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Abstract 

Molecular architecture plays an important role in bottlebrush copolymer self-assembly. 

Using the ‘grafting-through’ approach, multicomponent bottlebrush copolymers with highly 

controlled architectures were synthesized and characterized by SEC and 1H NMR. Their self-

assembly behavior was subsequently investigated with SAXS and electron microscopy. 

In the first part of this work, detailed synthesis of gradient bottlebrush copolymers is 

described. Compositional gradient was readily introduced by copolymerization of exo- and endo-

norbornene capped macromonomers through ROMP. Kinetic studies confirmed spontaneous 

formations of bottlebrush copolymers with gradient interface. A series of PS-PLA gradient 

bottlebrush copolymers were synthesized using the developed protocol. When side chain lengths 

were kept uniform, PS-PLA gradient bottlebrush copolymers exhibited rich phase behavior 

producing lamellar, gyroid and cylindrical morphology contrasting the lamellae-dominant phase 

behavior of their block analogues. 

In the second part of this dissertation, syntheses of block-statistical hybrid and multiblock 

bottlebrush copolymers are described. In block-statistical hybrid bottlebrush copolymer, three 

components were distributed in two segments. PLA and PnBA side chains were statistically 

distributed along the backbone in the first segment while the second segment consisted of 

exclusively PS side chains. Such side chain arrangement led to the formation of hierarchical 

lamellar morphology with two distinct domain spacings. One domain spacing reflected the phase 

separation within the first segment between statistically distributed PLA and PnBA side chains 

and the other corresponded to the phase separation between the PLA-PnBA segment and the 

PS-exclusive segment. Multiblock bottlebrush copolymers were synthesized by sequentially 

polymerizing PS and PSM macromonomers. Tetrablock and hexablock PS-PSM bottlebrush 

copolymers were prepared and their self-assembly behavior was explored. Upon hydrolysis of 

PSM component, both samples self-assembled into well-ordered lamellar morphology. These 
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studies together with the first part of this dissertation show how bottlebrush architecture can be 

used to manipulate the polymer self-assembly behavior. 

The last part of this thesis describes ‘grafting-from’ synthesis of ABA triblock bottlebrush 

copolymers with reactive end blocks. In this work, we took advantage of the rigidity of bottlebrush 

polymers to construct polymer networks with persistent and tunable pore sizes. Polymeric 

backbones were first prepared by ROMP and subsequently grafted with various types of side 

chains using ATRP. Cross-linking of end-reactive triblock bottlebrush copolymers with PMMA side 

chains produced polymer gels. 
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Chaper 1. Introduction 

A polymer is a large molecule consisting of many repeating units. In a linear copolymer, two 

or more types of repeating units can be arranged in alternating, statistical or blocky fashion (Figure 

1-1). In addition to the aforementioned arrangements, copolymers with polymer chains grafted on 

to linear polymeric backbones are known as graft polymers.1 One prominent subcategory of graft 

polymers are bottlebrush polymers. They feature densely grafted side chains along linear 

polymeric backbones. Due to the steric repulsion between side chains, bottlebrush polymers tend 

to adopt an extended worm-like conformation. Bottlebrush polymers typically exhibit ultrahigh 

molecular weight and low degree of entanglement compared with linear polymers.2 These unique 

attributes make bottlebrush polymers an attractive platform for material fabrications. 

Figure 1-1 Copolymer Architectures 
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1.1 Bottlebrush Polymer Synthesis 

Bottlebrush polymers can be synthesized by three different methods: ‘grafting-through’, 

‘grafting-from’ and ‘grafting-to’ (Figure 1-2).2 Facile synthesis of bottlebrush polymer is made 

possible by recent development of polymerization techniques, such as atom-transfer radical 

polymerization (ATRP) and ring-opening metathesis polymerization (ROMP). Direct realizations 

of linear copolymer architectures such as blocky and statistical repeating unit arrangements in 

bottlebrush copolymers have been accomplished.3 In addition, some polymer architectures 

unique to bottlebrush copolymers such as Janus-type bottlebrush copolymer have also been 

prepared.4-6 In this section, applications of ‘grafting-through’, ‘grafting-from’ and ‘grafting-to’ in the 

synthesis of various bottlebrush configurations will be discussed. 

Figure 1-2 Bottlebrush polymer synthetic strategies 

Grafting-Through 

Grafting-through method involves the polymerization of macromonomers with terminal 

polymerizable functionalities. Bottlebrush polymers produced through this method possess 100% 

grafting density which is difficult to achieve using other methods. In addition, macromonomers are 

prepared separately allowing facile characterization of side chains. However, polymerization of 
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macromonomers suffers from low concentration of polymerizable end groups and high steric 

hindrance of the polymerizable chain end resulting in slow reaction rates and broadening of 

molecular weight distribution. Preparation of bottlebrush polymers with long backbone lengths 

can be difficult. Removal of unreacted macromonomers poses additional challenge to product 

purification.7, 8 

With recent development in ROMP, the aforementioned challenges are alleviated because 

of relatively low steric hindrance and highly favorable kinetic environment.9 ROMP utilizes relief 

of ring strain in cyclic olefins, such as norbornene, as the driving force for the polymerization. 

Detailed kinetic studies have demonstrated the living nature of ROMP when 3rd generation Grubbs’ 

catalyst and norbornene-based macromonomers are used enabling syntheses of well-defined 

10, 11 bottlebrush copolymers. 

Macromonomers can be synthesized using a wide variety of polymerization techniques 

including radical and anionic polymerizations.12-14 While anionic polymerization holds significant 

advantages in preserving the ‘livingness’ of the polymerization process, complex and laborious 

synthetic protocols are usually required due to the labile nature of anions. The advent of controlled 

radical polymerization techniques, such as ATRP and RAFT, has streamlined polymer synthesis 

while largely retaining control over molecular weight and polydispersity. These techniques 

suppress the amount of active radical species by establishing equilibrium between dormant and 

active radical species. As a result, the occurrence of biradical termination is significantly reduced 

prolonging radical lifetime in the polymerization media.15, 16 

Direct polymerization from a norbornene functionalized initiator using either ATRP or 

RAFT has been widely used to prepare macromonomers.17-19 Although bimolecular terminations 

in controlled radical polymerization processes are suppressed, their occurrences cannot be 

completely eliminated. In the event of a bimolecular termination, a difunctional macromonomer is 

produced which can lead to undesired cross-coupling in the subsequent ROMP process.20 An 

alternative route to macromonomers has been post-polymerization end-functionalization of 
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polymer chains with norbornene groups. For example, Grubbs et al. reported synthesis of 

poly(styrene), poly(t-butyl acrylate) and poly (methyl acrylate) macromonomers via ATRP 

followed by CuAAC ‘click’ chemistry.11 First, linear polymers were synthesized with bromide-

functionalized chain ends, which were subsequently replaced with azide groups. Alkyne-

functionalized norbornene was then attached to polymer chains via CuAAC ‘click’ chemistry. 

Polymerizations of such macromonomers resulted in bottlebrush copolymers with backbone 

lengths up to 400 repeating units and narrow molecular weight distributions.11 

Scheme 1-1. Synthesis of macromonomers with different side chains (left) and preparation of 

bottlebrush copolymers using ROMP (right).11 

Wooley and coworkers have used RAFT to synthesize macromonomers, including 

nobornene-fucntionalized poly(tert-butyl acrylate), poly(styrene) and poly(methyl methacrylate), 

and successfully polymerized them by ROMP with 3rd generation Grubbs’ catalyst (Scheme 1-

2).19 It has also been shown that Grubbs’ catalyst is able to tolerate large amounts of methyl 

methacrylate monomer to an extent that renders one-pot synthesis of bottlebrush copolymers 

possible. 
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Scheme 1-2. Synthesis and polymerization of macromonomers prepared by RAFT19 

Just like block and statistical linear copolymers, side chains in bottlebrush copolymers can 

be arranged in blocky and statistical fashion. Sequential polymerization of two or more 

norbornene-capped macromonomers has been shown to produce block bottlebrush copolymers. 

On the other hand, simultaneously copolymerizing two norbornene-capped macromonomers has 

been demonstrated to produce statistical bottlebrush copolymers.21 Additionally, ‘grafting-through’ 

syntheses of architectures unique to bottlebrush copolymers such as Janus-type bottlebrush 

copolymers and ‘core-shell’ bottlebrush copolymers were reported by polymerizing 

4-6, 22 macromonomers with a block copolymer molecular design. 

Figure 1-3. ‘Grafting-through’ synthesis of block and statistical bottlebrush copolymers21 
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Grafting-From 

Grafting-from method involves preparation of a well-defined polymeric backbone bearing 

initiation sites at every repeat unit that subsequently can be used to graft polymeric side chains 

from the backbone.23-25 This method allows for the facile characterization of backbone lengths 

and for the synthesis of bottlebrush polymers with extremely long backbones. However, one 

drawback of this strategy is that side chain lengths are difficult to characterize. The synthetic 

complexity increases significantly when preparing multicomponent bottlebrush architectures such 

as block bottlebrush copolymers using the ‘grafting-from’ method. Three or more orthogonal 

chemistries and multiple protection-deprotection steps are usually required.3 

Bottlebrush block copolymers featuring vinyl backbones and densely grafted side chains 

have been synthesized by Rzayev et al.26 To prepare PS-PLA based bottlebrush copolymers, a 

macroinitiator was first synthesized by tandem polymerization of 2-methacryloxyethyl 2′-

bromoisobutyrate (BIEM) and solketal methacrylate (SM) using RAFT polymerization. PS 

branches were subsequently grafted by ATRP from the BIEM segment of the backbone. Ketal 

groups of the SM segment of the backbone were deprotected followed by grafting PLA branches 

using ring-opening polymerization of D,L-lactide. Accurate determination of PS side chain lengths 

was achieved by hydrolytically cleaving PS branches off the backbone under basic conditions. 

PLA side chain length was characterized by NMR end group analysis. 
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Scheme 1-3. ‘Grafting-from’ synthesis of PS-PLA bottlebrush block copolymer.26 

ROMP has been used to prepare backbones bearing ATRP initiation sites that can later 

27-29initiate polymerizations of different types of monomers. Ned Bowden and coworkers have 

synthesized narrowly dispersed bottlebrushes.28 Diblock backbone was first synthesized via 

1stROMP using generation Grubbs’ catalyst followed by hydrogenation of the backbone 

unsaturations. Polystyrene arms were subsequently grafted by ATRP initiated from the pendant 

bromide groups (Scheme 1-4). 

Scheme 1-4. Synthesis of bottlebrush copolymer using grafting-from strategy.28 
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Grafting-To 

Grafting-to, also known as grafting-onto, method involves preparations of bottlebrush 

copolymers by coupling of pre-made polymeric side chains and polymeric backbones.30, 31 This 

strategy allows precise characterizations of side chains and backbones. However, excess 

amounts of side chains typically required in order to achieve high grafting densities, and the 

subsequent removal of unattached side chains pose a significant challenge to product purification. 

Steric hindrance by bulky polymeric side chains also limits maximum attainable grafting density. 

Work from Lanson et al. showed ‘grafting-to’ syntheses of ‘core-shell’ and statistical polystyrene-

polyisoprene (PS-PI) bottlebrush copolymers.32 An efficient incorporation of bulky side chains 

were achieved by end-capping active anionic polymerizations with polymeric backbones (Scheme 

1-5). 

Scheme 1-5. ‘Grafting-to’ synthesis of PS-PI statistical bottlebrush copolymer.32 
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1.2 Polymer Self-assembly 

The mixing of two thermodynamically incompatible polymers often results in macrophase 

separation at a scale much greater than 1 µm. However, when the same polymers are covalently 

linked, the resulting block copolymer phase separates at a much smaller length scale around 50 

Å to 1000 Å, known as microphase separation. Contrasting to the macroscopic phase behavior 

of binary mixtures of dissimilar polymers, block copolymers are capable of producing a wide 

variety of nanostructures.33 

Figure 1-4. Self-assembly morphologies of diblock copolymers.34 

The phase behavior of a AB diblock copolymer is governed by χABN and fA where χAB is the 

Flory-Huggins interaction parameter between A and B segments, N is the overall degree of 

polymerization and fA is the volume fraction of block A. For a given combination of monomers, the 

self-assembly outcome is determined by N and fA. Four thermodynamically stable morphologies 

have been identified theoretically and observed experimentally: lamellar, gyroid, cylindrical and 

35, 36 spherical. 

9 

https://copolymers.34
https://nanostructures.33


 
 

   

        

        

         

      

     

          

         

         

        

         

      

    

 

 

       

 

 

 

Bottlebrush Copolymer Self-assembly 

Owning to unique attributes such as lack of chain entanglement and persistent molecular 

shape, bottlebrush copolymers have been the subject to extensive investigations of their self-

assembly behavior. Fueled by the development of controlled polymerization techniques, 

bottlebrush copolymers of various architectures and molecular characteristics have been 

synthesized and characterized. Self-assembly studies of bottlebrush copolymers have been 

largely focused on the following types of bottlebrush architectures: block, statistical and Janus-

type. In a block bottlebrush copolymer, two series of chemically incompatible side-chains are 

confined to two blocks with sharp interfaces in between. In a statistical bottlebrush copolymer, 

two types of side-chains are statistically distributed along the backbone. In a Janus type 

bottlebrush copolymer, side-chains of different monomer composition are connected to the 

backbone at the same juncture. Architectural difference between these bottlebrush copolymers 

have led to drastically different self-assembly behavior. 

Figure 1-5 Illustrations of block, statistical and Janus-type bottlebrush copolymer. 

10 



 
 

    

     

     

            

         

        

    

       

        

        

         

          

      

           

      

        

         

        

       

             

  

 

1.2.1.1 Block Bottlebrush Copolymer Self-assembly 

Linear block copolymer self-assembly typically does not allow access to nanostructures with 

domain spacings exceeding 100 nm, which are desirable for various applications such as 

photonics and ultrafiltrations. This can be attributed to a combination of factors. First, synthesis 

of linear block copolymer with very high molecular weights required for large domain spacing 

materials can be challenging. Second, polymers with high molecular weight are highly entangled. 

Although phase separation is thermodynamically favored, kinetically trapped ill-defined 

morphologies are often obtained. On the other hand, block bottlebrush copolymers enjoy fast self-

assembly kinetics due to low degree of entanglements and have been shown to have the 

capability of delivering materials with domain spacings up to 235 nm.17 

Seminal work by Russell et al. showed that PS-PLA bottlebrush copolymers with molecular 

weight up to 529 kDa ordered within 1 hour.17 Additionally, largest domain spacing obtained 

through this series of polymers exceeded 150 nm. This study corroborated previous results by 

Rzayev et al. on a series of block bottlebrush copolymer with the same monomer combination, 

but a different backbone chemistry.26 Similar behavior was observed with various block 

bottlebrush copolymers with different monomer combinations.37 Typically, in block bottlebrush 

copolymers, domain spacing varies nearly linearly with the number of repeat units in the backbone 

due to their rigidity.17, 26 Computational studies have demonstrated that bottlebrush backbones 

are orientated perpendicular to the interface.38 Although block bottlebrush copolymers benefit 

greatly from their rigid nature and the lack of entanglements, they display a strong tendency of 

packing into lamellar morphologies (Figure 1-6). 
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Figure 1-6 Phase diagram of PS-PEO block bottlebrush copolymer.37 

Due to a two-dimensional nature of the bottlebrush architecture, the volume fraction of the 

segment A (fA) in an AB diblock bottlebrush copolymer is determined by two factors, the backbone 

length and the side chain length. When side chain lengths of both blocks are kept constant, 

determination of fA is reduced to the lengths of each block (backbone). In theory, block bottlebrush 

copolymers with uniform side chain and asymmetrical backbone compositions would produce 

non-lamellar morphology. However, the reduced flexibility of the molecule caused by the densely-

grafted side chains favors the formation of flat interfaces, which results in lamellar morphologies. 

Only under an extremely asymmetrical backbone composition was poorly ordered cylindrical 

morphology observed. 37 
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Figure 1-7 Interfacial curvature during self-assembly of linear (top) and bottlebrush (bottom) block 

copolymer.39 

Dedicated efforts have been directed towards addressing the prevalence lamellar 

morphology in block bottlebrush copolymer self-assembly. One prominent strategy has been the 

installation of asymmetrical side chains, which precludes the formation of flat interfaces. Block 

bottlebrush copolymers with side chains of vastly different molecular weights have been shown 

to pack into well-ordered cylindrical morphology.39-41 Molecular packing can be easily visualized 

by approximating bottlebrush block copolymer with asymmetrical side chains to cones. In essence, 

the asymmetry in side chain lengths translates into different interfacial cross-sectional areas for 

the two blocks and forces the formation of curved interfaces (e.g. cylindrical morphology). When 

combined with asymmetrical backbones, ‘cone-shaped’ block bottlebrush copolymers have the 

capability of producing materials with spherical and cylindrical morphologies.40 Another route to 

non-lamellar morphology has been demonstrated by using an ABA triblock bottlebrush copolymer. 

Grubbs et al. reported the synthesis of ABA polystyrene-poly(ethylene oxide)-polystyrene (PS-

PEO-PS) triblock bottlebrush copolymer with short PS end blocks and long PEO middle block.42 

While the side chain lengths were kept constant, the asymmetrical ratios between end blocks and 

the middle block drives the self-assembly towards a cylindrical morphology. 
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1.2.1.2 Statistical and Janus-type Bottlebrush Copolymer Self-assembly 

Statistical bottlebrush copolymers display a different packing order compared with block 

bottlebrush copolymers with bottlebrush backbones oriented parallel to the interface between the 

two blocks. As a result of this arrangement, domain spacing in statistical bottlebrush copolymer 

is dictated by the lengths of the side chains and is independent of the length of the backbone. 

Grubbs et al. first reported the influence of side chain arrangement in bottlebrush copolymer 

systems.21 They observed that statistical bottlebrush copolymers formed morphologies with much 

smaller domain spacings than their block bottlebrush analogs with identical size and composition. 

Figure 1-8 Self-assembly of statistical21 and Janus-type bottlebrush copolymer.6 

Similar packing order was observed from Janus-type bottlebrush copolymer self-assembly. 

In essence, Janus-type bottlebrush copolymer is consisted of a series covalently conjugated 

linear diblock copolymers at their junction points.4, 12 As a result, self-assembly of Janus-type 

bottlebrush copolymer is ultimately driven by the phase separation of its constituting linear diblock 

copolymers.5 Morphologies attained from Janus-type bottlebrush copolymers are greatly 

diversified. Most notably, gyroid morphology was observed from bottlebrush copolymer self-

assembly for the first time.5, 6 
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1.3 Objectives and Summary 

The overarching goal of my research is to develop understanding of how molecular 

architecture guides polymer assembly in order to expand structural diversity and capabilities of 

nanostructured materials. As a result of this ambitious goal, this research necessitated the 

development of new synthetic protocols for the preparation of multicomponent bottlebrush 

copolymers with highly controlled architectures. In Chapter 2, detailed synthesis of gradient 

bottlebrush copolymers is described. Compositional gradient was introduced by simple one-shot 

copolymerization of exo- and endo-norbornene capped macromonomers through ROMP. 

Polymerization kinetics was evaluated and polymer self-assembly behavior was investigated. In 

Chapter 3, statistical-block hybrid and multiblock bottlebrush copolymers were synthesized. Their 

self-assembly behavior was explored. These studies together show how bottlebrush architecture 

can be used to manipulate the polymer self-assembly behavior. In Chapter 4, bottlebrush 

copolymer based polymer network was synthesized via ‘grafting-from’ strategy. In this work, we 

took advantage of the rigidity of bottlebrush polymers to construct polymer networks with 

persistent and tunable pore sizes. 
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Chaper 2. Synthesis and Melt Self-assembly of Gradient Bottlebrush Copolymers 

2.1 Introduction 

Melt block copolymer self-assembly has been extensively used in fabricating materials with 

ordered morphologies such as lamellae, cylinders, spheres and bicontinuous network. Block 

copolymer based materials have found applications as membranes, templates for nanomaterials, 

photonic crystal, and catalyst support.1-6 The use of a gradient, also known as tapered, interface 

in block copolymers has been a promising strategy to tune interfacial interactions between the 

two blocks without perturbing polymer chemistry or molecular weight.7-10 On the other hand, 

polymer architectures have been used to guide polymer self-assembly behavior and modulate 

material properties. A combination of interfacial manipulation and polymer architectural 

refinement can unlock the full potential of polymer self-assembly. 

The gradient interface in linear block copolymers have been extensively studied.8, 9, 11-20 

Synthetic approaches towards block copolymers with gradient interfaces typically involve ‘dual-

ramping’ method, during which one of the monomers is allowed to polymerize first followed by a 

slow addition of the second monomer.15 This method usually requires careful determination of 

monomer polymerization kinetics and modulation of the ramping rate to ensure the desired result. 

It is clear that the addition of a gradient interface does not alter the self-assembly behavior in 

linear copolymer systems.12 For example, polystyrene-polyisoprene (PS-PI) block copolymers 

self-assemble into lamellar morphology at near equal volume fractions. At the same volume 

fraction and similar molecular weights, PS-PI block copolymer with a tapered interface packed 

into the lamellar morphology with a similar domain spacing. However, the increased interfacial 

mixing does lead to a significant drop in the order-disorder transition temperature (Todt).8 

Bottlebrush copolymers have recently emerged as a new class of materials featuring a 

comb-like architecture and densely grafted side chains.21, 22 Block bottlebrush copolymer self-

assembly have received a significant interest due to its fast self-assembly kinetics23 and the 
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capability of delivering nanostructures with large domain spacings.23-26 However, interfacial 

manipulation of bottlebrush block copolymers has yet to be investigated. This can perhaps be 

attributed to the added complexity of introducing a tapered interface on top of the already 

complicated synthetic protocols for bottlebrush block copolymer synthesis. In this chapter, we 

describe a simple one-shot approach to bottlebrush copolymers with gradient interfaces, and 

investigate the influence of the gradient composition on the polymer self-assembly behavior. 

There has been an increasing interest in the incorporation of gradient structural changes 

into bottlebrush polymers. Grubbs et al.27, 28 and Matyjaszewski et al.29 have reported synthesis 

of bottlebrush copolymers with gradient grafting densities using ‘grafting-through’ and ‘grafting-

from’ strategies, respectively. Bottlebrush copolymers with gradually changing side chain lengths 

have been recently synthesized by Matson et al using a step-wise approach.30 Similar 

architectures have also been prepared by Guironette et al. using continuous flow chemistry.31 On 

the other hand, the incorporation of compositional gradient into bottlebrush copolymers have not 

yet been reported. We contend that the addition of gradient interface can be realized by 

copolymerizing a ‘fast’ reacting macromonomer with a ‘slow’ reacting macromonomer using ring-

opening metathesis polymerization (ROMP). 

The advent of highly active ruthenium based Grubbs’ catalysts has enabled efficient 

‘grafting-through’ syntheses of bottlebrush copolymers. Norbornene functionality has been 

ubiquitous when designing macromonomers for direct ring-opening metathesis polymerization 

due to its high ring strain and ease of preparation.32 Out of the two possible configurations of 

disubstituted norbornenes, exo-norbornene is almost exclusive selected for the synthesis of 

bottlebrush copolymers because of its superior reactivity over its endo counterpart.33-35 Intentional 

use of the less reactive endo-norbornene is rare.36 However, the vastly different reactivity makes 

the combination of exo- and endo- norbornene-functionalized monomers ideal candidates for the 

synthesis of gradient copolymers.37 Choi et al. employed similar approach and synthesized 

gradient copolymers with dendronized side chains by copolymerizing two monomers with different 
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reactivities using ROMP.38 We envision that copolymerization of exo- and endo-norbornene 

capped macromonomers would lead to the spontaneous formation of bottlebrush copolymers with 

a gradient compositional profile. 

In this chapter, we evaluate homopolymerization kinetics of macromonomers bearing 

different ROMP-active moieties and demonstrate that gradient bottlebrush copolymers can be 

synthesized by one-shot copolymerization of exo- and endo-capped macromonomers using 

ROMP. We show that such a “user-friendly” approach to gradient bottlebrush copolymers can be 

a helpful synthetic tool for the fabrication of bottlebrush copolymers with various monomer 

compositions and side chain lengths. For the melt state self-assembly study, we focused on PS-

PLA gradient bottlebrush copolymers (PS-grad-PLA). Morphology determination was carried out 

by small-angle X-ray scattering (SAXS) analysis and electron microscopy. We believe that this 

novel bottlebrush system underlines the importance of architectural design of macromolecular 

systems and opens additional avenues for the self-assembly manipulation of synthetic polymers. 

Figure 2-1 Synthesis of Gradient Bottlebrush Copolymers 
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2.2 Macromonomer Synthesis 

Scheme 2-1 Synthesis of PS, PLA and PMMA macromonomers 

A series of macromonomers were first synthesized (Scheme 2-1). Endo-norbornene 

dicarboxylic anhydride (1) was converted to its more thermodynamically stable exo configuration 

(2) by thermal treatment. Subsequently, precursors 4 and 5 were synthesized by reacting 1 and 

2, respectively, with ethanol amine at elevated temperatures. Endo-norbornene functionalized 

ATRP initiator (3) was prepared from 4 by reaction with isobutyryl bromide, while alkyne 
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functionalized exo-norbornene precursor (6) was synthesized by EDC-mediated coupling of 5 with 

hexynoic acid. 

Exo-norbornene-capped polystyrene (exo-PS, 11) was prepared by conjugating azide 

terminated PS (7) with alkyne functionalized exo-norbornene moiety (6) using CuAAC ‘click’ 

chemistry. Linear PS (7a) was synthesized by ATRP with low CuBr loading to reduce the amount 

of active radical species and slow down the polymerization rate effectively maximizing Br chain 

end retention. Conversion from Br chain ends to azide groups was confirmed by complete shift of 

peak position assigned to proton Ha in 1H NMR spectrum (Figure 2-2 and Figure 2-3). The 

molecular weight of PS was determined to be 2.1 kg/mol by end group analysis using Ha as a 

reference. 

Figure 2-2 1H NMR spectrum of PS-Br, 7a. 
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Figure 2-3 1H NMR spectrum of PS-N3, 7. 

Figure 2-4 1H NMR spectrum of exo-PS, 11. 
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The tertiary carbon at PMMA chain end prevents efficient conversion of Br chain ends to 

azide groups and hinders the subsequent conjugation with alkyne-functionalized norbornene.39 

As a result, endo-PMMA (8) was directly prepared using ATRP instead of end-capping linear 

PMMA polymers with norbornene functionality. The molecular weight was determined to be 2.4 

kg/mol by end group analysis using the norbornene olefin proton peak at 6.1 ppm and Hb proton 

signal at 3.6 ppm stemming from methyl ester group of the PMMA repeat units (Figure 2-5). 

Figure 2-5 1H NMR spectrum of endo-PMMA, 8. 
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Endo- and exo-norbornene-capped poly(lactic acid) (endo- & exo-PLA, 9 & 10) were 

synthesized by direct ring-opening polymerization (ROP) of D,L-lactide (Scheme 2-1) using exo-

and endo-norbornene functionalized initiator. Molecular weights of both macromonomers were 

determined to be 2.1 kg/mol by comparing integrations of olefin proton peaks from norbornene 

functionalities with Hb proton signal at 5.2 ppm corresponding to the lactic acid repeating units in 

the 1H NMR spectrum (Figure 2-6 & Figure 2-7). A longer endo-PLA (9a) with a molecular weight 

of 3.7 kg/mol was also prepared (Figure 2-8). 

Figure 2-6 1H NMR spectrum of exo-PLA, 10. 
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Figure 2-7 1H NMR spectrum of endo-PLA, 9. 

Figure 2-8 1H NMR spectrum of endo-PLA, 9a. 
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Table 2-1 Molecular Characteristics of Macromonomers 

Macromonomer Mn (g/mol)a Đb 

exo-PS (11) 2.1  103 1.05 

endo-PMMA (8) 2.4  103 1.16 

exo-PLA (10) 2.1  103 1.19 

endo-PLA (9) 2.1  103 1.24 

endo-PLA (9a) 3.7  103 1.21 

aDetermined by NMR end group analysis; bMeasured by SEC with linear PS calibration. 

2.3 Homopolymerization and Copolymerization Kinetics 

Gradient bottlebrush copolymers were synthesized by copolymerization of exo- and endo-

norbornene-capped macromonomers using ROMP. Pyridine modified 3rd generation Grubbs’ 

catalyst (G3) was selected for its high initiation efficiency.40 Initial screenings of reaction 

conditions revealed that at a monomer concentration of 0.025 M and a monomer-to-catalyst ratio 

of [MM1]:[MM2]:[C] = 100:100:1 exo-PS and endo-PLA smoothly copolymerized to completion 

overnight, while a monomer concentration of 0.05 M was needed for the copolymerization of exo-

PS and endo-PMMA. 

Homopolymerization Kinetics 

In order to assess the reactivity difference between exo- and endo-norbornene-capped 

macromonomers, homopolymerizations of exo-PS, endo-PLA and endo-PMMA were carried out 

at desired concentrations, and the reaction kinetics were followed by monitoring the 

disappearance of the norbornene olefin signals in 1H NMR spectra. Macromonomers were first 

dissolved in dichloromethane (DCM) followed by the injection of the 3rd generation Grubbs’ 

catalyst from a stock solution. Aliquots were periodically extracted from the polymerization mixture 

and immediately quenched with large amounts of ethyl vinyl ether. From logarithmic plots of 
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conversion (ln([M]0/[M]t) versus reaction time, clear first-order kinetics were observed for all three 

macromonomers, as evidenced by the linear relationship between ln([M]0/[M]t) and time (Figure 

2-9). Polymerization rates for each macromonomer were extracted from the slope in the kinetic 

plot. At [MM] = 0.025 M and [MM]:[G3] = 100, exo-PS polymerized 29 times faster than endo-PLA. 

At [MM] = 0.05 M and [MM]:[G3] = 100, exo-PS polymerized 32 times faster than endo-PMMA. 

The vast difference in reactivity between exo- and endo-norbornene-capped macromonomers 

corroborates previous reports and warrants further investigation into copolymerization kinetics 

between the two types of macromonomers. 

Figure 2-9 Homopolymerization kinetics of (a) exo-PS and endo-PLA , and (b) exo-PS and 

endo-PMMA. 

Copolymerization Kinetics 

Exo-PS and endo-PLA were mixed in equimolar amounts and allowed to polymerize at a 

monomer concentration of 0.025 M and a monomer-to-catalyst ratio of [MM1]:[MM2]:[G3] = 

100:100:1. Aliquots were periodically extracted and quenched immediately for 1H NMR analysis. 

Exo-norbornene olefin signal at 6.25 ppm was well resolved from the endo-norbornene olefin 

signal at 6.10 ppm, enabling precise determination of monomer consumption for each 

macromonomer independently (Figure 2-10a). Disappearance of these two signals after 16 hours 
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suggested complete polymerization of both macromonomers. Kinetic analysis indicated that at 

40% exo-PS conversion, roughly 95% of endo-PLA remained unreacted. As polymerization 

proceeded, exo-PS was slowly depleted and endo-PLA composition gradually increased. Upon 

the depletion of exo-PS, 50% of endo-PLA remained unreacted, which continued polymerization 

until all norbornene groups were eventually consumed (Figure 2-10b). Thus, the produced 

gradient bottlebrush copolymer consisted of a PS-rich chain end and a PLA-rich chain end with 

about half of the molecule in between featuring a gradient compositional transition from PS side 

chains to PLA side chains. Reactivity ratios were calculated for exo-PS (M1) and endo-PLA (M2) 

comacromonomer mixture (r1 = 5.0, r2 = 0.19) and fell under the general requirements for 

synthesizing gradient copolymers (r1 ≫ 1, r2 ≪ 1). 

Figure 2-10 Exo-PS and endo-PLA copolymerization kinetic analysis 

A gradient bottlebrush copolymer was also synthesized by using the same methodology 

of copolymerizing exo-PS and endo-PMMA. A similar trend in copolymerization kinetics was 

observed with quick depletion of ‘fast’ reacting exo-PS and slow incorporation of endo-PMMA 

until complete consumption of all macromonomers (Figure 2-11). It is clear that the polymerization 

kinetics are dictated by the reactivity of the norbornene end groups and are not limited to a specific 

pair of macromonomers. Therefore, the developed methodology is of general nature and is 

applicable to different monomer combinations. 
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Figure 2-11 Exo-PS and endo-PMMA copolymerization kinetic analysis and SEC analysis of PS-

PMMA gradient copolymers. 

2.4 Gradient Bottlebrush Copolymer: Uniform Side Chains & Symmetrical Backbones 

While many independent parameters can be varied to control polymer self-assembly 

behavior, we first focused on symmetric PS-PLA gradient bottlebrush copolymers (PS-grad-PLA) 

with identical side chain lengths (~2.1 kg/mol) and near equal volume fractions (fPS≈0.56). A 

series of PS-grad-PLA copolymers were synthesized (Scheme 2-2, P1-P5) with varying backbone 

lengths which were readily controlled by adjusting monomer-to-catalyst ratio. Narrow and 

monomodal molecular weight distributions were observed for all samples. At the same time, 

control samples of a PS-PLA block bottlebrush copolymer (PS-block-PLA, P6) and a PS-PLA 

statistical bottlebrush copolymer (PS-stat-PLA, P7) were synthesized (Scheme 2-2). Molecular 

characteristics of P1-P7 are summarized in Table 2-2. 
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Scheme 2-2 (a) Synthesis of gradient (P1-P5), block (P6) and statistical (P7) bottlebrush 

copolymers, (b) SEC analysis of bottlebrush copolymers (P1-P7). 

Table 2-2 Structural Parameters of Gradient Bottlebrush Copolymersa 

Polymer fPS
b Nbackbone Mn (g/mol)c Đd d (nm)e 

P1 0.56 54 1.1  105 1.13 21 

P2 0.56 95 1.7  105 1.17 27 

P3 0.56 130 2.8  105 1.19 30 

P4 0.58 172 3.7  105 1.24 38 

P5 0.56 212 4.4  105 1.21 47 

P6 (block) 0.55 136 2.8  105 1.19 52 

aPrepared using PS and PLA macromonomers with Mn = 2.1 kg/mol; bVolume fraction of PS; cMeasured by 

SEC-LS; dMeasured by SEC with linear PS calibration; eDomain spacing obtained from SAXS; fPrepared 

using 2.5 kg/mol PLA macromonomer. 

P7 (stat)f 0.54 135 3.1  105 1.08 N/A 
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Melt State Self-assembly 

Samples P1-P7 were pressed into discs and thermally annealed at 180 °C for 20 hours 

for SAXS analysis. To evaluate the influence of gradient interface on molecular packing in the 

solid state, self-assemblies of P3 (gradient), P6 (block) and P7 (statistical) were first investigated. 

These three samples shared similar molecular characteristics with similar side chain lengths, 

overall backbone lengths and PS volume fractions, and differed only in the side chain 

arrangements along the backbone. SAXS analysis revealed drastically different self-assembly 

behavior among these three samples (Figure 2-12a). As expected, P6 packed into well-ordered 

lamellar morphology with a domain spacing of 52 nm, evidenced by higher order reflections at 

3q*, 5q* and 7q*. SAXS profile of P7 revealed a broad primary peak indicating the absence of 

ordered microstructures. P3, on the other hand, exhibited a strong primary scattering peak and 

higher order reflections at 2q* and √7q* with a domain spacing of 30 nm, indicative of a cylindrical 

morphology. However, weak higher order reflections suggested poor long range order. 

Transmission electron microscopy (TEM) analysis of P3 evidenced the formation of a non-lamellar 

morphology that did not resemble traditional lamellar or cylindrical morphology (Figure 2-12b, c). 

Figure 2-12 (a) SAXS characterizations of P3, P6 (block) and P7 (statistical), (b) and (c) TEM 

images of P3. 
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The self-assembly behavior of P3 represents a clear departure from the molecular packing 

of block (P6) and statistical (P7) bottlebrush copolymer with similar molecular characteristics and 

warrants further investigation. We shear aligned P3 in a channel die and etched out the PLA 

component under basic conditions. 1H NMR analysis of P3 after degradation revealed a removal 

of 40% of PLA domains even after prolonged time periods (Figure 2-13). We attributed this to the 

exclusive etching of PLA in the PLA-rich domains, which makes up ~40% of the overall PLA 

content in the molecule, and the inability of the basic solution to access the mixed PS/PLA phase 

(gradient interface). SAXS analysis of P3 after alignment exhibited well-defined scattering pattern 

of highly oriented hexagonally packed cylindrical morphology (Figure 2-14b). Scanning electron 

microscopy (SEM) analysis of the fractured monoliths parallel and perpendicular to the alignment 

direction showed straight channels (Figure 2-14c) and hexagonally packed cylinders (Figure 

2-14d), further corroborating the presence of a hexagonally packed cylindrical morphology. 

Figure 2-13 1H NMR spectrum of aligned sample P3 before (bottom) and after (top) PLA etching. 
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Figure 2-14. (a) Formation of cylindrical nanopores from gradient bottlebrush copolymers, (b) 

SAXS analysis of shear aligned and etched P3, and SEM characterizations of monoliths fractured 

parallel (c) and perpendicular (d) to the alignment direction. 

Varying backbone lengths did not seem to alter self-assembly behavior of PS-grad-PLA 

copolymers as SAXS analysis suggested the formation of cylindrical morphology for all PS-grad-

PLA samples (P1-P5, Figure 2-15 and Figure 2-16). On the other hand, in addition to P6 (block), 

a series PS-block-PLA copolymers boasting similar side chain lengths (~2.4 kg/mol) and PS 

volume fractions consistently packed into lamellar morphology over a wide range of backbone 

lengths.23 It is clear that the incorporation of a gradient interface changed the self-assembly 

behavior of block bottlebrush copolymers contrasting behavior exhibited by linear block 

copolymers. For linear block copolymers, morphology and domain spacing remain unchanged 

regardless of incorporation of gradient interfaces. 

Figure 2-15 SAXS profiles of P2, P4 and P5. 
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Figure 2-16. (a) Backbone length dependence of the domain spacing for block (squares) and 

tapered (diamonds) bottlebrush copolymers, and (b) SAXS profile of the smallest tapered 

copolymer P1. Filled squares are data from ref 23, open square is block copolymer P6 prepared 

in this work. 

For samples P1-P5, domain spacings of PS-grad-PLA samples increased linearly with 

increasing backbone lengths (Figure 2-16a). The same linear relationship was also observed for 

PS-block-PLA samples; however, the scaling of domain spacings with increasing backbone 

lengths is much slower for the gradient system. For the samples with the shortest backbone 

lengths, both block and gradient bottlebrush copolymer systems appeared to display very similar 

domain spacing. However, the examination of the SAXS profile of P1 (Figure 2-16b) revealed 

scattering peaks at √3q* and 2q*, indicative of a cylindrical morphology as opposed to lamellar 

morphology exhibited by its block analog with the same backbone lengths and domain spacing. 

Although direct comparison between scaling laws of block and gradient systems cannot be drawn 

as they formed different morphologies (lamellae for block system and cylinders for gradient 

system), the drastically different scaling factor likely suggests two distinct packing orders for block 

and gradient systems. We hypothesize that upon self-assembly in the solid state, the gradient 

middle region of the gradient bottlebrush copolymers lays parallel or at a very small angle to the 

domain interface leading to a different molecular packing order compared with block bottlebrush 

copolymers. 
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2.5 Gradient Bottlebrush Copolymers: Uniform Side Chains & Asymmetrical 

Backbones 

In the previous section, we examined symmetric gradient bottlebrush copolymers where 

both side chain lengths and backbone length ratios were kept constant, and only the overall length 

of the bottlebrush backbone was varied. In this section, we expand our manipulation of molecular 

characteristics and vary the backbone composition of PS-grad-PLA copolymers while keeping 

side chain lengths uniform (Figure 2-17). By varying backbone composition, PS volume fractions 

(fPS) are changed allowing us to probe the influence of asymmetrical backbone composition on 

the polymer self-assembly behavior. 

Figure 2-17 Synthesis of gradient bottlebrush copolymers with uniform side chain lengths and 

asymmetrical backbone composition. 

A series of PS-grad-PLA copolymers (G1-G14) with PS volume fractions ranging from 0.26 

to 0.73 were synthesized using the previously developed methodology. PS volume fractions were 

readily controlled by adjusting the feed ratio between exo-PS and endo-PLA macromonomers. 

Simple gravimetric measurements of the two macromonomers enabled us to vary feed ratios and 

ultimately control PS volume fractions. Aliquots were extracted from the macromonomer mixture 
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prior to polymerizations to determine feed ratios. PS volume fractions were calculated by 

comparing integrations of exo- and endo-norbornene olefin signals in 1H NMR spectra (Figure 

2-18). Complete consumption of both macromonomers were confirmed by the disappearance of 

the olefin signals after 16 hours in the 1H NMR spectra (Figure 2-19). Size exclusion 

chromatography (SEC) analysis evidenced the formation of bottlebrush copolymers with narrow 

molecular weight distributions (Ɖ < 1.20) and minimal unreacted macromonomers (Figure 2-21). 

Molecular weights were determined by SEC equipped with a light scattering detector. Refractive 

index increment (dn/dc) values were calculated based on PS and PLA weight fractions. 

Figure 2-18 1H NMR spectrum of macromonomer feed of G7. 
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Figure 2-19 1H NMR spectrum of G7 after polymerization. 

Figure 2-20 1H NMR spectrum of B6. 
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Figure 2-21 Synthesis and SEC analysis (G7 and B6) of gradient (top) and block (bottom) 

bottlebrush copolymer. Dashed line represents SEC trace of the first block in B6. 

A series of PS-PLA block bottlebrush copolymers (PS-block-PLA) (B1-B7) were also 

synthesized by sequentially polymerizing exo-PLA (2.0 kg/mol) and exo-PS (2.2 kg/mol) with fPS 

values ranging from 0.21 to 0.73 (Figure 2-21). Aliquots were extracted before additions of the 

second macromonomer and immediately quenched with ethyl vinyl ether. SEC analysis of these 

aliquots determined the molecular weights of the first block (dashed SEC trace in Figure 2-21). 

Molar ratios and PS volume fractions were calculated by comparing proton signals from styrene 

and lactic acid repeating units (Ha and Hb in Figure 2-20). The overall molecular weight and 

absolute block lengths were subsequently calculated using information from SEC and 1H NMR 

analysis. B4 is the same sample as P6 in Section 2.4. Molecular characteristics of G1-G14 and 

B1-B7 bottlebrush copolymers are listed in Table 2-3. 
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Table 2-3 Structural Parameters of Gradient and Block Bottlebrush Copolymer 

Polymer fPS
a Nbackbone Mn (kg/mol)b Đc d (nm)d Morphology 

G1 0.26 103 213 1.15 N/A DIS 

G2 0.28 99 205 1.15 23 L 

G3 0.30 108 225 1.18 24 L 

G4 0.38 144 301 1.11 28 M 

G5 0.42 125 262 1.17 28 M 

G6 0.46 127 267 1.19 30 G 

G7 0.46 95 201 1.15 27 G 

G8 0.50 122 257 1.17 29 C 

G9 0.56 125 264 1.15 29 C 

G10 0.59 122 258 1.18 28 C 

G11 0.62 126 268 1.15 29 C 

G12 0.67 119 254 1.13 29 C 

G13 0.69 128 271 1.12 29 C 

G14 0.73 106 227 1.11 N/A DIS 

B1 0.21 89 198 1.12 32 C 

B2 0.28 98 217 1.11 38 L 

B3 0.37 128 267 1.09 38 L 

B4 0.55 136 280 1.19 52 L 

B5 0.61 94 207 1.07 38 L 

B6 0.67 107 235 1.08 41 C 

B7 0.73 120 252 1.08 N/A DIS 

aVolume fraction of PS determined by using the following densities: DPS = 1.04 g/cm3 and DPLA = 1.25 g/cm3. 

bMeasured by SEC-LS. cMeasured by SEC with linear PS calibration. dSpacing obtained from SAXS as d 

= 2π/q*. 
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Melt State Self-assembly 

Polymer samples were pressed into discs and thermally annealed at 180 °C for 20 hours 

for small angle X-ray scattering (SAXS) analysis. Prolonged annealing did not reveal morphology 

change. Morphologies and domain spacings obtained from SAXS analysis were listed in Table 

2-3. The morphology map constructed for PS-block-PLA samples (B1-B7) displayed clear 

transitions from cylindrical microstructures to lamellar to inverted cylindrical as PS volume fraction 

increased (Figure 2-22). The self-assembly behavior of PS-block-PLA copolymers is consistent 

with prior reports on block bottlebrush copolymer self-assemblies as lamellae dominates the 

phase diagram with cylinder only forming under highly asymmetrical composition volume 

fractions.41 

Figure 2-22 (a) Phase diagram of PS-block-PLA copolymers and (b) SAXS profiles of B1-B7. 
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On the other hand, the morphology map for PS-grad-PLA (G1-G14) samples revealed a 

drastically different behavior (Figure 2-23). Lamellar window was significantly reduced as 

compared to block bottlebrush copolymers, with the gradient bottlebrush copolymers showing a 

strong tendency for the formation of cylindrical morphology. Additionally, for the first time, a gyroid 

morphology was observed. The SAXS profile of G1 (fPS=0.26) showed a broad primary peak 

indicative of a weakly ordered system. G2 (fPS=0.28) and G3 (fPS=0.30) exhibited characteristic 

peaks for lamellar morphology at q* and 2q*. Morphologies of G4 (fPS=0.38) and G5 (fPS=0.42) 

could not be unambiguously identified. G4 exhibited two sets of peaks characteristic of a mixed 

morphology of lamellae and gyroid. The SAXS profile of G5 can be indexed assuming lamellar 

morphology with peaks at q* and 2q*. However, distorted primary peak with significant broadening 

likely suggested a mixed morphology. G6 and G7 with fPS=0.46 exhibited well-defined scattering 

pattern of a bicontinuous gyroid morphology confirmed by the presence of scattering maxima at 

√6q*, √8q*, √14q* and √22q*. Unlike isotropic ring-like scattering pattern displayed in 2D 

SAXS profiles by other samples, spot-like reflections displayed by G7 suggested the formation 

large grain sizes. Samples G8-G13, with fPS values spanning between 0.50 and 0.69, assembled 

into hexagonally packed cylinders as evidenced by higher order reflections at √3q* and √7q*. 

G14, fPS=0.73, exhibited a broad primary scattering peak and a weak secondary scattering 

reflection at√3q*, which can be attributed to a disordered cylindrical or spherical morphology. 
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Figure 2-23 Phase diagram and SAXS analysis of PS-grad-PLA copolymers. 

In contrast to the morphology diagram of the analogous block samples, cylindrical 

morphology occupied a significant portion of the morphology diagram for PS-grad-PLA samples, 

spanning from fPS = 0.50 to 0.69. Close examination on SAXS profiles of cylinder-forming samples 

(G8-G13) revealed well-defined reflections of hexagonally packed cylinders together with slight 

differences in secondary scattering peaks (Figure 2-24). At a lower PS content, G8 (fPS = 0.50) 

and G9 (fPS = 0.56) exhibited scattering maxima at q*, 2q*, and √7q*. G10 showed similar 
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scattering but with weaker 2q* peak and an additional peak at √3q*. G11 marked a shift in 

scattering pattern where 2q* disappeared and √3q* became more intense than from G10. G12 

and G13 showed peaks at 1q*, √3q* and √7q*. The change in SAXS scattering profiles is likely 

due to the superposition of the structure factor scattering of hexagonally packed cylinders and the 

form factor scattering of cylinders with changing radii. While samples G8-G13 possessed the 

same morphology and similar domain spacings (~29 nm), they had different PS volume fractions. 

Based on the location of this cylindrical morphology window within the morphology diagram, one 

can deduce that this microstructure is composed of PLA cylinders in a PS matrix. As PS content 

increased, PLA cylinder radius gradually decreased. Consequently, cylinder form factor scattering 

shifts and its minima coincide with structure factor at different q-values which is reflected in the 

overall SAXS profiles with diminishing 2q* peak and emerging √3q* peak. 

Figure 2-24 SAXS profiles of cylinder forming PS-grad-PLA copolymers. 
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More notably, bicontinuous gyroid morphology was observed in a narrow compositional 

window for gradient bottlebrush copolymers (Figure 2-23). To the best of our knowledge, gyroid 

morphology has never been obtained by block bottlebrush copolymer self-assembly. Sample G6, 

exhibiting a gyroid morphology by SAXS, was further examined by scanning electron microscopy 

(SEM). Freshly fractured surface of the SEM sample was lightly etched in alkaline solution to 

improve topographical contrast in SEM. Lightly etched surface of G6 (Figure 2-25a) clearly 

showed the presence of gyroid morphology. Further degradation of G6 resulted in a complete 

removal of the PLA component in 4 hours (Figure 2-25d), indicating that the PLA domains were 

interconnected and accessible even for unaligned sample, consistent with the cubic symmetry 

and continuous nature of the gyroid morphology. SEM image of the fully etched monolith of G6 

(Figure 2-25b) indicated the formation of a highly porous sample, but with the loss of the 

microstructural order upon PLA hydrolysis. 

Figure 2-25 (a) SEM image of G6 surface, (b) SEM image of G6 fractured monolith, NMR analysis 

of G6 before (c) and after (d) PLA degradation. 
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Comparing self-assemblies of PS-grad-PLA copolymers and PS-block-PLA copolymers, 

two sets of samples are of particular interest, G2/B2 and G12/B6. Both sets boast similar fPS 

values and backbone lengths and packed into the same morphology but exhibit drastically 

different domain spacings. G2 and B2 each form lamellar morphologies and have the same fPS 

value of 0.28. With a similar backbone, the gradient sample G2 has a much smaller domain 

spacing (23 nm) than its block counterpart B2 (39 nm). Similar trend was also observed for G12 

and B6. They boast similar molecular characteristics and the same cylindrical morphology yet the 

domain spacing from the gradient sample G12 (29 nm) is significantly smaller than that of B6 (41 

nm). These observations together with completely different phase diagrams for gradient and block 

bottlebrush systems suggest a strong influence of the gradient interface on molecular organization 

and a completely different packing order for gradient bottlebrush copolymers compared to their 

block bottlebrush analogs. 

Figure 2-26 Proposed molecular packing of PS-grad-PLA copolymers. 

The unusual behavior of gradient bottlebrush copolymers can be rationalized by the 

localization of the gradient portion of the polymer at the domain interface (Figure 2-26). We 

hypothesize that PS and PLA side chains from the gradient portion of the bottlebrush copolymer 

arrange on different sides of the backbone to minimize unfavorable segmental interactions. 

Similar orthogonal ordering of side chains relative the backbone have been suggested in the self-

assembly of statistical bottlebrush copolymers.26 The backbone of the gradient portion contouring 
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the domain interface would also help explain the decreased domain spacing compared with the 

block analogs. In essence, the gradient interface does not contribute to the domain spacing upon 

self-assembly and lays parallel to the domain interface. Such localization of gradient interface 

was also observed with polystyrene-polypeptoid linear diblock copolymer, albeit with a much 

smaller effect on the domain spacing.42 

Figure 2-27 (a) Synthesis of PS-(PS-stat-PLA)-PLA triblock bottlebrush copolymer, T1, (b) SEC 

analysis, red curve: first block, blue curve: diblock, black curve: triblock. 

Table 2-4 Molecular Characteristics of T1, B4 and B8. 

Mn 
d (nm)cPolymer fPS

a NPS-segment NPS-stat-PLA NPLA-segment Ntotal 
(kg/mol)b 

T1 0.56 32 63 32 127 262 33 

B4 0.55 66 N/A 70 136 280 52 

B8d 0.49 35 N/A 43 78 187 34 

aVolume fraction of PS determined by using the following densities: DPS = 1.04 g/cm3 and DPLA = 1.25 g/cm3. 

bMeasured by SEC-LS. cSpacing obtained from SAXS as d = 2π/q*; dFrom ref 23. 

To further test our hypothesis, we synthesized polymer T1 by sequentially polymerizing exo-

PLA, equal molar mixture of exo-PLA and exo-PS followed by exo-PS macromonomers. It closely 

mimics the molecular structure of gradient bottlebrush copolymers but with a statistical interface 
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and clear boundaries between PS segment, PS-stat-PLA segment and PLA segment (Figure 

2-27). Sample T1 was subsequently annealed under the same conditions as gradient samples 

and SAXS profile of P1 indicates a sharp primary peak which translates to a domain spacing of 

33 nm. PS-block-PLA sample B4 which shares similar molecular dimensions and fPS values with 

T1 has a much larger domain-spacing of 52 nm. On the other hand, PS-block-PLA sample B8 

reported by Russell et al. had a comparable domain spacing to T1, 33.6 nm, but with a much 

shorter backbone at Ntotal = 78.23 Further comparison revealed that total PS and PLA segment 

lengths (NPS-segment and NPLA-segment) in T1 were closer to that in B8 than B4. In other words, it 

appears that domain spacing in thermally annealed sample T1 is more directly related to PS and 

PLA segment lengths instead of the overall backbone lengths (Ntotal). The near absent influence 

of the middle block on the domain spacing in T1 can only be explained by the orientation of the 

middle block at a very small angle if not parallel relative to the interface. 

2.6 Gradient Bottlebrush Copolymers: Asymmetrical Side Chains 

Bottlebrush block copolymers with asymmetrical side chains have exhibited interesting self-

assembly behavior. The ‘cone’ shaped molecular architecture forces bottlebrush block copolymer 

to adopt a curved interface and produces cylindrical and spherical morphology.43, 44 In this section, 

we attempt to incorporate side chain asymmetries into gradient bottlebrush copolymers and 

investigate their impact on polymer self-assembly behavior in the solid state. 

Figure 2-28 Synthesis of gradient bottlebrush copolymers with asymmetrical side chains. 
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A series of PS-grad-PLA copolymers (GA1-GA7) with fPS ranging from 0.31 to 0.68 were 

synthesized by direct copolymerization of exo-PS (2.1 kg/mol) and endo-PLA (3.7 kg/mol). It is 

worth pointing out that a detailed kinetics study was not performed with this combination of 

macromonomers and reactivity ratios between these two macromonomers are unknown. As a 

result, the formation of a gradient interface cannot be confirmed. It has been reported that 

reactivity decreases with increasing macromonomer molecular weight in ROMP.26 We speculate 

that with a larger molecular weight, (1) endo-PLA (3.7 kg/mol) polymerizes slower than endo-PLA 

(2.1 kg/mol), and (2) copolymerization of exo-PS (2.1 kg/mol) and endo-PLA (3.7 kg/mol) will lead 

to bottlebrush copolymers with a sharper gradient (smaller gradient section) than that in PS-grad-

PLA with shorter PLA side chains (2.1 kg/mol). Aliquots were withdrawn from macromonomer 

mixtures before polymerizations and subjected to 1H NMR analysis for monomer feed ratios and 

PS volume fraction determinations (Figure 2-29). Complete conversion of macromonomers were 

confirmed by the disappearance of the norbornene olefin peaks at 6.25 ppm (exo-norbornene) 

and 6.10 ppm (endo-norbornene) in the 1H NMR spectrum (Figure 2-30). SEC analysis evidenced 

the formation of bottlebrush copolymers with narrow and monomodal molecular weight 

distributions (Figure 2-31). Characterizations of GA1-GA7 are summarized in Table 2-5. 
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Figure 2-29 1H NMR spectrum of macromonomer feed of GA5. 

Figure 2-30 1H NMR spectrum of GA5. 
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Figure 2-31 Synthesis and SEC analysis GA5. 

Table 2-5 Structural Parameters of PS-grad-PLA Copolymers with Asymmetrical Side Chains 

Polymer fPS
a Nbackbone Mn (kg/mol)b Đc d (nm)d Morphology 

GA1 0.31 76 240 1.31 28 L 

GA2 0.34 79 240 1.29 26 L 

GA3 0.40 76 220 1.24 27 L 

GA4 0.43 89 260 1.25 N/A DIS 

GA5 0.52 77 210 1.20 28 C 

GA6 0.60 79 210 1.15 27 C 

GA7 0.68 84 210 1.25 26 C 

aVolume fraction of PS determined by using the following densities: DPS = 1.04 g/cm3 and DPLA 

= 1.25 g/cm3. bMeasured by SEC-LS. cMeasured by SEC with linear PS calibration. dSpacing 
obtained from SAXS as d = 2π/q*. 

Melt State Self-assembly 

Polymer samples were pressed into discs and thermally annealed at 180 °C for 18 hours 

before SAXS analysis, which was used to construct a morphology diagram (Figure 2-31). Two 

morphologies were identified using SAXS analysis, lamellar and cylindrical. SAXS profile of GA1 

showed a broad primary scattering peak suggesting weak ordering and a secondary peak at 2q* 

indicative of a lamellar morphology. GA2 and GA3 both exhibited characteristic scattering peaks 

of lamellae at q* and 2q* but with much sharper primary peaks indicating much better ordering 
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than GA1. GA4 exhibited broad primary peak and did not show secondary reflections preventing 

unambiguous morphology identification. SAXS profile of GA5 displayed scattering peaks at q*, 

√3q* and 2q* suggesting a cylindrical morphology. GA6 packed into cylindrical morphology as 

well with secondary reflections at 2q* and √7q*. GA7 ordered into cylindrical morphology 

evidenced by higher order reflections at √3q* and √7q*. The differences in the scattering pattern 

for cylinder forming samples is likely due to differences in cylinder diameters. Compared to 

symmetric gradient bottlebrush copolymers, for the asymmetric system, the lamellar morphology 

window widened to about 10% (fPS = 0.3-0.4) and moved to the center. As longer PLA side chains 

resulted in a larger cross-sectional area of the PLA block, increased PS volume fractions were 

needed to stabilize the lamellar morphology. As PS content increased, a wide window for the 

cylindrical morphology was observed. 

Figure 2-32 (a) Phase diagram, and (b) SAXS profiles of PS-grad-PLA copolymers with 

asymmetrical side chains (GA1-GA7). 
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2.7 Conclusions 

In summary, we developed a robust, one-step synthetic protocol for the preparation of 

gradient bottlebrush copolymers. The compositional gradient can be readily installed by a simple 

one-shot copolymerization of exo- and endo-capped macromonomers using ROMP. Kinetics 

studies on homopolymerizations of these two types of macromonomers revealed drastic reactivity 

differences. Copolymerization kinetics analysis by NMR spectroscopy confirmed successful 

formation of a gradient interface in PS-PLA and PS-PMMA bottlebrush copolymers. 

Polymer self-assembly studies on PS-PLA gradient bottlebrush copolymers revealed a rich 

morphological diagram and suggested different packing tendencies compared with their block 

analogs. While PS-PLA and other block bottlebrush copolymers have shown a strong preference 

toward flat interfaces and lamella morphologies, PS-PLA gradient bottlebrush copolymers 

exhibited preference for the cylindrical morphology over a wide range of polymer compositions. 

In linear block copolymers, introducing a compositional gradient does not change polymer packing 

behavior. In contrast, it appears that for bottlebrush copolymers, the incorporation of a gradient 

interfaces has a dramatic effect on polymer self-assembly. 

A further investigation of the effect of backbone and side chain asymmetries on melt self-

assembly of gradient bottlebrush copolymers was conducted. A rich morphological behavior was 

observed for bottlebrush copolymers with symmetric side chain lengths, where the composition 

was varied by the number of repeat units in the backbone. Three distinct features were observed: 

(1) lamellar window was very narrow and observed only for PLA-rich polymers, (2) cylindrical 

morphology window was wide, spanning over 20% of polymer composition, and (3) a rare gyroid 

morphology was observed for gradient bottlebrush copolymers with a polystyrene volume fraction 

of 0.46. It appears that a different packing order is taking place for gradient bottlebrush copolymer 

self-assembly. We speculate that upon self-assembly, the gradient portion of the molecule lay 

parallel or at a small angle relative to the domain interface. This study provides a vivid illustration 
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of the dramatic effect of macromolecular architecture on polymer organization and offers a new 

handle to control polymer morphology and properties. The developed one-step synthetic method 

for the fabrication of gradient bottlebrush copolymer is poised to facilitate the synthesis of complex 

polymer architectures. 

2.8 Experimental Section 

Materials and Measurements. Dichloromethane (DCM), toluene, and N,N-dimethylformamide 

(DMF) were purified by a commercial solvent purification system (Innovative). Copper(I) bromide 

(CuBr) was washed with glacial acetic anhydride and ethanol and dried under vacuum. D,L-lactide 

was recrystallized from ethyl acetate. Compounds 245, 346, 447, 547, 647 and the 3nd generation 

Grubbs’ catalyst45 were synthesized following previously reported protocols. All other solvents 

and reagents were purchased from commercial sources and used directly without purification 

unless noted. 1H NMR spectra were recorded with Inova-500 MHz spectrometers and chemical 

shifts were reported in ppm using TMS or deuterated solvents as internal standards (CDCl3, 7.27 

ppm). SEC analysis was performed by using Viscotek’s GPC Max and TDA 302 Tetra detector 

Array system equipped with two PLgel PolyPore columns (Agilent). The detector unit contained 

refractive index, UV, viscosity, low (7°), and right angle light scattering modules. Measurements 

were carried out in tetrahydrofuran as a mobile phase at 30 °C. The system was calibrated with 

10 polystyrene standards with molecular weights ranging from 1.2 × 106 to 500 g/mol. Small angle 

X-ray scattering (SAXS) data for copolymers P2-P7, B1-B7, and G8-G13 (Figure 2-24) were 

collected on a Nanostar U instrument (Bruker-AXS) and for copolymers P1, P5 after alignment 

and degradation, G1-G7, G10, G14 and GA1-GA7 at the 11-BM (CMS) beamline of the National 

Synchrotron Light Source II (NSLS-II) of Brookhaven National Laboratory. The Nanostar U 

instrument was equipped with a Vantec 2000 area detector and a rotating copper anode. The 

CMS beamline was equipped with PILATUS 300K area detector and x-ray energy was set to 
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13.5keV. The sample to detector distance was calibrated with silver behenate for both Nanostar 

U and CMS beamline. Image reduction and conversion to intensity vs scattering vector q was 

performed either on the Bruker AXS instrumental software for Nanostar U or with Saxsgui 

package (saxsgui.com) for the synchrotron data. Transmission electron microscopy images 

where acquired using a JEOL-2200FS EFTEM at 200kV without additional staining of the cryo-

ultramicrotomed samples (-70 ºC; 50-70 nm thickness). Contrast was maximized through zero-

loss filtering using an energy-width of 10 eV. 

Synthesis of PS-Br (7a). Anisole (3.6 mL) and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine 

(PMDETA) (46.8 μL, 0.224 mmol) were mixed and deoxygenated by bubbling with nitrogen. CuBr 

(12 mg, 0.084 mmol) was added to a Schlenk flask equipped with a stir bar. The flask was then 

purged with nitrogen. The catalyst stock solution was made by adding 2.7 mL of deoxygenated 

anisole/PMDETA mixture to the CuBr-containing Schlenk flask. The stock solution was clear and 

light green after stirring for 2 hours. In a separate Schlenk flask equipped with a stir bar, styrene 

(3.4 mL, 30 mmol), ethyl α-bromoisobutyrate (30.1 μL, 0.20 mmol) and 1.4 mL of anisole were 

mixed and degassed by three cycles of freeze-pump-thaw, followed by the addition of 0.3 mL of 

the catalyst stock solution. The reaction was allowed to run at 100 °C for 7 h. The ratios between 

components of the reaction were as following: [initiator]:[CuBr]:[PMDETA]:[styrene] = 

1:0.05:0.1:150. The reaction was quenched by immersing the flask in liquid nitrogen. Reaction 

mixture was passed through neutral alumina and precipitated into methanol. Yield = 750 mg. Mn 

(1H NMR end group analysis) = 2,100 g/mol, Mw/Mn = 1.05 (SEC with linear PS calibration). 

Synthesis of PS-N3 (7). PS-Br (300 mg, 0.1 mmol) and sodium azide (8 mg, 0.12 mmol) was 

dissolved in 3 mL of dry DMF. The solution was allowed to stir at room temperature overnight. 

The product was purified by precipitating into cold methanol 3 times. Complete end-group 

conversion was confirmed by 1H NMR. 

Synthesis of endo-PMMA macromonomer (8). Compound 8 was synthesized following the 

same procedure as stated above (synthesis of 7a) and using 20 mg of the initiator and the 
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following molar ratios between the components: [initiator]:[CuBr]:[PMDETA]:[methyl methacrylate] 

= 1:0.05:0.1:150. The polymerization was allowed to proceed for 12 h at 65 °C. Yield = 200 mg. 

Mn (1H NMR end group analysis) = 2,400 g/mol, Mw/Mn = 1.16 (SEC with linear PS calibration). 

Synthesis of endo/exo-PLA macromonomers (9/10). PLA macromonomers were synthesized 

using ring-opening polymerization (ROP). In a glovebox, initiator (4, 80 mg, 0.38 mmol) and D,L-

lactide (800 mg, 5.55 mmol) were dissolved with DCM in a 20 mL vial. 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU, 9.0 μL, 0.06 mmol) was injected into the vial. The mixture 

was allowed to stir at room temperature for 1 hour before quenching with the addition of benzoic 

acid (40 mg, 0.30 mmol). The product was precipitated into hexanes twice and into 

methanol/water (50/50 by volume) twice. The polymer was dried under vacuum overnight. Yield 

= 750 mg. Mn (1H NMR end group analysis) = 2,100 g/mol, Mw/Mn = 1.19 (SEC with linear PS 

calibration). 

Synthesis of exo-PS macromonomer (11). PS-N3 (7, 220 mg, 0.10 mmol) was dissolved with 1 

mL of THF in a Schlenk flask equipped with a stir bar. A stock solution (100 mg/mL) of 6 was 

made using THF. 0.3 mL (6, 30 mg, 0.11 mmol) of the stock solution was withdrawn and added 

to the Schlenk flask. The reaction mixture was subject to three cycles of freeze-pump-thaw and 

back-filled with nitrogen. In a separate vial, 6 mL THF and 52 μL PMDETA was mixed and 

deoxygenated by bubbling with nitrogen. CuBr (8 mg, 0.06 mmol) was added to a second Schlenk 

flask equipped with a stir bar. The flask was purged with nitrogen before the addition of 1.4 mL 

deoxygenated THF/PMDETA mixture. The stock solution was allowed to stir for 30 minutes. 0.3 

mL of the stock solution was then withdrawn and added to the polymer solution. The reaction was 

allowed to stir at 50 °C overnight. The product was passed through neutral alumina and 

precipitated into methanol three times. The polymer was dried under vacuum overnight. Complete 

conversion of the end group was observed by 1H NMR. 

Gradient bottlebrush block copolymer synthesis. In a 1-dram vial, desired molar amounts of 

exo- and endo-capped macromonomers were dissolved in degassed, anhydrous DCM in a glove 
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box under argon. PS-grad-PLA polymers were synthesized at [M]0 = 0.025 M and PS-grad-PMMA 

was prepared at [M]0 = 0.05 M. In a separate vial, 3rd 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. Kinetic studies were carried out by withdrawing 

aliquots at predetermined intervals. Each aliquot was quenched immediately by the addition of 

ethyl vinyl ether. 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 methanol and dried in vacuo. Homopolymerization kinetics for each macromonomer were 

determined under the same concentration as stated above. 

Synthesis of PS-block-PLA. In a glove box, exo-PLA (10, 20 mg, 0.10 mmol) was dissolved with 

50 μL dry DCM in a 1-dram vial equipped with a stir bar. Exo-PS (11, 20 mg, 0.10 mmol) was 

dissolved with 170 μL dry DCM in a separate vial. A catalyst stock solution (1 mg/mL) was made 

by dissolving modified 2nd generation Grubbs’ catalyst in dry DCM. Polymerization was initiated 

by adding100 μL catalyst stock solution to the exo-PLA solution. The reaction was allowed to run 

for 45 min before a 10 μL aliquot was withdrawn. The aliquot was immediately quenched by ethyl 

vinyl ether. 150 μL exo-PS solution was then added to the reaction. The polymerization was 

allowed to run for another 60 min before quenching with ethyl vinyl ether. The product was 

precipitated into methanol. Mn = 2.8 × 105 g/mol (SEC equipped with light scattering detector), 

Mw/Mn = 1.19 (SEC with linear PS calibration). 

Synthesis of PS-stat-PLA. In a glove box, exo-PLA (10’, 24 mg, 0.10 mmol) and exo-PS (11, 

20 mg, 0.10 mmol) was mixed and dissolved with 100 μL dry DCM in a 1-dram vial equipped with 

a stir bar. A catalyst stock solution (1 mg/mL) was made by dissolving modified 2nd generation 

Grubbs’ catalyst in dry DCM. Polymerization was initiated by adding100 μL catalyst stock solution 

to the macromonomer solution. The reaction was allowed to run for 45 min before quenching with 

ethyl vinyl ether. The product was precipitated into methanol. Mn = 3.1 × 105 g/mol (SEC equipped 

with light scattering detector), Mw/Mn = 1.08 (SEC with linear PS calibration). 
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Morphology alignment. Copolymer P3 was shear aligned using a home-built channel die 5 mm 

wide and 6 cm long. The sample was thermally annealed at 180 °C for 20 hours. It was then 

placed at the center of the channel die and staged on a hydraulic press with digitally controlled 

heating platens. The channel die was heated to 150 °C before pressure was slowly applied. The 

polymer was forced to flow towards the ends of the channel die. After released from the load and 

cooled to room temperature, the resulting piece was measured to be approximately 0.5 mm thick. 

Alignment was confirmed by 2D SAXS. 

PLA etching. A 0.5 M solution was prepared by dissolving 0.1 g of sodium hydroxide in 5 mL of 

methanol/water mixture (50/50 by volume). Polymer sample was submerged in the degradation 

solution and left undisturbed at 50 °C. After 4 hours, the sample was removed from the solution, 

washed with water and methanol and dried under vacuum overnight. The degree of PLA 

degradation was obtained by 1H NMR analysis. 
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Chaper 3. Guiding Bottlebrush Copolymer Self-assembly with Novel Architectural 

Design: Block-statistical Hybrid and Multiblock Bottlebrush Copolymers 

3.1 Introduction 

The advent of ruthenium based Grubbs’ catalyst revolutionized bottlebrush copolymer 

synthesis enabling efficient ‘grafting-through’ preparation of bottlebrush copolymers with different 

types of side chain arrangements. Variations in side chain arrangements in bottlebrush 

copolymers have led to unprecedented control over polymer self-assembly behavior. Among the 

many bottlebrush architectures, diblock bottlebrush copolymers have been the mainstay of 

polymer self-assembly studies. In the solid state, diblock bottlebrush copolymers enjoy fast 

assembly kinetics and provide access to materials with large domain spacing nanostructures.1, 2 

In thin films, diblock bottlebrush copolymers have shown remarkable ability to order with large 

domain spacings and uniform morphology orientations.3 Significant efforts have been directed 

towards further guiding bottlebrush block copolymer self-assembly with novel molecular design. 

In this chapter, we show the synthesis of 1) multicomponent block-statistical hybrid bottlebrush 

copolymer and 2) multiblock bottlebrush copolymers and investigate their melt-state self-

assembly behavior. 

Bottlebrush copolymers comprised of three or more types of side chains have been 

previously synthesized through ‘grafting-from’4 and ‘grafting-through’5, 6 strategies. Side chains 

have been largely confined to blocky arrangements and their parent bottlebrush polymers are 

usually termed ABC triblock bottlebrush copolymer. ‘Grafting-from’ synthesis of PLA-PMMA-PS 

triblock bottlebrush copolymers was reported by Rzayev and co-workers.4 Laborious synthetic 

procedures were required as multiple protection-deprotection steps were involved. Self-assembly 

studies in the solid state on this polymer revealed lamellae formation, and it appeared there was 

significant mixing between PS and PMMA blocks (Figure 3-1a). In essence, this particular triblock 

bottlebrush copolymer behaved like a diblock bottlebrush copolymer. On the other hand, ‘grafting-
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through’ synthesis of ABC triblock copolymers proved to be much more efficient. Three different 

macromonomers were prepared and characterized separately before sequentially polymerized 

using ROMP to produce triblock bottlebrush copolymers. PLA-PS-PEO triblock bottlebrush 

copolymer produced in this fashion exhibited lamellar formation with layers of different 

thicknesses (Figure 3-1b).5 In this section, we describe the synthesis of a block/statistical hybrid 

bottlebrush copolymer and show that polymer self-assembly behavior can be controlled through 

novel molecular design. 

Figure 3-1 Self-assembly of (a) PLA-PMMA-PS4, and (b) PLA-PS-PEO5 triblock bottlebrush 

copolymers. 

In bottlebrush block copolymer thin film self-assembly, owing to the persistent shape and 

low entanglement density, morphologies are usually orientated uniformly. PS-PLA bottlebrush 

copolymer have been shown to orient normal to silica substrate producing lamellar nanostructures 

perpendicular to the surface (Figure 3-2a).3 On the other hand, PS-PEO bottlebrush copolymers 

orientated perpendicular relative to the substrate creating lamellar morphology parallel to the 
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surface due to the preferential interaction between the PEO block and the substrate (Figure 

3-2b).7 One prominent strategy to modulate morphology orientation has been through local 

confinement. The simplest form of confinement is the film thickness dimension.8 In the case of 

bottlebrush block copolymer thin film assembly, morphology can potentially be forced to orient 

perpendicularly to the surface if film thickness is less than morphology domain spacing. However, 

small domain spacing morphology poses significant challenge in thin film processing as the 

threshold under which morphology can be forced to orient perpendicularly to the surface is further 

reduced. In other words, film thickness needs to be less than the already very small domain 

spacing in order to have preferred morphology orientation. We hypothesize that the 

aforementioned challenge could be addressed by increasing the number of blocks in the block 

bottlebrush copolymers, and thereby broaden the window in which morphology adopts the 

preferred orientation. 

Figure 3-2 Thin film self-assembly of (a) PS-PLA3 and (b) PS-PEO7 diblock bottlebrush copolymer. 
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3.2 Block-Statistical Hybrid Bottlebrush Copolymer 

Poly(lactic acid)-poly(n-butyl acrylate) (PLA-PnBA) statistical bottlebrush copolymers with 

side chain molecular weights above 4 kg/mol have been shown to self-assemble into lamellar 

morphology by orthogonally placing PnBA and PLA side chains on each side of the backbone 

(Figure 3-3).9 On the other hand, PS-PLA block bottlebrush copolymers ordered into lamellar 

morphology with block junctures acting as domain interfaces (Figure 3-3).1, 2 We contend that a 

block-statistical hybrid bottlebrush copolymer comprised of a block with statistical arrangement of 

PLA and PnBA side chains and a block with exclusively PS side chains (PLA/PnBA-PS 

bottlebrush copolymer) will undergo self-assembly in the solid state and produce hierarchical 

lamellae morphology with two distinct domain spacings (Figure 3-4). 

Figure 3-3 Self-assembly of block and statistical bottlebrush copolymers.9 

Figure 3-4 Proposed self-assembly of block-statistical hybrid bottlebrush copolymer. 

70 

https://pubs.acs.org/action/showImage?doi=10.1021/ja908379q&iName=master.img-006.jpg&type=master


 
 

   

       

         

        

         

          

            

         

            

        

 

 

         

 

Macromonomer Synthesis 

Br-terminated PS (4, Scheme 3-2) and PnBA (7, Scheme 3-3) precursors were 

synthesized using Cu-catalyzed ATRP. Bromide chain ends were subsequently converted to 

azide functionalities. PnBA and PS macromonomers (exo-PnBA and exo-PS) were synthesized 

by conjugating azide-functionalized PnBA (8, Scheme 3-3) and PS chains (5, Scheme 3-2) with 

alkyne functionalized exo-norbornene derivative (3, Scheme 3-1). PS molecular weight (4.0 

kg/mol) was determined by comparing signals from terminal benzyl proton (Ha, Figure 3-5) and 

phenyl protons from styrene repeating units (Hb, Figure 3-5) using 1H NMR spectroscopy. 

Complete conversion of the Br chain ends to the azide chain ends was confirmed by the upfield 

shift of the terminal benzyl proton (Ha, Figure 3-6). 

Scheme 3-1 Synthesis of hydroxyl (2) and alkyne (3) functionalized exo-norbornene. 
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Scheme 3-2 Synthesis of exo-PS (6). 

Scheme 3-3 Synthesis of exo-PnBA (9). 

Scheme 3-4 Synthesis of exo-PLA (10). 
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Figure 3-5 1H NMR spectrum of PS-Br (4). 

Figure 3-6 1H NMR spectrum of PS-N3 (5). 
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Figure 3-7 1H NMR spectrum of exo-PS (6). 

PnBA molecular weight (4.5 kg/mol) was determined using 1H NMR spectroscopy by 

comparing integrations of the proton peak from the ATRP initiator (Ha, Figure 3-8) and proton 

signal stemming from the methylene unit of the pendant ester groups (Hb, Figure 3-8). Full 

conversion from Br-terminated PnBA to azide-terminated PnBA chains could not be confirmed by 

1H NMR spectroscopy analysis because the PnBA end group proton signal was not resolved from 

the PnBA pendant ester methylene peaks. However, the molecular weight determined using 

peaks from the norbornene olefin protons (Ha, Figure 3-9) and the ATRP initiator methyl protons 

(Ha, Figure 3-8) were in good agreement suggesting quantitative conversion of Br chain ends and 

efficient CuAAC ‘click’ coupling. 
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Figure 3-8 1H NMR spectrum of PnBA-Br (7). 

Figure 3-9 1H NMR spectrum of exo-PnBA (9). 
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PLA macromonomer (exo-PLA, 10, Scheme 3-5) was prepared by direct ring-opening 

polymerization from hydroxyl group functionalized exo-norbornene (2, Scheme 3-1). PLA 

molecular weight (4.5 kg/mol) was determined by comparing proton signals from the norbornene 

olefin (Ha, Figure 3-10) and methine group of the lactic acid repeating units (Hb, Figure 3-10). 

Figure 3-10 1H NMR spectrum of exo-PLA (10). 
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Bottlebrush Copolymer Synthesis 

Scheme 3-5 ‘Grafting-through’ synthesis of PLA/PnBA-PS bottlebrush copolymer. 

PLA/PnBA-PS bottlebrush copolymers were synthesized by sequentially polymerizing a 

mixture of exo-PnBA and exo-PLA macromonomers followed by exo-PS macromonomer. 

Aliquots were withdrawn before additions of exo-PS and immediately quenched by ethyl vinyl 

ether and later characterized with size exclusion chromatography (SEC) equipped with a light 

scattering detector. Molar ratios between PLA, PnBA and PS side chains (n:m:k, Scheme 3-5) 

were calculated by comparing integrations of proton signals stemming from respective side chain 

repeating units using 1H NMR (Figure 3-12 and Figure 3-13). Molecular weights of block-statistical 

hybrid bottlebrush copolymers were calculated from data obtained from SEC and 1H NMR 

spectroscopy analyses. First, the absolute molecular weight of the first block (PLA/PnBA block) 

was determined by SEC-LS analysis of the aliquots withdrawn (Figure 3-11). Absolute values of 

n, m and k were subsequently calculated based on molar ratios determined from 1H NMR 

spectroscopy analysis. SEC analysis evidenced formations of bottlebrush copolymers with narrow 

and monomodal molecular weight distributions. Minimal unreacted macromonomers were 

observed in SEC chromatograms. Molecular characteristics of the synthesized PLA/PnBA-PS 

bottlebrush copolymers are summarized in Table 3-1. 
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Table 3-1 Structural Parameters of PLA/PnBA-PS Bottlebrush Copolymers 

PLA PnBA PS 
Polymer n m k 

Mn (g/mol) Mn (g/mol) Mn (g/mol) 

P1 4500 4500 4000 7 8 14 

P2 4500 4500 4000 17 16 32 

Figure 3-11 SEC analysis of P1 and P2. Blue traces: first block, red traces: final product. 

Figure 3-12 1H NMR spectrum of P1. 
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Figure 3-13 1H NMR spectrum of P2. 

Melt-state Self-assembly 

Polymer samples were pressed into discs and thermally annealed at 180 °C for 20 hours. 

SAXS profile of P1 showed a broad primary scattering peak indicative of the absence of long 

range order (Figure 3-14a). This could be attributed to the relative short backbone. On the other 

hand, SAXS analysis of P2 with a longer backbone compared with P1 revealed scattering pattern 

of a hierarchical lamellar morphology with two distinct domain spacings (d1 = 43.6 nm and d2 = 

16.4 nm) (Figure 3-14c). The larger domain spacing, d1, corresponds to the phase separation 

between PS block and PLA/PnBA block while the smaller domain spacing, d2, reflects the phase 

separation between statistically distributed PLA and PnBA side chains. This phenomenon partly 

confirms our hypothesis in which two distinctive lamellae would form upon self-assembly, however 

orientations of the two lamellae relative to each other remain elusive. 

As pressed sample P2 appeared to be relatively well oriented with a two-spot 2D SAXS 

pattern indicating uniform orientation of the larger lamellar morphology (Figure 3-14c). In our 

hypothesis, the smaller lamellae would be orientated perpendicularly relative to the larger lamella 
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(Figure 3-14b). This would, in theory, result in another two-spot pattern perpendicular to the 

observed two spots in 2D SAXS (dashed circle in Figure 3-14b). However, a second set of two 

spots was observed normal to the original spots suggesting that the smaller lamella oriented 

parallel to the larger domain spacing (solid circle in Figure 3-14b). We then proceeded to shear 

align P2 in a channel-die in an attempt to improve morphology orientation. Unfortunately, while 

the orientation of the larger lamellar significantly improved, the morphology representing the 

smaller domain spacing exhibited poor alignment and prohibited unambiguous identification of 

sample microstructure (Figure 3-14d). 

Figure 3-14 SAXS analysis of a) P1, c) P2, and d) P2 after alignment, b) proposed molecular 

packing. Solid circle: experimentally observed spots, dashed circle: theoretically proposed spots. 
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Conclusion 

PLA/PnBA-PS statistical-block hybrid bottlebrush copolymers were synthesized and 

preliminary self-assembly studies revealed the formation of a hierarchical lamellar morphology 

with two distinct domain spacings. The larger domain spacing reflects the phase separation 

between PLA/PnBA block and PS block, while the smaller domain spacing reflects the phase 

separation with the PLA/PnBA block between statistically distributed PLA and PnBA side chains. 

Though orientations of the two lamellae remain elusive, this novel bottlebrush copolymer system 

underlines the importance of architectural design of bottlebrush copolymers, and opens potential 

avenues for self-assembly manipulation of synthetic macromolecules. 

3.3 Multiblock Bottlebrush Copolymer 

The primary aim of this project is to guide polymer thin film assembly with multiblock 

bottlebrush copolymer architecture. As stated in Section 3.1, in AB diblock bottlebrush copolymer 

thin-film self-assembly, there can be two different morphology orientation, either parallel or 

perpendicular to the substrate surface. Under parallel morphology orientation, bottlebrush 

molecules align vertically along the substrate. Under perpendicular morphology orientation, 

bottlebrush molecules lay horizontally relative to the substrate. When film thickness is not 

sufficient for bottlebrush molecules to align vertically, these molecules are forced to lay 

horizontally relative to the surface giving rise to perpendicularly oriented morphology, which is 

desirable for a number of applications. The thickness threshold is determined by the morphology 

domain spacing. In the case of small domain spacing morphology, processing of the thin film 

becomes challenging as film thickness needs to be smaller than the already small domain spacing. 

We contend that by increasing the number of blocks in a bottlebrush block copolymer, the 

threshold under which morphology orients perpendicularly can be significantly increased (Figure 

3-15). 
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Figure 3-15 Thin film self-assembly of a) diblock and b) hexablock bottlebrush copolymer. 

Macromonomer Synthesis 

Poly(styrene) (PS) and poly(solketal methacrylate) (PSM) macromonomers were selected 

for bottlebrush copolymer synthesis due to (1) well-established understanding on polymer-

polymer interactions between PS and PSM10 and (2) the ability of converting PSM to poly(glycerol 

methacrylate) (PGM) to increase block immiscibility.11 Synthesis of the PS macromonomer (exo-

PS, 13) was described in Section 2.1. Molecular weight of exo-PS was determined to be 2.1 

kg/mol. 

Scheme 3-6 Synthesis of exo-PSM. 
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PSM macromonomer (exo-PSM) (4) was synthesized by direct polymerization of solketal 

methacrylate from norbornene functionalized initiator (3) using ATRP (Scheme 3-6). Cu(I) loading 

was intentionally kept low in order to maximize chain end retention and avoid bimolecular 

termination. Molecular weight (2.2 kg/mol) was calculated by comparing integrations of signals 

stemming from the norbornene olefin protons (Ha, Figure 3-16) and solketal methacrylate 

repeating units (Hb, Figure 3-16) using in the 1H NMR spectrum. 

Figure 3-16 1H NMR of exo-PSM (4). 
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Bottlebrush Copolymer Synthesis 

Scheme 3-7 Synthesis of multiblock PS-PSM bottlebrush copolymer. 

Multiblock PS-PSM bottlebrush copolymers were synthesized by sequentially polymerizing 

exo-PS and exo-PSM macromonomer using ROMP (Scheme 3-7). Aliquots were extracted before 

each macromonomer addition and immediately quenched by adding excess amount of ethyl vinyl 

ether. Each aliquot was subjected to SEC and 1H NMR analysis. Molecular weight of the first 

block was determined by SEC equipped with a light scattering detector (dn/dc = 0.185). Molar 

ratios between blocks were calculated from the 1H NMR analysis (Figure 3-18 and Figure 3-19). 

Absolute block lengths (n1, n2, n3 etc.) were subsequently calculated based on the molecular 

weight of the first block and molar ratios between each block. Tetrablock and hexablock PS-PSM 

bottlebrush copolymers were synthesized and characterized following aforementioned methods. 

SEC chromatograms revealed the formation of bottlebrush copolymers with narrow and 

84 



 
 

      

      

         

         

      

 

         

 
 

  

 

  

  

           

         

         

 

 

 

           

monomodal molecular weight distributions and minimal unreacted macromonomers. Complete 

reinitiations of active bottlebrush polymer chains were observed after each addition of 

macromonomers as peaks in SEC chromatograms shifted toward lower elution volumes in their 

entirety with no distortion in peak shape (Figure 3-17). Molecular characteristics of tetra- and 

hexa-block PS-PSM bottlebrush copolymers are summarized in Table 3-2. 

Table 3-2 Structural Parameters of Tetra and Hexablock PS-PSM Bottlebrush Copolymer 

PS PSM Block Length 
Polymer 

Mn (g/mol) Mn (g/mol) n1 n2 n3 n4 n5 n6 

Tetrablock 2100 2200 8 15 16 8 N/A N/A 

Hexablock 2100 2200 6 12 12 15 16 8 

Figure 3-17 SEC analysis of (a) tetrablock and b) hexablock PS-PSM bottlebrush copolymers. 
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Figure 3-18 1H NMR spectra of aliquots taken during the synthesis of PS-PSM-PS-PSM 

tetrablock bottlebrush copolymer. 

Figure 3-19 1H NMR spectra of aliquots taken during the synthesis of PS-PSM-PS-PSM-PS-PSM 

hexablock bottlebrush copolymer. 
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Melt State Self-assembly 

Polymer samples were pressed into discs and thermally annealed at 180 °C for 20 hours. 

SAXS analysis of as pressed samples revealed that both tetrablock and hexablock PS-PSM 

bottlebrush copolymers remained disordered as broad primary peaks were observed (Figure 

3-20). The lack of ordering for both tetrablock and hexablock bottlebrush copolymers can be 

attributed to (1) relatively short block lengths (N) and (2) small Flory-Huggins polymer interaction 

parameter between PS and PSM blocks (χ = 0.035) which suggests low enthalpic penalty for 

phase mixing.10 In order to drive polymer self-assembly towards ordered nanostructure, both 

samples were subsequently exposed to trifluoroacetic acid (TFA) vapor in an attempt to increase 

χ between constituent blocks. It has been shown that PSM groups in a PS-PSM linear diblock 

copolymers can be efficiently converted to poly(glycerol methacrylate) (PGM) via exposure to TFA 

vapor. The Flory-Huggins polymer interaction parameter between PS and PGM blocks has been 

determined to be ~0.40, which is significantly higher than that between PS and PSM. The 

increased immiscibility between PS and PGM blocks should, in turn, drive block copolymers 

towards ordered nanostructure. After exposing to TFA vapor, both tetrablock and hexablock 

samples were pressed into discs and thermally annealed. SAXS profiles of samples after TFA 

exposure displayed well-defined scattering pattern of a lamellar morphology. Domain spacings 

calculated for tetrablock and hexablock samples were 15.7 nm and 14.6 nm, respectively. The 

fact that these two polymers exhibited similar domain spacings despite their significantly different 

molecular weights and overall backbone lengths suggests that lamellar pitch sizes are determined 

by the dimensions of individual blocks and not overall polymer chains. Future self-assembly 

studies of these polymers in thin films will reveal the effect of multiblock architecture on 

morphological orientation. 
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Figure 3-20 SAXS profiles of a) tetra and b) hexablock PS-PSM bottlebrush copolymer. 

Conclusion 

Tetra- and hexa-block PS-PSM bottlebrush copolymers were synthesized by sequentially 

polymerizing PS and PSM macromonomers. Bottlebrush block copolymers produced exhibited 

narrow and monomodal molecular weight distributions. Self-assembly of these two polymers did 

not display ordered morphology. After converting PSM contents to PGM via TFA vapor exposure, 

both polymer samples ordered into lamellar morphology. Studies performed on melt-state self-

assembly behavior should provide meaningful guidance for the investigations on thin film 

assembly behavior of PS-PSM multiblock bottlebrush copolymers. 
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3.4 Experimental 

Materials and Measurements. Dichloromethane (DCM), toluene, and N,N-dimethylformamide 

(DMF) were purified by a commercial solvent purification system (Innovative). Copper(I) bromide 

(CuBr) was washed with glacial acetic anhydride and ethanol and dried under vacuum. D,L-lactide 

was recrystallized from ethyl acetate. Synthesis of 1-6, 10, 11 and 13 were described in the 

previous section. Exo-PnBA (9)9 and solketal methacrylate12 were synthesized following 

previously reported procedures. All other solvents and reagents were purchased from commercial 

sources and used directly without purification unless noted. 1H NMR spectra were recorded with 

Inova-500 MHz spectrometers and chemical shifts were reported in ppm using TMS or deuterated 

solvents as internal standards (CDCl3, 7.27 ppm). SEC analysis was performed by using 

Viscotek’s GPC Max and TDA 302 Tetra detector Array system equipped with two PLgel PolyPore 

columns (Agilent). The detector unit contained refractive index, UV, viscosity, low (7°), and right 

angle light scattering modules. Measurements were carried out in tetrahydrofuran as a mobile 

phase at 30 °C. The system was calibrated with 10 polystyrene standards with molecular weights 

ranging from 1.2 × 106 to 500 g/mol. Small angle X-ray scattering (SAXS) data were collected at 

the 11-BM (CMS) beamline of the National Synchrotron Light Source II (NSLS-II) of Brookhaven 

National Laboratory. The Nanostar U instrument was equipped with a Vantec 2000 area detector 

and a rotating copper anode. The CMS beamline was equipped with PILATUS 300K area detector 

and X-ray energy was set to 13.5keV. The sample to detector distance was calibrated with silver 

behenate for both Nanostar U and CMS beamline. Image reduction and conversion to intensity 

vs scattering vector q was performed either on the Bruker AXS instrumental software for Nanostar 

U or with Saxsgui package (saxsgui.com) for the synchrotron data. 

Synthesis of PnBA-Br (7). Anisole (3.6 mL) and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine 

(PMDETA) (46.8 μL, 0.224 mmol) were mixed and deoxygenated by bubbling with nitrogen. CuBr 
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(12 mg, 0.084 mmol) was added to a Schlenk flask equipped with a stir bar. The flask was then 

purged with nitrogen. The catalyst stock solution was made by adding 2.7 mL of deoxygenated 

anisole/PMDETA mixture to the CuBr-containing Schlenk flask. The stock solution was clear and 

light green after stirring for 2 hours. In a separate Schlenk flask equipped with a stir bar, n-butyl 

acrylate (2.9 mL, 20 mmol), ethyl α-bromoisobutyrate (30.1 μL, 0.20 mmol) and 1.4 mL of anisole 

were mixed and degassed by three cycles of freeze-pump-thaw, followed by the addition of 0.3 

mL of the catalyst stock solution. The reaction was allowed to run at 65 °C for 20 h. The ratios 

between components of the reaction were as following: [initiator]:[CuBr]:[PMDETA]:[n-butyl 

acrylate] = 1:0.05:0.1:100. The reaction was quenched by immersing the flask in liquid nitrogen. 

Reaction mixture was passed through neutral alumina and precipitated into cold 20% H2O/MeOH 

twice. Yield = 1.2 g. Mn (1H NMR end group analysis) = 4,500 g/mol, Mw/Mn = 1.13 (SEC with 

linear PS calibration). 

Synthesis of PnBA-N3 (8). PnBA-Br (300 mg, 0.07 mmol) and sodium azide (8 mg, 0.12 mmol) 

was dissolved in 3 mL of dry DMF. The solution was allowed to stir at room temperature overnight. 

The product was purified by precipitating into cold 20% H2O/MeOH 3 times. 

Synthesis of exo-PSM (7). Anisole (3.6 mL) and N,N,N′,N′′,N′′-pentamethyldiethylenetriamine 

(PMDETA) (46.8 μL, 0.224 mmol) were mixed and deoxygenated by bubbling with nitrogen. CuBr 

(12 mg, 0.084 mmol) was added to a Schlenk flask equipped with a stir bar. The flask was then 

purged with nitrogen. The catalyst stock solution was made by adding 2.7 mL of deoxygenated 

anisole/PMDETA mixture to the CuBr-containing Schlenk flask. The stock solution was clear and 

light green after stirring for 2 hours. In a separate Schlenk flask equipped with a stir bar, solketal 

methacrylate (0.68 mL, 3.92 mmol), 11 (40 mg, 0.11 mmol) and 0.6 mL of anisole were mixed 

and degassed by three cycles of freeze-pump-thaw, followed by the addition of 0.2 mL of the 

catalyst stock solution. The reaction was allowed to run at 100 °C for 7 min. The ratios between 

components of the reaction were as following: [initiator]:[CuBr]:[PMDETA]:[solketal methacrylate] 

= 1:0.05:0.1:35. The reaction was quenched by immersing the flask in liquid nitrogen. 
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Subsequently, the reaction mixture was passed through neutral alumina and precipitated into cold 

petroleum ether. Yield = 150 mg. Mn (1H NMR end group analysis) = 2,200 g/mol, Mw/Mn = 1.30 

(SEC with linear PS calibration). 

General procedure for PLA/PnBA-PS bottlebrush copolymer synthesis. Exo-PnBA, 9 (30 

mg, 0.007 mmol) and exo-PLA, 10 (30 mg, 0.007 mmol) were weighed into a one-dram vial 

equipped with a stir bar in glove box. In a separate vial, exo-PS, 8 (50 mg, 0.012 mmol) was 

dissolved in 60 µL of dichloromethane. The catalyst stock solution was prepared by dissolving 3rd 

generation Grubbs’ catalyst (5 mg, 0.007 mmol) was in 2.5 mL of dichloromethane. A desired 

amount of the catalyst stock solution was subsequently added to the exo-PnBA/exo-PLA mixture 

to initiate polymerization. The reaction was allowed to run for 30 mins. A 50 µL aliquot was 

withdrawn from the reaction mixture and quenched with ethyl vinyl ether. Exo-PS solution, 50 µL 

was then added to the reaction mixture. The reaction was allowed to run for 1 h before termination 

with ethyl vinyl ether. 

General procedure for multiblock PS-PSM bottlebrush copolymer synthesis. Two sets of 

exo-PS solution were prepared, one for polymerization of the first block and the other for later 

macromonomer additions. Exo-PSM solution was also prepared. The catalyst solution was 

prepared by dissolving 3rd generation Grubbs’ catalyst in dichloromethane. A desired amount of 

the catalyst solution was added to exo-PS solution to initiate polymerization. Before each 

macromonomer addition, the reaction was allowed to run for 30 min, and a 50 µL aliquot was 

withdrawn. Exo-PS and exo-PSM macromonomer solutions were added in alternating fashion to 

produce multiblock PS-PSM bottlebrush copolymers. 
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Chaper 4. ‘Grafting-from’ Synthesis and Cross-linking of End-reactive ABA Triblock 

Bottlebrush Copolymers 

4.1 Introduction 

Porous materials have received increased attention in recent years due to their unique 

capability of offering high surface area and well-defined porosity.1, 2 Extensive applications of 

porous materials are seen in different areas including catalysis, adsorption and sensing.1 Porous 

polymers provide a perfect blend of the advantages of traditional porous materials and high 

processability of polymers as well as diverse synthetic routes. 

Figure 4-1 Illustration of Porous Polymer Structure2 

Pore size, pore geometry, pore surface and framework structure of porous polymers are 

important when evaluating porous polymers (Figure 4-1) Porous polymers with pore size smaller 

than 2 nm are defined as microporous polymers, pore size in the range of 2-50 nm as mesoporous 

polymers and pore size larger than 50 nm as macroporous polymers.2 Porous polymers may 

display different geometries including spherical, tubular and network type morphologies. In 
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addition to size and geometry, pore surface and framework structure are also important 

parameters to consider when addressing application specific needs. 

Several methodologies have been developed for preparing porous polymers including 

direct templating1, 3, 4, block-copolymer self-assembly5, 6, and direct synthesis7, 8. Direct templating 

method generates porous structure within a predesigned mold. The resulting material follows the 

morphology of the template. For example, Yang and coworkers prepared inverse-opal interlocked 

structure by using silica opal template functionalized with atom-transfer radical polymerization 

(ATRP) initiator.3 Polystyrene was grown on the surface via ATRP. Inverse-opal interlocked 

network was generated upon removal of the silica template (Figure 4-2) Self-assembly of block-

copolymers relies on chemical incompatibilities between the building blocks.5 Porous polymers 

can either be formed with the self-assembled block copolymer as a template9 or as the source of 

the framework (Figure 4-3)6, 10 However, both of the methods mentioned above require sacrificial 

components which make scaled-up production difficult. In addition, neither method has the 

capability of producing microporous materials due to their inherent characteristics. Direct 

synthesis of porous polymers provides a great solution to both problems. Direct synthesis of 

porous polymers can be divided into two categories. One of them relies on pores generated from 

highly cross-linked polymer chains or pores that come from insufficient-packing between highly 

rigid and contorted polymer chains. The other method requires reaction-induced phase separation 

in which 3D polymeric gel network gradually form during the process of polymerization. In this 

work, we will be developing a new method to directly synthesize well-defined porous materials 

with tunable pore sizes by utilizing ABA type triblock copolymers with bottlebrush architecture. 
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Figure 4-2 Synthesis of porous structure using silica template3 

Figure 4-3 Self-Assembly of diblock copolymer and the etching process2 

Polymer Gels 

According to IUPAC, gels are defined as “nonfluid colloidal network or polymer network that 

is expanded throughout its whole volume by a fluid”.11 More specifically, a polymer gel is a 

polymer-solvent system that consists of a three dimensional network with the capability of 

retaining a large amount of solvent, typically in the range of tens to thousands of times of the 

weight of the polymer itself.12 

Gels might be chemically stable or might be degradable depending on how the networks 

are held together. Physical gels, also known as reversible gels, are held together by molecular 

entanglements and/or secondary forces that include ionic, hydrogen bonding or hydrophobic 

interactions. Chemical gels, on the other hand, are covalently cross-linked. 
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There are a few different types of polymer gels, including hydrogels, organogels, xerogels 

and aerogels. Hydrogels are based on hydrophilic polymer networks that can absorb water up to 

thousands of times of their dry weight.13 Xerogel refers to the network that remains after the 

removal of the liquid phase.14 Aerogel is a type of gel in which the liquid phase is replaced with 

gas.14 While xerogels usually result from solvent evaporation of wet gels, aerogels are typically 

prepared from wet gels by supercritical drying. They possess extremely high surface area, low 

thermal conductivity and high acoustic attenuation. This is largely due to the minimized network 

shrinkage and the retention of the porous texture which they had in the wet stage.15 Among many 

different types of aerogels are silica aerogels which have seen wide spread use in specialized 

environment. However, applications have been limited due to their fragility, silica particle shedding 

and capillary-forces-induced structural collapse upon moisture absorption.15 By utilizing an 

exclusively polymeric framework, more robust aerogels have been prepared.16-18 

Many different types of macromolecular structures can be used to construct polymer gels, 

including linear homopolymers, linear copolymers, and block or graft copolymers. In this report, 

we will be focusing on utilizing graft copolymers for constructing polymer gels.13 

Hydrogels 

Hydrogels are highly hydrated networks comprised of hydrophilic polymers. Due to their 

inherent hydrophilicity and biocompatibility, hydrogels have attracted attention in biomedical 

arena, especially in tissue engineering19 and protein delivery.20 Like other types of gels, hydrogels 

can be classified into physical gels and chemical gels depending on how the networks are held 

together.13 

Physical gels, also known as reversible gels, can be highly responsive to external stimuli, 

such as pH, temperature and light. In response to external stimuli, physical gels can undergo sol-

gel phase transition, abruptly shrink or swell, or even degrade. Such unique characteristics 

provide great potential for applications in protein delivery and tissue engineering.13, 19, 20 
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Chemical gels, on the other hand, are permanently cross-linked networks. Because of the 

covalent bonds connecting different polymer chains in the network, these hydrogels generally 

possess better mechanical properties and are more resistant to mechanical forces than physically 

cross-linked gels.19 This feature is particularly important when designing hydrogels for tissue 

engineering. Mechanical characteristics of hydrogels have to resemble those of tissue intended 

for.19 Hence, the ability to tune the mechanical properties is important in tissue engineering. Apart 

from altering cross-linking methods, adjusting cross-linking density is also proven to be useful. 

Increasing cross-linking density enhances the strength of the hydrogel. 20 

The mechanical strength of hydrogels is usually measured by rheological analysis. Shear 

modulus (G) is commonly used to evaluate the mechanical properties of hydrogels. The number-

average molecular weight between cross-links, Mc, is inversely proportional to G. For hydrogels, 

the cross-linking density, ve (mol/m3), is directly proportional to G as shown in the equation given 

below: 

1 
𝐺 = 𝑣𝑒𝜙3𝑅𝑇 

Where ϕ is the volume fraction, R is the molar gas constant and T is the temperature. This 

equation can also be expressed as: 

𝐺 = 𝜌𝑅𝑇/𝑀𝑐 

Where ρ is the polymer concentration. 

Mesh size, ε, is defined as the distance between two adjacent cross-links. The relationship 

between ε and Mc, is given below: 

1 
6𝑀𝑐 3 

𝜀 = ( )
𝜋𝜌𝑁𝐴 

In conventional methods for hydrogel preparation, monomers are polymerized with certain 

amount of multifunctional monomer to form polymer network. Since both ε and G depend on Mc, 

it is impossible to control these parameters independently, which limits the synthesis of hydrogels 

98 



 
 

       

             

       

          

        

    

   

           

        

        

      

        

           

         

           

     

 

  

   

 

with large mesh sizes and high modulus. Bottlebrush-based ABA type triblock copolymers have 

been recently used as building blocks for network construction and showed great promise for the 

fabrication of various materials, such as controlled modulus elastomers, and nanoporous 

frameworks.7, 21-24 In this work, we will be developing new ROMP-based synthetic approaches for 

the preparation of reactive ABA bottlebrush-linear triblock copolymers as precursors for 

hydrophilic bottlebrush network materials. 

Bottlebrush Networks 

Unique features of bottlebrush copolymers make them great building blocks for 

constructing nanoporous materials. Extended backbone resulting from repulsion between side 

chains makes bottlebrush copolymer act like rigid rods. By crosslinking poly(styrene) sidechains, 

Matyjaszewski and coworkers7 were able to construct nanoporous materials from well-defined 

cylindrical polystyrene molecular brush (Figure 4-4). However, direct crosslinking between PS 

sidechains led to a wide range of pore sizes as well as irregular pore geometries (Figure 4-5 left). 

This is due to occurrences of different crosslinking modes including end-end, end-body, and body-

body crosslinking (Figure 4-5 right). Nonetheless, this work creates a new direction towards the 

synthesis of nanoporous materials by bottlebrush copolymers. 

Figure 4-4 Bottlebrush network synthesis7 
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Figure 4-5 Left: Different types of crosslinking modes; Right: Pore geometries7 

The development of bottlebrush polymer based networks have since taken great stride. For 

example, our lab reported preparation of mesoporous networks using end-reactive bottlebrush 

block copolymers.25 Porosity can be readily tuned by varying structural parameters such side 

chain composition and block lengths. In addition, Sheiko and co-workers have used bottlebrush 

networks as foundations for elastomers with programmable modulus and encoded strain-adaptive 

coloration.26-29 

4.2 Bottlebrush Copolymer Synthesis and Cross-linking 

Preparation of end-reactive diblock and triblock bottlebrush copolymers have been reported 

using a ‘grafting-from’ strategy.25, 30 In this work, we took advantage of rapid reaction kinetics and 

living nature of ROMP to prepare well-defined ABA triblock polymeric backbones comprised of 

reactive end blocks and middle blocks bearing ATRP initiation sites. These sites were 

subsequently used for polymerization of various types of monomers to construct bottlebrush 

middle blocks. The rigidity provided by the bottlebrush polymers would eventually serve as 

structural pillars for the eventual polymer network (Figure 4-6). 
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Figure 4-6 Preparation of bottlebrush polymer networks. 

Monomer Synthesis 

Scheme 4-1 

Scheme 4-2 

Synthesis of epoxide bearing monomer, 2, is described in Scheme 4-1. Oxo-norbornene 

dicarboxylic anhydride can be readily synthesized on a large scale via Diels-Alder reaction 
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between furan and maleic anhydride. Conversion from 1 to 2 was directly carried out without 

purification. 1H NMR spectroscopy analysis confirmed the retention of exo configuration of the 

oxo-norbornene group. Monomer 4 was synthesized by conjugating bromoisobutyryl bromide with 

hydroxyl functionalized oxo-norbornene, 3 (Scheme 4-2). 

Figure 4-7 1H NMR spectrum of monomer 2. 
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Figure 4-8 1H NMR spectrum of monomer 4. 

Backbone Synthesis 

Scheme 4-3 Synthesis of polymeric backbone. 

A series of polymeric backbones were synthesized by sequentially polymerizing 

monomers 2 and 4 (Scheme 4-3). Block lengths were controlled by adjusting monomer to Grubbs’ 

catalyst ratio. Considerable discrepancies were observed between monomer-to-catalyst ratio and 

the actual block lengths. This could be attributed to the decreased activity of the Grubbs’ catalyst 
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over long shelf life. Absolute block lengths were calculated using information from 1H NMR and 

SEC analyses. 

Proton signals originated from 1st block were very well resolved from the peaks from the 

2nd block in the 1H NMR spectra (Figure 4-9). In this system, the peak assigned to proton He (2.84 

ppm) from the 1st block and the peak assigned to proton Hr (3.32 ppm) from the 2nd block was 

selected for comparison. Since the 3rd block was composed of the same monomer as the 1st block, 

the 1H NMR spectrum of the triblock backbone copolymer was the same as that of the diblock 

copolymer apart from the integrals under peaks from the end blocks (1st block and 3rd block). 

Subtracting the portion originated from the 1st block, the 3rd block portion of the peaks was 

determined. Molar ratios between each block was subsequently calculated by using the integrals 

of peak He originated from each of the end blocks and the integrals of peak Hr from the center 

block. The absolute molecular weight of the 1st block was determined by SEC, equipped with a 

light scattering detector, using dn/dc (0.065) of the homopolymer of monomer 2. Combined with 

the molar ratios between each block, the absolute block lengths were determined. 

Characterizations of the polymeric backbones are summarized in Table 4-1. 

Table 4-1 Characterizations of Polymeric Backbones 

Entry n:m:l Ɖa 

P1 100:770:184 1.17 

P2 90:500:115 1.17 

P3 121:423:145 1.16 

P4 52:210:62 1.09 

P5 50:220:55 1.15 

*a) Measured by GPC PS standards. 
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Figure 4-9 1H NMR spectra of aliquots taken during preparation of polymeric backbone P5. 

Figure 4-10 SEC analysis of P5. 
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Grafting Poly(methyl methacrylate) 

Scheme 4-4 Grafting PMMA side chains. 

Grafting poly(methyl methacrylate) (PMMA) from the triblock backbone (P5, Table 4-1) 

was accomplished via ATRP (Scheme 4-4) using previously reported procedures.31, 32 The actual 

side chain length was determined by comparing integrations between the signals corresponding 

to proton Ha and proton Ha’ (Figure 4-11). The peak assigned to proton Ha’ represented the last 

methyl ester proton at each PMMA chain end.31, 32 Based on the integration ratio, PMMA side 

chains were determined to contain 40 repeating units. Dispersity of the triblock bottlebrush 

copolymer was measured by SEC using polystyrene standards. The SEC trace showed a 

monomodal and narrow molecular weight distribution with a dispersity of 1.21 (Figure 4-12). 
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Figure 4-11 1H NMR spectrum of end-reactive bottlebrush copolymers with PMMA side chains. 

Figure 4-12 SEC analysis of end-reactive bottlebrush copolymers with PMMA side chains. 
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Grafting Photo-cross-linkable Side Chains 

Figure 4-13 End-reactive bottlebrush polymer with poly(CMA-stat-PEGMA) sidechains. 

For the formation of hydrogel, bottlebrush copolymers with hydrophilic side chains were 

prepared. Hydrophilic monomer poly(ethylene glycol) methacrylate (PEGMA) was used to 

improve the solubility of the bottlebrush copolymer in water. Relying solely on the repulsion 

between side chains have been shown to be somewhat insufficient to support the polymer 

network upon solvent removal.25 Photo-reactive coumarin methacrylate (CMA) was therefore 

copolymerized with PEGMA to produce bottlebrush copolymer with poly(CMA-stat-PEGMA) side 

chains, which offered both the required hydrophilicity and photoreactivity for the structural 

reinforcement of the eventual polymer network (Figure 4-13). 

Molecular weight distributions of the backbone (P5, Table 4-1) and the bottlebrush 

copolymer were measured using SEC with a DMF solvent system. SEC analysis evidenced 

formation of a bottlebrush copolymer with monomodal and narrow molecular weight distribution 

(Ɖ = 1.24, Figure 4-15). The number of CMA unit was calculated to be 4 by comparing the 

integrations under peak assigned to proton Hb (7.51 ppm) and a distinct backbone peak (2.82 

ppm) in the 1H NMR spectrum (Figure 4-14). The number of PEGMA units was calculated to be 

7 by comparing the integral under peak assigned to proton Ha (3.37 ppm) and the same distinct 

peak from the backbone at 2.82 ppm. 
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Figure 4-14 1H NMR spectrum of end-reactive bottlebrush copolymers with poly(CMA-stat-

PEGMA) sidechains. 

Figure 4-15 SEC analysis of end-reactive bottlebrush copolymers with poly(CMA-stat-PEGMA) 

sidechains. 
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Cross-linking of End-reactive Bottlebrush Copolymer with Poly(methyl 

methacrylate) Side Chains 

Scheme 4-5 Cross-linking of end-reactive bottlebrush copolymer with PMMA side chains 

Cross-linking of the bottlebrush copolymer precursor was achieved via ring-opening of 

epoxy groups on the end blocks by ethylenediamine as the cross-linker (Scheme 4-5). Polymer 

gel was formed at 17 wt% of bottlebrush copolymer and was exchanged with acetonitrile to 

remove unreacted bottlebrush polymer and LiBr catalyst (Figure 4-16). After solvent exchange, 

the gel was allowed to air dry. Significant shrinkage was observed after solvent evaporation. 

Figure 4-16 Polymer gel prepared from end-reactive bottlebrush copolymer 
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4.3 Conclusion 

Facile synthesis of a triblock copolymer backbone with reactive end blocks was achieved 

by sequentially polymerizing oxo-norbornene-based monomers using ROMP. Block lengths were 

readily controlled by adjusting monomer-to-catalyst ratio. Subsequent grafting of PMMA and 

p(CMA-stat-PEGMA) side chains resulted in bottlebrush copolymers with narrow and monomodal 

molecular weight distributions. Cross-linking of end-reactive triblock bottlebrush copolymers with 

PMMA side chains produced polymer gels. However, significant shrinkage was observed after 

solvent removal. These preliminary findings laid ground work for future studies on efficient 

preparation of bottlebrush polymer-based network materials. 
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4.4 Experimental 

Materials and Instrumentation. Solvents and reagents were purchased from commercial 

sources and used directly without purification unless noted. Monomer 333, 434 and oxo-norbornene 

dicarboxylic anhydride35 were synthesized following literature procedures. 1H NMR spectra were 

recorded with Inova-500 MHz spectrometers and chemical shifts were reported in ppm using TMS 

or deuterated solvents as internal standards (CDCl3, 7.27 ppm). 13C NMR spectra were recorded 

in CDCl3 (using 77.0 ppm as internal reference) at 75 MHz. High resolution mass spectra were 

obtained on a solariX FT-ICR MS in ESI positive-ion mode. GPC analysis was 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 angle light scattering modules. Measurements were carried out in 

THF as a mobile phase at 30 °C. The system was calibrated with 10 polystyrene standards from 

1.2 × 106 to 500 g/mol. The refractive index increment (dn/dc) for poly(2) was measured to be 

0.065 mL/g in THF (T = 30 °C, λ 630 nm) and was used to determine homopolymers absolute 

molecular weights. 

Synthesis of 2. Exo-3,6-Epoxy-1,2,3,6-tetrahydrophthalic anhydride (1.5 g, 9 mmol) was 

dissolved in 25 mL dry DCM under N2 in a 100 mL round bottom flask equipped with a magnetic 

stir bar. Dry ethanol (0.56 mL, 9.6 mmol) was then added into the round bottom flask. DMAP (0.11 

g, 0.9 mmol) was dissolved in 15 mL dry DCM and added to the reaction mixture. The reaction 

was allowed to run overnight at room temperature. The crude mixture was then concentrated and 

precipitated in hexanes to yield 0.75 g of 1 (40% yield). Compound 1 was used without further 

purification. Compound 1 (0.75 g, 3.5 mmol), glycidol (0.32 g, 4.2 mmol) and DMAP (44 mg, 0.4 

mmol) were dissolved in 7.5 mL dry DCM in a 50 mL round bottom flask equipped with a stir bar. 

The mixture was then cooled down to 0 oC. EDC (0.55 g, 3.5 mmol) was dissolved in 15 mL dry 

DCM and added to the mixture drop wise. The reaction mixture was allowed to gradually warm 
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up to room temperature and run for overnight. The crude mixture was washed with saturated 

sodium bicarbonate then brine. The organic phase was dried with Na2SO4 and concentrated. The 

resulting residue was subject to column purification. The product was clear viscous oil, 190 mg 

(20 % yield). 1H NMR (500 MHz, CDCl3) δ: 6.45 (s, 2H), 5.25 (m, 2H), 4.46 (m, 1H), 4.14 (m, 2H), 

3.88 (m, 1H), 3.22 (m, 1H), 2.84 (m, 3H), 2.64 (m, 1H), 1.25 (m, 3H). 13C NMR (75 MHz, CDCl3): 

δ 171.3, 136.7, 80.6, 77.3, 77.2, 77.0, 65.7, 61.2, 49.2, 47.1, 46.6, 44.7, 14.2; HRMS (ESI) calcd 

for [M+Na]+ C13H16O6Na: 291.08, found: 291.08. 

General Procedure of Sequential ROMP. An oven-dried vial was charged with desired amount 

of monomer for the first block and a stir bar. The vial was then degassed, and the desired amount 

of degassed anhydrous solvent was added via syringe under an argon atmosphere to dissolve 

the monomer. A stock solution of 3rd generation of Grubbs’ catalyst in degassed anhydrous 

solvent was prepared in a separate vial. The desired amount of catalyst was injected into the 

monomer solution to initiate the polymerization. The reaction was allowed to proceed for a pre-

determined amount of time. After the first polymerization was complete, an aliquot was withdrawn 

followed by the addition of desired amount of second monomer. After a pre-determined amount 

of time, the reaction mixture was quenched with one drop of ethyl vinyl ether. The block copolymer 

was isolated by precipitating into large amount of hexanes. 

ABA Triblock Backbone Synthesis with Monomer 2 and Monomer 4. Solvent used was DCM. 

The first block and third block was allowed to polymerize for 7 min. After the completion of first 

block polymerization, second block monomer solution was added and allowed to polymerize for 

6 min. The concentration of first block monomer was 0.3 M, the concentration of second block 

monomer was 0.2 M, and the concentration of third block monomer was 0.05 M. 

General Procedure for ATRP with dNbpy as Ligand. To a 10 mL Schlenk flask equipped with 

a magnetic stir bar was added, in a desired ratio, CuCl as the catalyst, CuCl2 as the deactivator 

and dNbpy as ligand. The flask was sealed, degassed by pulling vacuum and backfilling with N2 

three times. In a separate Schlenk flask, a stock mixture of monomer and solvent was freeze-
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pump-thawed for three times. A stock solution of catalyzing species was prepared by mixing the 

monomer-solvent with CuCl/CuCl2/dNbpy in the 10 mL Schlenk flask. The catalyzing species 

stock solution was stirred for 2 hours. In another Schlenk flask equipped with a stir bar, initiator 

was dissolved in the solvent and degassed. Then, the initiator solution was heated up to 45 oC 

before injecting an adequate amount of catalyzing species stock solution. The polymerization was 

quenched by opening the flask to the air. The polymer solution was further diluted by CH2Cl2, 

passed through a short column packed with neutral alumina to remove the metal catalyst, and 

then precipitated into a large amount of hexanes. 

Grafting PMMA. P5 was used as backbone. Polymerization mixture was composed of MMA (792 

mg, 7.92 mol, 400 equiv), P5 (10 mg, 0.0198 mmol), CuCl (1.96 mg, 0.0198 mol, 1 equiv), CuCl2 

(0.22 mg, 0.0198 mol, 0.1 equiv), dNbpy (8.10 mg, 0.0198 mol, 1 equiv) and 0.5 mL of toluene. 

The reaction was allowed to run at 45 oC for 12 hours. 160 mg of polymer was obtained. GPC 

(styrene standard) Mn/Mw = 1.21. 1H NMR n=40, Mn = 876 kg/mol. 

Grafting poly(CMA-stat-PEGMA). P5 was used as backbone. Polymerization mixture was 

composed of CMA (114 mg, 0.396 mmol, 20 equiv), PEGMA (495 mg, 0.99 mmol, 50 equiv), P5 

(10 mg, 0.0198 mmol), CuCl (1.96 mg, 0.0198 mol, 1 equiv), CuCl2 (0.22 mg, 0.0198 mol, 0.1 

equiv), dNbpy (8.10 mg, 0.0198 mol, 1 equiv) and 0.5 mL of toluene. The reaction was allowed to 

run at 45 oC for 15 hours. 100 mg of polymer was obtained. GPC (styrene standard) Mn/Mw = 1.24. 
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