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Abstract 

Polymeric materials with nanosized channels can serve as versatile platforms for a 

variety of applications. Self-assembly of block copolymers into nanostructured morphologies 

and subsequent removal one of the components provides a reliable route to nanoporous 

polymers with high pore densities and controlled pore sizes. However in my first approach 

is hindered by difficult control of morphology orientation and a limited pore size range. 

Therefore we develop multicomponent bottlebrush copolymers that generate 

nanoporous membranes with highly aligned channels and controlled pore sizes upon 

interfacial self-assembly Bottlebrush copolymers are macromolecules with a highly 

branched architecture containing polymeric side chains on each repeat unit. Steric repulsion 

between densely grafted polymeric sidechains causes the backbone to stretch out, giving rise 

to macromolecules with persistent vesicle shapes in solution. The target bottlebrush 

copolymers were designed to contain core shell hydrophobic domains with a cross linkable 

shell layer and degradable core layer to generate nanoporous structures, as well as a 

hydrophilic block to aid in interfacial assembly and vertical alignment of the molecules at the 

interfaces. The polymers were synthesized by ring opening metathesis of the 

corresponding macromonomers, which were prepared by a combination of controlled 

radical and ring opening polymerizations. The assembly of these macromolecules at the 

aqueous solution. 

Second approach focus on amphiphilic bottlebrush copolymers with a gradient 

compositional profile were synthesized by one step ring-opening metathesis 

copolymerization of exo-norbornene-functionalized polyethylene oxide (PEO) and endo-

norbornene-functionalized polylactide (PLA) macromonomers. The obtained bottlebrush 

copolymers featured PLA-rich and PEO-rich domains at each end and gradient interface in the 

middle. Copolymers with varying degrees of hydrophilicity were obtained by controlled feed 

ratios of the corresponding macromonomers. Self-assembly of amphiphilic gradient 

bottlebrush copolymers in aqueous solutions was studied by dynamic light scattering and 

transmission electron microscopy, and was compared to that of the bottlebrush block 

copolymers with a sharp interface between the hydrophilic and hydrophobic domains. 

Uniform micelles were formed by gradient bottlebrush copolymers synthesized by the user-

friendly one-step copolymerization of PEO and PLA macromonomers. Critical micelle 

XIV 



 
 

       

      

 

concentrations of the gradient bottlebrush copolymers were evaluated by the pyrene 

fluorescence method. The studies have revealed the importance of the gradient interface on 

polymer self-assembly. 
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Chapter 1: Introduction 

Bottlebrush Copolymers 

Bottlebrush copolymers are a kind of branched or graft polymers with polymeric side 

chains emanating from a linear backbone (see Figure. 1-1A). Polymeric side chains are 

attached to each repeat unit of a linear polymer backbone, leading to extremely high side 

chain grafting densities (See Figure 1-1B). Due to steric repulsion between the side chains, the 

bottlebrush copolymer backbone adopts an extended conformation. When polymeric side 

chains are shorter than the backbone, bottlebrush copolymers exhibit cylindrical shapes in 

solution.3,4 The cross-sectional diameter and persistence length of bottlebrush 

macromolecules can be manipulated by the length of the side chains. This unusual 

architecture presents a number of novel and potentially useful properties. For example, the 

persistent shape of bottlebrush macromolecules in solution allows for molecular shape-

controlled assembly into well-structured aggregates,1,2 while their rigidity minimizes chain 

entanglements in the melt, allowing for rapid assembly into large domain spacing 

nanostructured materials.2 

Figure 1- 1 (A) Schematic of bottlebrush polymer (B) An example of a bottlebrush block copolymer.1-2 

For multicomponent bottlebrush copolymers, the two components can be arranged in 

block, core-shell and Janus-type fashion, providing spatial control of molecular composition 

(Figure 1.2). High density of branch end groups offers an opportunity for the regulation of 

intermolecular interactions by the attachment of various functional elements. 

Thus, bottlebrush copolymers can serve as highly tunable building blocks for the 

fabrication of nanostructured soft materials.3 Recent developments in controlled polymer 

synthesis have facilitated the preparation of multicomponent bottlebrush copolymers with 
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exact structural and functional control.4-12(Figure 1-2). Applications of bottlebrush 

copolymers include nanocarriers for drug delivery, 
13 

photonics14 and litho- graphic 

15 
patterning. 

Figure 1- 2 Compositional control in two-component bottlebrush copolymers: (a) block, (b) core-shell, and (c) 
Janus-type copolymers. 

Bottlebrush polymers were first synthesized in the early 1980s by using uncontrolled 

free-radical polymerization of macromonomers.16,17 Remarkable development of controlled 

polymer synthesis strategies, including controlled radical polymerizations and ring-opening 

polymerizations enabled the preparation of bottlebrush copolymers with desired backbone 

and side-chain lengths and complex multicomponent architectures, such as block copolymer 

and core-shell bottlebrushes. The field has also advanced significantly in the understanding 

of physical properties of bottlebrushes, and work is increasingly focused on bottlebrush 

assemblies in unique environments rather than the conformation of individual 

bottlebrushes.18 

2 

https://bottlebrushes.18


 
 

    

      

     

   

 

    

       

       

        

       

          

       

        

       

      

        

        

     

       

  

Bottlebrush Copolymer Synthesis 

The comb-like architecture of bottlebrush copolymers is based on a backbone 

featuring linear side chains connected via “grafting-onto”, “grafting-from”, or “grafting-

through” processes.15 (Figure 1-3) 

Figure 1- 3 Methods of bottlebrush synthesis 15 

Beers et al. developed the grafting-from technique, which requires the synthesis of the 

bottlebrush backbone first, followed by the sequential growth of the side-chains from the 

macro initiator backbone. The grafting-from strategy allows for a convenient control of the 

length of the side-chains.15 Employing this method for the synthesis of bottlebrush block 

copolymers requires a linear block copolymer backbone that carries different initiating 

groups, often utilizing orthogonal polymerization mechanisms to synthesize side-chains in 

each block.2,15,19 Thus protection/deprotections steps are often required, and purification is 

usually needed between each grafting-from step. It is difficult to characterize the brush length 

and initiation efficiency without cleaving the side-chains.20 Taking this approach even further, 

Rzayev et al. reported the multi-step synthesis of bottlebrush triblock copolymers by a 

grafting-from approach.14 Beginning with a triblock terpolymer with block specific functional 

groups, the brush side-chains were sequentially grafted from each of the backbone segments 

separately by controlled radical polymerizations and ring opening polymerizations. (Figure 1-

4)14 

3 

https://approach.14
https://side-chains.20
https://side-chains.15
https://processes.15


 
 

 

     

 

    

     

          

    

        

      

        

        

        

       

      

      

   

       

       

    

            

          

         

    

Figure 1- 4 Stepwise synthesis of PLA-b-PMMA-b-PS triblock bottlebrush copolymer.14 

In the grafting-to method, coupling of the side-chains to the backbone by an efficient 

chemistry, such as “click” reaction or nucleophilic substitution, is required. By this method, 

well-defined backbones and side chains can be obtained and characterized separately. This is 

the major advantage of the grafting-to method over the grafting-from method, where the 

precise molecular weight and the molecular weight distribution of the grafted chains is 

extremely challenging to obtain. On the other hand, in the grafting-to method, to reach 

complete conversions and high grafting densities, an excess amount of side-chains is often 

used, which creates a difficulty in purification of the synthesized copolymer due to similar 

solubilities of the unreacted polymeric side chains. Also, even with the coupling chemistries 

like “click” reaction, high efficiency is achieved only for a limited variety of side-chains with 

relatively low molecular weights. The continuing improvement in the efficiency of coupling 

protocols provides very promising means to generate well-defined polymer brushes through 

the grafting-to protocol.20,21 Chen.et al prepared Molecular bottlebrushes featuring brush-on-

brush (BoB) architecture by combining azide-alkyne click chemistry, ring-opening 

polymerization (ROP),and atom transfer radical polymerization (ATRP) as demonstrated in 

(Scheme 1-1) Primary side chains of diblock copolymers with a poly(ε-caprolactone)(PCL) 

block and a poly(α-bromo-ε-caprolactone) (P(CL Br)) block were synthesized by ROP and then 

grafted on PCL backbone by the click reaction. Then the secondary sidechains of poly (oligo 

(ethylene glycol) acrylate) (POEGA) were grafted from the P(CL-Br) block by ATRP, resulting 

an amphiphilic core/shell structure.22 

4 

https://structure.22
https://copolymer.14


 
 

 

    

      

      

    

           

  

 

  
 

     

       

      

       

Scheme 1- 1 Synthesis of Molecular Bottlebrushes with Brush-on-Brush Architecture.22 

Imaging of individual macromolecules by atomic force microscopy (AFM) showed 

dramatically thickened wormlike formation with distinct hairy side chains. Interestingly, for 

the BoB molecular bottlebrushes with enough long primary and secondary side chains, 

sufficient tension can be generated along the backbone and thus lead to its cleavage (see 

Figure 1-5).22 

Figure 1- 5 Schematic and AFM micrographs of the BoB molecular bottlebrushes PCLn-g-(PCLx-b-(P(CL-Br)y-g-
POEGAm)).22 

The grafting-through synthesis uses polymeric sidechains with reactive end-groups, 

known as macromonomers. The synthesized macromonomers are then polymerized through 

their reactive end-groups to form a bottlebrush copolymer. Backbone lengths can be simply 

controlled by varying the relative concentrations of macromonomer to catalyst or initiator 
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during polymerization.18 The advantage of this method is the ability to synthesize well-defined 

side chains with a great control of polymer length and the formation of bottlebrush 

copolymers with a guaranteed 100% grafting density (one side chain per repeat unit). 

Purification of bottlebrush copolymers can present a problem if complete conversion is not 

obtained, and it could be difficult to obtain very long backbone lengths. The polymerization 

process may slow down by steric hindrance around the polymerizable group and prevent it 

from reaching high conversions. However, a recent discovery of highly active ruthenium-

based catalysts for ring opening metathesis polymerization (ROMP) significantly improved the 

efficiency of the grafting-through strategy.23-25 

For bottlebrush block copolymer (BBCP) synthesis, grafting-through ring-opening 

metathesis polymerization of norbornene-functionalized macromonomers (MMs) is 

particularly efficient. Grubbs et al. demonstrated the synthesis of various An-block-Bm BBCPs 

by sequential addition of “A” and “B” MMs in a grafting-through ROMP process25 (Figure 1-

6a), and also there are examples of core−shell BBCPs prepared via grafting-through ROMP of 

norbornene-terminated block copolymer MMs (Figure 1-6b). Kawamoto et al. synthesized 

bottlebrush and related nanoarchitectures via grafting-through ROMP of branched MMs 

featuring a polymerizable norbornene group at the center of distinct A and B domains. Such 

polymers mimic alternating copolymers but are more synthetically accessible. Though there 

are now several examples of such Janus-type “A-branch-B” polymers wherein one of the 

functional domains is a small molecule, there are relatively few studies wherein A and B are 

immiscible polymers 25 (Figure 1-6c). 
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Figure 1- 6 Grafting-through polymerization methods for (a) traditional diblock BBCPs, (b) core-shell BBCPs, 
and (c) A-branched-B BBCPs.25 

Overall, each synthetic approach has advantages and disadvantages. The grafting-to 

strategy ends up with low grafting densities, but it allows for a modular approach to 

bottlebrush synthesis and the chance to characterize the bottlebrush backbone and side-

chains independently. The grafting-from strategy can provide bottlebrush polymers with 

extremely long backbones, and also control the side-chain grafting density. However, the 

synthetic procedure is more tedious in comparison to the other approaches. The grafting-

through strategy enables a full grafting density of the backbone, and bottlebrush polymers 

with different side chains can be easily obtained by carrying out sequential or one-pot 

polymerization reactions. However, the attainable side-chain and/or backbone lengths are 

generally smaller when using the grafting-through approach due to limitations associated 

with polymerization of high molecular weight macromonomers. One can also combine 

multiple approaches to produce molecular bottlebrushes. For example, Xie et al. reported the 

synthesis of the well-defined heterografted molecular brushes with poly(n-butyl acrylate) and 

poly(ethylene oxide) side-chains by atom transfer radical polymerization (ATRP). Structural 

parameters including graft length, graft ratio, and backbone length were systematically tuned 

by using a synthetic strategy combining “grafting through” and “grafting from” methods 

(Scheme 1-2).26 
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Scheme 1- 2 Synthesis of PEO/PBA heterografted copolymers.26 

Self-assembly of bottlebrush copolymers 

Block copolymer self-assembly in the solid state is a robust and versatile method for 

fabricating materials with nanoscale morphologies containing layered, ordered cylindrical, 

spherical, or continuous network domains, which are of interest in a variety of applications as 

membranes, templates for nanomaterial synthesis and surface patterning, photonic bandgap 

materials, and catalyst supports.27-34 Similarly, the ability of amphiphilic block copolymers to 

organize in a selective solvent into micellar aggregates with spherical, cylindrical and bilayer 

morphologies, or to segregate and modulate the properties of interfaces render them highly 

desirable for drug delivery, separation, dispersion and extraction applications.35-37 The 

immense interest in block copolymer self-assembly stems from the nanometer length scale 

of the obtained materials (10-100 nm), and their tunable mechanical, transport and other 

functional characteristics.38 Phase separation of block copolymers is governed by the 

segregation strength parameter xABN describing the incompatibility between the two blocks 

(A and B), and volume fraction fA, which characterizes the block size asymmetry.39,40 The 

interfacial curvature is dictated by a delicate balance of unfavorable interfacial interactions 

and decreasing conformational entropy of polymer chains stretching away from the interface. 

Due to the inherently flexible nature of most linear block copolymers, there is only one 

parameter that can be used for morphological control (for a given block copolymer): block 

length asymmetry, or fA. Thus, block copolymers with equal volume fractions of the 

constituent blocks favor the formation of flat interfaces, while increasing polymer asymmetry 

results in morphological transitions to microstructures with progressively higher interfacial 

curvatures (Figure 1-7). For linear diblock copolymers, broad morphological windows (there 

are only four thermodynamically stable phases) are a result of chain flexibility that can 

accommodate a wide range of polymer compositions.41,42 Microphase separation of linear AB 
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diblock copolymers can produce four ordered morphologies, as shown in Figure 1-7, which 

have been theoretically predicted and experimentally observed.43 In the linear diblock 

copolymer phase diagram lamellar (L) phase is stable for symmetric block copolymers. 

Cylinder phase (C) is hexagonally packed and is stable for block copolymers with intermediate 

compositional asymmetry, obtained by increasing the volume fraction of one block (A or B). 

Spherical (S) phase, which is stable for diblocks with more compositional asymmetry, gives 

way to a body- centered cubic spherical morphology. In a very narrow region, close-packed 

spheres (CPS) separate the disordered and S phase diblock copolymers are stable for the 

diblock copolymers with the highest asymmetry in compositions. A complex gyroid phase, 

between the C and L phases, has a fascinating bicontinous structure.44 The self-assembled 

ordered structures, spanning length scales from a few nanometers to several micrometers, 

offer a diverse and expanding range of practical applications in optical materials, 

microelectronic materials, catalyst support, advanced plastics, membranes and 

45-51 nanotemplates. 

Figure 1- 7 linear block copolymer morphologies.43 

Rapidly organize in melt to form nanoscale morphologies with large domain spacing’s, 

suitable Morphological control plays a central role in nanostructured soft matter. Polymer 

architecture can be used as a powerful tool for the refinement of materials structure and 

properties without changing the chemistry of the monomer building blocks.52-55 Self-assembly 

of copolymers with non-linear architectures, such as star, cyclic, graft and dendritic, has been 

extensively investigated.56-63 Recently, bottlebrush copolymers have emerged as a new class 

of materials characterized by a comb-like architecture with densely grafted polymeric side 

chains.64-66 The unique feature of bottlebrush architecture that sets it apart from other 

branched copolymers is that excluded volume interactions between densely grafted side 
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chains lead to extended backbone conformations and a persistent cylindrical shape.67-69 The 

ability to gain spatial control of the compositional profile and intermolecular interactions 

using bottlebrush architecture has captivated the polymer science community, and an 

increasing number of researchers have been involved in the self-assembly of bottlebrush 

copolymers in the solid state and dilute solutions.44 

So far, the most studied bottlebrush architecture has been block architecture, where 

two different types of side chains are arranged along the backbone in a blocky fashion with 

an abrupt change in composition.70,71 These bottlebrush block copolymers (BBCP) have been 

shown to for photonic applications.11,72-74 Mostly lamella morphologies have been observed, 

where bottlebrush backbones are oriented perpendicular to the interface, and domain sizes 

vary almost linearly with the length of the backbone.44, 75 In contrast to linear block 

copolymers, the average composition of BBCPs can be varied by changing either the backbone 

length or side chain length of the constituent blocks, which is manifested in profoundly 

different packing tendencies. Due to its orientation and extended conformation, backbone 

asymmetry was shown to play a minimal role in controlling the interfacial curvature, where 

even highly asymmetric bottlebrushes with fA = 0.3 formed lamella mesophases. On the other 

hand, the interfacial curvature and polymer morphology are strongly affected by the side 

chain asymmetry of BBCPs during both melt and solution self-assembly. This strategy was used 

to design BBCP that form cylindrical morphology. 11 while in dilute aqueous solutions it allowed 

for the formation of highly uniform spherical micelles and worm-like cylindrical micelles.76 

Another bottlebrush architecture that has been gathering an increasing amount of interest is 

Janus-type architecture, where two different types of side chains are either arranged 

randomly along the backbone or emanate from every repeat unit. These bottlebrush Janus 

copolymers (BJCP) have been shown to self-assemble into lamella mesophases in melt, where 

the bottlebrush backbone is parallel to the interface, and the length of the backbone has no 

effect on domain sizes.9Recently, Johnson et al. demonstrated that by varying the lengths of 

the side chains, one can facilitate the formation of other mesophases, such as cylinders and 

gyroid, from BJCPs in the solid state.77 The observed increase in morphological stability for 

BJCP compared to linear block copolymer analogs was attributed to preorganization of diblock 

side chains along the backbone. Amphiphilic BJCPs have also been utilized as emulsion 

surfactants,78 stabilizers for hydrophobic solute nanoparticles,79 and for the formation of 

nanotube80 and toroidal81aggregates. The least studied, in terms of self-assembly, has been 
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core-shell bottlebrush architecture. Wooley et al. reported end-to-end aggregation of short 

amphiphilic core-shell bottlebrush copolymers in water to produce cylindrical aggregates.82It 

was proposed that the interactions between hydrophobic cores exposed at the end of the 

bottlebrush chain are responsible for this unidirectional assembly. So far, the use of 

bottlebrush architecture to guide the assembly of two-component copolymer systems 

resulted in a number of exciting avenues for the control of material properties: (1) access to 

large domain spacing nanostructures, (2) increased stability of obtained mesophases by virtue 

of backbone connectivity, and (3) the formation of highly uniform spherical micelles in dilute 

solutions. This research has significantly advanced our understanding of bottlebrush 

copolymer assembly, and it continues to guide the work of an increasing number of research 

groups and produce fascinating new materials. 

The ability to extensively tune the design of macromolecular bottlebrushes provides 

access to self-assembled nanostructures formed by microphase segregation in melt, thin film 

and solution that depart from structures adopted by simple linear copolymers. Bottlebrush 

copolymers with hydrolytically degradable side chains have been used in the preparation of 

various nanoporous materials. For example, Suk-kyun et al. exploited the tunability of the 

bottlebrush architecture to fabricate nanoporous poly (3-hexylthiophene) (P3HT) structures 

(Figure 1-8a). A series of bottlebrush copolymers were synthesized by copolymerizing 

norbornenyl-functionalized P3HT and norbornenyl-functionalized poly(D,L-lactide) (PLA) 

macromonomers via ring-opening metathesis polymerization (ROMP) by a grafting-through 

approach, which results in random (or mixed) bottlebrush copolymers, allowing 

stoichiometry of the two macromonomers to be used to prepare bottlebrush copolymers of 

different composition. These materials exhibit unusual aggregation behavior and their 

organization depends sensitively on composition and length of P3HT and PLA side chains. The 

selective removal of PLA side chains under alkaline conditions generates nanoporous P3HT 

structures that can be tuned by manipulating molecular design of the bottlebrush scaffold, 

which is affected by molecular weight and grafting density of the side chains, and their 

sequence.83 (Figure 1-8b) 
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Figure 1- 8 (a) P3HT-PLA bottlebrush copolymer structure, and (b) illustration of random bottlebrush 
copolymers in solution in the absence and in the presence of linear P3HTs.54 

The assembly of ordered arrays from block copolymers with domain sizes greater than 

100 nm would be prohibitive because it is required ultrahigh molecular weights of the 

polymers and the long time periods needed for their assembly block copolymers that 

84, 74 
assembled into arrays with domain sizes larger than 100 nm have been reported. In most 

of these examples of self-assembly in solid state the low molecular weight homopolymers 

were used to “swell” the domain sizes of arrays of block copolymers. This strategy was useful 

but restricted as the homopolymers tended to assemble separately from block copolymers 

and decrease the order of the arrays. In other examples, colloids were used to swell each 

polymer layer so that the domain sizes were in excess of 100 nm. To circumvent these 

limitations Runge et al. developed the synthesis of a series of high molecular weight 

bottlebrush-linear block copolymers with polystyrene (PS) arms. These bottlebrush block 

copolymers formed large 100–200 nm cylindrical domains that exhibited photonic 

properties.74 (Figure 1-9). 

Figure 1- 9 cylindrical phase in bottlebrush comb-linear copolymers74 

Self-assembly of amphiphilic bottlebrush copolymers provides new avenues for 

controlling aggregate morphology through rational molecular design. For example, Rzayev et 

al. synthesized bottlebrush block copolymers to contain hydrophobic PLA and hydrophilic PEO 
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side chains, and studied their aqueous self-assembly by cryogenic transmission electron 

microscopy (cryo-TEM). The obtained aggregates consisted of hydrophobic cores with 

hydrophilic brushes protruding out of the core in a nearly perpendicular orientation (Figure 

1-10). The molecular shape asymmetry of amphiphilic bottlebrushes played a critical role in 

determining the aggregate morphology. The stability of these micellar aggregates has been 

characterized by extremely low CMC values (1-10 nM) identified by the pyrene fluorescence 

method. Simple spherical micelles with remarkably narrow size distributions (dcore = 38 ± 2 

nm) were obtained for bottlebrushes with the molecular packing parameter p = 0.3 (Figure 

10A). The core diameter was consistent with the length of two fully stretched backbones. The 

aggregation number was estimated from TEM images to be around 104. Micellar aggregates 

with smaller interfacial curvatures were obtained for bottlebrush copolymers with a 

decreased side chain asymmetry. First, larger spherical aggregates (dcore = 110 ± 24 nm) were 

observed with unknown composite structures (Figure 1-10B). Upon further decrease in 

asymmetry, long cylindrical micelles were obtained. They were characterized by high aspect 

ratios (wormlike) and uniform diameters consistent with the length of two bottlebrush 

backbones (Figure 1-10C). The occurrence of such long cylindrical micelles for amphiphilic 

bottlebrush copolymers is highly remarkable. Wormlike micelles have been typically observed 

for low molecular weight linear block copolymers, and it has been proposed that the kinetic 

limitations in the formation of such micelles favor the structural defects, such as spherical 

end-caps and Y-junctions, hence resulting in an extremely narrow composition window where 

such micelles are observed.85 Clearly, bottlebrush copolymer amphiphiles exhibit a distinctly 

different behavior and present exciting new opportunities for tailoring soft materials 

interfaces. 
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Figure 1- 10 Self-assembly of amphiphilic PLA-PEO bottlebrush block copolymers in dilute (2 wt%) aqueous 
solutions: morphology evolution as a function of side chain asymmetry. Cryo-TEM images of (A) simple 

spherical micelles, (B) composite micelles, and (C) cylindrical 

1.4Objectives and Summary 

The main objective of this research is to exploit the unique aspects of bottlebrush 

architecture for the preparation of nanostructures materials by solution self-assembly. To 

achieve this goal, new methods for the synthesis of multicomponent amphiphilic bottlebrush 

copolymer were developed, and their aggregation behavior in aqueous solutions was 

extensively characterized. 

In the first project (Chapter 2), photoactive bottlebrush copolymers were synthesized 

with degradable cores through a grafting-from strategy. [2+2] cyclodimerization of the 

peripheral coumarin functionalities under UV irradiation yielded shell-cross-linked 

bottlebrush nanoparticles with hydrophilic blocks. Self-assembly of these amphiphilic tri-

component bottlebrush copolymers in aqueous solutions yielded vesicle structures, which 

were stabilized by photo-cross-linking of the pendant coumarin groups in the shell layer. 

In chapter 3, a new type of gradient bottlebrush copolymers were synthesized through a one-

step ring-opening metathesis copolymerization of exo-norbornene-functionalized PEO and 

endo-norbornene-functionalized PLA macromonomers. The vast different in polymerization 

rates between the two macromonomers resulted in a bottlebrush architecture with a 

gradient compositional profile along the backbone. Self-assembly of these gradient 

amphiphilic copolymers was studied in aqueous solutions and compared to their block 

copolymer analogs. PLA side chains were also functionalized with H-bonding functionalities, 

and their effect on self-assembly was investigated. 

In chapter 4, a multicomponent bottlebrush copolymer was synthesized to contain 

hydrophilic PEO end blocks and a hydrophobic PLA middle block with a gradient composition 
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of PLA-OH end groups. These advanced copolymer structures were prepared by combining 

the gradient copolymer synthesis developed in Chapter 3 and sequential block copolymer 

synthesis by a grafting-through approach. Molecular structure of the prepared materials was 

thoroughly characterized, and their self-assembly in aqueous solutions was investigated. PLA-

OH end groups within the gradient block were functionalized with H-bonding moieties and 

their effect on self-assembly was studied. 
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Chapter 2. Synthesis and self-assembly of amphiphilic photo-cross-linkable 

bottlebrush copolymers 

2.1 Introduction 

The ability of amphiphilic molecules to self-assemble in selective solvents has been a 

key ingredient in a plethora of biological processes and man-made applications, such as lipid 

bilayer formation, drug delivery, detergents, oil recovery fluids, and templates for 

mesoporous ceramics. Just like small molecule surfactants, polymeric molecules containing 

blocks with distinctly different solubility characteristics (lyophilic and lyophobic) can organize 

into disordered and ordered phases in the presence of a discriminating solvent.1-4 the 

exhibited morphology depends on the chemical nature of the copolymer, volume ratio of the 

constituent blocks, polymer concentration, temperature, and other structural and processing 

parameters. 

Polymeric systems possess a number of advantages compared to small molecule 

surfactants. By virtue of their size, polymeric amphiphiles provide better control over 

lyophilic/lyophobic balance while generating thermodynamically more stable structures, 

characterized by lower critical micelle concentrations (CMC) compared to small molecule 

surfactants.3 

The physical and chemical diversity inherent to organic polymers also allows for the 

precise tailoring of the generated materials properties. Some commercially available 

polymeric surfactants, such as block copolymers of poly (ethylene oxide) (PEO) and 

poly(propylene oxide), have already found a widespread use as wetting agents, emulsifiers, 

foam stabilizers and detergents. 

For small molecule surfactants, Israelachvili et al. analyzed geometrical constraints on 

self-assembly by using a molecular packing parameter p, defined as p = v0/l0acr, where v0 and 

l0 are the volume and the length of the hydrophobic tail, respectively, and acr is the interfacial 

area per molecule.5 Geometrical shapes of micellar aggregates can be predicted by using p, 

where spheres are expected for p < 1/3, cylinders for 1/3 < p < 1/2, bilayers for 1/2 < p < 1, 

and inverted structures for p > 1. Gruner et al. described the formation of water-lipid 

mesophases in terms of the competition between the monolayer spontaneous curvature, C0, 

and hydrocarbon packing.6 
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Similarly, the assembly of amphiphilic block copolymers is governed by the delicate 

balance between interfacial and conformational contributions to free energy. Pioneering 

works by Eisenberg et al.7, 8 and Bates et al.9-12 have significantly contributed to the current 

understanding of the aqueous self-assembly of linear amphiphilic block copolymers with ionic 

and nonionic blocks. When amphiphilic block copolymers are dissolved in a selective solvent 

at concentrations above CMC they assemble into micellar aggregates, minimizing the contact 

between lyophobic blocks and the solvent. 

For a given polymeric system, the interfacial curvature and the aggregate morphology 

can be tuned by block length asymmetry. Spherical (S) and cylindrical (C)13 micelles, the 

network phase (N)10 and bilayers/vesicles (B)14 are examples of aggregate morphologies 

observed for amphiphilic block copolymers in dilute solutions (See figure 2-1)3, 11 

Figure 2- 1 Micellar aggregate morphologies obtained from linear amphiphilic block copolymer in water under 
dilute conditions. 

In this work, we aim to combine amphiphilic copolymer assembly with a tri-component 

bottlebrush architecture to impart nanostructured interface to micellar aggregates. The long-

term goal of this project is the fabrication of nanoporous vesicles and membranes by this 

approach, where a hydrophobic core-shell component serves to impart nanoporosity into the 

interface layer (Figure 2-2), which will address one of the major challenges in the preparation 

of nanoporous membranes from phase-separated block copolymer templates, i.e. orientation 

of the cylindrical pores perpendicular to the membrane surface.15,16 

Here, we will first focus on developing the synthesis of multicomponent amphiphilic 

bottlebrush copolymer with photo-cross-linkable shells and degradable cores and their 

assembly in aqueous solutions. 
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Figure 2- 2 Synthesis of nanoporous materials by interfacial assembly of core-shell block amphiphilic 
bottlebrush copolymers. 

2.2 Molecular design 

For the purpose of achieving compartmentalized micellar aggregates in solution, we will 

prepare molecular building blocks composed of multicomponent amphiphilic bottlebrush 

copolymers where the hydrophobic block has a core-shell architecture with a photo-cross-

linkable shell and a degradable core. 

The developed polymerization protocol to form amphiphilic core-shell bottlebrush 

copolymer relies on the synthesis of the hydrophobic and hydrophilic macromonomers by 

utilizing the grafting-through method. As shown in Scheme 2-1, these macromonomers are 

converted to a brush architecture by sequential ring opening metathesis polymerization 

(ROMP). The hydrophobic and hydrophilic macromonomers are synthesized via combination 

of controlled radical polymerization, such as reversible addition-fragmentation chain-transfer 

(RAFT), and ring opening polymerization (ROP). The hydrophobic diblock copolymer 

macromonomer is composed of a degradable polylactide (PLA) block as a core layer, and a 

random coumarin-functionalized copolymer block as a shell layer. The hydrophilic 

macromonomer is composed of poly (ethylene glycol) (PEG) homopolymer to direct the 

interfacial assembly of the brush molecules in aqueous solutions.17, 18 
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Scheme 2- 1 Synthesis of an amphiphilic diblock bottlebrush copolymer from hydrophilic and hydrophobic 
macromonomers via sequential ROMP. 

2.3 Amphiphilic bottlebrush copolymer synthesis 

2.3.1 Synthesis of the hydrophobic diblock copolymer macromonomer 

The hydrophobic diblock copolymer macromonomer was prepared by a combination of 

ring-opening polymerization of D,L-lactide and RAFT polymerization of methacrylate 

monomers to install the second block (Scheme 2.2). 

Compound 2 was used as an initiator for the ring opening polymerization of racemic D, L-

lactide. The hydroxy end group of PLA chain 3 was end-capped with trithiocarbonate RAFT 

functionalities. PLA macrochain transfer agent 4 was then extended by RAFT 

copolymerization of coumarin-containing methacrylate (CMA) 5 and methyl methacrylate 

(MMA) 6 monomers to produce the hydrophobic diblock copolymer macromonomer 7 

(Scheme 2-2). 
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Scheme 2- 2 Synthetic protocol for the preparation of hydrophobic diblock macromonomer. 

Norbornene-functionalized alcohol initiator 2 was synthesized by a reaction of 

oxonorbornene anhydride 1 with aminoethanol at 60 ºC (Scheme 2-3). 1H NMR analysis of the 

product (Figure 2-3) confirmed the formation of compound 2 and the retention of the exo-

configuration of the oxonorbornene, as evidenced by the chemical shift of olefinic protons 

(6.52 ppm). 

Scheme 2- 3 Synthesis of norbornene-functionalized alcohol initiator. 
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Figure 2- 3 1H NMR spectrum of initiator 2 in CDCl3. 

Racemic lactide was polymerized by ROP from compound 2.19 The polymerization was 

carried out at room temperature by using 1,8-diazabicyclo[5,4,0]undec-7-ene (DBU) as an 

organocatalyst (Scheme 2-4). The number of repeat units in the PLA chain was calculated to 

be 32 by comparing PLA methine signal around 5.2 ppm to the olefinic protons signal of the 

end group at 6.52 ppm as shown in Figure 2-4. Size exclusion chromatography (SEC) analysis 

of the PLA macromonomer 2 confirmed the formation of a well-defined polymer with a 

narrow molecular weight distribution (Figure 2-4). 

Scheme 2- 4 Synthesis of PLA macromonomer. 
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Figure 2- 4 1H NMR spectrum of PLA macromonomer 3 in CDCl3. 

PLA polymerization as described above produces polymer chains with a norbornene end 

group on one end and a hydroxy group on the other. After the formation of PLA 

macromonomer 2, its hydroxy end group was functionalized with a trithiocarbonate RAFT 

agent.20 Carboxylacid -functionalized trithiocarbonate RAFT agent 

(cyanododecylsulfanylthiocarbonylsulfanyl pentanoic acid) was coupled with the PLA end 

group via DCC-mediated reaction (Scheme 2-5). 

Scheme 2- 5 Functionalization of PLA macromonomers with a trithiocarbonate RAFT group. 

1H NMR analysis confirmed that a complete functionalization was achieved, as 

evidenced by the disappearance of PLA methine end group signals around 4.4 ppm and the 
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formation of a new peak around 3.3 ppm (Figure 2-5). This new triplet peak was attributed to 

methylene protons that are adjacent to the trithiocarbonate functionality. Also, a comparison 

between the integration areas of the triplet at 3.3 ppm and the PLA methine signal at 5.2 ppm 

revealed that the functionalization proceeded to completion. 
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Figure 2- 5 1H NMR spectrum of PLA macrochain transfer agent 4 in CDCl3. 

SEC analysis of the PLA macromonomer before and after functionalization with the 

RAFT agent confirmed a small increase in the hydrodynamic size of the polymer chain, as 

evidenced by a small decrease in the elution volume of the polymer peak (Figure 2-6). The 

dispersity index of the functionalized PLA, measured relative to linear polystyrene standards, 

remained low (1.18) and no shoulders were observed, indicating a clean transformation and 

the absence of any side reactions. 
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Figure 2- 6 SEC analysis of PLA macromonomer before (bottom) and after (top) functionalization with the 
trithiocarbonate end group. 

Coumarin and its derivatives have been widely utilized in designing photosensitive 

polymeric materials such as block copolymer (BCP) micelles, vesicles, nanogel by UV 

irradiation and photo-dimerization at (λ > 300 nm).21, 22 Photo-

cycloaddition leading to the formation of cyclobutane rings. To install coumarin groups into 

the bottlebrush side chains, we used radical polymerization of its methacrylate derivative. 

Coumarin-functionalized methacrylate monomer CMA was synthesized based on literature 

procedures23,24 (see Scheme 2-6). In the first step, 7-hydroxy-4-methylcoumarin 13 was 

modified with 2-bromoethanol to install a spacer and an aliphatic alcohol group (compound 

14). This modification helps to avoid the formation of hydrolytically more labile phenolic type 

ester when coupling the coumarin group to the methacrylate functionality in the subsequent 

step. In addition, the mobility of coumarin moieties is believed to increase with the help of a 

longer spacer, which facilitates photo-dimerization in solution. In the next step, coumarin 

alcohol 14 was coupled with methacryloyl chloride to obtain the polymerizable monomer 5 

which was purified by recrystallization from ethanol.22,23 1H NMR characterization of the 

coumarin alcohol 14 (Figure 2-7) and coumarin-functionalized methacrylate monomer 5 

(Figure 2-8) corroborated the formation of pure compounds ready for radical polymerization. 
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Scheme 2- 6 Synthesis of coumarin-functionalized methacrylate monomer 5. 

Figure 2- 7 1H NMR spectrum of 7-(2-Hydroxyethoxy)-4-methylcoumarin 14. 

Figure 2- 8 1H NMR spectrum of coumarin-functionalize methacrylate monomer 5 (CMA). 
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With the coumarin-functionalized monomer in hand, the photoactive block was 

installed by RAFT copolymerization of CMA and MMA using the PLA chain transfer agent 4, as 

shown in Scheme 2-7. MMA was chosen as a co-monomer because of similar reactivities of 

the methacrylate groups to afford a statistical distribution of the coumarin moieties along the 

polymer chain. Additionally, copolymerization with MMA helped to improve the solubility of 

the photoactive block in common organic solvents, and preserved the valuable CMA 

monomer. 1H NMR analysis provided evidence for the formation of a random CMA/MMA 

copolymer attached to PLA (Figure 2-9). All characteristic aromatic and olefinic signals of the 

coumarin groups were present in the spectrum. The integral ratios between the olefinic 

protons of coumarin groups of CMA (6.1 ppm) and the protons of methoxy group of MMA 

units (3.62 ppm) were used to calculate the incorporation of the coumarin groups into the 

copolymer. The number of repeat units and the average chain length of CMA/MMA 

copolymer was calculated by comparing the PLA methine signal at 5.2 ppm to the olefinic 

proton signal of CMA units at 6.1 ppm and to the methyl ester protons of MMA units at 3.62 

ppm. 

Scheme 2- 7 RAFT copolymerization of CMA and MMA from PLA macroinitiator 4. 
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Figure 2- 9 1H NMR spectrum of diblock macromonomer 7. 

SEC analysis of the diblock macromonomer 7 exhibited a monomodal molecular weight 

distribution trace with low dispersity values that cleanly shifted to a smaller elution volume 

compared to the PLA macromnomer 4, indicating efficient intiation of the RAFT 

copolymerization and the successful formation of the diblock copolymers (Figure 2-10). 

Figure 2-10 SEC analysis of PLA chain transfer agent 4 (blue) and diblock macromonomer 7 (red) 
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Table 2-1 summarizes structural characteristics of the hydrophobic diblock 

macromonomers that were synthesized to contain different number of repeat units in the 

cross-linkable block. In these macromonomers, the length of the PLA block was kept constant 

at ~2 kg/mol, and the size of the coumarin-containing block was varied to obtain copolymers 

with PLA weight fractions of 17-44%. For the formation of cylindrical nanostructures with PLA 

cores, we targeted copolymers where the outer cross-linkable block is the majority 

component. The ratio between coumarin groups and the MMA units was kept constant at 1:1 

as a compromise between photoactivity and solubility. 

Table 2- 1 Structural characteristics of the hydrophobic diblock macromonomers 7 with varying compositions. 

Entry nPLA nCMA nMMA Mn(NMR)a 

(kg/mol) 

bMw/Mn 

(kg/mol) 

PLA 

wt % 

1 36 32 33 15,400 1.31 17 

2 32 24 25 12,300 1.24 19 

3 32 19 16 9,900 1.17 24 

4 32 15 13 8,500 1.12 29 

5 36 16 14 9,100 1.28 30 

6 36 11 9 7,200 1.29 38 

7 36 9 7 6,400 1.17 44 

a Calculated by NMR analysis knowing molecular weight of the precursor PLA macromonomer 4. 
b Based on SEC analysis using PS calibration and THF as an elution solvent. 

2.3.2 Synthesis of the hydrophilic macromonomer 

Hydrophilic poly(ethylene glycol) macromonomer was prepared by connecting 

norbornene-functionalized alcohol 2 to monohydroxy-functionalized PEG via a succinic ester 

linker (Scheme 2-8). First, compound 2 was reacted with succinic anhydride in the presence 

of triethylamine to afford carboxylic acid-functionalized norbornene 8 via ring opening of the 

anhydride. Compound 8 was then coupled with a commercially available PEG-OH (2 kg/mol) 

to produce macromonomer 10. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was 

used to active the carboxylic acid and promote the coupling reaction.25-27 The successful 

outcome of the transformation was corroborated by 1H NMR analysis of macromonomer 10, 
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which confirmed the presence of signals of the newly installed norbornene end group (Figure 

2-11). The comparison between the integral areas of the norbornene olefin proton signal at 

6.52 ppm and the PEG methylene group signal at 3.65 ppm confirmed quantitative 

functionalization of PEG-OH with norbornene end groups. 

Scheme 2- 8 Synthetic protocol for the preparation of hydrophilic macromonomer 10. 

a b e d 

h 

c f+g H2O 
/ 

Figure 2- 11 1H NMR spectrum of the hydrophilic PEG macromonomer 10. 
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Scheme 2- 9 Synthesis of amphiphilic bottlebrush copolymers by sequential ROMP of macromonomers 7 and 
10. 

2.3.3 Synthesis of amphiphilic bottlebrush copolymers 

Grubbs’ catalyst mediated ring opening metathesis polymerization is an efficient 

method of converting macromonomers to well-defined high molecular weight bottlebrush 

copolymers. More importantly, the advantageous characteristics like livingness, stability and 

steric tolerance of the Grubbs’ catalyst enables sequential ROMP of different 
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macromonomers to produce more advanced architectures. For the synthesis of amphiphilic 

bottlebrush copolymers, we targeted high yields of the brush copolymers, low dispersities, 

and near equal number of repeat units (length) of the backbones in both blocks. First, we 

tested the polymerizability of the novel hydrophobic macromonomer 7 by ROMP to yield the 

corresponding bottlebrush homopolymer 11, as shown in Scheme 2-9. Despite high molecular 

weights of these macromonomers, we observed complete consumption of the norbornene 

groups and the formation of well-defined bottlebrush copolymers, as evidenced by SEC 

analysis (Figure 2-12). 

Scheme 2- 10 ROMP of the hydrophobic diblock macromonomer 7. 

Figure 2- 12 SEC traces of macromonomer 7 (blue), and its bottlebrush polymer 11 (red). 
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The amphiphilic bottlebrush copolymers were then produced by sequential ROMP of 

the hydrophobic macromonomers 7 and hydrophilic macromonomer 10 (Scheme 2-10). The 

copolymerization was promoted by Grubbs’ generation 3 catalyst. After the polymerization 

of the first macromonomer, an aliquot was taken for SEC analysis, and the second 

macromnomer was injected into the reaction flask to continue polymerization. SEC analysis 

of the aliquot and the final bottlebrush copolymer (Figure 2-13) confirmed complete 

conversions at each step, efficient reinitiation, and the formation of well-defined amphiphilic 

bottlebrush block copolymers. Small amounts of the unreacted macromonomer were 

observed after the second step, and a clean shift of the SEC trace to lower elution volumes 

corroborated the increase in the hydrodynamic size of the polymer with the addition of the 

second block. 1H NMR spectra of the final bottlebrush copolymer (Figure 2-14) exhibited 

signals corresponding to both macromonomers, and was used to calculate polymer 

compositions (weight fractions of PEO). 
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Scheme 2- 11 Synthesis of amphiphilic bottlebrush copolymers by sequential ROMP of macromonomers 7 and 
10. 
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Figure 2- 13 SEC analysis of hydrophobic bottlebrush 11 (blue), and the final amphiphilic bottlebrush 
copolymer (red). 
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Figure 2- 14 1H NMR spectrum of the final amphiphilic bottlebrush copolymer. 

41 



 
 

     

        

    

          

          

      

       

         

      

       

          

      

        

      

       

              

            

        

           

     

          

        

     

 

   

 

 

 

 

     

 
   

 
   

  
   

2.4 Solution self-assembly of amphiphilic bottlebrush copolymers 

We investigated the assembly of the prepared amphiphilic bottlebrush copolymers in 

aqueous solutions to form nanostructured aggregates. The copolymer composition was 

chosen to target the preparation of the vesicle structures where the bilayer is composed of 

the core-shell PLA and CMA/MMA domain. UV irradiation of the formed micellar aggregates 

was used to stabilize the obtained nanostructures via chemical cross-linking of the pendant 

coumarin groups in the hydrophobic domains. The size, morphology and size distribution of 

the self-assembled amphiphilic diblock copolymer aggregates was investigated by dynamic 

light scattering (DLS) and transmission electron microscopy (TEM) analyses. 

The amphiphilic bottlebrush copolymers were first dissolved in THF. The solvent was then 

slowly exchanged to water, which is a selective solvent for one of the blocks in the copolymer 

(PEG) and thus promotes aggregation of the hydrophobic domains into various micellar 

morphologies depending on the polymer composition. The copolymer was stirred in aqueous 

solutions for several days to allow for the formation of the equilibrated morphologies. The 

volume-average hydrodynamic diameter (DH) of the amphiphilic bottlebrush copolymer after 

self-assembly in THF and then water as a selective solvent at 65oC was characterized by DLS, 

and the results are summarized in Table 2.2. After one day, DLS evidenced the formation of 

large and disperse aggregates with an average diameter of 517 nm. After 5 days, the size of 

the aggregates diminished significantly to 372 nm. Exposure of the aqueous solutions of the 

micellar aggregates to UV light (365 nm) promoted cross-linking of the coumarin groups 

within the hydrophobic domains of the aggregates. This lead to a significant decrease in the 

size of the aggregates (192 nm). UV exposed aggregates also boasted much narrower size 

distributions (PDI = 0.23), as determined by DLS (Figure 2-15). 

Table 2- 2 DLS characterization of amphiphilic bottlebrush copolymers in water 

Polymer Days Dh (nm) PDI 

oxoNBPLA-g-(CMMA/MMA)-b-
oxoNBPEO 

1 517 0.612 

oxoNBPLA-g-(CMMA/MMA)-b-
oxoNBPEO 

5 372 0.815 

oxoNBPLA-g-(CMMA/MMA)-b-
oxoNBPEO photo-cross-linked 

1 192 0.230 
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Figure 2- 15 DLS analysis of micellar aggregates formed by amphiphilic bottlebrush copolymer in water after 
UV cross-linking for 2 hours. 

TEM analysis of the photo-cross-linked aggregates of amphiphilic bottlebrush 

copolymers revealed the formation of vesicle morphology (Figure 2-16). Spherical 

nanoobjects with internal cavities were clearly observed in TEM images. The average 

diameter of the vesicles was around 100 nm, much lower than what was determined from 

DLS. This discrepancy can be attributed to the fact that TEM analysis is conducted in the dry 

state, and therefore a significant shrinkage of the aggregates is expended during the drying 

process. Overall, both DLS and TEM analyses confirm the formation of uniform vesicle 

aggregates from tricomponent bottlebrush copolymers. 

Figure 2- 16 TEM images of photo-cross-linked aggregates of amphiphilic bottlebrush copolymers. 
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2.5 Conclusions 

The ultimate goal of this research is to develop a new method of the fabrication for 

nanoporous polymer membranes by using multicomponent bottlebrush copolymers. By 

taking advantage of the persistent cylindrical shape of bottlebrush macromolecules and their 

interfacial assembly, we aim to produce highly structured and aligned interfaces that upon 

post-assembly modifications can be converted to nanoporous membranes with pore sizes as 

small as 5 nm, difficult to achieve by traditional block copolymers based methods. Within the 

scope of this project, we designed and developed the synthesis of multicomponent photo-

cross-linkable bottlebrush copolymers that form vesicle aggregates in aqueous solutions. 

Amphiphilic bottlebrush copolymers were designed to contain a hydrophilic PEG block, and a 

core-shell hydrophobic block composed of degradable PLA cores, and a photo-cross-linkable 

shell with pendant coumarin groups. Bottlebrush copolymers were successfully synthesized 

by sequential ring-opening metathesis polymerization of the corresponding 

macromonomers, which were prepared by a combination of ring-opening polymerization and 

controlled free radical polymerization protocols. The formation of well-defined bottlebrush 

copolymers was corroborated by NMR and SEC analyses. 

Self-assembly of the prepared amphiphilic bottlebrush copolymers in water and 

subsequent UV cross-linking of the pendant coumarin groups afforded uniform vesicle 

aggregates with an average diameter of 100-200 nm, as evidenced by DLS and TEM analyses. 

These nanostructured aggregates contain a degradable PLA core within the vesicle bilayer, 

which can potentially be used for introducing nanoscale porosity into the structure. The 

developed synthetic platform offers a modular approach for the fabrication of 

nanostructured aggregates from bottlebrush copolymers. 

2.6 Experimental Section 

All solvents and reagents were used as received unless noted otherwise. Methyl 

methacrylate was purified by passing through basic alumina. Toluene, N, N dimethyl foramide 

(DMF), Dicholoromethane (DCM) were dried using a commercial solvent purification system. 

(Innovative Inc). 2, 2-Azoisobutyronitrile (AIBN) and D, L-Lactide were recrystallized from 

methanol and ethyl acetate respectively. 
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All 1H NMR spectra were recorded on a Varian INOVA-500 (500 MHz) spectrometer by 

using CDCl3 or DMSO-d6 as solvent. GPC analyses were performed by using Viscotek’s GPC 

Max and TDA 302 Tetra detector Array system equipped with two PLgel Olexis columns 

(Polymer Laboratories, Varian Inc). The detector unit contained refractive index, UV, viscosity, 

low (7°), and right angel scattering modules. Measurements were carried out in THF as the 

mobile phase at 30°C. The system was calibrated with 10 polystyrene standards having 

molecular weights ranging from 1.2 × 106 to 500 g/mol. Further GPC date were obtained from 

Viscotek GPC system equipped with VE-3580 refractive index (RI) detector, a VE 1122 pump, 

and two mixed bed organic columns (PAS-103M and PAS-105M). DMF (HPLC grade) with 0.1M 

LiBr was used as the solvent for polymers and eluent for GPC with a flow rate of 0.5 mL/min 

at 55°C. 

Chemical synthesis and Characterization 

Synthesis of the 5-oxo-Norborne-2,3-dicarboxylic anhydride. 

Dry toluene was added to maleic anhydride (6 g, 0.061 mol) in a 100 mL flask. The 

solution was stirred at room temperature for 30 min. The result was white solution which was 

filtered to remove undissolved residue. Furan (5.31 mL, 0.073 mol) was added to the filter 

solution dropwise. The solution was stirred at room temperature for 48h. The white 

precipitate result was filtered and washed with toluene-hexane. Yield = 5 g (80%). The system 

was calibrated with 10 polystyrene standards from 1.2×106 to 500 g/mol. 1H NMR (500 MHz, 

CDCl3): δ (ppm) 6.5 ppm (d, HC=CH, 2H), 5.3 (d, HCO, 2H), 3.2 (d, CHCO, 2H). 

Synthesis of N-(hydroxyethanyl)-5-oxo-norbornene-2,3-dicarboximide. 

The anhydride (5 g, 30 mmol) was suspended in THF:MeOH mixture (150 mL, 1:1). 3-

Amino-1-ethanol (2.72 mL, 45 mmol) was added dropwise to the solution. The solution was 

stirred at 60°C for 1d. Concentrated to yellow oil, and then the oil was purified by dissolving 

into CH2Cl2 (100 mL), which was washed with H2O (2 × 30 mL). The organic layer was dried 

over Na2SO4, and concentrated to give a white solid. Yield = 3.5 g (70%). 1H NMR (500 MHz, 

CDCl3): δ (ppm) 6.50 (s, CH=CH, 2H), 5.25 (s, CH bridgehead protons, 2H), 3.64 (t, OCH3, 2H), 

3.50 (t, NCH2, 2H), 2.85 (s, CH-CH, bridge protons, 2H), 2.41 (s, OH, 1H), 1.75 (m, CH2CH2CH2, 

2H). 
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Synthesis of N-ethoxy-5-oxo-norbornene-2,3-dicarboximide-PLA. 

Maleimide alcohol 2 (400 mg, 1.88 mmol) and D, L-lactide (4 g, 28.2 mmol) were added 

into a 50 mL Schleck flask in glove box. Dried DCM (40 mL) was then added and the mixture 

was stirred until all polymer dissolved. 1, 8-Diazbicyclo [5.4.0] undec-7-ene (DBU, 42 μL, 0.282 

mmol) was then injected into the flask. After stirring for 1 hour, the reaction was quenched 

by adding benzoic acid. The resulting polymer was precipitated in petroleum ether. The white 

precipitate was dried under vacuum at 25°C for 1h and then for the second time precipitate 

in MeOH: H2O (1:1). The white precipitate was dried again under vacuum at 25°C for 30 min. 

for the third time the white solid precipitate in petroleum ether again. The white solid was 

dried under vacuum at 25°C 24 h. Yield = 3.0 g (70%). 1H NMR (500 MHz, CDCl3) δ (ppm) 6.54 

(s, CH, 1H), 5.28 (s, CH, 1H), 5.20 (s, CH, 1H), 4.33 (m, CH2, OH end group in PLA, 3H), 3.81 (t, 

CH2, 2H), 2.90 (s, CH, 1H), 1.68 (m, CH3, 3H) 

Raft Modification of N-ethoxy-5-oxo-norbornene-2,3-dicarboximide-polylactide. 

Cyanododecylsulfanylthiocarbonylsulfanyl pentanoic acid (CTA) (1.63 g, 4.03 mmol) and 

Oxo-NB-PLA (1 g, 0.403 mmol) and 4-Dimethylamino pyridine (DMAP) (49 mg, 0.403 mmol) 

were mixed into 10 mL dry CH2Cl2 under nitrogen atmosphere and stirred at 0°C until gas 

evolution stopped (~1 h). In a 20 mL vial dry CH2Cl2 (5 mL) was added to N, N, 

Dicyclohexylcarboimide (DCC) and stirred under nitrogen atmosphere for 30 mins, followed 

by adding dropwise DCC to the mixture flask for 24h at room. After which contents were 

filtered, concentrated and dissolved in a small amount of DCM and precipitated in salty MeOH 

/ MeOH (1:3) and dried in a vacuum oven overnight. Yield = 0.7 g (70%). (SEC) (PS stds): Mn = 

1779 kg/mol, Mw/Mn = 1.161, 1H NMR: End group conversion > 95%. 

Synthesis of 7-(2-Hydroxyethoxy)-4-methylcoumarin. 

A mixture of 7-4- methylcoumarin (8.00 g, 45 mmol) and potassium carbonate (12.4 g, 

90 mmol) in 80 mL of dry DMF was stirred for 15 min and 2-bromoethanol (4.8 mL, 68 mmol) 

was added portion- wise to this solution. The reaction mixture was stirred for 18 h at 88°C 

under nitrogen atmosphere, cooled down to room temperature, poured into 150 mL ice 

water, and filtered to get the crude product as a white powder. Yield = 6.8 g (85%). 1H NMR 

(500 MHz, DMSO-d6), δ (ppm) 7.70-7.60 (m, aromatic, 1H), 7.00-6.89 (m. aromatic, 2H), 6.22 

(d, C=C-H, 1H), 4.97 (t, -OH, 1H), 4.11 (t, CH2, 2H), 3.75 (dd, CH2, 3H). 
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Synthesis of 7-(2-Methacryloyloxyethoxy)-4-methylcoumarin (Coumarin methacrylate 

monomer). 

A solution 7-(2-Methacryloyloxyethoxy)-4-methylcoumarin (5.27 g, 23.9 mmol) and 

triethylamine (6.7 mL, 48 mmol) in 92mL of chloroform was stirred at 0°C for 15 min. Then, 

methacryloyl choloride (4.7 mL, 48 mmol) was added dropwise to this mixture at 0°C under 

nitrogen atmosphere, after being stirred for 12h at room temperature, the reaction mixture 

was treated with dichloromethane and the organic layer was washed with brine (50 mL× 2), 

followed by drying over sodium sulfate and evaporation of the solvent to give a solid. The 

crude product was recrystallized from ethanol to afford white powdery crystals. Yield = 4g 

(80%). 1H NMR (500 MHz, CDCl3), δ (ppm) 1.96 (s, CH3, 3H), 2.4 (s, CH3, 3H), 4.28 (t, CH2OR, 

2H), 4.53 (t, CH2OAr, 2H), 5.60 (s, C=CH2, 1H), 6.15 (s, C=CH2, 1H), 6.8-6.9 (m, aromatic, 2H), 

7.5 (d, aromatic, 1H). 

Gtafting of Coumarin methacrylate (CMA) and methylmethacrylate (MMA). 

The raft modified macromonomer (Oxo-NBEMI-PLA) (0.1 g, 0.0347 mmol), coumarin 

methacrylate (CMA) (299 mg, 1.041 mmol), methylmetacrylate (0.11 mL, 1.041 mmol) and 

anisole (0.5 mL) were dissolved in a reaction vessel and AIBN (0.57 mg, 0.00347 mmol) in 0.3 

mL anisole was added to this mixture. The reaction flask was degassed by 3 freeze-pump-

thaw cycles. The polymerization was then conducted at 60°C for 5 h. The polymer was 

precipitated from DCM into diethyl ether 2 times and dried under vacuum. Yield = 0.17 g 

(40%). SEC (PS standard): Mn = 2047 kg/mol, Mw/Mn = 1.103. 1H NMR: n (CMA) =15, n (MMA) 

= 13. 

Polymerization of NEONBDI- PLA-b-(PMMA-ran-PCMA) 7 via ROMP. 

In a glove box, 0.2 mL dry CH2Cl2 was added to macromonomer 7 (50.7 mg, 0.0051 

mmol). In a separate vial 1 mL dry CH2Cl2 was added to Grubb’s catalyst (0.0904 mg, 0.00012 

mmol). 40μL of Grubb’s catalyst was injected via microliter syringe to the solution of the 

macromonomer 7. This solution was allowed to stir for 24h. The reaction was quenched with 

butyl vinyl ether, and then moved out of the glove box. The polymer was precipitated into 

diethyl ether 3 times. Conversion was 80% based on RI traces from GPC. 
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Chapter 3. Synthesis and aqueous self-assembly of gradient amphiphilic 

bottlebrush copolymers 

3.1 Introduction 

Gradient polymers are two component polymeric systems in which the concentration 

of one component varies in a continuous way from one side to the other. Such systems can 

be obtained, for example, from an amorphous polymeric matrix by diffusing into another 

monomer creating a gradient of concentration.1 Gradient copolymer by distinctive molecular 

chain structure has attracted an increasing interest of many investigators. Gradient 

copolymers vary their monomer composition gradually along molecular chains unlike block 

copolymers, which have an abrupt transition in monomers composition. Gradient copolymers 

have amazing applications in many fields,2 such as compatibilizers of immiscible polymer 

blends3-6, stabilizers of emulsions or dispersions7, and thermoplastic elastomers.8 Amphiphilic 

gradient copolymers, a noticeable class of gradient macromolecules, consist of hydrophilic 

units and hydrophobic segments arranged along a polymer chain in a gradient fashion and 

are able to self-assemble into various aggregates in selective solvents. Amphiphilic gradient 

copolymers have vast potential applications in biomedical and pharmaceutical fields. The 

application research of amphiphilic gradient copolymers mainly focuses on the encapsulation 

and the controlled release of bioactive molecules.9-11 

Figure 3-1a illustrates linear tapered copolymers, in which a linear gradient “block” is 

added between the pure A and B blocks of an AB diblock system. The fraction of the tapered 

segment acts as an additional control parameter, and the gradient can be in the normal or 

inverse direction as shown in Figure 3-1b. However, rational control of the microphase-

separated state through gradually changing the compositions cannot be fully realized without 

a clear picture of how tapering adjusts the phase diagram. Tapered diblock copolymers are 

similar to AB diblock copolymers, but the sharp junction between the A and B blocks is 

replaced with a gradient region in which the composition varies from mostly A to mostly B 

along its length. The A side of the taper can be attached to the A block (normal) or the B block 

(inverse). Hall et al. studied how the taper length and direction affect the phase diagrams and 

density profiles using self-consistent field theory.12 
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Figure 3- 1 (a) A normal tapered copolymer: The A and B blocks are separated by a linear gradient “block”, and 
the multiblock model is used to approximate the gradient region. (b) An inverse tapered polymer; the gradient 

region is reversed.12 

Inserting a tapered interface between the blocks of the diblock copolymer shifts the 

order−disorder transition to a lower temperature compared to the diblock copolymer, and 

this effect is more pronounced for longer tapers and for inverse tapers. However, tapered 

systems’ phase diagrams and interfacial profiles do not simply match those of diblocks at a 

shifted effective temperature. Normal tapering was found to widen the bicontinuous gyroid 

region of the phase diagram, while inverse tapering narrows this region, apparently due to 

differences in polymer organization at the interfaces (Figure 3-2).12 

Figure 3- 2 Examples showing the fraction of A (fA) and fraction of taper (fT); the taper can be placed in the 
middle of the polymer (left) or at the end of the polymer (right), or anywhere between these extremes, d) 

tapered systems phase diagrams.12 

The self-assembly behavior of amphiphilic gradient copolymers is different from their 

block copolymers and random copolymer analogs. For example, Figure 3-3 shows the 

micellization behavior of stimuli-responsive gradient, block, and random copolymers in a 

selective solvent.13 The morphology of self-assembled polymer aggregates in solution is 

affected by environmental stimuli, such as temperature, pH and ionic concentration. Unlike 
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block copolymers, gradient copolymers possess imperfections in the compositional 

distribution within the assembled aggregates: some fraction of hydrophilic units is present in 

the hydrophobic micellar core domain, while the hydrophilic micellar shell includes certain 

hydrophobic units. When environmental conditions change, these imperfections impart 

gradient copolymers with a different stimuli-responsive behavior than their block copolymer 

analogs. 

Figure 3- 3 Schematic illustrations of micellization behavior in solution of stimuli-responsive gradient, block 
and random copolymers in solution.13 

The gradient nature of the copolymer structure renders it with unique stimuli-

responsive behavior, not observed in block copolymers. For example, it has been shown that 

the core region of spherical micelles formed by gradient copolymer can expand or shrink with 

environmental stimuli, such as temperature and solvents. Seno’s group analyzed stimuli-

responsive behaviors of gradient, block, random copolymers of 2-ethoxyethyl vinyl ether 

(EOVE) and 2-hydroxyethyl vinyl ether (HOVE). EOVE, a temperature-sensitive monomer, has 

a clear lower critical solution temperature (LCST) at around 20 ºC. They found that the 

temperature stimulus or the solvent stimulus caused the micellar corona of EOVE-HOVE 

gradient copolymer micelles to shrink and the micellar core to expand, but block and random 

copolymer micelles did not undergo a similar size variation.13 (See Figure 3-3) 
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In order to achieve a well-defined gradient copolymer, the majority of propagating 

chains need to be initiated simultaneously and maintain their living character during the 

polymerization process.14,15 Recently developed controlled/living polymerization protocols 

make it possible to achieve both of these requirements. To achieve a gradient composition, 

one has to use either two monomers with vastly different reactivities or a continuously 

changing monomer feed composition. Various feed ratios of the two comonomers can be 

applied to control a suitable gradient sequence, using either a ‘spontaneous’ batch feeding 

method or a ‘forced’ semi-batch feeding method.2 For example, a recently developed 

reversible addition-fragmentation chain transfer (RAFT) between CTAs and propagating 

radical chains maintains a low active radical chain concentration, while allowing for a high 

concentration of dormant/growing polymeric chains. As a result, the propagating chain grows 

18, 19gradually,16,17 which is favorable for the formation of a gradient chain sequence . RAFT 

polymerization can be performed in bulk polymerization,20 solution polymerization21-23 and 

emulsion polymerization. Tang21 synthesized amphiphilic gradient copolymers of diacetone 

acrylamide and N,N-dimethyl acrylamide by RAFT solution polymerization. Chen and their 

group developed a RAFT emulsifier-free emulsion polymerization system to synthesize 

amphiphilic gradient copolymers containing fluorine24,25. Borisova et al.26 synthesized 

amphiphilic block-gradient copolymers of styrene and acrylic acid by nitroxide-mediated 

polymerization (NMP) method, and the gradient sequence was controlled by semi-batch 

feeding strategy. The fraction of acrylic acid units in the final copolymers was consistent with 

the initial AA fraction in the total monomer amount. In Kalugin’s work,27 gradient copolymer 

of styrene and tert-butylacrylate was prepared by one-pot NMP. Because two monomers, 

styrene and tert-butylacrylate, have different monomer reactivities, the instantaneous 

monomer composition changed spontaneously during the polymerization process. 

ROMP grafting-through has been exploited to access bottlebrush polymers with complex 

topologies because different macromonomers can be sequentially polymerized due to the 

living nature of ROMP. Recently, there has been an increasing interest in synthesizing 

bottlebrush copolymers with gradient change in various structural parameters, such as 

grafting density and side chain length. For example, Grubbs et al. reported copolymerization 

of macromonomers and small monomers to produce bottlebrush copolymers with a gradient 

change in spacing between the side chains along the backbone (grafting density).28 
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Matson et al. reported sequential polymerization of PS macromonomers with varying 

molecular weights to produce bottlebrush copolymers with a gradually (step-wise) changing 

diameter (Figure 3-4).28 Various engineering controls of the monomer feed composition have 

also been applied to precisely regulate the shape of bottlebrush macromolecules.29 

Figure 3- 4 Synthesis of symmetric and asymmetric bottlebrush polymers using a sequential-addition of 
macromonomers (SAM) strategy.28 

Rzayev et al. recently reported a one-shot polymerization protocol to produce 

bottlebrush copolymers with a gradient compositional profile along the backbone using two 

macromonomers with vastly different reactivities (Figure 3-5).30 The have shown that the 

assembly behavior of such gradient copolymers in melt is drastically different from their block 

copolymer analogs. In particular, gradient bottlebrush copolymers demonstrated a strong 

propensity towards a cylindrical morphology, as opposed to lamellar morphology preferred 

by block bottlebrush copolymers. Additionally, domain spacings exhibited by gradient 

copolymers were significantly smaller than their block copolymer analogs. These results 

illustrate a strong influence of the gradient interface on the phase behavior of bottlebrush 

block copolymers in melt, and thus offer a new avenue in controlling the self-assembly 

behavior of block copolymers. 
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Figure 3- 5 Synthesis of compositionally gradient bottlebrushes copolymers by using exo-norbornene and 
endo-norbornene-functionalized macromonomers.30 

In this project, we developed the synthesis of gradient amphiphilic bottlebrush 

copolymers by using a hydrophobic and hydrophilic macromonomers with vastly different 

reactivities during ROMP. We also studied the effect of the gradient interface within the 

bottlebrush architecture on the aggregation behavior of these macromolecules in aqueous 

solutions. Additionally, we investigated the functionalization of the hydrophobic side chains 

with a strong H-bonding units and its effect on the molecular aggregation in solution. 

3.2 Polymer synthesis 

Hydrophilic PEG macromonomers with exo-norbornene end groups (exo-PEG) were 

synthesized by a succinic anhydride mediated coupling of PEG-OH and hydroxy-functionalized 

norbornene, as described in Chapter 2. 1H NMR analysis confirmed that a complete 

functionalization was achieved, as evidenced by the presence of signals attributable to the 

norbornene group and PEG units, and the comparison between signal intensities of the 

norbornene olefin peak at 6.5 ppm and PEG methylene group peak at 3.7 ppm (Figure 3-6). 

SEC analysis revealed Mn = 82042 g/mol, and molecular weight distribution of 1.018 

calculated relative to polystyrene standards. 
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Figure 3- 6 1HNMR spectrum (CDCl3) of exo-norbornene-functionalized PEG macromonomer. 

The hydrophobic macromonomers, exo-norbornene-functionalized PLA (exo-PLA) and 

endo-norbornene-functionalized PLA (endo-PLA) were synthesized by ring-opening 

polymerization of D,L-lactide initiated from the corresponding norbornene alcohol, as 

described in Chapter 2. The degree of polymerization of the PLA chain was calculated by 

comparing integral areas of the PLA repeat unit methine peak at 5.4 ppm to the exo- or endo-

norbornene end group olefin signal at 6.5 ppm or 6.3 ppm, respectively (Figure 3-7). Both 

macromonomers were obtained with molecular weights of ~ 2 kg/mol and low dispersities of 

1.028 and 1.055 for exo- and endo-norbornene-functionalized polymers, respectively. 

57 



 
 

 

    
  

        

      

        

       

         

     

 

    

         

       

            

      

 

Figure 3- 7 1HNMR spectrum (CDCl3) of endo-norbornene-functionalized PLA macromonomer. 

We first synthesized a diblock PLA-PEG bottlebrush copolymer by sequential addition of 

the corresponding exo-norbornene-functionalized macromonomers as a control sample 

(Scheme 3-1). Exo-PLA macromonomer was polymerized first in the presence of Grubbs’ 3 

catalyst. Subsequently, exo-PEG macromonomer was added to the reaction mixture to 

continue polymerization and produce a diblock copolymer where side chain composition 

along the backbone sharply transitions from PLA to PEG. 

Complete consumption of the macromonomers was confirmed by 1H NMR analysis, 

where we observed a complete disappearance of the peak at 6.1 ppm, attributed to the 

olefinic protons of the norbornene groups. The final polymer composition was calculated 

using the integral areas under the PLA repeat unit methine peak (1H) at 5.4 ppm and PEG 

repeat unit methylene signal (4H) at 3.65 ppm (see Figure 3-8). 
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Scheme 3- 1 Synthesis of diblock PLA-PEG bottlebrush copolymers by sequential ROMP. 

f 
f’, g 

h 

/MeOH C 

H2O, K 

i, j 

Figure 3- 8 1H NMR spectrum (CDCl3) of PLA-PEG diblock bottlebrush copolymer. 
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SEC analysis of the aliquot taken after exo-PLA polymerization and the final block 

copolymer confirmed efficient reinitiation of the second block during ROMP by the complete 

shift of the polymer peak to a lower elution time, indicating an increase in hydrodynamic 

volume. Both peaks boasted narrow molecular weight distributions, suggesting the absence 

of side reactions and the formation of well-defined copolymers (Figure 3-9). The length of the 

PLA bottlebrush block was measured by SEC-LS using the aliquot taken after the completion 

of the first step, while the length of the PEG bottlebrush block was calculated relative to the 

PLA block using NMR peak integrations, as described earlier. 
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Figure 3- 9 SEC traces (a) PLA bottlebrush first block, and (b) PLA-PEG diblock bottlebrush copolymer 
after sequential ROMP. 

PLA-PEG bottlebrush copolymers with a gradient composition along the backbone were 

synthesized by one-step ROMP of the fast reacting exo-PEG macromonomer and slow 

reacting endo-PLA macromonomer in the presence of the Grubbs’ 3 catalyst (Scheme 3-2). In 

order to confirm different incorporation rates of the two macromonomers into the 

bottlebrush structure, we conducted kinetic studies by withdrawing aliquots at 

predetermined intervals and monitoring the consumption of each macromonomer by 1H NMR 

analysis. Olefinic peaks of exo-norbornene and endo-norbornene groups were clearly 

resolved at 6.3 and 6.1 ppm, respectively, allowing for a convenient determination of 

monomer conversion for each macromonomer. For kinetic studies, each macromonomer was 

dissolved at a concentration of 0.05 M in Dry DCM. The aliquots were quenched immediately 

by the addition of ethyl vinyl ether and subjected to NMR analysis. The results, summarized 

in Figure 3-10, confirm a higher reactivity of the exo-PEG macromonomer, which was 
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completely consumed in 10 min, while the endo-PLA macromonomer needed 2 hours to 

polymerize to completion. 

Scheme 3- 2 Synthesis of gradient PEG-PLA copolymers by one-step ROMP. 

Figure 3- 10 (a) 1H NMR spectra (CDCl3) of aliquots taken during one-step copolymerization of exo-PEG and 
endo -PLA macromonomers ([G3]:[PLA]:[PEO]=1:66:68), and (b) conversion vs time plot for exo-PEG (blue) and 

endo-PLA (red) macromonomers. 
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A series of different side-chain-symmetric gradient copolymers was prepared by varying 

the feed ratio of the starting macromonomers. Both PLA and PEG macromonomers had 

similar lengths, and the copolymer compositions were controlled through the number of side 

chains per backbone. 1H NMR spectra were recorded for each sample prior to polymerization, 

and after the polymerization was complete (Figure 3-11). The former allowed for accurate 

calculation of the feed ration, while the latter was used to confirm the consumption of the 

norbornene groups through the disappearance of the olefinic protons at 6.1 and 6.3 ppm for 

endo-PLA and exo-PEG macromonomers, respectively. 

Figure 3- 11 1H NMR spectra (CDCl3) of gradient copolymer P1 (bottom), and the macromonomer mixture 
before polymerization (top). 
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The synthesized gradient copolymers were also analyzed by SEC, which revealed 

complete consumption of the macromonomers by the disappearance of the macromonomer 

peaks, and the formation of well-defined copolymers with monomodal molecular weight 

distributions and low dispersities (Figure 3-12). Absolute molecular weights of the gradient 

copolymers were measured by SEC-LS analysis using a combined dn/dc values calculated using 

PLA and PEG weight fractions calculated from NMR spectra. The structural characteristics of 

the synthesized copolymers are summarized in Table 3-1. 
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   Figure 3- 12 SEC traces of PLA-PEG gradient copolymers: (a) P1, (b) P2, and (c) P3. 

Table 3- 1 Structural characteristics of the synthesized gradient and block copolymers. 

Polymer PLA:PEGa Mn (g/mol)b PDIb Dcore (nm)c 

P1 68:66 350,000 1.03 40 

P2 88:60 320,000 1.31 50 

P3 40:65 240,000 1.72 31 

P4 (block) 50:48 280,000 1.07 82 

a Ratio between PLA and PEG side chains per polymer chain; b Determined by 
SEC using linear polystyrene calibration, c Micelle core diameter measured 

from cryo-TEM images. 
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3.3 Aqueous self-assembly of amphiphilic gradient copolymers 

Self-assembly of amphiphilic polymers in aqueous solutions provides a robust strategy 

for producing nanostructured micellar aggregates with controlled dimensions, which can be 

utilized in a variety of applications, such as drug delivery. Jiang et al. previously demonstrated 

a tremendous effect of the gradient architecture on the melt state assembly of bottlebrush 

copolymers.30In short, the authors observed much smaller domain spacings and a more 

diverse morphological diagram for gradient copolymers as compared to their block copolymer 

analogs. In this research, we explored the effect of gradient architecture on the solution self-

assembly of amphiphilic bottlebrush copolymers. Gradient copolymer containing 

hydrophobic and biodegradable PLA side chains, and hydrophilic and bioinert PEG side chains 

were chosen as a model system that can have potential utility in biomedical applications. 

Micellar aggregates prepared by direct dissolution of bottlebrush copolymers P1-P4 in 

water were analyzed by dynamic light scattering (DLS), which can provide information about 

hydrodynamic dimensions of aggregates in solution, and cryogenic transmission electron 

microscopy (cryo-TEM), which allows for the direct visualization of micellar structures in 

vitrified water films. For micellization studies, gradient and block bottlebrush copolymers 

were first dissolved in dry dichloromethane in a 1-dram vial separately. The solvent was then 

completely removed under vacuum, and ultra-pure water was added to each vials to obtain 

the polymers concentration of 2 mg/mL. The solutions were stirred at 65C for up to 5 days 

in order to allow enough time for the formation of equilibrated micellar aggregate structure 

in water. For most polymers, 5 days of stirring was needed until no further changes in 

aggregate size was observed and aggregates with low dispersities were obtained, as analyzed 

by DLS. Gradient copolymers formed aggregates with hydrodynamic diameters of 30-50 nm 

and low dispersities, while the block copolymer formed much larger but still uniform 

nanostructures with an average diameter of 100 nm (Figure 3-13). Cryo-TEM analysis revealed 

the formation of spherical micelles with uniform core diameters for all polymers (Table 3-1). 

The comparison between gradient PLA-PEG bottlebrush copolymer P1 and block 

bottlebrush PLA-PEG copolymer. 
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Figure 3- 13 Dynamic light scattering analysis of (a) bottlebrush block copolymer P4, and gradient bottlebrush 
copolymers (b) P1, (c) P2, and (d) P3. 

Similar to what has been observed during melt state self-assembly of gradient 

bottlebrush copolymers30 and can be attributed to a non-perpendicular orientation of the 

bottlebrush backbone relative to the domain interface in gradient copolymers (Figure 3-14). 
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Figure 3- 14 Cryo-TEM images of micellar aggregates in water prepared from gradient bottlebrush copolymers 
P1 (a), P2 (b), and P3 (c,d). 
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Figure 3- 15 Illustration of spherical micelles formed by self-assembly of gradient (left) and block (right) 
bottlebrush copolymers 

3.4 Synthesis and aqueous self-assembly of gradient bottlebrush with H-

bonding moiety 

Copolymers possessing hydrogen-bonding moieties using hydrogen bonding 

interactions for the self-assembly of dynamic materials with a controlled response to external 

stimuli are of great current interest.33,34 Controlled radical polymerization (CRP) methods, 

such as reversible addition-fragmentation chain transfer (RAFT) and atom transfer radical 

polymerization (ATRP) protocols as well as ring-opening polymerizations (ROP), have been 

employed under a wide range of conditions to introduce H-bonding functionalities as end-

groups or side-chains in polymers. Nevertheless, post-polymerization functionalization 

methodologies are still needed if the desired functionality is not compatible with the 

polymerization conditions. One of the particular features of these dynamic systems is that the 
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aggregation/dissociation behavior is mediated by concentration or dilution of polymer 

sample, while the viscosity and the degree of polymerization increase with concentration. 

One of the more commonly used H-bonding motifs is 2-ureido-4[1H] pyrimidinone (UPy) unit 

(Figure 3-16), which strongly self-associates in solution by means of cleverly designed 

quadruple hydrogen bonding interactions (Ka >108 in toluene at 25 °C). These units have been 

successfully placed at the end of oligomeric and polymeric backbones, to make, for example, 

telechelic supramolecular polymers.33 In recent studies, UPy self-associating units were also 

introduced as pendant arms onto linear covalent macromolecular backbones. Both 

polymethacrylates and polynorbornenes have been developed as backbones, and it has been 

showed that the aggregation of UPy units affords well-defined single chain nanoparticles.35-38 

Post-polymerization functionalization of hydroxyl-group terminated polymers such as 

poly(ethylene glycol), poly(N-isopropylacrylamide), poly(dimethylacrylamide), and poly(tert-

butyl acrylate) with a wide variety of functional aromatic and aliphatic isocyanates has been 

reported.38 The procedure was also applied for the preparation of side-chain functional 

polymers from poly(N-hydroxyethylacrylamide). 

Figure 3- 16 Schematic representation of self-aggregating UPy-based polymers.33 

In the current work, we investigated an aqueous self-assembly behavior of gradient 

PLA-PEG bottlebrush copolymers post functionalized with H-bonding moieties. The ultimate 

goal of this research is to use H-bonding interactions to improve the stability of micellar 

aggregates formed from PLA-PEG copolymers. To achieve that, UPy groups were attached to 

the ends of PLA side chains of the bottlebrush copolymers. While aggregation of UPy groups 

in water is compromised by the competition with water, the strategic location of these groups 
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inside the hydrophobic block ensures their effectiveness within the aggregates micellar cores. 

Preliminary studies were conducted on the functionalization of the gradient copolymers with 

Upy groups, and their effect on the aqueous self-assembly of the gradient bottlebrush 

copolymers was investigated. 

Isocyanate-functionalized UPy (UPy-NCO) was prepared according to the literature 

procedure.38 It was then attached to the hydroxy groups of PLA side chains of the gradient 

bottlebrush copolymers through a tin-catalyzed reaction as shown in Scheme 3-5. 1H NMR 

analysis of the functionalized gradient copolymer confirmed the successful outcome of the 

functionalization by the appearance of a new peack at 5.6 ppm originating from the UPy 

group. Additionally, the integrated area under the PLA end group signal at 4.2 ppm decreased 

from 6.2 to 4.1 due to the functionalization of PLA end repeat unit by UPY (Figure 3-17). 

Scheme 3- 3 Post functionalization of gradient PEG-PLA bottlebrush copolymers Upy-NCO. 

Volume-averaged DLS traces of the UPy-functionalized PLA-PEG gradient copolymer in 

pure water showed the presence of very large aggregates with an average diameter of 862 

nm and a large polydispersity index at room temperature as shown in Figure 3-18. This is a 

drastic increase in size compared to 30-50 nm diameter aggregates observed for non-

functionalized copolymers. It is clear that UPy functionalization changes the nature of 
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intermolecular interactions during self-assembly and leads to a different aggregate 

morphology. We initially expected that the self-assembly and DLS measurements conducted 

at elevated temperatures will diminish the effect of H-bonding and lead to a decrease in 

aggregate size, which would be more comparable to what was observed for non-

functionalized copolymers. However, after increasing the temperature to 65 ºC, the average 

diameter of the formed aggregates increased further to 1300 nm (Figure 3-19). We speculate 

that the addition of the UPy end groups to the PLA side chains of the gradient copolymers 

changes not only the strength of intermolecular interactions, but also the interfacial curvature 

between the hydrophobic and hydrophilic domains, leading to a morphological transition 

from simple spherical micelles observed in non-functionalized polymers to more complex 

aggregates in UPy-functionalized bottlebrush copolymers. It is important to note that with 

such large dispersities, the accuracy of the DLS estimation of the hydrodynamic sizes is 

diminished, but it nonetheless provides a clear evidence for the formation of much larger 

aggregates in UPy-functionalized copolymers. 
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Figure 3- 17 1H NMR spectra of a gradient PEG-PLA bottlebrush copolymer (top) before and (bottom) after 
functionalization with UPy-NCO. 

Figure 3- 18 DLS analysis of UPy-functionalized gradient bottlebrush copolymer at 25oC. 
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Figure 3- 19 DLS analysis of UPy-functionalized gradient bottlebrush copolymer at 65oC. 
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3.5 Conclusion 

Amphiphilic bottlebrush copolymers with a gradient compositional profile along the 

backbone were synthesized by one-step ring-opening metathesis polymerization of a mixture 

of hydrophilic exo-norbornene-functionalized PEG and hydrophobic endo-norbornene-

functionalized PLA macromonomers. Kinetic studies using NMR spectroscopy revealed 

different rates of consumption of the two macromonomers and thus the formation of a 

gradient bottlebrush architecture. Hydrophilicity of the synthesized copolymers were varied 

by using different macromonomer feed ratios (1:1 2:3, 3:2) during one-step copolymerization. 

Self-assembly of amphiphilic gradient bottlebrush copolymers in aqueous solutions revealed 

the formation of much smaller micelles as compared to those formed by diblock bottlebrush 

copolymers with nearly identical size and composition. Both gradient and block copolymers 

exhibited critical micelle concentrations around 1-10 nM, as measured by the pyrene 

fluorescence method. 

3.6 Experimental Section 

All solvents and reagents were used as received unless noted otherwise. 

Dichloromethane (DCM) was dried using a commercial solvent purification system (Innovative 

Inc.). DL-Lactide (LA) was recrystallized from ethyl acetate. norbornene-functionalized alcohol 

was synthesized according to the literature procedure. norbornene-functionalized by succinic 

carboxylic acid and then functionalized by (PEO) macromonomer, were also synthesized with 

slight modifications of the previously published procedures.28,29All 1H NMR spectra were 

recorded on a Varian INOVA-500 (500 MHz) spectrometer by using CDCl3 as a solvent. GPC 

analysis was performed by using Viscotek GPC Max and TDA 302 Tetradetector Array system 

equipped with two PLgel MIXED-C columns (Agilent). The detector unit contained refractive 

index, UV, viscosity, low (7°), and right angle light scattering modules. Measurements were 

carried out in THF with 1 vol % triethylamine as a mobile phase at 30 °C. Further GPC data 

were obtained from Viscotek GPC system equipped with a VE-3580 refractive index (RI) 

detector, a VE 1122 pump, and two mixed bed organic columns (PAS-103 M and PAS-105M). 

DMF (HPLC grade) with 0.1 M LiBr was used as a mobile phase with a flow rate of 0.5 mL/min 

at 55 °C. Both GPC systems were calibrated with 10 polystyrene (PS) standards from 1.2 × 106 

to 500 g/mol. Dynamic light scattering (DLS) analysis was conducted on Zetasizer Nano ZS90 
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(Malvern) at room temperature. Cryo-TEM analysis was performed by applying 5 μL of the 

sample onto a 300 Cu grid covered with a lacey carbon film that was freshly glow discharged 

to render it hydrophilic (Elmo, Cordouan Technologies). The grid was rapidly plunged into 

liquid ethane slush by using a homemade freezing machine with a controlled temperature 

chamber. The grids were then mounted onto a Gatan 626 cryoholder and observed under low 

dose conditions on a Tecnai G2 microscope (FEI) operating at 200 kV. The images were 

recorded with a slow scan CCD camera (Eagle 2k2k FEI). 

Synthesis of endo/exo-norbornene-functionalized PLA macromonomer 

PLA macromonomers were synthesized using ring opening polymerization (ROP). In a 

glovebox in a round-bottom flask, norbornene alcohol (1.425 g, 6.88 mmol) and DL-lactide 

(14.9 g, 103.47 mmol) were added together. In the glove box dried DCM (50 mL) was then 

added, and the mixture was stirred until all polymer dissolved. [1,8-Diazabicyclo [5.4.0] 

undec-7-ene (DBU, 0.15 mL, 1.003 mmol) was injected into the vial. The mixture was allowed 

to stir at room temperature for 1 h before quenching with the addition of benzoic acid (120 

mg, 0.9 mmol). The product was precipitated into hexanes twice and into cold 

methanol/water (50/50 by volume) twice. The polymer was dried under vacuum at room 

temperature for 24 h. Yield = 9.7 g (60%). (SEC with linear PS standards): Mn = 2.5 kg/mol, Đ 

= 1.11 1H NMR: n(LA) = 32. 

Synthesis of exo-norbornene-functionalized PEG macromonomer 

Poly(ethylene glycol) methyl ether (Mn = 2 kg/mol) (2.0 g, 1.0 mmol), 4-(2-(((3-Acetyl-

7-bicyclo[2.2.1]-hept-5-en-2-yl)carbonyl)amino)ethoxy)-4-oxobutanoic acid (0.37 g, 1.20 

mmol), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) (0.25 g, 1.60 

mmol), 4-dimethylaminopyridine (DMAP) (12.3 mg, 0.1 mmol), and dry DCM (20 mL) were 

mixed in a round-bottom flask. The reaction was stirred overnight at room temperature. The 

mixture was diluted with DCM and washed with 1M HCl (x3), brine (x1), and dried over sodium 

sulfate. The solvent was removed in vacuo, and the polymer was precipitated in diethyl ether 

at -78oC. The white solid was filtered and dried under vacuum for 24h, Yield = 1.7 g (85%). SEC 

(PS standards): Mn = 2.8 kg/mol, Đ = 1 
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Synthesis of gradient bottlebrush copolymers by one-step ROMP 

In a 1-dram vial, equal molar amounts of exo-PEG and endo-PLA macromonomers were 

dissolved in degassed, anhydrous DCM in a glove box under argon. bb(PEG-grad-PLA) 

copolymers were synthesized at [M]0 = 0.05 M. In a separate vial, modified 2nd generation 

Grubbs’ catalyst stock solution was prepared. An aliquot was withdrawn from the 

macromonomer mixture before the addition of a desired amount of catalyst stock solution. 

Reaction was allowed to run overnight and quenched with ethyl vinyl ether. A small sample 

was withdrawn for GPC analysis. The rest of the reaction mixture was precipitated into hexane 

and dried in vacuo. Kinetic studies were carried out by withdrawing aliquots at predetermined 

intervals. Each aliquot was quenched immediately by the addition of ethyl vinyl ether. 

Synthesis of 2-(6-isocyanatohexylurea)-6-methyl-4[1H]pyrimidinone (UPy-NCO) 

UPy-NCO was prepared by adding 1.6 g of 2-amino-4-hydroxy-6-methylpyrimidine and 

18 mL 1,6-diisocyanatohexane in a dry 250 mL 2-neck round-bottom flask equipped with 

stirring, condenser and nitrogen flow. After heating 19 h at 100 °C in an oil bath, the mixture 

was let to cool to room temperature. Mixture was transferred to 50 mL hexane, filtered with 

Büchner funnel and washed with 100 mL hexane. Clear white crystals were placed to vacuum 

oven at 50 °C to dry overnight.17 Yield: 3.33 g (84 %) 

Post functionalization of gradient PEG-PLA bottlebrush copolymers 

The gradient polymer were functionalized by using 1:0.5 to UPY H-boding moiety which 

was added in glove box to the polymer precursors in dry DCM. The reaction vials have to be 

sealed very well. After 48h, reaction mixture precipitated in pentane and dry out by under 

vacuum for 48 hours. 

Aqueous self-assembly of amphiphilic bottlebrush copolymers 

Gradient and block bottlebrush copolymers (4 mg) were dissolved in dry DCM 50 L in 

a 1-dram vial separately. After the solvent was completely removed under vacuum overnight, 

ultra-pure water (4 mL) was added to the vials to obtain the polymer concentration of 2 

mg/mL, and the solutions were stirred at 65C for 3 days in order to disperse them in water 

homogeneously. 
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Chapter 4: Synthesis and aqueous self-assembly of amphiphilic triblock 

bottlebrush copolymers 

4.1 Introduction 

A combination of monomers with different chemical and physical properties is used to 

prepare such materials, in most cases of AB (diblock copolymers) or ABA (triblock copolymers) 

type. Both the combination of various properties of the constituting building blocks as well as 

the immiscibility of unlike polymer segments are exploited, leading to self-assembly in the 

bulk, in thin-films, and in solution. 
1–3 

Commercially established examples of block copolymers 

are polystyrene-block-polybutadiene-block-polystyrene (SBS) rubbers and polystyrene-block-

poly(methyl methacrylate) (PS-b-PMMA) thin-films in lithography strategies used to pattern 

integrated circuit elements on length scales which cannot be reached by classical 

approaches. 
4 

One widely used building block in the variety of application fields as a 

hydrophilic, non-toxic segment is poly(ethylene oxide) (PEO) or poly(ethylene glycol) (PEG), 

where the nomenclature typically depends on the molar mass of the polymer. The most 

versatile technique for the synthesis of PEO materials with precisely controlled chain lengths, 

low dispersity, and different functional groups is living anionic ring-opening polymerization. 
5 

This is also the basis for pluronics, a class of commercially available ABA triblock copolymers 

of poly (ethylene oxide)-block- poly(propylene oxide)-block-poly(ethylene oxide) (PEO-b-PPO-

b- PEO). These materials are mostly utilized as stabilizers for, e.g., the synthesis of inorganic 

nanoparticles (Au and Ti). 
6 

The versatility of PEO and related materials can be described by its 

outstanding physical and chemical properties. PEO is chemically inert, non-toxic, and thus a 

predestined candidate for biomedical applications. 
7 

PEO ensures good solubility in common 

organic solvents as well as water and, furthermore, is capable of preventing undesired 

interactions with the human immune system, the so called “stealth effect”. Nevertheless, 

there is a growing interest in the incorporation of functional groups into PEO-related 

materials. This can be achieved via the preparation of block copolymers with segments 

containing functional monomers like butadiene, isoprene, vinylpyridine, or suitable glycidyl 

ethers featuring essentially the same polyether backbone.8 

The chain architecture and chemical composition of the polymersome-forming 

amphiphilic block copolymers can be either simple or would be complex giving the 
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corresponding polymersomes with their particular properties. The AB copolymer type, where 

A and B, respectively, denote the hydrophilic and hydrophobic blocks, is the plain possible 

chain architecture, and the majority of polymer vesicles are produced by those copolymers, 

including PEO-PPO, PS-PAA, PS-PEO, PBD-PAA, PB-PEO and P2VP-PEO among others. Even so, 

copolymers of more complex linear architecture such as ABA, BAB, ABABA, ABC and ABCA 

(with C being either hydrophilic or hydrophobic) have also been reported to assemble into 

polymersomes. A comprehensive representation of the various membrane conformations of 

polymersomes formed by diblock, triblock and multiblock amphiphilic copolymers is given in 

Figure 4-1.9 

Figure 4- 1 Membrane conformation of polymersomes formed by diblock, triblock and multiblock copolymers.9 

Self-assembly based on noncovalent interactions, and structures self-assembled in 

aqueous solution are of particular importance for biomedical applications, such as drug 

delivery and tissue engineering. Low molecular weight surfactants and amphiphilic block 

copolymers are specific examples of synthetic molecules that self-assemble into various 

structures in water. Self-assembly of these synthetic molecules is driven by utilizing 

hydrophobic interactions. Amphiphilic block copolymers are advantageous over low 

molecular weight surfactants and natural lipids due to the higher stability of the self-

assembled structures and possibility to tune properties of the aggregates by varying 

composition and length of the blocks. Such a tuning procedure is becoming more and more 
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straightforward thanks to the fast development of polymerization techniques and vast 

availability of different monomers.10 

Linear AB diblock copolymers, where A and B belongs to the hydrophilic and 

hydrophobic blocks, respectively, are the most explored type of amphiphilic block 

copolymers. It has been found that aqueous self-assembled structures of linear AB polymers 

can be expressed in terms of the packing geometry of an individual polymer molecule, and in 

most cases such structures formed in dilute solutions (few wt%) are limited to micelles, rods, 

and polymersomes. Introducing the third hydrophilic C block can break this limitation and 

facilitate access to more complex self-assembled structures that are not accessible with 

conventional linear AB polymers. However, there is a lack of experimental data on aqueous 

self-assembly of linear ABC triblock copolymers. Consequently, in contrast to linear AB 

polymers, in the case of linear ABC polymers, it is not known how hydrophilic weight fraction 

and conditions of self-assembly affect the morphology of the self-assembled structures.9 

Konishcheva and et.al reported the aqueous self-assembly of linear amphiphilic triblock 

copolymers poly(ethylene oxide)-block-polycaprolactone-block-poly(2-methyl-2-oxazoline) 

(PEO-b-PCL-b-PMOXA) and their PEO-b-PCL precursors with different PCL and PMOXA block 

lengths using three preparation methods: film rehydration, solvent evaporation, and 

cosolvent. For PEO-b-PCL, the self-assembled structures were ordinary spherical particles and 

polymersomes. For PEO-b-PCL-b-PMOXA, the authors observed polymersomes with an 

asymmetric membrane, cloud-like aggregates, elongated particles, Y-shaped elongated 

particles, and 3D networks (Figure 4-2).10 
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Figure 4- 2 Structure and aqueous self-assembly of PEO-b-PCL-b-PMOXA coolymers.10 

Furthermore, by virtue of their detectability by AFM, self-assembling bottlebrush 

polymers could provide model systems for directly observing single-molecular events in 

supramolecular self-assembling processes. Indeed, a number of works have been reported on 

such self-assembling bottlebrush copolymers, which exhibited intriguing structures and 

properties. However, most of these works focused on periodic nanostructures in bulk states, 

while the structural characterization at the single-molecular level has been rather limited.5 In 

these pioneering works on single-molecular characterization, there still remains a room for 

further improvements; the arrangement and junction of monomeric units in the aggregates 

were not unambiguously visualized by microscopy methods, because the bottlebrush 

polymers themselves were too small or their adhesive parts were too thin. With these 

problems in mind, Yoshihiro et al. studied basic motifs of AB-diblock or ABA-triblock 

bottlebrush polymers, in which the A blocks are composed of interactive units and serve as 

adhesive parts. They successfully developed a novel ABA- triblock bottlebrush polymer (PS-

PD-PS; Figure 4.3a) that is capable of self-assembly into discrete oligomers, whose well-

defined structure could be unambiguously visualized by AFM. This work is an example of a 

novel field of supramolecular self-assembly of huge bottlebrush polymers driven by 

solvophobic interactions of the terminal blocks.11 

83 

https://blocks.11
https://coolymers.10


 
 

 

  
 

 

      

         

         

        

       

       

      

      

    

      

     

          

            

 

Figure 4- 3 (a) Chemical structure of the ABA-triblock bottlebrush polymer (PS-PD-PS). (b) Supramolecular self-
assembly of PS-PD-PS through solvophobic interactions of the terminal PS-blocks.11 

Hillmyer et. al investigated the self-assembly of bottlebrush block polymers into a 

lamellar phase using a combination of experiment and self-consistent field theory (SCFT). 

They coupled state-of-the-art methods in both theory and experiments to address these out-

standing problems. A new microscopic model for diblock bottlebrush polymers is first 

presented, which adapts self-consistent field theory (SCFT) to account for the strong steric 

interactions present in bottlebrush molecules. Nine model lamellar-forming diblock 

bottlebrush samples, containing atactic polypropylene (aPP) and polystyrene (PS) branches, 

have been synthesized and probed by small angle X-ray scattering (SAXS) to determine how 

the domain spacing varies with the backbone chain length. Next, the experimental results 

were compared with model predictions. Model parameters were matched to molecules from 

the experimental samples, and the corresponding lamellar periods were calculated using 

SCFT. Validated by quantitative agreement with their experimental results, the SCFT was then 

used to elucidate details of how the molecules packed in the ordered state (Figure 4-4).12 
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Figure 4- 4 Synthesis and self-assembly of bottlebrush block copolymer into a lamellar phase.12 

Li et al. studied the modeling and self-assembly behavior of PEO-PLA-PEO linear triblock 

copolymers in aqueous solution. A series of PEO–PLA–PEO triblock copolymers with 

symmetric or asymmetric chain structures were synthesized, and the resulting copolymers 

were used to prepare self-assembled aggregates by dialysis. Various architectures such as 

nanotubes, polymersomes and spherical micelles were observed by TEM, cryo-TEM and AFM 

measurements (Figure 4-5). The changes in morphology and size depended on the chain 

structure of copolymers. The authors proposed that during the self-assembly process, 

asymmetric PEO–PLA–PEO copolymers are expected to form hollow aggregates with the 

shorter PEO blocks inside and the longer ones outside. The copolymer chains extend to build 

single layer polymersomes to minimize the system's free energy, as long as one of the two 

PEO blocks is short enough. However, the hollow morphology becomes unstable when both 

sides of PEO blocks are too long, and the aggregates collapse to yield spherical micelles.13 
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Figure 4- 5 Polymersomes and nanotubes formed from PEO-PLA-PEO linear triblock copolymers.13 

In this work, we synthesized triblock bottlebrush amphiphiles with a gradient 

hydrophobic middle block and investigated their aqueous self-assembly. The long-term goal 

of this research is to guide bottlebrush assembly into uniform vesicles using the molecular 

architecture and strategically placed intermolecular interactions. Within this framework, the 

work described below is focused on: (1) developing synthesis of complex tricomponent 

bottlebrush copolymer with a gradient distribution of end groups in the middle block, and (2) 

investigation of the aggregation behavior of these triblock copolymer bottlebrushes in 

aqueous solutions before and after functionalization of the gradient middle block with H-

binding moieties. 
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4.2 Triblock copolymer design and synthesis and self-assembly in solution 

In this study, a triblock bottlebrush copolymer poly(PEG-block-(PLA-OH-grad-PLA-Ac)-

block-PEG) was prepared as an amphiphilic block copolymer with hydrophilic end blocks and 

a hydrophobic middle block. The hydrophobic PLA-based block contained a gradient 

distribution of -OH end groups to provide the copolymer with directionality during self-

assembly. Such structure was synthesized by using a combination of sequential and one-step 

ring-opening metathesis polymerization (ROMP) of the corresponding macromonomers. Each 

PEG block was installed by sequential addition of the exo-norbornene-functionalized PEG 

macromonomers, while the middle PLA block with a gradient distribution of the -OH end 

groups was prepared by copolymerizing the mixture of exo-norbornene-functionalized PLA-

OH macromonomers and endo-norbornene-functionalized PLA-Ac (PLA end-capped with 

acetate groups) macromonomers. The formation of gradient copolymers using exo- and endo-

norbornene functionalized macromonomers was described in the previous chapter. In the 

final copolymer, PEG formed the hydrophilic end blocks while the bottlebrush gradient PLA-

OH-grad-PLA-Ac copolymer formed the hydrophobic middle block. Self-assembly of the 

amphiphilic poly(PEG-block-(PLA-OH-grad-PLA-Ac)-block-PEG) was subsequently investigated 

in water (selective solvent for PEG). Due to the presence of the two hydrophilic end blocks 

and the rigidity of the middle hydrophobic bottlebrush block, the copolymer contained to 

built-in PLA-PEO interfaces, the curvature of which could be controlled based on side chain 

and backbone length of the corresponding block, as described earlier.(Figure 4-6)14. We 

hypothesized that the presence of the hydrogen bonding groups (-OH or UPy) on one side of 

the hydrophobic block will add directionality to the molecular orientation of the copolymers 

within the aggregate and lead to the formation of vesicles or porous micelles with uniform 

curvatures and dimensions. 
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Figure 4- 6 Schematic of the aqueous self-assembly of triblock poly[(exo-NB-MPEG)-b-(exo-NB-PLA/endo-NB-
PLACOCH3)-b-(exo- NB-MPEG) 

Scheme 4- 1 Synthesis of the triblock bottlebrush copolymer by sequential ROMP 

All macromonomers (Mn = 2 kg/mol) were synthesized by methods described previously 

in Chapter 3. The desired copolymers were synthesized by sequential addition of (1) exo-PEG, 

(2) exo-PLA-OH and endo-PLA-Ac mixture, and (3) exo-PEG macromonomers during ROMP 

copolymerization in the presence of Grubbs’ generation 3 catalyst (Scheme 4-1). 1H NMR 

spectroscopy analysis of the triblock copolymer and the aliquots taken after each step 

confirmed the formation of ABA triblock by having the new peak at 5.4 ppm related to PLA 

and PEO peak at 3.4 ppm, disappearance of norbornene peaks around 6.2 and 6.4 ppm related 

to exo and endo norbornene end groups of the macromonomers (Figure 4-7). SEC 

characterization after each step (Figure 4-8) revealed complete consumption of the 

macromonomers and efficient re-initiation after each step, and the formation of well-defined 

copolymers with narrow molecular weight distributions. Molecular weight of the first block 
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(PEG bottlebrush) was measured by SEC equipped with a light scattering detector. The lengths 

of the subsequent blocks were calculated by NMR using the integral areas under peaks 

corresponding to PEG repeat units at 5.65 ppm and PLA repeat units at 5.45 ppm. The triblock 

copolymers were purposefully made in an asymmetric fashion, where the lengths of the PEG 

end blocks were different from each other, to induce different curvatures at the two PEG-PLA 

interfaces. 

 
 

      

      

             

     

      

 

 

 

     
   

 

 

 

Figure 4- 7 1H NMR spectra of (a) PLA-OH/PLA-Ac macromonomer mixture, (b) poly(PEG-block-(PLA-OH-grad-
PLA-Ac)) diblock bottlebrush copolymer, and (c) poly(PEG-block-(PLA-OH-grad-PLA-Ac)-block-PEG) triblock 

bottlebrush copolymer. 
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Figure 4- 8 SEC traces obtained after each polymerization step: (red) poly( PEG) bottlebrush copolymer, (blue) 
poly(PEG-block-(PLA-OH-grad-PLA-Ac)) diblock bottlebrush copolymer, and (black) poly(PEG-block-(PLA-OH-

grad-PLA-Ac)-block-PEG) triblock bottlebrush copolymer. 

4.3 Post-functionalization of triblock bottlebrush with h-bonding moiety 

Triblock bottlebrush copolymer poly(PEG-block-(PLA-OH-grad-PLA-Ac)-block-PEG) was 

modified with a strong hydrogen bonding group UPy using methods described in Chapter 3 

to produce a modified bottlebrush triblock copolymer poly(PEG-block-(PLA-UPy-grad-PLA-

Ac)-block-PEG). Post functionalization was conducted at OH:UPy mole ratio of 1:0.25 

(Scheme 4-2). 

Scheme 4- 2 Post functionalization of triblock bottlebrush copolymer poly(PEG-block-(PLA-OH-grad-PLA-Ac)-
block-PEG) with H-bonding moiety (UPy). 

1H NMR spectroscopy analysis of the functionalized triblock copolymer confirmed post 

functionalization by H-bonding moiety due to the appearance of a new peak at 5.6 ppm 
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related to the UPy group, and also a decrease in the integral area of the PLA end group signal 

from 6.4 to 4.2 due to the functionalization of the PLA end group by UPy moiety (Figure 4-9). 

Figure 4- 9 1H NMR spectra of a triblock bottlebrush copolymer poly(PEG-block-(PLA-OH-grad-PLA-Ac)-block-
PEG) before (a) and after (b) functionalization. 

4.4 Aqueous self-assembly of triblock bottlebrush copolymers with and 

without H-bonding moiety 

We studied the self-assembly of triblock bottlebrush copolymers poly(PEG-block-(PLA-

OH-grad-PLA-Ac)-block-PEG) and poly(PEG-block-(PLA-UPy-grad-PLA-Ac)-block-PEG) in water 

to identify the role of H-bonding moiety on polymer self-assembly. The pristine triblock 

copolymer before UPy functionalization produced fairly uniform aggregates with 

hydrodynamic diameters less than 100 nm, as determined by DLS analysis (Figure 4-10). For 

DLS studies, the triblock copolymer film cast from a dichloromethane solution was rehydrated 

in water for 8 days at a polymer concentration of 2 mg/ml. 
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Figure 4- 10 DLS analysis of triblock bottlebrush copolymer poly (PEG-block-(PLA-OH-grad-PLA-Ac)-block-PEG) 
in water. 

After functionalization with UPy groups, the triblock bottlebrush copolymer was dissolved in 

water using similar methods to the pristine bottlebrushes (film rehydration for 8 days). Additionally, 

water solutions of these polymers were annealed at 65 ºC for a few hours to allow for reformation of 

H-bonds, and DLS measurements were taken at room temperature. DLS measurements revealed that 

upon UPy-functionalization the copolymers formed much larger aggregates with hydrodynamic 

diameters larger than 200 nm, while polydispersity remained the same (Figure 4-11). These results 

suggest that while the UPy functionalization does not affect the overall particle morphology, it likely 

changes the interfacial curvature producing much larger particles. 
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Figure 4- 11 DLS analysis of UPy-functionalized triblock bottlebrush copolymer poly (PEG-block-(PLA-

UPy-grad-PLA-Ac)-block-PEG) in water at room temperature. 

4.5 Conclusion: 

Amphiphilic triblock bottlebrush surfactants with a gradient hydrophobic block were 

synthesized by a grafting-through approach. PEG end blocks were installed by using exo-

norbornene-functionalized macromonomers, while PLA-based gradient middle block was 

produced by one-step copolymerization of the exo- and endo-norbornene-functionalized PLA 

macromonomers with different end groups. All synthesized copolymers boasted narrow 

molecular weight distributions, as evidenced by SEC analysis. When exposed to aqueous 

environment, bottlebrush amphiphiles assembled into uniform aggregates that were 

characterized by dynamic light scattering measurements. The hydrophobic side chains of the 

triblock bottlebrush copolymers were also functionalized with H-bonding moiety (UPy). DLS 

studies revelated that UPy functionalization had a strong effect on interfacial curvature during 

self-assembly, producing aggregates with much larger hydrodynamic diameters. 

4.6 Experimental section 

All solvents and reagents were used as received unless noted otherwise. 

Dichloromethane (DCM) was dried using a commercial solvent purification system (Innovative 

Inc.). D,L-lactide (LA) was recrystallized from ethyl acetate. norbornene-functionalized alcohol 

was synthesized according to the literature procedure. norbornene-functionalized by succinic 
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carboxylic acid and then functionalized by (PEO) macromonomer, were also synthesized with 

slight modifications of the previously published procedures [28,29]. All 1H NMR spectra were 

recorded on a Varian INOVA-500 (500 MHz) spectrometer by using CDCl3 as a solvent. GPC 

analysis was performed by using Viscotek GPC Max and TDA 302 Tetradetector Array system 

equipped with two PLgel MIXED-C columns (Agilent). The detector unit contained refractive 

index, UV, viscosity, low (7°), and right angle light scattering modules. Measurements were 

carried out in THF with 1 vol % triethylamine as a mobile phase at 30 °C. Further GPC data 

were obtained from Viscotek GPC system equipped with a VE-3580 refractive index (RI) 

detector, a VE 1122 pump, and two mixed bed organic columns (PAS-103 M and PAS-105M). 

DMF (HPLC grade) with 0.1 M LiBr was used as a mobile phase with a flow rate of 0.5 mL/min 

at 55 °C. Both GPC systems were calibrated with 10 polystyrene (PS) standards from 1.2 × 106 

to 500 g/mol. Photo- cross-linking was performed by using a 15 W high-pressure mercury UV 

bench lamp (Ultraviolet Products XX-15L). UV−vis spectra were recorded on an Agilent UV−vis 

8453 spectrophotometer. Dynamic light scattering (DLS) analysis was conducted on Zetasizer 

Nano ZS90 (Malvern) at room temperature. Cryo-TEM analysis was performed by applying 5 

μL of the sample onto a 300 Cu grid covered with a lacey carbon film that was freshly glow 

discharged to render it hydrophilic (Elmo, Cordouan Technologies). The grid was rapidly 

plunged into liquid ethane slush by using a homemade freezing machine with a controlled 

temperature chamber. The grids were then mounted onto a Gatan 626 cryoholder and 

observed under low dose conditions on a Tecnai G2 microscope (FEI) operating at 200 kV. The 

images were recorded with a slow scan CCD camera (Eagle 2k2k FEI). Steady -state 

fluorescence excitation and emission spectra were measured with a Horiba Fluoromax-4 

fluorescence spectrofluorometer. The excitation source was at 150 W xenon are lamp. 

Wavelength selectors were double and single grating monochromators, respectively. The 

spectral band-pass for a given scan was fixed at 1 nm. All spectra were corrected by using 

appropriate blanks. The blank contribution to the total emission was always<5%. 

Poly (ethylene oxide) (PEO) macromonomer was synthesized with slight modifications on the 

previously published procedures. 
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Synthesis of triblock bottlebrush copolymer poly(PEG-block-(PLA-OH-grad-PLA-Ac)-block-

PEG) 

In a glove box, four separate vials were prepared containing solutions of 

macromonomers in dry DCM. Vial 1: exo-PEO macromonomer (50 mg, 0.022 mmol) dissolved 

in 0.43 mL DCM; Vial 2: mixture of endo-PLA-Ac macromonomer (73 mg, 0.029 mol) and exo-

PLA-OH (62 mg, 0.025 mmol) dissolved in 0.31 mL DCM; Vial 3: exo-PEG macromonomer (16 

mg, 0.00701 mmol) in 0.15 ml dry DCM. In a glass vial 4, third generation Grubbs’ catalyst (2.0 

mg, 0.0027 mmol) was dissolved in 0.8 mL DCM as a stock solution. Once dissolved, 0.33 mL 

of the catalyst solution was injected to vial 1 and allowed to stir for 10 minutes. Then, a small 

aliquot (0.1 mL) was extracted, quenched with ethyl vinyl ether, and mixture of PLA 

macromonomers as a second block solution in vial 2 was quickly added to vial 1. After 10 h, 

from vial 1, a small aliquot (0.1 mL) was extracted and quenched with ethyl vinyl ether. 

Subsequently, contents of vial 3 were added to vial 1 and stirred for 30 mins. The triblock 

polymer was quenched with ethyl vinyl ether, precipitated in cold hexanes and dried under 

vacuum for 24 hours. SEC (PS standards): Mn = 286,000 g/mol, Mw/Mn = 1.12 

Synthesis of 2-(6-isocyanatohexylurea)-6-methyl-4[1H]pyrimidinone (UPy-NCO) 

UPy-NCO was prepared by adding 1.6 g of 2-amino-4-hydroxy-6-methylpyrimidine and 

18 mL 1,6-diisocyanatohexane in a dry 250 mL 2-neck round-bottom flask equipped with 

stirring, condenser and nitrogen flow. After heating 19 h at 100 °C in an oil bath, the mixture 

was let to cool to room temperature. Mixture was transferred to 50 mL hexane, filtered with 

Büchner funnel and washed with 100 mL hexane. Clear white crystals were placed to vacuum 

oven at 50 °C to dry overnight.17 Yield: 3.33 g (84 %). 

Post functionalization of triblock bottlebrush copolymer with UPy groups 

The triblock was functionalized by using 1:0.25 mole ratio of OH to UPY H-boding 

moiety, which was added in a glove box to the polymer precursor in dry DCM. After 48h, the 

reaction mixture was precipitated in pentane and the polymer was dried under vacuum for 

48 hours. 
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Aqueous Self-Assembly of Triblock and functionalized triblock copolymer 

Bottlebrush block copolymers were dissolved in DCM in a round bottomed flask. After 

the solvent was completely removed under vacuum for 24 h. Ultra-pure water was added to 

the flask to obtain the polymer concentration of 2 mg/ml and the solution was stirred at 65 

°C for 8 days. 
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