-PEG11, a discrete BBCP using PEG11-SH as the 

hydrophilic side chain and dodecanethiol as the hydrophobic side chain. Moreover, 

we investigated the self-assembly of discrete BBCPs in THF and 1,4-dioxane. 

Cylindrical or spherical micelles were observed by TEM, depending on the nature 

of the cosolvent. Our results facilitate access to discrete BBPs and BBCPs with 

absolutely defined chemical structures. Furthermore, we provide synthetic protocols 

for BBPs that can be unambiguously characterized and may serve as model systems 

that help to elucidate the function of the brush structure on the physical and chemical 

nature of BBCPs in bulk and solution. 

 

3.5. Experimental section 

3.5.1. Materials and Methods. 

General. Zinc powder, tetrabutylammonium bromide and dodecanethiol were 

purchased from Sigma Aldrich. Glyoxylic acid monohydrate (97+%), allyl bromide, 

tert-butyldimethylchlorosilane (97%), lithium hydroxide (anhydrous), morpholine 

and 2,2-dimethoxy-2-phenylacetophenone (DMPA) were purchased from Alfa 

Aesar. Bismuth(Ⅲ) chloride, 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide 

Hydrochloride (EDC·HCl) and boron trifluoride etherate (BF3·Et2O) were 

purchased from Tokyo Chemical Industry Co. Ltd. 

Tetrakis(triphenylphosphine)palladium(0) [Pd(PPh₃)₄] (99%) were purchased from 

Acros Organics. Potassium carbonate, imidazole (99.5%) dichloromethane (DCM), 

dimethylformamide (DMF), tetrahydrofuran (THF), and magnesium sulfate (MgSO4) 

were purchased from Samchun Chemicals. DCM was dried over CaH2 under N2 and 

THF was refluxed over a mixture of Na and benzophenone under N2 and distilled 

before use. All reactions were performed under N2 unless otherwise noted.  
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Methods. 1H and 13C NMR spectra were recorded on a Varian/Oxford As-500 and 

Agilent 400-MR DD2 magnetic resonance system using CD2Cl2 and CDCl3 as 

solvents.  

Molecular weights and polydispersity index (PDI) of linear backbone and discrete 

brush polymers were measured by gel permeation chromatography (GPC) system. 

The first GPC was performed on an Agilent 1260 Infinity equipped with a PL gel 5 

μm mixed D column and differential refractive index detectors. HPLC-grade THF 

(inhibitor free) was used as a mobile phase with a flow rate of 0.3 ml min-1 at 35 ºC. 

The dn/dc values which were obtained for each injection by assuming 100% mass 

elution from the column, were used for the PLA brush homopolymer (0.0422). A 

narrow PS standard kit (Agilent Technologies) was used for calibration. The samples 

were filtered over a 0.2 µm PTFE filter prior to injection.  

The second GPC was equipped with Waters 515 pump, Wyatt Optilab refractive 

index detector, Wyatt Dawn8 multi-angle static light scattering (MALS) detector, 

and Shodex SEC LF-804 column eluted with chloroform. HPLC-grade chloroform 

(inhibitor free) was used as a mobile phase with a flow rate of 1 ml min-1 at 35 ºC. 

The dn/dc values which were obtained for each injection by assuming 100% mass 

elution from the column, were used for the PLA brush homopolymer (0.0422). The 

samples were filtered over a 0.2 µm PTFE filter before injection into the GPC. 

Matrix-assisted laser desorption ionization time-of-flight mass spectroscopy 

(MALDI-TOF-MS) was performed on a Bruker Ultraflex III TOF-TOF mass 

spectrometer equipped with a nitrogen laser (335 nm). Trans-2-[3-(4-tert-

Butylphenyl)-2-methyl-2-propenylidene]malono-nitrile (DCTB) and 2-(4'-

Hydroxybenzeneazo)benzoic acid (HABA) were used as matrix. All samples were 

dissolved in THF. The obtained mixture was loaded on the MALDI plate and dried 

before measurement. 
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3.5.2. Synthetic Procedures 

3.5.2.1. Synthesis of copolyester backbone 

2-Hydroxy-4-pentenoic acid (1) was synthesized by following the literature 

methods procedure.47 Glyoxylic acid monohydrate (20.0 g, 0.217 mol, 1.0 mol. eq.) 

was dissolved in THF (300mL) in a 1L schlenk flask and the solution was cooled to 

0 °C. Zn powder (29.8 g, 0.456mol, 2.1 mol. eq.) was added to THF and added to 

the cooled solution of glyoxylate acid monohydrate. Bismuth chloride (95.9 g, 0.304 

mol, 1.4 mol. eq.) was dissolved in THF and transferred to the mixture of glyoxylic 

acid monohydrate and Zn powder in THF. Allyl bromide (36.8 g, 0.304 mol, 1.4 mol. 

eq.) was added dropwise at 0 °C and the solution was allowed to proceed from 0˚C 

to ambient temperature. After 17h, the reaction was quenched by addition of 1N HCl. 

After stirring for 3h at room temperature, the formed precipitate (Zn-salts) was 

removed by filtration over filter paper. Extraction of the water/THF phase was done 

with diethyl ether three times. The combined organic phases were dried over MgSO4 

followed by filtration and evaporation in vacuo, which yielded 2-hydroxy-4-

pentenoic acid as yellow oil.  

1H NMR (δ = ppm, 500 MHz, DMSO-d6) 12.66-6.27 (m, 1H), 5.88-5.71 (m, 1H), 

5.12-4.98 (t, 2H), 4.03-3.92 (q, 1H), 3.55-3.12 (d, 1H), 2.45-2.23 (m, 2H). 13C NMR 

(101 MHz, DMSO-d6) δ 175.13, 134.43, 117.15, 69.61, 38.49. 

Allyl 2-hydroxy-4-pentenoate (2) was synthesized by following the literature 

methods procedure.49 2-hydroxypent-4-enoic acid (20.0 g, 0.172 mol, 1.0 mol. eq.) 

were dissolved in DMF (350 mL). Tetrabutyl ammonium bromide and potassium 

carbonate were added to the solution of 1. Then, allyl bromide (5.56 g, 0.017 mol, 

0.1 mol. eq.) were added and the reaction was followed by TLC. After 4h stirring at 

room temperature, the reaction mixture was evaporated under reduced pressure and 

the product was dissolved in diethyl ether. The organic phases were washed with 5% 

aq. citric acid solution (300 mL) and water (100 ml). The aqueous phases were 
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separated and extracted with diethyl ether. The combined organic phases were 

washed twice with 5% NaHCO3(aq) and brine. The extracted organic layer was dried 

with anhydrous MgSO4 and filtered. The solvent was removed under reduced 

pressure, then the mixture was purified by flash column chromatography using silica 

gel (Ethyl acetate/Hexane, 1:9 v/v). The solvent was removed under vacuum to yield 

a colorless liquid.  

1H NMR (δ = ppm, 500 MHz, CDCl3) 5.98-5.86 (m, 1H), 5.86-5.75 (m, 1H), 5.38-

5.31 (d, 1H), 5.30-5.24 (d, 1H), 5.19-5.1 (d, 2H), 4.3-4.26 (t, 1H), 2.89-2.73 (br, 1H), 

2.64-2.55 (m, 1H), 2.50-2.41 (m, 1H). 13C NMR (101 MHz, CDCl3) δ 174.25, 132.50, 

131.53, 119.31, 119.02, 70.11, 66.36, 38.82. 

 

Ethyl ((tert-butyldimethylsilyl)oxy) propanoate (3) was synthesized by following 

the literature methods.48 Ethyl lactate (25.0 g, 0.212 mol, 1.0 mol. eq.) was dissolved 

in dichloromethane (300 mL) and the solution was cooled to 0 °C. Tert-

butyldimethylsilyl chloride (33.5 g, 0.222 mol, 1.05 mol. eq.) and imidazole were 

added to the solution of ethyl lactate. The reaction was allowed to proceeded at room 

temperature and stirred overnight under a nitrogen atmosphere. The reaction mixture 

was then diluted with water and extracted with dichloromethane (x3). The combined 

organic phases were washed with ice cold 5% HCl(aq) and brie (x1). The extracted 

organic layer was dried with anhydrous MgSO4 and filtered. The solvent was 

removed under reduced pressure, which yielded colorless oil. 

1H NMR (δ = ppm, 500 MHz, CDCl3) 4.33-4.28 (q, 1H), 4.23-4.11 (m, 2H), 1.42-

1.37 (d, 3H), 1.30-1.25 (t, 3H), 0.94-0.88 (s, 9H), 0.12-0.05 (d, 6H). 13C NMR (101 

MHz, CDCl3) δ 174.26, 68.61, 60.88, 25.86, 21.45, 18.47, 14.34, -4.79, -5.12. 

 

2-((Tert-butyldimethylsilyl)oxy)propanoic acid (4) Lithium hydroxide (6.61 g, 

0.276 mol, 2.0 mol. eq.) was dissolved in water (0.4 M, 345 mL). The 3 (32.0 g, 
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0.138 mol, 1.0 mol. eq.) was dissolved in THF (345 mL) and cooled to 0 °C. The 

solution of lithium hydroxide was transferred dropwise. The reaction mixture was 

stirred for 2h at room temperature. After the color of the reaction mixture change to 

transparent, THF was removed by a rotary evaporator and then the resulting aqueous 

solution was extracted with diethyl ether (x3). The combined organic phases were 

washed with a saturated NaHCO3(aq). The combined aqueous phases were acidified 

to pH 4 with KHSO4 and extracted with diethyl ether. The extracted organic layer 

was dried with anhydrous MgSO4 and filtered. The solvent was removed under 

reduced pressure, which yielded colorless oil without further purification. 

1H NMR (δ = ppm, 500 MHz, CDCl3) 9.91-9.04 (br, 1H), 4.41-4.31 (q, 1H), 1.48-

1.42 (d, 3H), 0.96-0.88 (s, 9H), 0.18-0.12 (s, 6H). 

 

t-LP-a (5) A schlenk flask was charged with EDC·HCl (3.62 g, 0.012 mol, 0.2 mol. 

eq.), 4-(dimethylamino)pyridinium p-toluenesulfonate (DPTS) (3.62 g, 0.012 mol, 

0.2 mol. eq.) and dichloromethane. The 2 (9.6 g, 0.062 mol, 1.0 mol. eq.) and 4 (15.1 

g, 0.074 mol, 1.2 mol. eq.) were added to the reaction mixture at 0 °C. After 30min, 

the ice bath was removed and the reaction was stirred at ambient temperature and 

monitored by TLC. At completion the reaction was quenched, the reaction mixture 

was washed with water (x2) and brine (x1). The extracted organic layer was dried 

with anhydrous MgSO4 and filtered. The solvent was removed under reduced 

pressure, then the mixture was purified by flash column chromatography using silica 

gel (Ethyl acetate/Hexane, 3:7 v/v). The solvent was removed under vacuum to yield 

a colorless liquid. 

1H NMR (δ = ppm, 500 MHz, CDCl3) 5.95-5.83 (m, 1H), 5.83-5.71 (m, 1H), 5.38-

5.28 (d, 1H), 5.28-5.22 (d, 1H), 5.20-5.10 (m, 3H), 4.68-4.57 (t, 2H), 4.47-4.35 (q, 

1H), 2.72-2.54 (m, 2H), 1.48-1.38 (t, 3H), 0.96-0.85 (s, 9H), 0.14-0.05 (d, 6H). 13C 

NMR (101 MHz, cdcl3) δ 174.65, 167.67, 131.42, 118.94, 71.98, 68.28, 66.01, 35.62, 

25.86, 21.55, 18.41, -4.89, -5.05. 
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HO-LP-a (6) The 5 (8.1 g, 0.024 mol, 1.0 mol. eq.) was dissolved in 

dichloromethane and cooled to 0 °C. Boron trifluoride etherate (13.4 g, 0.095 mol, 

4.0 mol.eq.) was added to the solution dropwise at 0 °C and monitored by TLC. After 

the reaction was complete, the reaction was quenched with saturated a saturated 

NaHCO3(aq) followed by dilution with water. The organic layer was separated and 

washed with brine. The extracted organic layer was dried with anhydrous MgSO4 

and filtered. The solvent was removed under reduced pressure.  

1H NMR (δ = ppm, 500 MHz, CD2Cl2) 5.97-5.83 (m, 1H), 5.82-5.68 (m, 1H), 5.39-

5.30 (d, 1H), 5.30-5.24 (d, 1H), 5.23-5.11 (m, 3H), 4.70-4.58 (m, 2H), 4.45-4.31 (m, 

1H), 2.81-2.57 (m, 3H), 1.51-1.42 (d, 3H). 13C NMR (101 MHz, CDCl3) δ 174.82, 

168.70, 131.60, 131.42, 119.36, 119.30, 72.42, 66.86, 66.27, 35.59, 20.68, 20.33. 

 

t-LP-COOH (7) A schlenk flask was charged with Pd(PPh3)4 (2.70 g, 0.0023 mol, 

0.1 mol. eq.) and THF under a nitrogen atmosphere. The 5 (8.00 g, 0.023 mol, 1.0 

mol. eq.) was added into the reaction mixture. The reaction mixture was stirred at 

0 °C. Morpholine (2.14 g, 0.025 mol, 1.05 mol. eq.) was added to the solution 

dropwise at 0 °C and monitored by TLC. After the reaction was complete, the solvent 

was removed under reduced pressure. The crude was dissolved in dichloromethane 

and washed three times with 1M HCl(aq). The extracted organic layer was dried with 

anhydrous MgSO4 and filtered. The solvent was removed under reduced pressure. 

The crude was filtered through a Celite cake. The product was obtained by removing 

the solvent from the filtrates under reduced pressure. 

1H NMR (δ = ppm, 500 MHz, CD2Cl2) 5.85-5.71 (m, 1H), 5.22-5.08 (m, 3H), 4.47-

4.35 (m, 1H), 2.74-2.57 (m, 2H), 1.49-1.39 (t, 3H), 0.96-0.83 (s, 9H), 0.14-0.03 (d, 

6H). 13C NMR (101 MHz, CDCl3) δ 173.78, 167.87, 135.15, 112.49, 73.34, 66.94, 

66.63, 37.28, 25.76, 20.41, 18.07, -3.48. 
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t-LP2-a (8) A schlenk flask was charged with EDC·HCl (6.81 g, 0.036 mol, 1.5 mol. 

eq.), DPTS (1.39 g, 0.005 mol, 0.2 mol. eq.) and dichloromethane. The 6 (5.4 g, 

0.024 mol, 1.0 mol. eq.) and 7 (7.15 g, 0.024 mol, 1.0 mol. eq.) were added to the 

reaction mixture at 0 °C. After 30min, the ice bath was removed and the reaction 

was stirred at ambient temperature and monitored by TLC. At completion the 

reaction was quenched, the reaction mixture was washed with water (x2) and brine 

(x1). The extracted organic layer was dried with anhydrous MgSO4 and filtered. The 

solvent was removed under reduced pressure, then the mixture was purified by flash 

column chromatography using silica gel (Ethyl acetate/Hexane, 3:7 v/v). The solvent 

was removed under vacuum to yield a colorless liquid. 

1H NMR (δ = ppm, 500 MHz, CD2Cl2) 5.95-5.84 (m, 1H), 5.83-5.69 (m, 2H), 5.36-

5.30 (d, 1H), 5.28-5.24 (d, 1H), 5.24-5.11 (m, 7H), 4.69-4.57 (m, 2H), 4.45-4.36 (m, 

1H), 2.80-2.58 (m, 4H), 1.62-1.50 (m, 3H), 1.48-1.38 (dd, 3H), 0.93-0.87 (s, 9H), 

0.11-0.05 (dd, 6H). 13C NMR (101 MHz, CDCl3) δ 171.52, 168.59, 131.54, 119.23, 

72.37, 71.56, 69.94, 69.35, 69.04, 68.12, 66.21, 35.37, 25.86, 21.34, 18.34, 16.77, -

4.78, -5.16. 

 

t-LP4-a, t-LP8-a, t-LP16-a, t-LP32-a were synthesized by repeated procedures. 

t-LP4-a (9) Colorless oil; 1H NMR (δ = ppm, 500 MHz, CD2Cl2) 5.95-5.84 (m, 1H), 

5.83-5.68 (m, 4H), 5.37-5.29 (d, 1H), 5.28-5.23 (d, 1H), 5.22-5.09 (m, 14H), 4.70-

4.58 (m, 2H), 4.46-4.35 (m, 1H), 2.80-2.55 (m, 8H), 1.63-1.48 (m, 9H), 1.47-1.38 (t, 

3H), 0.94-0.86 (s, 9H), 0.13-0.04 (dd, 6H). 13C NMR (101 MHz, CDCl3) δ 173.97, 

169.65, 131.65, 131.44, 119.17, 72.33, 71.95, 68.11, 35.38, 25.85, 25.75, 16.76, 

11.67, -4.56, -5.18. 

t-LP8-a (10) Viscous oil; 1H NMR (δ = ppm, 500 MHz, CD2Cl2) 5.96-5.84 (m, 1H), 

5.84-5.68 (m, 8H), 5.36-5.29 (d, 1H), 5.28-5.24 (d, 1H), 5.24-5.08 (m, 31H), 4.69-

4.57 (m, 2H), 4.45-4.35 (m, 1H), 2.79-2.57 (m, 16H), 1.62-1.50 (m, 21H), 1.48-1.38 

(t, 3H), 0.93-0.87 (s, 9H), 0.11-0.05 (dd, 6H). 13C NMR (101 MHz, CDCl3) δ 169.44-

169.04, 168.82-168.33, 168.21-167.79, 132.14-131.55, 131.40-131.23, 119.27-

118.71, 72.35-71.29, 69.50-68.80, 68.22-67.81, 66.03-66.03, 35.57-34.91, 25.73, 

21.34, 18.27, 16.93-16.60, -4.89, -5.29. 
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t-LP16-a (11) Viscous oil; 1H NMR (δ = ppm, 500 MHz, CD2Cl2) 5.96-5.84 (m, 

1H), 5.84-5.68 (m, 16H), 5.36-5.30 (d, 1H), 5.28-5.09 (m, 64H), 4.69-4.57 (m, 2H), 

4.45-4.35 (m, 1H), 2.81-2.57 (m, 32H), 1.62-1.50 (m, 45H), 1.46-1.40 (t, 3H), 0.93-

0.87 (s, 9H), 0.11-0.05 (dd, 6H). 13C NMR (101 MHz, cdcl3) δ 169.73-167.82, 

131.94-131.42, 119.41-118.96, 72.45-71.84, 69.58-69.04, 53.50, 35.59-35.04, 25.78, 

17.19, 16.75, -4.06, -5.21 

t-LP32-a (12) Viscous oil; 1H NMR (δ = ppm, 500 MHz, CD2Cl2) 5.96-5.84 (m, 

1H), 5.84-5.69 (m, 32H), 5.37-5.06 (d, 1H), 5.28-5.09 (m, 129H), 4.67-4.60 (m, 2H), 

4.43-4.37 (m, 1H), 2.80-2.56 (m, 64H), 1.62-1.50 (m, 93H), 1.46-1.40 (t, 3H), 0.92-

0.88 (s, 9H), 0.11-0.06 (dd, 6H). 13C NMR (101 MHz, CDCl3) δ 169.52-169.13, 

168.55-167.96, 131.94, 131.30, 119.45, 119.11, 72.47, 71.92, 69.55, 69.09, 68.12, 

35.55, 35.07, 25.89, 25.69, 17.14, 16.74, -4.85, -5.66. 

 

3.5.2.2. Synthesis of thiol-functionalized side chain 

 

Monomethoxy PEG11 trityl ether (mPEG11-OTrt) (13) was synthesized by 

following the literature methods procedure.50-52A two neck was charged with sodium 

hydride (60% dispersion in paraffin oil, 0.235 g, 0.006 mol) and dry THF under a 

nitrogen atmosphere. The mixture was cooled to 0 °C on an ice bath. Monomethoxy 

triethylene glycol (mPEG3-OH) (1.93 g, 0.012 mol, 3.0 mol. eq.) was added 

dropwise to the solution of sodium hydride. Then a solution of TrtO-PEG8-OTs (3.0 

g, 0.004 mol, 1.0 mol. eq.) in THF was added dropwise. Then the ice bath was 

removed, the flask was equipped with condenser and the mixture was stirred 

vigorously at 60 °C on oil bath overnight. After the reaction completed, the mixture 

was cooled to room temperature and washed with brine and water. The organic layer 

was separated and the aqueous layer was extracted with diethyl ether. Combined 

organic extracts were washed with brine. The absence of mPEG3-OH was confirmed 

by TLC. The solution was dried over MgSO4 and filtered. The solvent was removed 
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under reduced pressure, then the mixture was purified by flash column 

chromatography using silica gel (Ethyl acetate/Methanol, 9:1 v/v). The solvent was 

removed under vacuum to yield a colorless liquid. 

1H NMR (δ = ppm, 500 MHz, CD2Cl2) 7.50-7.42 (d, 6H), 7.34-7.21 (dt, 9H), 3.68-

3.47 (m, 42H), 3.36-3.32 (s, 3H), 1.60-1.54 (dd, 2H). 13C NMR (101 MHz, CD2Cl2) 

δ 144.75, 129.19, 128.31, 127.48, 93.06, 72.43, 71.04, 63.99, 59.17. 

 

Monomethoxy PEG11 (mPEG11-OH) (14) A schelenk RBF was charged with 

mPEG11-OTrt (1.42 g, 1.9 mmol, 1.0 mol. eq.) and methanol. p-Toluenesulfonic 

acid monohydrate (0.036 g, 0.2 mmol, 0.1 mol. eq.) was added into the mixture and 

stirred for at room temperature. The reaction progress is monitored by TLC. After 

the reaction completed, the NaHCO3 (0.16 g, 1.9 mmol, 1.0 mol. eq.) was added. 

Then the crude solution was filtered. The filtrate was concentrated under reduced 

pressure. The remaining crude mixture was purified by flash column 

chromatography using silica gel (Dichloromethane/Methanol, 94:6 v/v). The solvent 

was removed under vacuum to yield a colorless liquid. 

1H NMR (δ = ppm, 500 MHz, CD2Cl2) 3.81-3.40 (m, 42H), 3.36-3.31 (s, 3H), 2.60-

12.38 (br, 1H). 13C NMR (101 MHz, CD2Cl2) δ 71.05, 62.15, 59.15. 

 

Thiol functionalized monomethoxy PEG11 (15) 3-Mercaptopropionic acid (0.66 

g, 6.2 mmol, 5.0 mol. eq.), p-toluenesulfonic acid monohydrate (0.024 g, 0.1 mol, 

0.1 mol. eq.), mPEG11-OH (0.65 g, 1.2 mmol, 1.0 mol. eq.) and toluene were 

charged in two-neck RBF. Using a Dean–Stark apparatus the reaction was 

subsequently heated to 130 °C and stirred overnight. When the reaction completed, 

the solvent was removed under reduced pressure, then the mixture was purified by 

flash column chromatography using silica gel (Dichloromethane/Methanol, 94:6 

v/v). The solvent was removed under vacuum to yield a colorless liquid. 
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1H NMR (δ = ppm, 500 MHz, CDCl3) 4.30-4.23 (dd, 2H), 3.86-3.44 (m, 42H), 3.40-

3.34 (s, 3H), 2.82-2.73 (dd, 2H), 2.72-2.65 dd, 2H), 1.71-1.64 (t, 1H). 13C NMR (101 

MHz, CDCl3) δ 171.69, 72.07, 70.71, 70.66, 69.19, 63.90, 59.18, 38.55, 19.87. 

 

Polydispersed thiol-terminated poly(ethylene glycol) (16) 3-Mercaptopropionic 

acid (4.83 g, 45.5 mmol, 5.0 mol. eq.), p-toluenesulfonic acid monohydrate (0.173 

g, 0.9 mol, 0.1 mol. eq.), mPEG11-OH (5.00 g, 9.1 mmol, 1.0 mol. eq.) and toluene 

were charged in two-neck RBF. Using a Dean–Stark apparatus the reaction was 

subsequently heated to 130 °C and stirred overnight. When the reaction completed, 

the solvent was removed under reduced pressure, then the mixture was purified by 

flash column chromatography using silica gel (Dichloromethane/Methanol, 94:6 

v/v). The solvent was removed under vacuum to yield a colorless liquid. 

1H NMR (δ = ppm, 500 MHz, CDCl3) 4.27-4.24 (dd, 2H), 3.79-3.59 (m, 50H), 3.37-

3.35 (s, 3H), 2.80-2.73 (dd, 2H), 2.70-2.65 dd, 2H), 1.70-1.64 (t, 1H).  

 

TBDMS-LA8-COOH (17) TBDMS-LA8-Bz (1.80 g, 2.3 mmol, 1.0 mol. eq.) which 

was synthesized by following the literature methods procedure40 was dissolved in 

EA. Palladium on activated charcoal (10% Pd/C, 0.072 g, 0.07 mmol, 0.03 mol. eq.) 

was added to the solution, and the suspension was purged with argon for 15 minutes. 

The argon atmosphere was then replaced with hydrogen atmosphere, and the reaction 

mixture was stirred at room temperature. The reaction was monitored by thin layer 

chromatography (TLC) analysis. Upon completion of the reaction, the suspension 

was filtered through a celite cake to remove Pd/C. The product was obtained by 

removing the solvent from the filtrates under reduced pressure. 
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1H NMR (δ = ppm, 500 MHz, CD2Cl2) 5.31-5.09 (m, 7H), 4.43-4.33 (q, 1H), 1.65-

1.50 (m, 21H), 1.49-1.40 d, 3H), 0.92-0.86 (s, 9H), 0.11-0.05 (d, 6H). 13C NMR (101 

MHz, CDCl3) δ 169.58-169.34, 69.33- 69.02, 68.97, 68.11, 25.83, 21.40, 18.42, -

4.79, -5.18. 

 

TBDMS-LA8-OAllyl (18) A schlenk flask was charged with EDC·HCl (0.523 g, 2.7 

mmol, 1.2 mol. eq.), DPTS (0.100 g, 0.3 mmol, 0.15 mol. eq.) and dichloromethane. 

The 17 (1.61 g, 2.3 mmol, 1.0 mol. eq.) and allyl alcohol (0.34 mL, 5.0 mmol, 2.2 

mol. eq.) were added to the reaction mixture at 0 °C. After 30min, the ice bath was 

removed and the reaction was stirred at ambient temperature and monitored by TLC. 

At completion the reaction was quenched, the reaction mixture was washed with 

water (x2) and brine (x1). The extracted organic layer was dried with anhydrous 

MgSO4 and filtered. The solvent was removed under vacuum to yield a colorless 

liquid. 

1H NMR (δ = ppm, 500 MHz, CD2Cl2) 5.93-5.83 (m, 1H), 5.35-5.29 (d, 1H), 5.27-

5.23 (d, 1H), 5.23-5.09 (m, 7H), 4.67-4.58 (m, 2H), 4.43-4.36 (d, 1H), 1.60-1.50 (d, 

21H), 1.46-1.42 (d, 3H), 0.92-0.88 (s, 9H), 0.12-0.06 (d, 6H). 13C NMR (126 MHz, 

CDCl3) δ 169.77, 131.38, 118.90, 69.38, 69.11, 68.95, 68.13, 66.17, 25.84, 21.37, 

16.90, -4.77, -5.16. 

 

TBDMS-LA8-SH (19) A schlenk RBF was purged with dry N2 and charged with 

DMPA (6.9 mg, 0.027 mmol, 0.02 mol. eq.), 18 (1.1 g, 1.48 mmol, 1.0 mol. eq.) 

dissolved in 7 mL THF and 1,3-dipropanedithiol (0.8 g, 7.37 mmol, 5.0 mol. eq.) 

were added dropwise, the reaction was complete after irradiation by 365 nm UV light 

for 2 h. THF was evaporated under a reduced pressure and the crude product was 

purified by column chromatography on a silica gel (EA/ Hexane, 30:70 v/v)). 

1H NMR (δ = ppm, 500 MHz, CD2Cl2) 5.24-5.06 (m, 7H), 4.42-4.33 (q, 1H), 4.25-

4.18 (t, 2H), 2.65-2.58 (m, 4H), 2.57-2.50 (m, 2H), 1.95-1.81 (d, 4H), 1.61-1.47 (d, 

21H), 1.45-1.40 (d, 3H), 0.91-0.85 (s, 9H), 0.11-0.04 (d, 6H). 13C NMR (101 MHz, 
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CDCl3) δ 170.19-169.50, 69.40, 69.28, 69.15, 69.10, 68.99, 68.94, 68.10, 64.16, 

33.33, 30.48, 28.65, 28.35, 25.84, 23.50, 21.42, 17.03, 16.94, 16.89, 16.83, 14.34, -

4.76, -5.16. 

 

TBDMS-LA16-SH were synthesized by same procedures for TBDMS-LA8-SH. 

TBDMS-LA16-COOH (20) 1H NMR (δ = ppm, 500 MHz, CD2Cl2) 5.29-5.08 (m, 

17H), 4.44-4.33 (q, 1H), 1.62-1.50 (m, 45H), 1.48-1.40 d, 3H), 0.94-0.86 (s, 9H), 

0.14-0.05 (d, 6H).  

TBDMS-LA16-OAllyl (21) 1H NMR (δ = ppm, 500 MHz, CD2Cl2) 5.94-5.81 (m, 

1H), 5.38-5.08 (d, 2H), 5.23-5.09 (m, 15H), 4.68-4.56 (m, 2H), 4.44-4.33 (d, 1H), 

1.66-1.48 (d, 45H), 1.47-1.38 (d, 3H), 0.97-0.84 (s, 9H), 0.15-0.02 (d, 6H). 13C NMR 

(101 MHz, CDCl3) δ 169.58-169.43, 69.33-69.22, 66.25, 25.88, 21.56, 16.80, -2.51, 

-4.82. 

TBDMS-LA16-SH (22) 1H NMR (δ = ppm, 500 MHz, CD2Cl2) 5.26-5.07 (m, 15H), 

4.44-4.35 (q, 1H), 4.28-4.19 (t, 2H), 2.68-2.50 (m, 4H), 2.59-2.52 (m, 2H), 1.95-1.81 

(d, 4H), 1.67-1.49 (d, 45H), 1.45-1.40 (d, 3H), 0.96-0.86 (s, 9H), 0.15-0.04 (d, 6H). 
13C NMR (101 MHz, CDCl3)  δ 169.71-169.27, 69.42-68.91, 68.11, 64.16, 60.52, 

33.34, 30.35, 28.31, 25.86, 23.37, 21.08, 16.77, 14.50, 9.08, -4.77, -5.16. 

 

3.5.2.3. Post-functionalization 

t-LP(ET)32-ET (23) A vial was charged with charged with DMPA (18.9 mg, 0.07 

mmol, 16.5 mol. eq.), 12 (25 mg, 0.005mmol, 1.0 mol. eq.) dissolved in THF. 

Ethanethiol (73.3 mg, 1.18 mmol, 264 mol. eq.) were added to the mixture. The 

solution was sparged with N2. The reaction was complete after irradiation by 365 nm 

UV light for 2h. THF was evaporated under a reduced pressure and the crude product 

was purified by prep-SEC). 
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1H NMR (δ = ppm, 500 MHz, CDCl3) 5.24-5.04 (m, 64H), 2.81-2.65 (m, 132H), 

1.78-1.54 (t, 66H), 1.46-1.31 (m, 96H), 1.29-1.18 (m, 66H), 1.02-0.94 (s, 9H), 0.16-

0.03 (d, 6H). 

 

t-LP(PEG550)32-PEG550 (24) A vial was charged with charged with DMPA (22.6 

mg, 0.09 mmol, 16.5 mol. eq.), 12 (30 mg, 0.005 mmol, 1.0 mol. eq.) dissolved in 

THF. 16 (1.56 g, 1.76 mmol, 330 mol. eq.) were added to the mixture. The solution 

was sparged with N2. The reaction was complete after irradiation by 365 nm UV 

light for 12h. THF was evaporated under a reduced pressure and the crude product 

was purified by prep-SEC). 

1H NMR (δ = ppm, 500 MHz, CDCl3) 5.26-5.19 (m, 64H), 5.18-5.05 (m, 232H), 

4.44-4.34 (q, 32H), 4.29-4.18 (m, 64H), 2.64-2.49 (m, 264H), 2.13-1.97 (m, 64H), 

1.97-1.89 (t, 64H), 1.88-1.79 (t, 64H), 1.78-1.64 (m, 64H), 1.62-1.48 (m, 853H), 

1.47-1.41 (d, 99H), 0.97-0.84 (s, 306H), 0.16-0.03 (d, 204H). 

 

t-LP(LA8)32-LA8 (25) A vial was charged with charged with DMPA (27.1 mg, 0.11 

mmol, 33 mol. eq.), 12 (18 mg, 0.003 mmol, 1.0 mol. eq.) dissolved in THF. 19 (1.09 

g, 1.27 mmol, 396 mol. eq.) were added to the mixture. The solution was sparged 

with N2. The reaction was complete after irradiation by 365 nm UV light for 

overnight. THF was evaporated under a reduced pressure and the crude product was 

purified by prep-SEC). 

1H NMR (δ = ppm, 500 MHz, CDCl3) 5.26-5.19 (m, 64H), 5.18-5.05 (m, 232H), 

4.44-4.34 (q, 32H), 4.29-4.18 (m, 64H), 2.64-2.49 (m, 264H), 2.13-1.97 (m, 64H), 

1.97-1.89 (t, 64H), 1.88-1.79 (t, 64H), 1.78-1.64 (m, 64H), 1.62-1.48 (m, 853H), 

1.47-1.41 (d, 99H), 0.97-0.84 (s, 306H), 0.16-0.03 (d, 204H).  

13C NMR (101 MHz, CDCl3) δ 173.45, 170.12, 169.86, 169.43, 169.38, 169.28, 

69.30, 69.26, 69.14, 69.08, 68.97, 68.91, 68.09, 64.17, 31.43, 30.99, 29.22, 28.61, 

28.40, 25.83, 21.40, 18.41, 17.00, 16.95, 16.88, 16.81, -4.77, -5.16. 
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3.5.2.4. Synthesis of bottlebrush diblock copolymers 

t-LP32-COOH (26) A schlenk flask was charged with Pd(PPh3)4 (3.99 mg, 0.003 

mmol, 0.1 mol. eq.) and THF under a nitrogen atmosphere. The 12 (100 mg, 0.035 

mmol, 1.0 mol. eq.) was added into the reaction mixture. The reaction mixture was 

stirred at 0 °C. Morpholine (3.16 mg, 0.036 mol, 1.05 mol. eq.) was added to the 

solution dropwise at 0 °C and monitored by TLC. After the reaction was complete, 

the solvent was removed under reduced pressure. The crude was dissolved in 

dichloromethane and washed three times with 1M HCl(aq). The extracted organic 

layer was dried with anhydrous MgSO4 and filtered. The solvent was removed under 

reduced pressure. The crude was filtered through a Celite cake. The product was 

obtained by removing the solvent from the filtrates under reduced pressure and 

purified by prep-SEC. 

t-LP(DDT)16-COOH (27) A vial was charged with charged with DMPA (51.7 mg, 

0.2 mmol, 8.0 mol. eq.) and 26 (71.9 mg, 0.025 mmol, 1.0 mol. eq.) dissolved in 

THF. Dodecanethiol (816 mg, 4.03 mmol, 160 mol. eq.) was added to the mixture. 

The solution was sparged with N2. The reaction was complete after irradiation by 

365 nm UV light for overnight. THF was evaporated under a reduced pressure and 

the crude product was purified by prep-SEC. 

HO-LP32-a (28) The 12 (188 mg, 0.065 mmol, 1.0 mol. eq.) was dissolved in 

dichloromethane and cooled to 0 °C. Boron trifluoride etherate (55.3 mg, 0.39 mmol, 

6.0 mol.eq.) was added to the solution dropwise at 0 °C and monitored by TLC. After 

the reaction was complete, the reaction was quenched with saturated a saturated 

NaHCO3(aq) followed by dilution with water. The organic layer was separated and 

washed with brine. The extracted organic layer was dried with anhydrous MgSO4 

and filtered. The solvent was removed under reduced pressure.  
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t-LP(DDT)16-b-LP16-a (29) A schlenk flask was charged with EDC·HCl (5.61 mg, 

0.03 mmol, 2.5 mol. eq.), DPTS (0.689 mg, 0.002 mmol, 0.2 mol. eq.) and 

dichloromethane. The 27 (71.2 mg, 0.012 mol, 1.0 mol. eq.) and 28 (149.5 mg, 0.054 

mol, 5.0 mol. eq.) were added to the reaction mixture at 0 °C. After 30min, the ice 

bath was removed and the reaction was stirred at ambient temperature and monitored 

by TLC. At completion the reaction was quenched, the reaction mixture was washed 

with water (x2) and brine (x1). The extracted organic layer was dried with anhydrous 

MgSO4 and filtered. The solvent was removed under reduced pressure and the crude 

product was purified by prep-SEC. 

t-[LP(DDT)16]-b-[LP(PEG11)16]-PEG11 (30) A vial was charged with charged 

with DMPA (8.64 mg, 0.03 mmol, 8.5 mol. eq.), 29 (35.1 mg, 0.004 mmol, 1.0 mol. 

eq.) dissolved in THF. 15 (407 mg, 0.67 mmol, 170.0 mol. eq.) were added to the 

mixture. The solution was sparged with N2. The reaction was complete after 

irradiation by 365 nm UV light for overnight. THF was evaporated under a reduced 

pressure and the crude product was purified by prep-SEC. 

1H NMR (δ = ppm, 500 MHz, CD2Cl2) 5.24-5.02 (m, 64H), 4.25-4.18 (m, 66H), 

3.79-3.31 (m, 1650H), 3.38-3.31 (m, 99H), 2.79-2.68 (m, 66H), 2.68-2.60 (m, 128H), 

2.07-1.09 (m, 66H), 1.76-1.62 (m, 66H), 1.59-1.48 (m, 96H), 0.99-0.72 (m, 9H), 

0.12-0.06 (d, 6H).  

13C NMR (101 MHz, CDCl3) δ 171.93, 72.05, 70.68, 69.17, 63.88, 59.14, 37.20, 

34.74, 32.80, 32.03, 31.55, 30.14, 29.81, 29.76, 29.47, 27.19, 26.87, 22.80, 14.23, -

2.72, -5.79. 

 

 

 

 

 



 

 88 

3.5.3. NMR spectra 

 

 

Figure S3-1. 1H NMR (500 MHz, CDCl3) spectrum of 2-hydroxy-4-pentenoic acid. 

 

 

Figure S3-2. 1H NMR (500 MHz, CDCl3) spectrum of allyl 2-hydroxy-4-pentenoate. 
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Figure S3-3. 1H NMR (500 MHz, CDCl3) spectrum of ethyl ((tert-

butyldimethylsilyl)oxy) propanoate. 

  

 

 

Figure S3-4. 1H NMR (500 MHz, CDCl3) spectrum of ((tert-butyldimethylsilyl)oxy) 

propanoic acid. 
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Figure S3-5. 1H NMR (500 MHz, CDCl3) spectrum of t-LP-a. 

 

 

 
Figure S3-6. 1H NMR (500 MHz, CDCl3) spectrum of HO-LP-a. 
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Figure S3-7. 1H NMR (500 MHz, CDCl3) spectrum of t-LP-COOH. 

 

 

 

 

Figure S3-8. 1H NMR (500 MHz, CDCl3) spectrum of t-LP2-a. 
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Figure S3-9. 1H NMR (500 MHz, CDCl3) spectrum of t-LP4-a. 

 

 

 
Figure S3-10. 1H NMR (500 MHz, CDCl3) spectrum of t-LP8-a. 
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Figure S3-11. 1H NMR (500 MHz, CDCl3) spectrum of t-LP16-a. 

 

 

 
Figure S3-12. 1H NMR (500 MHz, CDCl3) spectrum of t-LP32-a. 
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Figure S3-13. 1H NMR (500 MHz, CDCl3) spectrum of monomethoxy PEG11 trityl 

ether (mPEG11-OTrt). 

 

 

 

Figure S3-14. 1H NMR (500 MHz, CDCl3) spectrum of monomethoxy PEG11 

(mPEG11-OH). 
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Figure S3-15. 1H NMR (500 MHz, CDCl3) spectrum of thiol functionalized 

monomethoxy PEG11. 

 

 

 

Figure S3-16. 1H NMR (500 MHz, CDCl3) spectrum of thiol functionalized PEG550. 
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Figure S3-17. 1H NMR (500 MHz, CDCl3) spectrum of TBDMS-LA8-Bz. 

 

 

 
Figure S3-18. 1H NMR (500 MHz, CDCl3) spectrum of TBDMS-LA8-COOH. 
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Figure S3-19. 1H NMR (500 MHz, CDCl3) spectrum of TBDMS-LA8-OAllyl. 

 

 

 
Figure S3-20. 1H NMR (500 MHz, CDCl3) spectrum of thiol-functionalized PLA8 

(TBDMS-LA8-SH). 
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Figure S3-21. 1H NMR (500 MHz, CDCl3) spectrum of TBDMS-LA16-Bz. 

 

 

 

Figure S3-22. 1H NMR (500 MHz, CDCl3) spectrum of TBDMS-LA16-COOH. 
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Figure S3-23. 1H NMR (500 MHz, CDCl3) spectrum of TBDMS-LA16-OAllyl. 

 

 

 
Figure S3-24. 1H NMR (500 MHz, CDCl3) spectrum of TBDMS-LA16-SH. 
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Figure S3-25. 1H NMR (500 MHz, CDCl3) spectrum of t-LP(ET)32-ET.  

 

 

 

Figure S3-26. 1H NMR (500 MHz, CDCl3) spectrum of t-LP(PEG550)32-PEG550. 
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Figure S3-27. 1H NMR (500 MHz, CDCl3) spectrum of t-LP(LA8)32-LA8. 

 

 

 
Figure S3-28. 1H NMR (500 MHz, CDCl3) spectrum of t-[LP(DDT)16]-b-

[LP(PEG11)16]-PEG11. 
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Figure S3-29. 13C NMR (101 MHz, DMSO-d6) spectrum of 2-hydroxy-4-pentenoic 

acid. 

 

 

 
Figure S3-30. 13C NMR (101 MHz, CDCl3) spectrum of allyl 2-hydroxy-4-

pentenoate. 
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Figure S3-31. 13C NMR (101 MHz, CDCl3) spectrum of ethyl ((tert-

butyldimethylsilyl)oxy) propanoate. 

 

 

 
Figure S3-32. 13C NMR (101 MHz, CDCl3) spectrum of t-LP-a. 
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Figure S3-33. 13C NMR (101 MHz, CDCl3) spectrum of HO-LP-a. 

 

 

 

Figure S3-34. 13C NMR (101 MHz, CDCl3) spectrum of t-LP-COOH. 
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Figure S3-35. 13C NMR (101 MHz, CDCl3) spectrum of t-LP2-a. 

 

 

 
Figure S3-36. 13C NMR (101 MHz, CDCl3) spectrum of t-LP4-a. 
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Figure S3-37. 13C NMR (101 MHz, CDCl3) spectrum of t-LP8-a. 

 

 

 
Figure S3-38. 13C NMR (101 MHz, CDCl3) spectrum of t-LP16-a. 
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Figure S3-39. 13C NMR (101 MHz, CDCl3) spectrum of t-LP32-a. 

 

 

 
Figure S3-40. 13C NMR (101 MHz, CD2Cl2) spectrum of monomethoxy PEG11 trityl 

ether (mPEG11-OTrt). 
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Figure S3-41. 13C NMR (101 MHz, CD2Cl2) spectrum of monomethoxy PEG11 

(mPEG11-OH). 

 

 

 

Figure S3-42. 13C NMR (101 MHz, CDCl3) spectrum of thiol functionalized 

monomethoxy PEG11. 
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Figure S3-43. 13C NMR (101 MHz, CDCl3) spectrum of TBDMS-LA8-Bz. 

 

 

 
Figure S3-44. 13C NMR (101 MHz, CDCl3) spectrum of TBDMS-LA8-COOH. 
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Figure S3-45. 13C NMR (101 MHz, CDCl3) spectrum of TBDMS-LA8-OAllyl. 

 

 

 
Figure S3-46. 13C NMR (101 MHz, CDCl3) spectrum of thiol-functionalized PLA8 

(TBDMS-LA8-SH). 
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Figure S3-47. 13C NMR (101 MHz, CDCl3) spectrum of TBDMS-LA16-Bz. 

 

 

 
Figure S3-48. 13C NMR (101 MHz, CDCl3) spectrum of TBDMS-LA16-OAllyl. 
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Figure S3-49. 13C NMR (101 MHz, CDCl3) spectrum of thiol-functionalized PLA16 

(TBDMS-LA8-SH). 

 

 

 
Figure S3-50. 13C NMR (101 MHz, CDCl3) spectrum of t-LP(LA8)32-LA8. 

 

 



 

 113 

 
Figure S3-51. 13C NMR (101 MHz, CDCl3) spectrum of t-[LP(DDT)16]-b-

[LP(PEG11)16]-PEG11 

 

 

3.5.4. Table 

Table S3-1. Characterization of Copolyester Backbones 

Compound 

MALDIa GPCd 

MW (Da) 

(Cal.)b 

[M+Na]+ 

MW (Da) 

(Exp.)c 

[M+Na]+ 

Mn (Da) Mw (Da) PDI 

LP8 875.35 875.69 972 995 1.02 

LP16 1,555.58 1555.50 1,878 1,909 1.02 

LP32 2916.04 2916.01 3,933 3,955 1.03 

LP64 5636.97 5638.73 7,867 8,166 1.05 

a2-(4-Hydroxybenzeneazo)benzoic acid (HABA) was used as a matrix. bTheoretical 

molecular weight of Na+ adducts of the compound. cExperimental molecular weight of Na+ 

adducts of the compound. dThe molecular weight of copolyester backbone was determined 

by GPC equipped with dRI detector (Eluent = THF). 
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Table S3-2. Characterization of Bottlebrush Polymers 

Compound 

MALDIa GPCd 

MW (Da) 

(Cal.) 

MW (Da) 

(Exp.) 

Mn 

(kDa) 

Mw 

(kDa) 
PDI 

t-LP(PEG550)32-

PEG550 
27,163.48b 27135.93c 25.7 27.2 1.06 

t-LP(LA8)32-LA8 33,979.89b 33912.41c 43.9 46.7 1.06 

t-[LP(DDT)16]-b-

[LP(PEG11)16]-

PEG11 

19145.10e 19148.08f 17.8 18.5 1.04 

aTrans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was used 

as a matrix. bTheoretical molecular weight of Ag+ adducts of the compound. cExperimental 

molecular weight of Ag+ adducts of the compound. dThe molecular weight of brush polymers 

was determined by GPC/MALS (Eluent = Chloroform). eTheoretical molecular weight of 

Na+ adducts of the compound. fExperimental molecular weight of Na+ adducts of the 

compound.  

 

 

3.5.5. MALDI spectra 

 

Figure S3-52. MALDI-TOF mass spectrum of monomethoxy PEG11 trityl ether 

(mPEG11-OTrt) ([M+Na]+(cal.): 781.41). 
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Figure S3-53. MALDI-TOF mass spectrum of monomethoxy PEG11 (mPEG11-OH) 

([M+Na]+(cal.): 539.30). 

 

 

 

Figure S3-54. MALDI-TOF mass spectrum of thiol functionalized mPEG11 

([M+Na]+(cal.): 627.30).  
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Figure S3-55. MALDI-TOF mass spectrum of thiol functionalized PEG550. 

 

Figure S3-56. MALDI-TOF mass spectrrum of TBDMS-LA8-Bn ([M+Na]+(cal.): 

821.90). 
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Figure S3-57. MALDI-TOF mass spectrum of TBDMS-LA8-COOH ([M+Na]+(cal.): 

731.77). 

 

 

 
Figure S3-58. MALDI-TOF mass spectrum of TBDMS-LA8-OAllyl ([M+Na]+(cal.): 

771.84). 
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Figure S3-59. MALDI-TOF mass spectrum of thiol-functionalized PLA8 

([M+Na]+(cal.): 880.05). 

 

 

 
Figure S3-60. MALDI-TOF mass spectrrum of TBDMS-LA16-Bn ([M+Na]+(cal.): 

1398.40). 
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Figure S3-61. MALDI-TOF mass spectrum of TBDMS-LA16-COOH 

([M+Na]+(cal.): 1308.28). 

 

 

 

Figure S3-62. MALDI-TOF mass spectrum of TBDMS-LA16-OAllyl 

([M+Na]+(cal.): 1348.34). 
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Figure S3-63. MALDI-TOF mass spectrum of thiol-functionalized PLA16 

([M+Na]+(cal.): 1456.56). 

 

 

 

Figure S3-64. MALDI-TOF mass spectrum of thiol-ene reaction of t-LP(PLA16)16-

PLA16 for 6h ([M+Na]+(cal.): 27268.08).  
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Figure S3-65. MALDI-TOF mass spectrum of thiol-ene reaction of t-LP(PLA16)16-

PLA16 for 10h ([M+Na]+(cal.): 27268.08). 

 

 

 

Figure S3-66. MALDI-TOF mass spectrum of thiol-ene reaction of t-LP(PLA16)16-

PLA16 for 12h. Though we added an excess amount of t-PLA16-SH, this reaction did 

not proceed to full conversion because of the higher steric hindrance ([M+Na]+(cal.): 

27268.08). 
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3.5.6. GPC spectra 

 

Figure S3-67. GPC trace of t-LP(PEG550)32-PEG550 detected by GPC/MALS 

(Eluent = Chloroform). The hump was observed due to the interaction between PEG-

SH and column material.  

 
Figure S3-68. GPC trace of PLA-functionalized LP 64 homopolymers detected by 

GPC/MALS (Eluent = Chloroform).  
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Figure S3-69. GPC trace of LP 32(dodecane)-b-LP 32(PEG) detected by 

GPC/MALS (Eluent = Chloroform).   

 

3.5.7. Dynamic light scattering (DLS) size plots  

 

 

Figure S3-70. Dynamic light scattering (DLS) size plots of self-assembled structures 

of BBCP in (a) THF and (b) 1,4-dioxane. 

 

 

3.6. References 

(1) Verduzco, R.; Li, X.; Pesek, S. L.; Stein, G. E., Structure, function, self-assembly, and 

applications of bottlebrush copolymers. Chemical Society Reviews 2015, 44, 2405-2420. 



 

 124 

(2) Polymeropoulos, G.; Zapsas, G.; Ntetsikas, K.; Bilalis, P.; Gnanou, Y.; Hadjichristidis, 

N., 50th Anniversary Perspective: Polymers with Complex Architectures. Macromolecules 

2017, 50, 1253-1290. 

(3) Yin, L.; Liu, L.; Zhang, N., Brush-like polymers: design, synthesis and applications. 

Chemical Communications 2021, 57, 10484-10499. 

(4) Mapas, J. K. D.; Thomay, T.; Cartwright, A. N.; Ilavsky, J.; Rzayev, J., Ultrahigh 

Molecular Weight Linear Block Copolymers: Rapid Access by Reversible-Deactivation 

Radical Polymerization and Self-Assembly into Large Domain Nanostructures. 

Macromolecules 2016, 49, 3733-3738. 

(5) Boyle, B. M.; French, T. A.; Pearson, R. M.; McCarthy, B. G.; Miyake, G. M., Structural 

Color for Additive Manufacturing: 3D-Printed Photonic Crystals from Block Copolymers. 

ACS Nano 2017, 11, 3052-3058. 

(6) Chae, C.-G.; Yu, Y.-G.; Seo, H.-B.; Kim, M.-J.; Grubbs, R. H.; Lee, J.-S., Experimental 

Formulation of Photonic Crystal Properties for Hierarchically Self-Assembled POSS–

Bottlebrush Block Copolymers. Macromolecules 2018, 51, 3458-3466. 

(7) Ma, H.; Kim, K. T., Self-Assembly of Bottlebrush Block Copolymers into Triply Periodic 

Nanostructures in a Dilute Solution. Macromolecules 2020, 53, 711-718. 

(8) Guo, T.; Wang, Y.; Qiao, Y.; Yuan, X.; Zhao, Y.; Ren, L., Thermal property of photonic 

crystals (PCs) prepared by solvent annealing self-assembly of bottlebrush PS-b-PtBA. 

Polymer 2020, 194, 122389. 

(9) Patel Bijal, B.; Walsh Dylan, J.; Kim Do, H.; Kwok, J.; Lee, B.; Guironnet, D.; Diao, Y., 

Tunable structural color of bottlebrush block copolymers through direct-write 3D printing 

from solution. Science Advances 2020, 6, eaaz7202. 

(10) Liberman-Martin, A. L.; Chang, A. B.; Chu, C. K.; Siddique, R. H.; Lee, B.; Grubbs, R. 

H., Processing Effects on the Self-Assembly of Brush Block Polymer Photonic Crystals. ACS 

Macro Letters 2021, 10, 1480-1486. 

(11) Mei, H.; Mah, A. H.; Hu, Z.; Li, Y.; Terlier, T.; Stein, G. E.; Verduzco, R., Rapid 

Processing of Bottlebrush Coatings through UV-Induced Cross-Linking. ACS Macro Letters 

2020, 9, 1135-1142. 

(12) Miyagi, K.; Mei, H.; Terlier, T.; Stein, G. E.; Verduzco, R., Analysis of Surface 

Segregation of Bottlebrush Polymer Additives in Thin Film Blends with Attractive 

Intermolecular Interactions. Macromolecules 2020, 53, 6720-6730. 

(13) Zhang, T.; Wang, Y.; Ma, X.; Hou, C.; Lv, S.; Jia, D.; Lu, Y.; Xue, P.; Kang, Y.; Xu, 

Z., A bottlebrush-architectured dextran polyprodrug as an acidity-responsive vector for 

enhanced chemotherapy efficiency. Biomaterials Science 2020, 8, 473-484. 

(14) Takano, S.; Islam, W.; Nakazawa, K.; Maeda, H.; Sakurai, K.; Fujii, S., 

Phosphorylcholine-Grafted Molecular Bottlebrush–Doxorubicin Conjugates: High 

Structural Stability, Long Circulation in Blood, and Efficient Anticancer Activity. 

Biomacromolecules 2021, 22, 1186-1196. 

(15) Müllner, M., Molecular polymer bottlebrushes in nanomedicine: therapeutic and 

diagnostic applications. Chemical Communications 2022, 58, 5683-5716. 

(16) Nguyen, H. V. T.; Detappe, A.; Gallagher, N. M.; Zhang, H.; Harvey, P.; Yan, C.; 

Mathieu, C.; Golder, M. R.; Jiang, Y.; Ottaviani, M. F.; Jasanoff, A.; Rajca, A.; Ghobrial, I.; 

Ghoroghchian, P. P.; Johnson, J. A., Triply Loaded Nitroxide Brush-Arm Star Polymers 



 

 125 

Enable Metal-Free Millimetric Tumor Detection by Magnetic Resonance Imaging. ACS 

Nano 2018, 12, 11343-11354. 

(17) Alvaradejo, G. G.; Nguyen, H. V. T.; Harvey, P.; Gallagher, N. M.; Le, D.; Ottaviani, 

M. F.; Jasanoff, A.; Delaittre, G.; Johnson, J. A., Polyoxazoline-Based Bottlebrush and 

Brush-Arm Star Polymers via ROMP: Syntheses and Applications as Organic Radical 

Contrast Agents. ACS Macro Letters 2019, 8, 473-478. 

(18) Cui, D.; Li, P.; Zhen, X.; Li, J.; Jiang, Y.; Yu, A.; Hu, X.; Pu, K., Thermoresponsive 

Semiconducting Polymer Nanoparticles for Contrast-Enhanced Photoacoustic Imaging. 

Advanced Functional Materials 2019, 29, 1903461. 

(19) Jiang, L.; Nykypanchuk, D.; Pastore, V. J.; Rzayev, J., Morphological Behavior of 

Compositionally Gradient Polystyrene–Polylactide Bottlebrush Copolymers. 

Macromolecules 2019, 52, 8217-8226. 

(20) Aviv, Y.; Altay, E.; Rzayev, J.; Shenhar, R., Assembly of Bottlebrush Block Copolymers 

and Nanoparticles in Ultrathin Films: Effect of Substrate–Copolymer Interaction on the 

Nanocomposite Morphology. Macromolecules 2021, 54, 6247-6256. 

(21) Zheng, W.; Anzaldua, M.; Arora, A.; Jiang, Y.; McIntyre, K.; Doerfert, M.; Winter, T.; 

Mishra, A.; Ma, H.; Liang, H., Environmentally Benign Nanoantibiotics with a Built-in 

Deactivation Switch Responsive to Natural Habitats. Biomacromolecules 2020, 21, 2187-

2198. 

(22) Laroque, S.; Reifarth, M.; Sperling, M.; Kersting, S.; Klöpzig, S.; Budach, P.; Storsberg, 

J.; Hartlieb, M., Impact of Multivalence and Self-Assembly in the Design of Polymeric 

Antimicrobial Peptide Mimics. ACS Applied Materials & Interfaces 2020, 12, 30052-30065. 

(23) Vy, N. C. H.; Liyanage, C. D.; Williams, R. M. L.; Fang, J. M.; Kerns, P. M.; Schniepp, 

H. C.; Adamson, D. H., Surface-Initiated Passing-through Zwitterionic Polymer Brushes for 

Salt-Selective and Antifouling Materials. Macromolecules 2020, 53, 10278-10288. 

(24) Xu, X.; Huang, X.; Chang, Y.; Yu, Y.; Zhao, J.; Isahak, N.; Teng, J.; Qiao, R.; Peng, H.; 

Zhao, C.-X.; Davis, T. P.; Fu, C.; Whittaker, A. K., Antifouling Surfaces Enabled by Surface 

Grafting of Highly Hydrophilic Sulfoxide Polymer Brushes. Biomacromolecules 2021, 22, 

330-339. 

(25) Radzinski, S. C.; Foster, J. C.; Scannelli, S. J.; Weaver, J. R.; Arrington, K. J.; Matson, 

J. B., Tapered Bottlebrush Polymers: Cone-Shaped Nanostructures by Sequential Addition 

of Macromonomers. ACS Macro Letters 2017, 6, 1175-1179. 

(26) Ogbonna, N. D.; Dearman, M.; Cho, C.-T.; Bharti, B.; Peters, A. J.; Lawrence, J., 

Topologically Precise and Discrete Bottlebrush Polymers: Synthesis, Characterization, and 

Structure–Property Relationships. JACS Au 2022, 2, 898-905. 

(27) Su, Y.-X.; Xu, L.; Xu, X.-H.; Hou, X.-H.; Liu, N.; Wu, Z.-Q., Controlled Synthesis of 

Densely Grafted Bottlebrushes That Bear Helical Polyisocyanide Side Chains on 

Polyisocyanide Backbones and Exhibit Greatly Increased Viscosity. Macromolecules 2020, 

53, 3224-3233. 

(28) Obhi, N. K.; Peda, D. M.; Kynaston, E. L.; Seferos, D. S., Exploring the Graft-To 

Synthesis of All-Conjugated Comb Copolymers Using Azide–Alkyne Click Chemistry. 

Macromolecules 2018, 51, 2969-2978. 

(29) Li, Z.; Tang, M.; Liang, S.; Zhang, M.; Biesold, G. M.; He, Y.; Hao, S.-M.; Choi, W.; 

Liu, Y.; Peng, J.; Lin, Z., Bottlebrush polymers: From controlled synthesis, self-assembly, 

properties to applications. Progress in Polymer Science 2021, 116, 101387. 



 

 126 

(30) Raus, V.; Hološ, A.; Kronek, J.; Mosnáček, J., Well-Defined Linear and Grafted Poly(2-

isopropenyl-2-oxazoline)s Prepared via Copper-Mediated Reversible-Deactivation Radical 

Polymerization Methods. Macromolecules 2020, 53, 2077-2087. 

(31) Beyer, V. P.; Cattoz, B.; Strong, A.; Schwarz, A.; Becer, C. R., Brush Copolymers from 

2-Oxazoline and Acrylic Monomers via an Inimer Approach. Macromolecules 2020, 53, 

2950-2958. 

(32) Tanaka, J.; Häkkinen, S.; Boeck, P. T.; Cong, Y.; Perrier, S.; Sheiko, S. S.; You, W., 

Orthogonal Cationic and Radical RAFT Polymerizations to Prepare Bottlebrush Polymers. 

Angewandte Chemie International Edition 2020, 59, 7203-7208. 

(33) Sumerlin, B. S.; Neugebauer, D.; Matyjaszewski, K., Initiation Efficiency in the 

Synthesis of Molecular Brushes by Grafting from via Atom Transfer Radical Polymerization. 

Macromolecules 2005, 38, 702-708. 

(34) Zhang, Z.; Wang, X.; Tam, K. C.; Sèbe, G., A comparative study on grafting polymers 

from cellulose nanocrystals via surface-initiated atom transfer radical polymerization 

(ATRP) and activator re-generated by electron transfer ATRP. Carbohydrate Polymers 2019, 

205, 322-329. 

(35) Walsh, D. J.; Wade, M. A.; Rogers, S. A.; Guironnet, D., Challenges of Size-Exclusion 

Chromatography for the Analysis of Bottlebrush Polymers. Macromolecules 2020, 53, 8610-

8620. 

(36) Grayson, S. M.; Fréchet, J. M. J., Convergent Dendrons and Dendrimers:  from Synthesis 

to Applications. Chemical Reviews 2001, 101, 3819-3868. 

(37) Takizawa, K.; Nulwala, H.; Hu, J.; Yoshinaga, K.; Hawker, C. J., Molecularly defined 

(L)-lactic acid oligomers and polymers: Synthesis and characterization. Journal of Polymer 

Science Part A: Polymer Chemistry 2008, 46, 5977-5990. 

(38) Binauld, S.; Damiron, D.; Connal, L. A.; Hawker, C. J.; Drockenmuller, E., Precise 

Synthesis of Molecularly Defined Oligomers and Polymers by Orthogonal Iterative 

Divergent/Convergent Approaches. Macromolecular Rapid Communications 2011, 32, 147-

168. 

(39) Lutz, J.-F.; Lehn, J.-M.; Meijer, E. W.; Matyjaszewski, K., From precision polymers to 

complex materials and systems. Nature Reviews Materials 2016, 1, 16024. 

(40) Lee, J. M.; Koo, M. B.; Lee, S. W.; Lee, H.; Kwon, J.; Shim, Y. H.; Kim, S. Y.; Kim, 

K. T., High-density information storage in an absolutely defined aperiodic sequence of 

monodisperse copolyester. Nature Communications 2020, 11, 56. 

(41) Koo, M. B.; Lee, S. W.; Lee, J. M.; Kim, K. T., Iterative Convergent Synthesis of Large 

Cyclic Polymers and Block Copolymers with Discrete Molecular Weights. Journal of the 

American Chemical Society 2020, 142, 14028-14032. 

(42) Barnes, J. C.; Ehrlich, D. J. C.; Gao, A. X.; Leibfarth, F. A.; Jiang, Y.; Zhou, E.; Jamison, 

T. F.; Johnson, J. A., Iterative exponential growth of stereo- and sequence-controlled 

polymers. Nature Chemistry 2015, 7, 810-815. 

(43) Jiang, Y.; Golder, M. R.; Nguyen, H. V. T.; Wang, Y.; Zhong, M.; Barnes, J. C.; Ehrlich, 

D. J. C.; Johnson, J. A., Iterative Exponential Growth Synthesis and Assembly of Uniform 

Diblock Copolymers. Journal of the American Chemical Society 2016, 138, 9369-9372. 

(44) Ślęczkowski, M. L.; Segers, I.; Liu, Y.; Palmans, A. R. A., Sequence-defined l-

glutamamide oligomers with pendant supramolecular motifs via iterative synthesis and 

orthogonal post-functionalization. Polymer Chemistry 2020, 11, 7393-7401. 



 

 127 

(45) Chen, C.; Wunderlich, K.; Mukherji, D.; Koynov, K.; Heck, A. J.; Raabe, M.; Barz, M.; 

Fytas, G.; Kremer, K.; Ng, D. Y. W.; Weil, T., Precision Anisotropic Brush Polymers by 

Sequence Controlled Chemistry. Journal of the American Chemical Society 2020, 142, 1332-

1340. 

(46) Shamout, F.; Monaco, A.; Yilmaz, G.; Becer, C. R.; Hartmann, L., Synthesis of Brush-

Like Glycopolymers with Monodisperse, Sequence-Defined Side Chains and Their 

Interactions with Plant and Animal Lectins. Macromolecular Rapid Communications 2020, 

41, 1900459. 

(47) Leemhuis, M.; Akeroyd, N.; Kruijtzer, J. A. W.; van Nostrum, C. F.; Hennink, W. E., 

Synthesis and characterization of allyl functionalized poly(α-hydroxy)acids and their further 

dihydroxylation and epoxidation. European Polymer Journal 2008, 44, 308-317. 

(48) Huguenin-Dezot, N.; Alonzo, D. A.; Heberlig, G. W.; Mahesh, M.; Nguyen, D. P.; 

Dornan, M. H.; Boddy, C. N.; Schmeing, T. M.; Chin, J. W., Trapping biosynthetic acyl-

enzyme intermediates with encoded 2,3-diaminopropionic acid. Nature 2019, 565, 112-117. 

(49) Franz, N.; Menin, L.; Klok, H.-A., A Post-Modification Strategy for the Synthesis of 

Uniform, Hydrophilic/Hydrophobic Patterned α-Hydroxy Acid Oligomers. European 

Journal of Organic Chemistry 2009, 2009, 5390-5405. 

(50) Wawro, A. M.; Muraoka, T.; Kinbara, K., Chromatography-free synthesis of 

monodisperse oligo(ethylene glycol) mono-p-toluenesulfonates and quantitative analysis of 

oligomer purity. Polymer Chemistry 2016, 7, 2389-2394. 

(51) Wawro, A. M.; Muraoka, T.; Kato, M.; Kinbara, K., Multigram chromatography-free 

synthesis of octa(ethylene glycol) p-toluenesulfonate. Organic Chemistry Frontiers 2016, 3, 

1524-1534. 

(52) Ha, S.; Kim, K. T., Effect of the molecular weight distribution of the hydrophobic block 

on the formation of inverse cubic mesophases of block copolymers with a discrete branched 

hydrophilic block. Polymer Chemistry 2019, 10, 5805-5813. 

(53) Lundberg, P.; Walter, M. V.; Montañez, M. I.; Hult, D.; Hult, A.; Nyström, A.; Malkoch, 

M., Linear dendritic polymeric amphiphiles with intrinsic biocompatibility: synthesis and 

characterization to fabrication of micelles and honeycomb membranes. Polymer Chemistry 

2011, 2, 394-402. 

 

 

 

 

 

 

 

 

 

 



 

 128 

Chapter 4. Synthesis of ATP-Responsive Polymer 

Containing Boronic Acid-Guanidinium Ion Via NCA 

Polymerization 

 

4.1. Abstract 

Stimuli-responsive polymers (smart polymers) change their physical or chemical 

properties upon exposure to external stimuli. Adenosine triphosphate (ATP), 

consisting of adenine, a ribose sugar, and three serially bonded phosphate groups, is 

an external stimulus of drug delivery systems for use in the treatment of cancer 

because of the high concentration of extracellular ATP in tumor tissue. Here, we 

synthesized amphiphilic block copolymers as an ATP-responsive drug-delivery 

system containing guanidinium and boroxole derivatives moieties. For synthesizing 

polypeptide backbones, ε-benzyloxycarbonyl(z)-L-lysine N-carboxyanhydride 

(Lys(z) NCA) monomers were synthesized. By controlling the N2 flow rate, NCA 

ring-opening polymerization (ROP) was proceeded using PEG-amine initiators. ε-

Benzyloxycarbonyl(z) group was removed under acidic conditions to afford block 

copolymers having amine moieties which could be coupled with guanidinium 

chlorides and nitro boroxole derivatives. The obtained block copolymers reversibly 

could bind with guanidinium ion and nitro boroxole derivatives in ATP by forming 

salt bridge and covalent bonding, respectively. The self-assembled structures of 

amphiphilic block copolymers could be observed. 

 

4.2. Introduction 

Stimuli-responsive polymers have emerged as potential materials, which change 

their physical or chemical properties upon exposure to external stimuli1 such as pH,2 

temperature,3 mechanical force,4 magnetic fields,5 electric fields,6 and 

biomolecules.7 Thus, such intelligent (or smart) polymers have found diverse 
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applications in the fields of biology and medicine including biosensors,8-10 

catalysis,11 drug delivery,12 actuators,13 and many other applications. Among them, 

adenosine triphosphate (ATP) has been investigated as an external stimulus of drug 

delivery systems for use in the treatment of cancer.14-16 ATP consists of adenine, a 

ribose sugar, and three serially bonded phosphate groups. Since ATP provides energy 

in the bond between the second and third phosphate groups, it is commonly referred 

to as the "energy currency" of the cell.17 

Since the concentration of extracellular ATP in tumor tissue is more than 4 orders 

of magnitude higher than that in normal tissue, ATP represents a promising tumor 

indicator ([ATP]tumor tissue > 100 mM; [ATP]mormal tissue = 1−10 nM).18, 19 Aida et al. 

reported ATP-responsive molecular glues containing boronic acid and guanidinium 

ion pendants in their side chains. The synthesized polymer glues can reversibly 

suppress or restore the activation of an enzyme.  

Synthetic polypeptides have been extensively studied because peptide-based 

polymers can hierarchically assemble into stable, ordered conformations.20 N-

carboxyanhydrides (NCAs) polymerization has been the most efficient method used 

for the large-scale preparation of high molecular weight polypeptides.21 Since the 

first synthesis of NCAs by Leuchs and co-workers in 1906, numerous studies about 

the synthesis of polypeptides have been reported. In conventional methods, NCA 

polymerizations are initiated using nucleophiles such as primary amines, and bases. 

The typical pathway of NCA polymerization is the so-called “amine mechanism”, 

which is a nucleophilic ring-opening chain growth process. By this mechanism, the 

polymer could grow linearly with monomer conversion. Wooley and coworkers 

reported the synthesis of well-defined polypeptides using the γ-benzyl-L-glutamate 

(BLG)-NCA monomer through N2-flow-accelerated NCA ROP.22 Without using 

metal catalysts, high molecular weight polypeptides could be obtained. Especially, 

they demonstrated that the polymerization kinetics could be controlled by N2 flow 

rates.  
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Polymers containing organoboronic acids bind reversibly to biologically important 

1,2- and 1,3-diols such as monosaccharides and nucleotides.23, 24 By binding of 

boronic acids with diols, the solubility of polymers could be affected, which induce 

the disassembly of self-assembled structures of polymers containing boronic acids.25 

Due to such a characteristic of boronic acids, the synthesis of polymers containing 

boronic acids has been investigated as glucose-responsive materials. To develop the 

conjugation ability of boronic acids with diols, numerous boronic acid derivatives 

have been synthesized. As an example, Wulff-type boronic acid, which is the 

aromatic boronic acid having ortho-dialkylaminomethyl groups exhibit a lower pKa 

value due to the intramolecular interaction between B and N atoms, was designed.26 

Kataoka et al. synthesized a smart gel having glucose sensitivity under physiological 

pH and temperature.27 ortho-Hydroxymethyl phenylboronic acid (benzoboroxole) 

derivatives, which have higher binding affinities toward pyranose-form 

monosaccharides and non-reducing sugars under physiological pH, were 

developed.28 Kim and coworkers synthesized a styrene derivative of benzoboroxole 

(styreneboroxole) with the capacity to be polymerized into well-defined polymers 

and block copolymers via reversible addition–fragmentation chain transfer (RAFT) 

polymerization.29 

 Here, we synthesized amphiphilic block copolymers as an ATP-responsive drug-

delivery system containing guanidinium and boroxole derivatives moieties (Figure 

4-1). For synthesizing polypeptide backbones, ε-benzyloxycarbonyl(z)-L-lysine N-

carboxyanhydride (Lys(z) NCA) monomers were synthesized. By controlling the N2 

flow rate, NCA ROP was proceeded using PEG-amine initiators. ε-

benzyloxycarbonyl(z) group was removed under acidic conditions to afford block 

copolymers having amine moieties which could be coupled with guanidinium 

chlorides and nitro boroxole derivatives. The obtained block copolymers reversibly 

could bind with guanidinium ion and nitro boroxole derivatives in ATP by forming 

a salt bridge and covalent bonding, respectively. The self-assembled structures of 
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amphiphilic block copolymers could be observed. ATP binding test was performed 

to investigate the disassembly of self-assembled structures under the ATP 

concentration. 

 

Figure 4-1. Schematic representation of the formation of ATP-responsive polymer 

containing boronic acid-guanidinium ion via NCA polymerization. (a) Self-assembly 

of ATP-responsive polymers in solution. (b) The structure of ATP. (c) The formation 

of salt-bridge and covalent bonding between ATP-responsive block copolymers and 

guanidinium and boroxole moieites, respectively. 

 

4.3. Results and discussion 

Synthesis of Polypeptides. For the NCA ROP of polypeptides, we synthesized ε-

benzyloxycarbonyl(z)-L-lysine N-carboxyanhydride (Lys(z) NCA) monomer using 

triphosgene via the Fuchs-Farthing method, which is used to supply phosgene in situ 

in stoichiometric amounts, under reflux condition (Scheme 4-1). After Lys(z)-NCA 

monomers were recrystallized three times, the purified monomers were used for 

NCA ROP via a normal amine mechanism. For the polymerization, we used N2-

flow-accelerated NCA ROP methods using amine-functionalized PEG (Mn = 2 000 

g mol-1) as a macroinitiator to yield block copolymers under continuous N2 flow (200 

mL/min).22 The nitrogen flow was an important factor to affect the polymerization 

rate and molecular weight distribution. Also, decarboxylation is important to 

polymerize rapidly and remove side reactions. Based on this point, the 

polymerization set-up was designed using an inlet line and outlet line. The nitrogen 
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flow was injected into only one line and carbon dioxide escape through the outlet 

line. Considering these factors to control the polymerization, we controlled a flow 

rate (200 mL/min) using a flow indicator. During the polymerization using N2 flow 

method, the monomer consumption was confirmed by attenuated total reflection 

(ATR)-Fourier transforms infrared spectroscopy (FT-IR) (Figure 4-2). Aliquots 

were collected by a syringe the determination the conversion for polymerization by 

measuring the intensity of the NCA anhydride peak at 1786 cm-1. After the 

polymerization was completed, the reaction was quenched and the solvent was 

evaporated. The crude solution was purified by the precipitation method in methanol. 

The block copolymer series, PEG2k-b-PLysy, containing different of the degree of 

polymerization of Lys(z) and different molecular weights. The DP was calculated by 

1H NMR integration.  

 

Scheme 4-1 (a) Synthesis of Lys(z) NCA monomer. (b) NCA ROP of Lys(z) 

monomers using PEG-amine initiator. (c) ε-Benzyloxycarbonyl(z) group 

deprotection reaction to afford PEGx-b-PLysy. 
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Figure 4-2 (a) IR trace of NCA ROP. (b) Magnified data of IR spectra. The 

transmittance of IR peak for C=O conjugated anhydride (1786 cm-1) decreased over 

time. 

 

However, the solubility issue in organic solvent appeared due to the unique 

characteristics of polypeptides. To overcome this problem, we chose another amine-

functionalized PEG initiator (MW = 5 000 and 10 000 g mol-1). We expected that 

the hydrophilicity of high molecular PEG improved the solubility issue of 

polypeptides. Consequently, we synthesized another polymer series with different 

molecular weights and DP of lysine using PEG5k and PEG10k initiators. After the 

synthesis of a series of PEG-b-PLys(z) block copolymers, the molecular weight and 

molecular weight distribution of block copolymers were analyzed by gel-permeation 

chromatography (GPC) (Table S4-1). Due to unique peptide characteristics 

interacting with column materials and low solubility, the accurate molecular weight 

value could not be obtained. The obtained peaks of PEG-b-PLys(z) were broad and 

not unimodal, even lithium bromide was added to the N,N-dimethylformamide 

(DMF) eluent. Although the peaks are not clear and unimodal distribution, the peak 

shift could be observed depending on the increase of molecular weight of block 

copolymers and DP of Lys repeating units (Figure 4-3). By increasing the number of 

lysine repeating units, the tendency of broad polydispersity index (PDI) was 

increased. After the polymerization, the ε-benzyloxycarbonyl(z) group was 

deprotected to afford PEG-b-PLys block copolymers using hydrogen bromide and 

trifluoroacetic acid. And then, neutralization was proceeded using lithium bromide 

and water. The 1H NMR spectrum of the purified PEG-b-PLys shows the complete 

absence of ε-benzyloxycarbonyl(z) proton signals. 
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Figure 4-3 GPC spectra of PEG-b-PLys(z) block copolymers containing different 

DP of lysine repeating units (Eluent = 0.05 M LiBr in DMF). 

 

Synthesis of ATP responsive block copolymers containing guanidine and 

boroxole derivative. The block copolymers, PEG-b-PLys, which possesses amine 

groups in the lysine residues along its backbone, can be further functionalized with 

guanidine and boroxole derivative. Firstly, guanidinylation of free amine was 

proceeded using pyrazole-1-carboxamide and N,N-diisopropylethylamine (DIPEA) 

under basic conditions (pKa = 11) (Scheme 4-2).30, 31 The selected reagent, pyrazole-

1-carboxamide, is significantly appropriate for the guanidinylation because it does 

not affect secondary amine, even when used in large excess. Since the excess amount 

of reagents can be simply washed, using excess reagents is preferable during 

guanidinylation reaction. Accordingly, we examined the guanidinylation reaction of 

amine-functionalized block copolymers, PEG10k-b-PLys150 with pyrazole-1-

carboxamide (6 Equiv. relative to each amine moiety) and DIPEA (6 Equiv. relative 

to each amine moiety) in the minimum volume DMF. After 2h, the crude solution 

was poured into a dialysis bag and dialyzed against water for 1day to remove excess 

reagents. After the dialysis procedure, the purified block copolymers were analyzed 

by NMR spectroscopy. From the 1H NMR and 13C NMR spectra, the peaks of 

guanidino moieties appeared after the guanidinylation reaction. 
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Scheme 4-2. Guanidinylation of block copolymers. 

 

 

To introduce boroxole derivatives, which can reversibly bind with diols into the 

lysine moieties of polypeptide backbones, we synthesized boroxole carboxylic acid 

through four steps (Scheme 4-3).23, 25 1'-Carbonyldiimidazole (CDI), which is an 

effective coupling reagent, was used to incorporate nitro boroxole to lysine moiety 

(Scheme 4-4). However, after the formation of amide bonds, the polymers containing 

boroxole derivatives were not soluble in any organic solvents. Although we changed 

the method to incorporate boroxole carboxylic acid into block copolymer using 

hydroxybenzotriazole (HOBt) and 2-(1H-benzotriazol-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU), the polymer containing boroxole 

were not soluble in any solvent. To solve this solubility issue, we synthesized nitro 

boroxole. We hypothesized that the polymer containing nitro boroxole (NBox), 

which has nitro withdrawing group, makes the monomer more soluble in organic 

solvents. Finally, we synthesized PEG-b-PLys block copolymers containing 

guanidinium ion and NBox derivatives (Scheme 4-4).   

 

Scheme 4-3. Synthesis of nitro boroxole derivatives.  
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Scheme 4-4. Synthesis of ATP responsive block copolymers containing guanidine 

and NBox.  

 

 

Self-assembly and ATP binding test of ATP-responsive block copolymers. We 

investigated the morphology of self-assembled structures of the ATP-responsive 

block copolymers. 10mg of two polymer samples have a different ratio of NBox, and 

were dissolved in 1mL of dimethylformamide (DMF). When the 4mL of water was 

added at a rate of 2 mL/h to the DMF solution of PEG10k-b-PLys(NBox30)100 (P1) 

and PEG10k-b-PLys(NBox58)100 (P2) followed by dialysis against water for 24 h, we 

observed the formation of micelles by transmission electron microscopy (TEM) 

(Figure 4-4). The average diameter (Dav) of the spherical micelles was determined 

by dynamic light scattering (DLS) (Figure 4-5). 
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Figure 4-4. TEM images of self-assembled structures formed by (a and b) P1 and (c 

and d) P2 in DMF/water mixture. 

 

 

Figure 4-5. Dynamic light scattering (DLS) size plots of self-assembled structures 

of (a) P1 and (b) P2 in DMF/water mixture. 

 

Finally, the ATP binding test was proceeded using HEPES buffer to investigate the 

binding ability of ATP-responsive block copolymers. The polymers were poured into 

HEPES buffer (100mM, pH=7.3), and then, ATP (100mM) was added into the 

solution. After 1h, the solution was changed transparent solution by binding with 

ATP. P2, which has 58% NBox was more soluble than BCP1 compared with the P1 

(Figure 4-6). 
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Figure 4-6. ATP binding test of self-assembled structures of (a) P1 and (b) P2 in 

HEPES buffer over time. 

 

4.4. Conclusions 

We synthesized amphiphilic block copolymers as an ATP-responsive drug-delivery 

system containing guanidinium and boroxole derivatives moieties. For synthesizing 

polypeptide backbones, ε-benzyloxycarbonyl(z)-L-lysine N-carboxyanhydride 

(Lys(z) NCA) monomers were synthesized. By controlling the N2 flow rate, NCA 

ROP was proceeded using PEG-amine initiators. ε-benzyloxycarbonyl(z) group was 

removed under acidic conditions to afford block copolymers having amine moieties 

which could be coupled with guanidinium chlorides and nitro boroxole derivatives. 

The obtained block copolymers reversibly could bind with guanidinium ion and nitro 

boroxole derivatives in ATP by forming salt bridge and covalent bonding, 

respectively. The amphiphilic block copolymers could be self-assembled into 

micelles. ATP binding test was performed to investigate the disassembly of micelles 

or vesicles under the ATP concentration. Our results provide synthetic protocols for 

ATP-responsive block copolymers that might be a platform for applications such as 

drug delivery systems. 
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4.5. Experimental section 

4.5.1. Materials and Methods. 

General. N6-Carbobenzyloxy-L-lysine (H-Lys(Z)-OH), triphosgene, n-butyllithium, 

azobis-isobutyronitrile (AIBN) and 2,2-imethyl-1,3-propanediol were purchased 

from Sigma Aldrich. Trifluoroacetic acid (TFA), hydrogen bromide and pyrazole-1-

carboxamide were purchased from Alfa Aesar. 1'-Carbonyldiimidazole (CDI) and 

trimethyl borate were purchased from Tokyo Chemical Industry Co. Ltd. Sulfuric 

acid (H2SO4), N,N-diisopropylethylamine (DIPEA) dichloromethane (DCM), 

dimethylformamide (DMF), tetrahydrofuran (THF), ethyl acetate (EA), hydrogen 

chloride (HCl) and magnesium sulfate (MgSO4) were purchased from Samchun 

Chemicals. DCM was dried over CaH2 under N2 and THF was refluxed over a 

mixture of Na and benzophenone under N2 and distilled before use. All reactions 

were performed under N2 unless otherwise noted.  

Methods. 1H and 13C NMR spectra were recorded on a Varian/Oxford As-500 and 

Agilent 400-MR DD2 magnetic resonance system using CD2Cl2 and CDCl3 as 

solvents.  

Molecular weights and polydispersity index (PDI) of polymers were measured by 

gel permeation chromatography (GPC) system. GPC was equipped with a Phenogel 

5 μm Linear LC Column 300 x 7.8 mm (Phenomenex). DMF was used as a mobile 

phase with a flow rate of 1.0 mL min-1 at 50°C. A narrow PS standard kit (Agilent 

Technologies) was used for calibration. The samples were filtered over a 0.2 µm 

PTFE filter prior to injection. 

Conventional transmission electron microscopy (TEM) was performed on JEOL 

JEM-2100 microscope at 200 kV. Sample specimens were prepared by placing a 

drop of the sample solution on a carbon-coated Cu grid (200 mesh, EM science). The 

grid was air-dried overnight.  

 



 

 140 

4.5.2. Synthetic Procedures 

4.5.2.1 Synthesis of Polypeptides backbone 

Lys(z)-NCA monomer (1) A total of 5 g (17.8 mmol) of N6-Carbobenzyloxy-L-

lysine (H-Lys(Z)-OH) was suspended in 70mL of THF. 1.76g (5.95 mmol) of 

triphosgene was dissolved in 30mL of THF and added to the suspension of Lys(Z). 

The reaction mixture was heated to 50 ℃ under stirring. After the reaction mixture 

became transparent, the solvent was evaporated under reduced pressure. The 

obtained Lys(Z)-NCA was recrystallized three times from a mixture of THF/n-

hexane and dried at room temperature in vucuo.  

PEG2k-b-Lys(z) In a dried schlenk flask equipped with a magnetic stir bar, Lys-

NCA was dissolved in dry DMF. PEG2k-NH2 in dry DMF was added directly into 

the monomer solution and was stirred under continuous N2 flow (100 mL/min). The 

Schlenk flask was capped with a rubber septum with a needle outlet. The bulk 

solution was quenched by using MC. 30ml MeOH was poured into erlenmeyer flask. 

The product was added dropwise into an erlenmeyer flask and precipitated in 

methanol two times. 

PEG2k-b-Lys 150mg of polymer was poured into 50ml RBF with magnetic stir bar. 

4ml of trifluoroacetic acid (TFA) was added by using syringe into the 50ml RBF 

(stirring 15min). 1ml of hydrogen bromide was added dropwise using syringe. Ice 

bath was prepared. Polymer was poured into 20ml vial with magnetic stir bar. 2ml 

of water was added into the 20ml vial. 1ml of LiBr was added into the 20ml vial. 

The solution was stirred for 2h and dialyzed against water for 1day. 

 

4.5.2.2 Guanidinylation of block copolymers 

Guanidinylation of block copolymers PEG10k-b-Lys150 with pyrazole-1-

carboxamide (6 Equiv. relative to each amine moiety) and N,N-
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Diisopropylethylamine (DIPEA) (6 Equiv. relative to each amine moiety) in the 

minimum volume DMF. After 2h, the crude solution was poured into a dialysis bag 

and dialyzed against water for 1day to remove excess reagents. 

 

4.5.2.3 Synthesis of Boroxole derivatives 

5-Carboxy-2-methylphenylboronic acid A total of 5 g (23.3mmol) of 3-bromo-4-

methyl benzoic acid was suspended in 100mL of dry THF. 47.0ml (69.7 mmol) of 

n-BuLi(1.5M in Hexane) was added into the dropping funnel. This solution was 

added into starting materials suspended in THF slowly. The ice bath was prepared (-

100℃, 1h stirring) 13.0ml (116 mmol) of trimethyl borate was added into the bulk 

solution. The reagents were continuously stirred(overnight). 

5-Methoxycarbonyl-2-methylphenyl boronic acid A solution of boronate (1.7947 

g, 9.98 mmol) in MeOH (55.72 mL) was added to 12 N H2SO4 (1.114mL). The 

mixture was stirred overnight. The solvent was evaporated in vacuo. Water was 

added and the product was extracted with ethyl ether (3x) the combined organic 

layers were washed with brine, dried over MgSO4, filtered, and evaporated to 

dryness to give methyl ester of the compound as a white solid without further 

purification. 

Methyl 3-(4,4-dimethylborinan-l-yl)-4-methyl benzoate 2,2-Dimethyl-1,3-

propanediol (1.053 g, 10.11 mmol) was added to the methyl ester of the compound 

(1.3035 g, 6.72 mmol) dissolved in dry MC (100 mL). The reaction was stirred 

overnight. The solvent was removed in vacuo. The crude product was purified 

(EtOAc/hexanes 2:8) to afford the compound as a white solid. 

Boroxole carboxylic acid To a solution of compound 6 (200mg, 0.76 mmol) in 

benzene (25 mL) was added freshly recrystallized N-bromosuccinimide (180mg, 

10.1 mmol) and azobisisobutyronitrile (AIBN) (79.0 mg, 0.483 mmol). The mixture 
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was stirred under reflux (oil bath at 100 °C). After 4 h, most of the solvent was 

evaporated in vacuo. The crude product was dissolved in ether and filtered. The 

filtrate was extracted with KOH (15% w/v in H2O) (3x). The aqueous phase was 

stirred for 1 h at room temperature. The solution was cooled at 0 °C and HCl (6N in 

H2O) was added dropwise to a pH< 2. The white precipitate was collected by using 

a centrifuge, to afford 3-carboxy-2-hydroxymethylphenyl boronic acid (5-

carboxybenzoboroxole) (1.17 g, 68% yield) as a white solid powder. 

Nitro boroxole The boroxole carboxylic acid was dissolved in MeOH and stirred at 

room temperature. The 12 N H2SO4 (0.54ml) was added in the solution and then the 

mixture was stirred under reflux overnight. The reaction mixture was cooled to room 

temperature, and then the solvent was evaporated in vacuo. The solid was dissolved 

in ethyl acetate, washed using water, and dried over MgSO4. After filtration, the 

solution was evaporated in vacuo to give the product.  

Synthesis of ATP-responsive block copolymers In a dried schlenk tube equipped 

with a magnetic stir bar, 1'-carbonyldiimidazole (CDI) and boroxole carboxylic acid 

were dissolved in dry DMSO separately. CDI in dry DMF was added directly into 

the boroxole carboxylic acid solution and was stirred under N2. The reaction was 

traced by TLC. PEG-b-PLys block copolymers in DMSO was added directly into the 

mixture and was stirred under N2 overnight. The solution was placed in a dialysis 

bag. The sample was dialyzed in basic water for one day and dialyzed in D.I water 

for one day. PEG10k-b-PLys150 with pyrazole-1-carboxamide (6 Equiv. relative to 

each amine moiety) and DIPEA carboxamide (6 Equiv. relative to each amine moiety) 

in the minimum volume DMF. After 2h, the crude solution was poured into a dialysis 

bag and dialyzed against water for 1day to remove excess reagents. 
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4.5.3. Table  

Table S4-1. Characterization of PEGx-b-PLysy 

Polymer X(PEG)a Y(Lys)a 
M

n, obsd
 

(kDa)b 
Ð b 

1 45 30 28.78 1.19 

2 45 50 72.63 1.16 

3 45 70 89.82 1.09 

4 114 80 38.52 1.167 

5 227 20 43.32 1.062 

6 227 50 52.34 1.163 

7 227 80 57.24 1.163 

8 227 120 62.45 1.229 

9 227 150 64.81 1.207 
aThe number average DPn of PEG block and PLys block determined by 

GPC/MALS and 1H NMR integration. bDetermined by GPC equipped with 

dRI detector (Eluent = DMF (0.05M LiBr)). 
 

 

4.5.4. NMR spectra 

 

Figure S4-1. 1H NMR (500 MHz, CDCl3) spectrum of Lys(z) NCA monomer. 
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Figure S4-2. 13C NMR (101 MHz, CDCl3) spectrum of Lys(z) NCA monomer. 

 

 

 

Figure S4-3. 1H NMR (500 MHz, CDCl3) spectrum of PEG-b-PLys(z). 
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Figure S4-4. 1H NMR (500 MHz, CDCl3) spectrum of PEG-b-PLys. 

 

 

 
Figure S4-5. 1H NMR (500 MHz, CDCl3) spectrum of PEG227-b-PLys(z)y. 
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 Figure S4-6. 13C NMR (101 MHz, CDCl3) spectrum of PEGx-b-Lys(z)y. 

 

 

 

Figure S4-7. 1H NMR (500 MHz, CDCl3) spectrum of 5-carboxy-2-

methylphenylboronic acid. 
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Figure S4-8. 1H NMR (500 MHz, CDCl3) spectrum of 5-methoxycarbonyl-2-

methylphenyl boronic acid. 

 

 

 

Figure S4-9. 1H NMR (500 MHz, CDCl3) spectrum of Methyl 3-(4,4-

dimethylborinan-l-yl)-4-methyl benzoate. 
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Figure S4-10. 1H NMR (500 MHz, CDCl3) spectrum of boroxole carboxylic acid. 

 

 

 

Figure S4-11. 1H NMR (500 MHz, CDCl3) spectrum of nitro boroxole. 
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국문 초록 

 

 브러쉬 고분자는 고분자 주 사슬을 따라 곁 사슬이 결합되어 있는 

구조를 가지는 고분자로 이러한 독특한 구조로 인해 선형 고분자와 달리 

구별된 물리적 특성을 나타낸다. 본 학위 논문은 이러한 독특한 특성을 

가진 브러쉬 고분자와 브러쉬 블록 공중합체의 합성에 관한 연구를 

보고하며, 브러쉬 블록 공중합체의 자기 조립 현상에 관해 중요하게 

다루고 있다.  

 1 장에서는 브러쉬 고분자를 합성하는 방법, 물리적 특성, 응용 분야에 

대한 내용들을 소개한다. 또한, 본 학위 논문과 관련된 블록 공중합체의 

자기조립 현상, 단분산 고분자에 대한 다양한 선행 연구들을 보고한다. 

2 장에서는 개환 복분해 중합을 통해 폴리노보넨 주 사슬을 따라 

폴리에틸렌 글리콜과 폴리스티렌 곁 사슬이 붙어있는 양친성 블록 

공중합체 합성에 관한 연구를 보고한다. 각 브러쉬 블록의 비율에 따라 

용액 상 자기조립 시 다양한 형태학적 전이가 가능함을 보였으며, 

브러쉬 블록 비율의 값이 7% 미만인 경우, 역상 구조체인 고분자 

큐보좀의 구현이 가능함을 보였다. 특히, 천천히 자기 조립을 유도하는 

자기조립 방법을 사용한 경우, 상당히 대칭적인 20 면체 형태의 큐보좀 

구현을 성공했다. 

3 장에서는 구조가 정의된 단일 분자량 브러쉬 고분자의 합성에 대한 

연구를 보고한다. 반복 기하 합성법을 통해 락틱애씨드와 2-

하이드록시-4-펜테노익 애씨드가 교차적으로 반복 단위를 구성하는 

코폴리에스터 주 사슬을 합성했다. 주 사슬을 따라 2-하이드록시-

펜테노익 애씨드의 바이닐기가 존재함을 이용하여 싸이올-엔 클릭 

반응을 통해 단일 분자량 브러쉬 고분자를 합성할 수 있었다. 
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4 장에서는 ATP 반응성 약물 전달 시스템으로 기능할 수 있는 양친성 

블록 공중합체를 합성에 관한 연구를 보고한다. 폴리에틸렌 글리콜 아민 

개시제를 사용하여 NCA 개환 중합을 수행하여, 폴리 에틸렌 글리콜-

라이신 블록 공중합체를 합성할 수 있었으며, 라이신 말단의 아민기와 

결합 반응을 통해 구아니디늄 이온 및 나이트로 보록솔 유도체를 포함한 

브러쉬 고분자를 합성할 수 있었다.  

본 학위 논문은 브러쉬 고분자 및 브러쉬 블록 공중합체에 대한 합성 

방법을 제공하며 용액 상에서 브러쉬 블록 공중합체의 물리적 및 화학적 

특성에 대한 브러쉬 구조의 기능을 설명하는 모델 시스템 역할을 제공할 

수 있다. 
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