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Abstract 

The development of smart materials using branched architectures requires 

robust synthetic methods. Several approaches have been investigated to access 

cross-linked structures or self-assembled organizations using bottlebrush 

copolymers. 

Reactive bottlebrush-linear block copolymers with different side chains 

and linear poly(glycidyl methacrylate) (PGM) end blocks were prepared by a 

grafting-from method using a combination of reversible addition-fragmentation 

chain transfer polymerization (RAFT) and atom transfer radical polymerization 

(ATRP). LiBr-catalyzed ring-opening of epoxides in the presence of 

ethylenediamine at room temperature was utilized for efficient cross-linking of 

PGM blocks leading to star-brush architectures. The developed method provided 

means to connect giant bottlebrush copolymer arms (Mn> 300 kg/mol) into a star 

architecture in an effective and tunable manner. As an alternative cross-linking 

way, olefin cross-metathesis has been utilized to connect giant bottlebrush 

molecules together. Appending olefinic functional groups to the end blocks 

through coupling to hydrolyzed PGM blocks was followed by subsequent olefin 

cross-metathesis cross-linking and led to the fast and efficient formation of star

brush copolymers with a complete conversion within a few hours irrespective of 

bottlebrush side chain dimensions. 

The fabrication of mesoporous frameworks (MPFs) was described by 

using bottlebrush copolymers with reactive end blocks serving as rigid 

XXIV 



macromolecular interconnectors with directional reactivity. Ruthenium-catalyzed 

cross-metathesis cross-linking of bottlebrush copolymers with two reactive end 

blocks resulted in the formation of polymer frameworks where isolated cross

linked domains were interconnected with bottlebrush copolymer bridges. The 

resulting materials were characterized by a continuous network pore structure 

with average pore sizes of 9-50 nm, conveniently tunable by the length of the 

utilized bottlebrush copolymer building blocks without the need for templating, 

sacrificial component etching, or supercritical fluid drying. Synthetic versatility of 

the system allowed appending photo-crosslinkable groups to the reactive ends, 

which was later cross-linked using UV-light to afford MPF with comparable 

characteristics. 

Adapting the synthetic conditions of MPFs to diverse precursor 

bottlebrushes formed discrete hyperbranched chains rather than an extended 

network. This method enabled the preparation of soluble non-network 

nanoporous nanoparticles using of a mixture of mono- and di-functionalized end

reactive bottlebrush copolymers and their crosslinking through olefin cross

metathesis reaction. The resulting particles (0.5-1 µm) were soluble in common 

organic solvents that could later be used to process directly using solvent-based 

techniques. 

The synthesis of Co(II) complexes contained in g-PEG (poly(ethylene 

glycol) (meth)acrylates) core-shell nanogels and their CEST properties were 

investigated. Nanogels were prepared by precipitation polymerization of the 
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monomer Me20MA and the comonomer PEGMA in aqueous solution in the 

presence of dota (tetrafunctional) and cyclen (bis-functional) based-cross-linkers, 

followed by their binding with cobalt metals. DOT A-based cross-linker was 

successful to prepare spherical particles with an average size of 68 nm. Its metal 

complex with Co(II) displayed paramagnetic properties. The metal complexes of 

nanogels produced by bis-functionalized CYCLEN-based crosslinker generated 

smaller particles and displayed a CEST signal. 

The quasi-two-dimensional assembly of gold nanoparticles in ultrathin 

films consisting of backbone-symmetric bottlebrush block copolymers was 

explored to obtain higher ordering structures of nanoparticles. Three BBCPs with 

polystyrene (PS) grafts on one block, and poly(lactic acid) (PLA) grafts on the 

other were synthesized with symmetric backbone. The symmetry of the side 

chains was varied. The NPs hosted in the domain consisting of the shorter PLA 

side chains displayed a more homogeneous distribution of the nanoparticles 

(NPs) inside these domains. Large nanoparticles (13 nm) displayed a higher 

tendency to segregate to the center of their hosting domains compared with small 

(8 nm) nanoparticles. 
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Chapter 1 

General Introduction 

1.1. Branched polymers 

Block copolymers (BCPs) are a specific class of polymers where a 

polymer chain is composed of discrete blocks of chemically distinct monomer 

units. Their compositions, primary structures, and aggregated states determine 

their physicochemical properties. Recent advances in controlled polymerization 

techniques, such as anionic polymerization, 1 ring-opening metathesis 

polymerization (ROMP), 1 and controlled/living radical polymerizations, 2 including 

nitroxide-mediated polymerization (NMP)3
, reversible addition-fragmentation 

transfer (RAFT),4
•
5 or atom transfer radical polymerization (ATRP) 5-

10 has allowed 

for the design and synthesis of polymers with various types of shapes including 

branched (such as star, comb, and brush)11 
-
12 polymers as well as cross-linked 

molecules with precisely controlled molecular weights and defined 

macromolecular architectures (Figure 1.1 ). Structural complexity obtained by 

arrangement of the monomers into high-molecular weight branched systems 

enables the engineering of novel, multifunctional polymeric materials for high-end 

applications. They are interesting for fundamental studies as well as promising 

functional materials in the fields of thermoplastic elastomers, drug delivery, 

patterning, porous materials, and many others. 13 
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NetworkCyclic Star Comb/Graft 

0 
Figure 1.1 Illustration of various architectures. 

In addition to the control over the polymer composition and uniformity, 

incorporating dissimilar components within the same structure to produce more 

advance architectures (such as, bottlebrush copolymers, star-block copolymers, 

miktoarm stars, and star-brush polymers) can combine heterophase and 

branching attributes, and contribute to the overall quality by facile tuning of these 

structural factors. This may offer an enormous potential for the production of 

tailor-made nanomaterials. 

Branched polymers are amenable to use in a wide range of applications 

due to their highly varied, and tunable physicochemical properties. When 

compared to their linear analogues they exhibit special properties as a result of 

their different architectures, solution conformations, sizes and shapes. They 

possess shorter backbone length for higher molecular weight. Branched 

polymers generally have a smaller hydrodynamic radius, and lower solution and 

melt viscosities, enhanced encapsulation capabilities, and less molecular 

entanglement.14 This provides an easier molding process with a reduced amount 

of solvent to construct sustainable materials. Furthermore, their improved 
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multifunctionality allows tuning their thermal, mechanical, rheological, and 

solution properties (i.e. size, conformation, solubility), and biocompatibility of the 

constructs. 15
-
17 Imparting stimuli-responsive groups helps to conjugate an 

immense amount of bioactive agents, targeting ligands and imaging probes. They 

present unique self-assembly behavior with controllable supramolecular 

morphologies and structures. Their attributes can be tuned by the chemical 

nature of monomers, macromolecular architecture (i.e. molecular weight, 

molecular shape, branch density, branch number, and length), and their 

response to various external effects (such as solvent and temperature). 18
-
22 

Branched polymers with exceptional properties are potential candidates 

for a variety of applications. They can be used in macromolecular metal 

complexes. Once the modern technologies have started employing transition 

metals, developing metal complexes with higher stabilities have become an 

obligation for more advanced techniques. The interactions between certain 

functional groups of polymers and metal ions produces more stable polymer

metal compounds. Smart materials can be made using branched polymers with 

brush-like structure. The combination of components with hydrophilic and 

hydrophobic properties within one macromolecule allows polymer systems to be 

self-organized and form unimolecular micelles under certain conditions. They can 

be controlled by external factors such as temperature changes, dilution, salt 

concentrations and mechanical factors. When compared to the linear analogues, 

their compact structure includes higher local concentration of functional groups. 
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They find their application in medicine and biotechnologies in the development of 

therapeutic long acting drugs, nanocontainers, and DNA transportation in gene 

engineering. Branched polymers are good candidates to be used in selective 

membranes, to selectively immobilize metal ions, as nanoreactors, and 

regulators for the stability of disperse systems. They are currently considered to 

be the most efficient in the development of nanocatalytic systems due to the 

ability of providing specific environment of catalytic centers with the stabilizing 

components. With chemically diverse end groups can be used as functional 

materials.23 

The promising future and immense amount of application of the branch 

polymers will demand controlled and precise syntheses and characterization 

methods. For high-tech applications, it is vital to gain in-depth knowledge of the 

structure-property relationships. More studies in this field are required with the 

need for well-defined macromolecular and advanced architectures and more 

demanding synthetic procedures that may form very reproducible products. 

1.2. Star polymers 

Star polymers are one of the early examples of macromolecules with 

complex structures. They are a class of branched architectures with linear arms 

radiating from a central junction point. They can be homogeneous or 

heterogeneous (miktoarm) depending on the structures and size of the arms. 

Their compact structure and globular shape provide them major differences in 

their mechanical and viscoelastic properties.23
-
24 Polymers with star shape 
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architectures exhibit lower melting temperature, crystallization temperature, glass 

transition temperature, decomposition temperature, and crystallinity when 

compared with linear polymers. They also have enhanced solubility. If the 

number of arms is low the core is treated as a branching point. Otherwise the 

core has an effect on the overall properties and the polymer structure is 

considered to be a core-shell architecture. Recently, miktoarm star polymers 

have received considerable attention due to their ability to adopt in unique 

morphologies in bulk and selective solvents.25 Depending on the components 

homogeneous or heterogeneous star polymer systems can be prepared in water 

and eliminate the use of environmentally unfriendly organic solvents.23 

The first synthesis of star polymers was prepared via step-growth 

polymerization of caprolactam using cyclohexanonetetrapropionic and/or 

dicyclohexanone octacarboxylic acid as multifunctional initiators.26 Advances in 

living polymerizations have allowed the accessibility to star polymers with 

different size, functionality and increasing synthetic precision (such as low 

dispersity, and monomer/block sequencing). The synthetic routes for star 

polymers can be broadly categorized into three main groups: the core-first, the 

arm-first, and the grafting-onto. 
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Figure 1.2 Synthetic approaches for star polymers. 

1.2.1. Synthesis and applications 

In the core-first (macroinitiator) approach, a core with multifunctional 

initiation sites is utilized for controlled polymerization of monomers to afford the 

star architecture (Figure 1.2). Since the chain retains the initiation site on the 

chain end, a sequential polymerization can be applied to form star block 

copolymers or can be converted to another functional group by a post

modification reaction. Although is advantageous to produce very pure star 

products with excellent yields using the facile precipitation technique to isolate 

the product from the reaction mixture, there are several drawbacks associated 

this method. Miktoarm synthesis requires more complex initiators including 

orthogonal initiation groups. Using a core with a larger size such as 
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functionalized hyperbranched, and dendritic polymers, polysaccharides, 

nanogels, and nanoparticles can be a way to overcome this limitation. Since the 

arms grow on the surface of a core they cannot be directly characterized. Their 

characterization may require indirect approaches such as isolation of arms by 

cleavage or end-group analysis. The side reactions caused by the presence of 

end-funtional groups may lead the formation of star-star coupling and results in 

ill-defined structures during the radical polymerization. 

Raft polymerization is a one of the most commonly applied method used 

for core-first star synthesis. The star formation depends on the attachment of raft 

agent to multifunctional core either through the Z-group or A-group of the RAFT 

agent.2?,2a 

Wang et al. reported the synthesis of star-PCL-PEG star block copolymer 

with 16 star arms by first ROP synthesis of 8-caprolactone from a dendrimer 

core, followed sequential coupling of carboxylic functionalized PEG with hydroxyl 

group of the living arm.29 There are also examples that involve ATRP for growing 

the arm from a halide-functionalized core. Pang et al. employed cyclodextrin as a 

multifunctionalized ATRP initiator for the synthesis of hydrophilic or amphiphilic 

star-like block copolymers using core-first approach. 30 

The arm-first (macromonomer) method involves the synthesis of a linear 

polymer chain as a precursor with a terminal functional group, or a short block 

segment that can later be linked together through polymerization or coupling 

procedures. Living polymerization techniques allow customized structural, 
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compositional, and functional control over linear functional polymers.25 The 

individual arms can simply be isolated and characterized by common techniques. 

By knowing the exact molecular weight of the arm polymer precursors or knowing 

the functionality of the linking agent, the number of arms can easily be 

determined. This approach yields core cross-linked star polymers with very high 

molecular weights and large number of arms (>100). It also enables to store 

functional compounds inside with a high capacity and shielding provided by 

polymeric arm units. This method is ideal for the synthesis of heterogeneous star 

polymers. However, it often suffers with incomplete conversions of arm to star 

polymers and a broader arm number distribution. Due to the utilization of 

macromolecules as precursors it is usually difficult to remove unreacted units 

once the reaction is completed. ATRP and ROP are the most commonly used 

techniques exploited by several groups to achieve star like polymers using arm 

first method. 31 
-
34 Once the star arm prepared addition of a difunctionalized cross

linker yields a facile synthesis of star polymers. 

Using an arm-first approach, Miyake and co-workers performed a two

step, one-pot process to make star polymers with polywedge arms prepared from 

a benzyl-based monomer. In a one-pot reaction, following the synthesis of 

polywedge arms by ROMP polymerization, dinorbornene crosslinker species was 

added to the reaction, which rapidly resulted in a star polymer. Crosslinking of 

benzyl wedge monomer as the arms in the presence of different dinorbornene 

crosslinkers was also tested to investigate the rigidity effect of the crosslinker. 
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This method yielded a mass conversion up to 92% and stars with up to 17 arms 

using the most rigid crosslinker. 35 

Grafting-onto (self-assembly cross-linking) method requires independent 

synthesis and characterization of the arm and core molecules, therefore, has the 

most precise structural control when compared to the other methods. First, the 

core and arm segments are prepared separately comprising complementary 

functional groups, and then star polymers form by coupling of these groups. The 

incorporation of functionality to the arm molecules can be in several ways, such 

as the post-polymerization modification of end-groups, polymerization initiated by 

functional initiators or utilization of living linear polymers. Due to the steric 

congestion around the core, the number of star arms is usually limited with 4 to 8 

units. During the synthesis the high molecular weight arms hinders the coupling 

reactions, consequently the syntheses of stars are restricted to moderate 

molecular weights. Grafting onto method is another method preferred for the 

synthesis of miktostar polymers. 

Miktoarms stars can be prepared using hybrid methods to obtain high 

yield. It's been shown that the synthesis through the combination of grafting-onto 

and core-first methods has produced miktoarm stars with almost quantitative 

yields and high molecular weights. Here, the arm units have been grafted onto 

the pre-formed multifunctional cores. The combination of the arm-first and the 

core-first methods can be used as well for the miktoarm synthesis. Once the star 

polymer has been made with the arm first method, the retained initiating 
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functionality has been used to re-initiate the polymerization of a second monomer 

through a grafting-from copolymerization. 35
-
37 

The unique properties of star polymers obtained via robust, efficient, and 

orthogonal coupling chemistries along with a diverse range of post

polymerization modifications are unattainable with linear polymers and have 

made them the prominent candidate for a wide variety of applications from 

39material science to drug/gene delivery.38
• Star polymers with in-chain or end

functionalization can be prepared with advance techniques. The continued 

improvements in robust, efficient, and orthogonal coupling chemistries have 

allowed for a diverse range of post-polymerization modifications of star polymers, 

which is of importance for advanced applications. 

Star polymers can be used as stimuli-responsive materials when prepared 

with suitable chemical modulations. Stimuli-responsive materials are prone to 

conformational or chemical changes under the external forces such as 

temperature, light, mechanical force, alternating electric or magnetic fields, 

chemical composition, enzymatic changes or pH. 40
•
41 

Well-designed particles with core-shell structure can efficiently be 

prepared and utilized as functional encapsulation devices for guest molecules, 

particularly drug molecules. Compared to conventional methods, they are ideal in 

drug delivery applications due to their stability, uniform distribution and high 

loading capacity. They provide controlled release of drugs to the targeted sites 

with a reduced drug administration and side effects. In molecular imaging, star 
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polymers find use as fluorescent probes, or contrast agents. Star polymers have 

shown a great potential as contrast agents in 19F MRI diagnosis by giving a 

strong signal and long T2 relaxation time.38 Star polymers with amphiphilic 

properties have shown promises as novel interfacial stabilizing agents for a 

number of water-in-oil or oil-in-water emulsion systems.42 

ROMP has recently been used as a versatile tool for the synthesis of 

various types of branched polymers. Its simplicity and scalability in addition to 

functional group tolerance make complex architectures easily accessible by 

overcoming the limitations associated with other methods. Johnson group has 

extensively employed ROMP to develop various architectural designs. In earlier 

studies, they prepared Janus type miktoarm brush-arm star structure using arm 

first approach and PS-branch-PLA macromonomer star arms. They employed a 

combination of ATRP, tin(ll)-mediated ring opening polymerization, and copper

catalyzed azide-alkyne cycloaddition reactions for installing multiple segments 

into a single norbornene functionalized macromonomer unit. ROMP 

polymerization of this macromonomer in the presence of photo-cleavable bis

norbornene yielded miktoarm stars with photodegradable cores including 1:1 

PS:PLA arm composition. 43 Here, the structure presents a uniform distribution of 

dissimilar components. Due to their covalent connection, although they show an 

intramolecular segregation to some extent, it is limited. They later synthesized 

miktoarm star polymers by preparing PEG and PS bottlebrush polymer arms 

independently. The resulting star polymers possessed uniform sizes of PEG and 
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PS living bottlebrush polymers, which represented a practical advantage 

compared to previous methods that the composition of dissimilar components 

could be easily adjusted.44 One grant advantage of this approach is that the 

synthesis of functional polymers doesn't need any post-polymerization 

functionalization complexities. 

The advances in structural design make star polymers attractive for the 

industrial applications, particularly as a viscosity modifier. Star polymers (9-13 

arms) prepared by using an arm-first approach have been used in an engine oil 

viscosity modifying lubricant. They are used to enhance the viscosity index and 

flexibility of the formulation by keeping them in the acceptable ranges. 

Adjustment at low-temperature fluidity provides better fuel efficiency and 

economy. They are employed in some commercial products to provide smooth 

finish. Industrial star polymers include a variety of polystyrene-b-polybutadiene 

and polystyrene-b-polyisoprene commercialized by BASF and Phillips, 

respectively that are used as high-impact thermoplastics. They also have other 

uses in various industrial fields such as, cosmetic, adhesive, high gloss paint and 

coating, as formulating compounds, gelling agents or defoamers. 

1.3. Bottlebrush polymers 

Molecular bottlebrushes are a class of macromolecules that consist of a 

linear polymeric backbone and side-chains densely grafted from the repeat units 

of the backbone.45
•
46 Three parameters; i.e. the length of the backbone, the 

length, and the average spacing of the side chains, determine the architecture 
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and physical properties of the resulting macromolecules.47 They can either be 

densely or loosely grafted, homopolymers or copolymers. Their side chains and 

backbones can be flexible or stiff. The main difference between bottlebrush 

macromolecules and graft copolymers is their high grafting density. 

In a bottlebrush polymer, steric repulsions generated between densely 

grafted side chains force the backbone to deviate from the normal Gaussian 

random coil conformation and stretch out to result in stiff macromolecules 

characterized by a persistent cylindrical shape in solution and low density of 

48 49chain entanglements in melt.45
• • Although their syntheses are challenging, 

they have been widely investigated over the past decade due to their unique 

50 51physical and mechanical properties compare to linear BCPs21 
• -

The development and recent advances in controlled polymerization 

methods allow for the synthesis of many well-defined molecular brushes with 

controlled lengths, diameters and molecular compositions with complex and 

precise structures. There are three general synthetic strategies to prepare 

molecular bottlebrushes: Grafting-onto,52 
•
53 grafting-through,54 and grafting-from 

(Figure 1.3).55
•
56

•
57 Each technique has their intrinsic benefits and limitations in 

terms of chemical composition, grafting density, degree of polymerization of 

branches or the backbone. 
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Figure 1.3 Strategies for preparing molecular brushes.45 

The aforementioned techniques provide superior advantageous during the 

synthesis by allowing the control over the molecular weight and composition of 

the backbone and attached side chains, independently. Synthetic control over the 

macromolecular dimensions, composition and topology allows for the preparation 

of uniquely shaped and structured bottlebrush copolymers for a variety of 

59 62applications, such as photonic crystals,58
- supersoft elastomers,60

- molecular 

sensors, nanotubes,63
-
65 nanoporous materials,66 shape-persistent surfactants,67 

69nanoparticle templates, and drug delivery vehicles. 68
• 

1.3.1. Synthesis and applications 

Grafting-Through (Macromonomer Polymerization) 
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Macromonomer technique involves the polymerization of pre-formed side

chains through their terminal functionality. This allows preparing and 

characterizing the side-chain macromonomers separately before the 

polymerization is conducted. Molecular brushes are produced with a well-defined 

side-chain length and exceptionally high grafting density. However, densely 

grafted polymers cannot be prepared with a high degree of polymerization due to 

the low concentration of functional groups and the steric hindrance of 

propagating chain-ends. Additionally, the incomplete conversion leads to tedious 

purification. Free radical polymerization has been mainly used to polymerize the 

side-chains. Although the brushes can be prepared using the controlled-radical 

polymerization techniques, radical polymerization of macromonomers results 

polymers with a broad molecular weight distributions. 46 

Recently, ring-opening metathesis polymerization (ROMP) has been 

applied to the synthesis of bottlebrushes and dendronized polymers via a 

grafting-through strategy, where functional norbornene macromomoners are 

polymerized in the presence of the Grubbs' catalysts. ROMP is one of the most 

powerful ways among the other grafting-through strategies to make functional 

polymers in a controlled fashion. It requires the preparation of macromonomers, 

i.e. reactive polymeric side-chains, followed by the polymerization of 

macromonomers to produce a bottlebrush copolymer. Structures with high 

grafting densities are formed via a homo- or copolymerization of 

macromonomers. Due to a high molecular weight of the macromonomers, 
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solution viscosities can be very high at moderate macromonomer concentrations. 

However, high reactivity of Grubbs' catalyst and norbornenyl macromonomers 

promotes significant conversion and control over molecular weight at different 

backbone and side-chain lengths. This powerful method can be used to prepare 

multifunctional, multiblock bottlebrush polymers in random or block configurations 

(such as ABA and ABC triblock bottlebrush copolymers) with low dispersities. If 

the conversion is incomplete, the removal of unreacted macromonomers from the 

bottlebrush copolymer is a challenge due to their similar solubility characteristics. 

Also increasing steric congestion of growing structure restricts the achieved 

degree of polymerizations (DPs) of the backbone to typically 100-400 as 

grafting-from strategies can produce backbone as high as 1000.70 The 

orthogonality of ROMP and living radical polymerization methods permits facile 

synthesis of compartmentalized structures through the direction of either side

chains or backbone. For example, from a norbornyl containing small molecule 

initiator with bromide or a hydroxyl groups, ATRP or ROP can easily be 

employed, respectively, to prepare a norbornyl macromonomer. The presence of 

trithiocarbonate chain transfer agent as a part of norbornyl unit can also be used 

for RAFT polymerization for the synthesis of macromonomers. Post

polymerization modification is another method to prepare a norbornyl 

macromonomer, which involves installing of norbornyl functionality to a linear 

polymer as an end-functional group via click chemistry and esterification routes. 71 

Grafting-Onto 
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In the grafting onto method, both the backbone and the side chains are 

synthesized independently by a living polymerization mechanism. They can be 

prepared by a reaction suitable to the corresponding monomer and then 

characterized separately before coupling. Side-chains are then grafted onto the 

backbone through a coupling reaction between the side-chain end-functional 

groups and the functional groups on each monomer unit of the backbone 

polymer.8 The separate preparation of branches and backbone via living 

polymerization methods results in well-defined polymer brushes. Kinetic and 

thermodynamic aspects, however, limit the success of this method. Due to the 

steric repulsion between the side-chains, which is increased as the reaction 

proceeds, a limited grafting density is obtained. Forcing the randomly coiled 

grafts to adopt a stretched conformation bears a high entropic cost. As a result, 

bottlebrush polymers with grafting densities of 60% or lower can be produced 

with a few exceptions.70 An excess of side chains can be used to increase the 

grafting density, but purification is problematic. Also, incomplete coupling of 

complementary groups leads to challenges in the purification of the bottlebrushes 

products. Therefore, it is extremely difficult to obtain high grafting densities with 

grafting-onto method. Additionally, functional groups that can be incorporated into 

polymer brushes and the backbone are limited due to reactive linking groups of 

polymer chains. Therefore, this method is limited to the efficient and high yielding 

nucleophilic substitution reactions and click-type coupling reactions. Polymers 

with reactive side-groups, such as benzyl halides, chlorosilanes, esters, 
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anhydrides, nitriles, and epoxides, as electrophilic sites have been employed as 

reactive backbones.46 Click chemistry, with the development of various 

approaches, can be efficiently applied for the preparation of loosely and densely 

grafted structures.72
-
73 

Grafting-From Method 

In the grafting-from approach, a polymer backbone (macroinitiator) with a 

pre-determined number of latent initiation sites is synthesized first. Subsequently, 

the polymerization of side-chains from a macro-initiator backbone polymer is 

accomplished via ring-opening polymerization of lactones, atom transfer radical 

polymerization (ATRP)8 or reversible addition-fragmentation chain transfer 

(RAFT)4 polymerization. ATRP is a very efficient living radical polymerization 

technique, tolerant to many functional groups and can be used for a large range 

of vinyl monomers (such as, styrenes, (meth)acrylates, and acrylonitrile).74 The 

macro-initiator can be prepared either directly or can be functionalized later to 

incorporate initiating moieties. The gradual growth of the side chains from the 

backbone enables preparation of well-defined long-backbone molecular brushes 

with a high grafting density and a narrow molecular weight distribution since living 

polymerization techniques are employed to prepare both the backbone and the 

side chains. The product is the only polymeric structure in the system; therefore, 

the purification of the final product is not a hassle. One advantage of this 

approach is its ability to prepare bottlebrushes with very long backbones. Grafting 

density can also be controlled by co-polymerizing two monomers during 
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backbone synthesis. The control over the side-chain length and grafting density 

in the grafting-from approach, however, is often not as good as in the grafting

through method because of the incomplete initiation efficiency. Grafting-from 

approach is one of the most effective ways for the formation of 

compartmentalized brushes along the side-chain direction, i.e. core-shell and 

core-shell-corona.75 Installing halide and hydroxyl group into two distinct block 

copolymer units allows for the sequential synthesis of suitable side chains 

through ATRP and ROP. It has been reported that after grafting one type of 

monomer from the macro initiator, RAFT functionalities can be installed via post

polymerization modifications to construct ABC type of triblock molecular 

brushes.76 ROMP is also another way to install ATRP initiators in the backbone 

to be used as a macroinitiator to produce compartmentalized structures of 

various molecular architectures with very high molecular weights. 

Bottlebrushes with lower grafting densities are produced with the grafting

to approach, which may be useful for coatings and additives. More versatile and 

scalable bottlebrush copolymers can be prepared using grafting-from approach, 

which might be ideal for bulk materials or coating applications. The grafting

through approach affords large-scale bottlebrush block copolymers with high and 

uniform grafting densities, which is beneficial for fundamental studies of structure 

and function. 

Bottlebrush copolymers (BBCPs) have unusual architecture that leads to a 

number of novel properties. They possess very high molecular weights. Their low 
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entanglement nature reduces the energetic barriers for re-organization and 

allows them to readily self-assemble in melt and thin films to highly ordered 

nanostructures with periodic and large domains of up to several hundred 

nanometers.50 
• 

77 Small domain sizes are also attainable when side chains are 

statistically distributed along the backbone.78 In melt, their extended nature 

results in unusual rheological behaviors. Their solution self-assembly products 

have a lower critical micelle concentration compared to non-brush micellar 

structures and more stable at dilute concentrations.67 For the immiscible polymer 

blends, imparting graft polymers including same components show 

enhancements in mechanical and viscoelastic properties. 

The discrete nature of bottlebrushes is attracting interest for their potential 

application and it is important to understand their structures and behaviors in 

melt, solution or at surfaces for manufacturing complex architectures. They can 

be prepared in a variety of configurations and architectures, such as diblock 

copolymer brushes, random graft copolymers, block graft copolymers, gradient 

brush copolymers, brushes with double grafted side chains, core-shell block 

copolymers. BBCPs can assemble to form micelles, vesicles, and other novel 

structures in solution. The ability of tuning their solubility and functionality makes 

them promising for numerous applications. They have been produced with 

different interior and exterior structures; for example, bottlebrushes with 

hydrophilic exteriors and hollow interiors, bottlebrushes with covalently attached 

drug molecules, and Janus-type amphiphilic bottlebrushes. 
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Linear BCPs phase separate when they are composed of incompatible 

block chains. The formation of self-assembled structures with large domain sizes 

(d>100 nm) from linear BCP is hindered by polymer chain entanglements 

creating a significant kinetic barrier. 71 Therefore, BBCPs with their large 

macromolecular size and low density of entanglements can be used for the 

convenient preparation of structures with large domain sizes. Self-assembly of 

BBCPs in melt forming well-ordered microstructures has been extensively 

studied. Recently, BBCP self-assembly in solution has also attracted attention. 

For the fabrication of photonic crystals, self-assembled structures with 

large and periodic domains with long-range order are required. These can be 

produced by ultrahigh molecular weight linear BCPs, however their 

entanglements restrict the accessible domain sizes, and achievable colors. 79 

Molecular brushes, on the other hand, are highly tunable structures with minimal 

entanglement limits. Their versatility allows one to easily tune the optical 

properties of photonic materials. 

The first study of self-assembly of PS-PLA bottlebrush block copolymers 

has been reported by Runge et al. demonstrating the formation of cylindrical 

domains in 100-200 nm sizes80 
. They later attained various morphologies 

(lamellar, cylindrical, or spherical) with domains ranging in size from 100-300 nm 

by changing the backbone and side-chain lengths.81 
-
82 Grubbs and co-workers 

have made a number of contributions in the field of photonic materials using 

83 85BBCPs.58
• - By changing the grafting density of comparable backbones, 
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domain size can be varied. Almost a linear correlation has been found between 

the domain spacing and the backbone lengths. Rzayev et al. have demonstrated 

the formation of porous polymer films with a potential use in filtration or 

templating applications using self-assembly of PS-PLA bottlebrushes in melt.86 

By changing the side-chain symmetries either lamella or cylindrical morphologies 

can be attained. Subsequent selective etching of PLA domains in cylindrical 

assemblies yields well-defined nanoporous materials. 

Compartmentalization of bottlebrush molecules have also received great 

interest recently, and studied by various groups. Amphiphilic diblock bottlebrush 

copolymers have been used to prepare micelles to assess the effect of changes 

in the block lengths on the morphology. They show a lower critical micelle 

concentration compared to linear surfactants, desirable for applications that 

require dilute conditions, such as detection, drug delivery or imaging. Wooley and 

co-workers prepared an ABC type of macromonomer (NB-(PS-b-PMA-b-PtBA)) 

for ROMP polymerization by sequential RAFT synthesis.87 Grafting-through 

polymerization of the macromonomer yielded core-shell-corona type bottlebrush 

precursors to further form a cylindrical architecture by self-assembly in aqueous 

solution. Molecular bottlebrushes can be utilized for the synthesis of organic 

nanotubes with core-shell-corona morphology. Cylindrical architectures may be 

beneficial for enhanced retention and uptake or for specific tissue targeting. 

Rzayev et al. have extensively studied the formation of organic nanotubes from 

55 88various compartmentalized soft bottlebrush templates. 53
- , -

89 As the core-shell-

22 

https://synthesis.87


corona template include PLA block as its core, degradation of PLA results in a 

water-soluble hollow nanotubes while a crosslinked corona stabilizes the 

nanostructure. Their amphiphilic nature makes them suitable for selective 

encapsulation of guest molecules. Nanocapsules with hydrophobic interior with 

hydrophilic exterior surfaces prepared from core-shell bottlebrush copolymers are 

91potentially useful for drug delivery applications.90
- A series of PLA-PEO 

amphiphilic molecular brushes with different lengths have been synthesized to 

produce a selection of supramolecular assemblies, ranging from spherical and 

cylindrical micelles to bilayers. The resulting aggregates showed improved 

thermodynamic stability with low critical micelle concentrations (CMCs).67 

Excellent control over the composition of bottlebrush morphologies along with 

hydrophilic/hydrophobic attributes is a valuable tool to adjust the final 

composition and properties for future applications such as drug and gene carriers 

and tissue engineering. 

Sarapas et al. have demonstrated a series of bottlebrush polymer 

networks, where poly(n-butyl acrylate)) (PnBA) was utilized as mononorbornene 

macromonomers to form bottlebrush strands and (PnBA) dinorbornene as cross

linkers. This study was the first example for the synthesis of bottlebrush networks 

using grafting through synthesis. Different macromonomer and cross-linker ratios 

provided control over the molar mass between cross-links and network 

properties, and yielded gel fractions over 90% with a low moduli in the dry state 
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compared to other polymer network materials with the shear modulus, G, range 

from 1 to 10 kPa. 92 

The synthesis of sub-10 nm or ultrasmall domain sizes is known to be 

strictly structure dependent and requires specific parameters such as high x and 

low N. Very recent study by Guo et al. showed for the first time that having 

ultrasmall domain size materials is not limited to high x and low MW materials or 

any sacrificial domain. It is conceivable to create ordered nanostructures with 

scaled down nanodomain sizes using Janus graft block copolymers (GBCPs) 

with diverse morphologies. Pseudo alternating chains of polydimethylsiloxane 

(PDMS) and poly(lacticacid) (PLA) (PDMSm-branch-PLAn)r bottlebrush 

macromonomers precursors were prepared and grafted through by ROMP. 

Following thermal annealing, (PDMS1 5-branch-PLA16) 200 formed an ordered 

lamellar structure. Introducing disperse side chains into PDMS-1 k-branch-PLA8 

known to facilitate self-assembly, retained an ordered lamellar phase and 

produced an ultrasmall lamellar nanodomain size of 2.81 nm without any need for 

high x and low N. Grafted BCPs containing polymer combinations that are not in 

the high-x category (such as polystyrene (PS), poly(tert-butyl acrylate), and poly

(ethylene oxide)) yielded ultrasmall domain sized structures with ordered 

lamellar, gyroidal, and cylindrical morphologies, respectively, with nanodomain 

sizes in the range of 3-7 nm. More importantly, independent tuning of backbone 

length had an impact in increasing glass transition T (T9) and shear storage 

modulus (G') with capability of forming free-standing glassy films while 

24 



maintaining the same nanostructure (lamellar morphology with d-spacing of 7.68 

nm). This study proved that unique Janus Grafted BCP system can effectively 

decouple the length scale for self-assembly from the molecular weight of the 

macromolecule.93 

1.4. Objectives and Summary 

The development of fundamental understanding of structure-property 

relationships in newly emerging branched architectures requires robust synthetic 

methods that allow one to access complex structures in a modular fashion. 

Compared to linear polymers, the synthesis of bottlebrush copolymers and their 

application into branched structures presents additional challenges due to the 

complexity of the targeted architecture and steric hindrance provided by the 

densely grafted arms. Control over the synthesis of bottlebrush systems is critical 

towards the generation of materials with tunable physical and chemical 

properties. In this research, we aimed to develop novel synthetic methods for the 

fabrication of star and network architectures from reactive bottlebrush 

copolymers. 

Chapter 2 focuses on the synthesis of star-brush copolymers. A new 

approach is proposed for the formation of arm-first core-cross-linked star-brush 

polymers by using end-reactive bottlebrush copolymers precursors. Reported 

methods for the preparation of star-brush copolymers mostly rely on the 

synthesis of a star-shaped backbone first, followed by grafting of polymer side 

chains by either polymer-polymer coupling reactions (grafting-onto) or 
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polymerization initiated from the star backbone (grafting-from). This work 

describes the preparation of star-brush copolymers by an arm-first approach, 

based on controlled cross-linking of giant bottlebrush copolymer arms containing 

reactive linear end blocks. The relative lengths of the bottlebrush side chains and 

the reactive linear end blocks play a critical role in controlling the successful 

outcome of the star formation when the crosslinking employs LiBr catalyzed 

nucleopilic addition of ethylene diamine to epoxy groups in the reactive end 

blocks. Olefin cross metathesis chemistry promoted by the second-generation 

Grubbs' catalyst to connect giant bottlebrush molecules together was also 

investigated for arm-first synthesis of BBCPs. Fast and efficient cross-linking of 

olefin-functionalized end blocks promoted the formation of star-brush polymers 

within a few hours irrespective of bottlebrush side chain dimensions. 

Chapter 3 describes a template-free strategy for the formation of polymer 

frameworks through the use of reinforced bottlebrush copolymer interconnectors 

with reactive end blocks, which enables controlled network buildup by selective 

end-to-end attachment. The produced mesoporous polymer frameworks boast 

uniform pore dimensions that can be controlled through judicious manipulation of 

the molecular structure of bottlebrush interconnectors. 

Chapter 4 presents a unique approach for a rationally designed synthesis 

of soluble non-network porous materials. The use of a mixture of mono- and di

functionalized end-reactive bottlebrush copolymers and their crosslinking through 

a highly efficient ruthenium-catalyzed olefin cross-metathesis reaction yields 
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soluble non-network nanoporous particles in a rapid and straightforward fashion. 

These materials can be processed from solution to produce porous films and 

membranes without need for any further thermal or chemical processing. 

Chapter 5 discusses our efforts for the syntheses of Co(II) complexes 

contained in g-PEG core-shell nanogels and evaluation of their paraCEST 

properties. The nanogels syntheses involve RAFT-mediated aqueous dispersion 

copolymerization of di(ethylene glycol) methyl ether methacrylate (ME02MA) with 

poly(ethylene glycol) methyl ether methacrylate in the presence of ligand-based 

crosslinkers, i.e. Co(ll)-DOTA based tetrafunctional and Co(ll)-CYCLEN based 

bis-functional. 

Chapter 6 demonstrates the fabrication of well-ordered gold nanoparticle 

composites templated by symmetric and asymmetric poly(styrene-b-lactide) (PS

b-PLA) bottlebrush block copolymers. Self-assembly behavior of gold 

nanoparticles (8 and 13 nm) with bottlebrush block copolymers has been 

investigated. Three different types of bottlebrush copolymers have been prepared 

with different symmetries in terms of their graft lengths. The effect of graft 

asymmetry on the overall block copolymer conformation as well as enhancement 

in nanoparticle ordering at the center of the domain regardless of the NP size 

have been analyzed. 
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Chapter 2 

Synthesis of Star-Brush Polymer Architectures from 

End-Reactive Molecular Bottlebrushes 

2.1. Introduction 

Star-brush polymer is a special type of star polymer, which comprises a 

central core bearing arms with densely grafted side-chains. 1 
•
2 The steric 

repulsion between the side-chains of the arms results in a stiff molecular 

morphology, hinders intermolecular overlapping and entanglement, and promotes 

ordering. Their high grafting density enables star-brush polymers to act as an 

intriguing unimolecular platform as nanocontainers and nanoreactors in the field 

of drug delivery and catalysis. In comparison to the linear armed star polymers, 

the area of star brush polymers is newly emerging and the research reported, so 

far, has been very limited. 

Star-brush copolymers, which combine the properties of both star and 

bottlebrush polymers, contain densely grafted brush-like arms radiating from a 

central core. 3
•
4 The development of fundamental understanding of structure

property relationships in these newly emerged macromolecular architectures 

requires robust synthetic methods that allow one to access complex architectures 

in a modular fashion. The available methods for the preparation of star-brush 

copolymers mostly rely on the synthesis of a star-shaped backbone first, followed 
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by grafting of polymer side chains by either polymer-polymer coupling reactions 

(grafting-onto) or polymerization initiated from the star backbone (grafting

from).2•5-7 Features that are unique to star brush polymers (such as high grafting 

densities, steric hindrance and complexity of the targeted architecture) bring 

more challenges than the typical star polymers either with linear or loosely 

grafted arms. New synthetic methodologies to achieve better structural control 

over the star polymer are necessary.8 

Star-brush polymers are typically prepared by two major strategies, arm

first and core-first, in combination with living radical polymerization techniques 

including; grafting-onto, grafting-through, and grafting-from.9 To achieve star 

brush polymers through the arm-first method (Scheme 2.1 ), grafting side-chains 

from a linear backbone using living radical polymerization techniques follows the 

cross-linking of the arms using a core cross-linker. The core-first method 

(Scheme 2.2), however, requires the preparation of a star-like backbone first, that 

follows the grafting process to get star brushes. 

telechelic functional 
polymer polymer 

----.._/I + 
acromonomer initiator 

grafting
through 

• ---
arm-first 

\tO((\ 

-=._R +~~ 
monomer macroiniliator 

Scheme 2.1. Arm-first strategy for the preparation of star graft copolymers. 10 
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Scheme 2.2. Core-first strategy for the preparation of star graft copolymers. 10 

Here we propose a modified arm first strategy for synthesis of star brush 

polymers. The arms are composed of a diblock copolymer; where the first block 

is a linear block with reactive functional groups required for crosslinking as the 

second block has densely grafted side chains and serve as a bottlebrush 

component. 

Amamoto et al. reported a similar approach for star-like nanogel synthesis 

using a linear polymer system. 11 Their molecular design included integration of 

two types of complementarily reactive alkoxyamine units into one diblock 

copolymer resulting a self-build up molecular system. The crosslinking was 

accomplished by radical crossover reaction of alkoxyamine moieties located in 

the side-chain of parent polymer, which is designed as poly(methyl methacrylate) 

block and random copolymer block of methyl methacrylate (MMA) and 

methacrylic esters of alkoxyamine moiety (MAL) (Figure 2.1 ). Star-shaped 

polymers once prepared can transform to nanogels depending on the lengths of 
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the blocks. When the density of the cross-linkable points is low, the 

intermolecular cross-linking reaction proceeds easily to result in a macrogel. 

Versatility of living radical polymerization methods enables applying the same 

strategy for different purposes by tuning the length of backbone, and side-chains 

of parent polymer. If the complementary functional groups are installed into two 

separate diblock copolymers radical crossover reaction will result in an 

asymmetrical (miktoarms) star-like nanogels using the same strategy. 12 
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Figure 2.1 Schematic representation of the preparation of nanogels using 

poly(MMA-b-(MMA-r-MAL)) diblock copolymer (A) and its corresponding SFM 

image (B). 
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2.2. Post-modification of polyglycidyl methacrylate 

Epoxides are a class of reactive groups with a highly strained three

membered ring. The importance of glycidyl methacrylate (GM) stems largely from 

the presence of the pendant epoxy groups that can easily undergo a ring opening 

reactions with a number of nucleophilic reagents, such as, thiols, carboxylic 

acids, azides, amines, or water, in the presence of air, moisture and sometimes 

under ambient conditions to generate polyglycerol methacrylate (PGOHMA) 

derivatives. 13 This process provides easy access to functional polymers with 

desirable bulk properties. Poly(GM)-based polymers are prepared through 

homopolymerization and copolymerization of glycidyl methacrylate with other 

monomers. Advantage of this route is that many functional polymers, which 

possibly may not be accessible by direct polymerization of the functional 

monomer, can conveniently be prepared without changing the molecular weight 

within a functionalized polymer family. lwakura and coworkers studied the post

polymerization modification of polyGM with secondary amines, the first time, in 

the 1960s.14 Although the strained three-membered rings are highly reactive, an 

acid catalyst or a strong nucleophile, created through use of a base catalyst, is 

indispensable for the ring opening reaction to achieve acceptable reaction rates 

for post-polymerization modification via epoxide ring opening. Hydrolysis of 

epoxide group produces a diol, which can be modified either selectively at the 

primary hydroxyl group due to its higher reactivity or at both hydroxyl groups. 

Post-modification of the epoxide ring with a nucleophilic group results in a second 

41 

https://1960s.14
https://derivatives.13


reactive site, a secondary hydroxyl group, which can further be modified in a 

second step. 15 

H+ RSH 
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Scheme 2.3. Post-polymerization modifications of polyglycidyl methacrylate. 

2.3. LiBr catalyzed cross-linking of epoxide rings by amine 

LiBr is a mild Lewis acid, which has been employed as a catalyst in 

several organic transformations. It offers specific advantage, such as low cost, 

being easy to handle, and nontoxic. It has been recently found that the strong 

oxophilicity of u+ activates oxygen-containing electrophiles for a nucleophilic 

attack. 16
'
17 Chakraborti et al. has shown that lithium bromide efficiently catalyzes 

the opening of epoxide rings by amines at room temperature under solvent-free 
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conditions to afford a cost-effective and environmentally friendly process for the 

synthesis of ~-amino alcohols (Scheme 2.4). 
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Scheme 2.4. LiBr-catalyzed epoxide ring opening of 1 with various amines. 18 

A model reaction between poly(GM) homopolymer and piperidine in the 

presence of LiBr proceeded to complete conversion in 2 hat room temperature in 

acetonitrile (Scheme 2.5). 
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Scheme 2.5. Functionalization of poly(GM) homopolymer with piperidine in the 

presence of LiBr at room temperature as a model reaction. 

LiBr catalyzed ring-opening of epoxides with amines is amenable to cross

linking of poly(glycidyl methacrylate) chain-end groups. Our strategy employs the 
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same chemistry; well-known oxirane functionality and ethylenediamine reaction in 

the presence of LiBr is employed for cross-linking of poly(glycidyl methacrylate) 

chain-end groups to afford cross-linking of diblock and triblock copolymers under 

mild conditions for the formation of star brush polymers and polymer gels as 

explained in the subsequent chapters. 

2.4. Olefin cross-metathesis 

Olefin cross metathesis has recently emerged as a prominent technique 

for the formation of carbon-carbon double bonds with latest advances in 

ruthenium-based olefin metathesis catalysts. The development of highly active 1st 

generation Grubbs' catalyst was a significant breakthrough regarding the general 

applicability of this reaction. N-heterocyclic carbenes was later introduced to the 

catalyst structure as ligands and afforded 2nd generation Grubbs' catalyst with an 

enhanced stability and metathesis activity. Grubbs' catalysts are well defined, 

and commercially available with great reactivity, stability and easy handling. 

These attributes have enabled the technique to be extensively used from small 

molecule synthesis to polymerization, and post-polymerization modification. 

Furthermore, the mild reaction conditions, which requires no strongly acidic or 

basic conditions, allows the presence of functional groups including carboxylic 

acids, amides, esters, alcohols, thioethers, and acetals. 

Reactivity of olefins has been categorized from Type I through Type IV, 

where the most reactive, sterically unhindered, and electron-rich olefins are 

defined as Type I, and the least active, sterically hindered and electron-deficient 
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olefins as Type IV. Kinetically rapid reaction is driven by the loss of the volatile 

ethylene product leading frequently to full conversion at ambient temperature 

within couple of hours (Figure 2.2). 19 Polymer backbones can be functionalized 

by installing terminal olefins through esterification. Olefin-terminated 

macromonomers can later be used as a precursor to form core cross-linked 

nanogels or networks in the presence of a catalyst. 

R~IR 

Figure 2. 2 Olefin Cross metathesis. 

Olefin cross metathesis chemistry and its application is relatively new 

technique for polymers science. Therefore, further growth and advances in 

research will be valuable for a variety of applications. 

2.5. Star-brush synthesis using LiBr/Ethylene diamine cross-linking system 

2.5.1. Poly(GM-b-(BIEM-g-MMA)) arm precursor 

In this section, we describe a new method for the preparation of star-brush 

copolymers by an arm-first approach, based on the controlled cross-linking of 

giant bottlebrush copolymer arms containing reactive linear end blocks (Figure 

2.3). We show that relative lengths of the bottlebrush side chains and the reactive 

linear end block play a critical role in controlling the successful outcome of the 

star formation. 
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Figure 2.3 Synthesis of core-cross-linked star-brush copolymers from end

reactive bottlebrush copolymers. 

2.5.2. Molecular design 

For the synthesis of star-brush polymers, poly(GM-b-(BIEM-g-MMA) was 

selected as the star-brush arms. PGM was used as the reactive end block due to 

the presence of pendant epoxy groups that can easily undergo a ring opening 

reactions with a number of nucleophilic reagents and grant access to many 

functional polymers. Side chain of the bottlebrush diblock copolymer was 

decorated with PMMA. It's a cheap, environmentally stable and durable 

monomer. It has a high temperature resistance with a relatively high glass 

transition temperature. It is suitable for applications that require some heat 

resistance, chemical and UV resistance, durability, and high light transmission 

capabilities. 
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Figure 2.4 Molecular design. 

Using an arm-first approach in constructing star-brush architectures 

presents significant challenges due to steric hindrance of brush-like arms during 

the star formation step. We circumvented this challenge by utilizing a reactive 

linear end block rather than a single reactive functionality at the end of the 

bottlebrush arm. The lengths of linear end blocks and the bottlebrush side chains 

can be independently controlled during synthesis and provide a handle to tune 

the star formation efficiency. Thus, the targeted copolymers consisted of a 

bottlebrush arm block linked to a linear block with highly reactive epoxide 

functionalities. Ethylenediamine mediated cross-linking of linear end blocks was 

then utilized to produce star-brush architectures with cross-linked cores and 

bottlebrush arms. 

End-reactive bottlebrush copolymers were synthesized by a grafting-from 

method. First, a well-defined diblock backbone was prepared by a consecutive 

reversible addition-fragmentation chain transfer (RAFT) polymerization of glycidyl 

methacrylate (GM) and 2-(2-bromoisobutyryloxy) ethyl methacrylate (BIEM). 

Dithioester end groups, originating from the RAFT agent, were removed from the 
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diblock copolymer by using excess AIBN to avoid interference with the next 

grafting step. Subsequently, atom transfer radical polymerization (ATRP) of MMA 

initiated from activated bromide functionalities of the poly(BIEM) block resulted in 

densely grafted bottlebrush copolymers with narrow molecular weight 

distributions (Scheme 2.6). 
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Scheme 2.6. Synthetic route to poly(GM-b-(BIEM-g-MMA)) bottlebrush 

copolymers: (A) poly(GM), (B) poly(GMA-b-BIEM) before end-group modification, 

(C) poly(GMA-b-BIEM) after end-group modification, (D) poly(GM-b-(BIEM-g

MMA)). 
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2.5.3. Polymer synthesis 

The first block of the backbone was synthesized by RAFT polymerization 

of glycidyl methacrylate (GM) with 2-cyano-2-propyl 4-cyanodithiobenzoate 

(CPCDB) as the chain transfer agent, following a procedure reported 

previously. 20 It is known from the literature that CPCDB has a high chain transfer 

coefficient21 and that cyanoisopropyl group is a good initiating species for GM 

polymerization. Polymerization of poly(GM) using CPCDB provided polymers with 

controlled molecular weights and narrow molecular weight distributions (Figure 

2.5). Absolute molecular weights of poly(GM) were determined by SEC equipped 

with a light scattering detector, using dn/dc 0.087 ml/g of poly(GM) in THF. 1H 

NMR analysis (Figure 2.6) confirmed high end group fidelity by the presence of 

two aromatic peaks, at 7.68 ppm and 7.92 ppm, corresponding to the 

dithiobenzoate end group, in addition to the characteristic poly(GM) peaks at 4.30 

ppm, 3.81 ppm, 3.24 ppm, 2.84 ppm and 2.64 ppm. Reactive poly(GM) with three 

different degrees of polymerization (40, 75, and 130) were prepared and used in 

this study. The second block was installed by polymerization of BIEM initiated 

from poly(GM) macro-chain transfer agent (macro-CTA). BIEM contains a 

pendant bromide, which can act as an ATRP initiator, but is inactive under RAFT 

polymerization conditions. Therefore, BIEM can be incorporated into the 

backbone directly by RAFT, and subsequently used as an ATRP macroinitiator 

for the grafting-from synthesis of molecular brushes. Poly(BIEM) chain length 

was chosen to be around 200-250 repeat units to afford a maximum end-to-end 
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bottlebrush distance of ~50 nm. SEC analysis of the diblock copolymer revealed 

a monomodal distribution (Figure 2.5), with the poly(GM) macro-CTA peak 

shifting to a lower elution time while maintaining low dispersity, as measured 

relative to polystyrene calibration. The number of BIEM repeat units in the 

copolymer was determined from the 1H NMR analysis (Figure 2.6) by comparing 

the poly(GM) peak at 3.81 ppm to the poly(BIEM) methylene group signal at 4.21 

ppm. Before ATRP grafting of poly(MMA) side chains to form a bottlebrush 

structure, the dithiobenzoate end groups of the diblock copolymer backbone 

needed to be removed to avoid potential chain transfer during the subsequent 

radical polymerization step or potential interference with the star formation cross

linking reaction. End-group removal was accomplished by treatment with excess 

AIBN (Scheme 2.6).22 Figure B and C shows SEC traces before and after the 

reaction, respectively. The successful outcome of the reaction was corroborated 

by SEC with a UV detector set at 310 nm, a wavelength where only 

dithiobenzoate-functionalized polymer chains can be detected. After treatment 

with excess AIBN, the disappearance of the signal from the SEC-UV trace 

(Figure 2.5 C, dashed line) indicated complete removal of dithiobenzoate end 

groups. Poly(MMA) side chains were grafted from a-bromoester groups of the 

poly(BIEM) block by ATRP without further modifications (Scheme 2.6).22 

CuCI/CuCl2/dNbpy catalyst system was selected to help increase initiation 

efficiently by halogen exchange.23 Polymerization was conducted with 

[M]:[l]:[ligand]:[Cu(l)]:[Cu(II)] ratio of 400:1 :1 :0.5:0.1 at 45 °C. From 1H NMR 
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analysis (Figure 2.6), the average poly(MMA) branch length was determined by 

comparing the integrated areas arising from the poly(MMA) methyl ester peak at 

3.61 ppm to that of the methyl ester of the last repeat unit of poly(MMA) at 3.78 

ppm. 24 The average poly(MMA) side chain length per backbone repeat unit was 

calculated by comparing the integrated areas of the poly(MMA) methyl ester peak 

at 3.61 ppm to poly(GM) peak at 2.84 ppm. The ratio between the two values 

was consistently >0.8, corresponding to high initiation efficiencies, i.e. grafting 

densities of poly(MMA) side chains. SEC analysis evidenced the formation of 

well-defined polymer brushes with poly(MMA) side chains and narrow molecular 

weight distributions (Figure 2.5D and Table 2.1 ). The absence of a high molar 

mass tail in the SEC traces are indicative of a system without significant 

intermolecular chain coupling. Table 2.1 summarizes the structural parameters of 

the synthesized copolymers. 
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Figure 2.5 SEC analysis of (A) poly(GM7s), (B) poly(GM7s-b-BIEM220) before 

end-group modification, (C) poly(GM7s-b-BIEM220) after end-group modification, 

and (D) poly(GM7s-b-(BIEM220-g-MMA21). Solid line: RI detector, dashed line: UV 

detector (310 nm). 
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Figure 2.6 1H NMR spectra (CDCl3) of poly(GM75), poly(GM75-b-BIEM22o) and 
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Table 2.1. Structural parameters of the copolymers. 

n m p MnEntry ff
GMa BIEMa MMAa {kg/molt 

1 40 5.8 1.17 

2 40 230 69.6 1.18 

3 40 230 12 300 1.11 
4 40 230 20 438 1.12 

5 40 230 32 577 1.10 
7 75 10.5 1.13 

8 75 200 67.2 1.16 

9 75 250 80.7 1.13 
10 75 220 72.2 1.16 
11 75 200 24 467 1.11 
12 75 250 21 531 1.13 
13 75 250 25 581 1.17 
14 75 250 31 756 1.19 
15 75 220 8 215 1.10 

16 75 220 21 447 1.11 

17 130 18.8 1.02 

18 130 240 86.0 1.14 

19 130 240 18 518.4 1.11 

8 Number of repeat units ; bAbsolute molecular weights determined by a combination of SEC-LS and NMR ; 
cObtained from SEC in THF with a linear polystyrene calibration. 

2.5.4. Star Formation 

Efficient cross-linking of giant bottlebrush copolymer arms to produce star-

brush architectures requires the use of a robust coupling chemistry. A well-known 

ring-opening addition of amines to epoxide groups has had a widespread use in 

epoxy-based materials such as paints, coatings, and structural adhesives. Linear 

poly(GM) block was chosen due to its capacity to serve as an excellent reacting 

coupling partner. There are some studies in the literature concerning the 
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synthesis of epoxide-functionalized star copolymers and their post

modifications.25 For example, Gao et al. demonstrated post-modification of 

glycidyl methacrylate moieties of star polymers with aliphatic amines in 

acetonitrile at high temperature. 13 In this work, we utilized LiBr as a mild Lewis 

acid to promote amine-epoxide coupling under milder conditions. Similar 

conditions with our model reaction between poly(GM) homopolymer and 

piperidine in the presence of LiBr were applied for the cross-linking of bottlebrush 

arms containing poly(GM) segments. Core-cross-linked stars were afforded in 

high yield by LiBr catalyzed epoxide ring-opening reaction in the presence of 

ethylenediamine as the coupling agent (Figure 2.7). Poly(GM75-b-(BIEM200-g

MMA24)) and ethylenediamine were reacted at room temperature in acetonitrile 

for a week in the presence of LiBr using [oxirane]:[EDA] ratio of 1:0.5. The 

formation of core-cross-linked star brush polymers was monitored by SEC 

analysis (Figure 2. 7A), where the precursor bottlebrush peak was almost 

completely replaced by a new, lower elution volume peak, which was attributed to 

the star-brush copolymer product (90% conversion). Increasing the length of the 

reactive end block didn't show any improvement on the conversion (Figure 2. 7B). 

No gelation or precipitation was observed during the reaction, indicating that 

bottlebrush arms provided effective steric screening and core crosslinking led to 

exclusive formation of individual soluble objects. The molecular weight 

characteristics of the produced star-brush copolymers were obtained by SEC-LS 

analysis (Mn = 8253 kg/mol, fJ = 1.67), corresponding to an average of 18 

55 

https://modifications.25


bottlebrush arms per star. Control experiments were performed using the same 

reaction conditions but in the absence of either ethylenediamine or LiBr. No 

evidence of coupling reactions was observed by SEC analysis after a week in 

either case, suggesting that both reagents are necessary for the successful 

outcome of the cross-linking step. The control experiments provided convincing 

evidence that LiBr can activate epoxide groups toward amine addition under mild 

conditions even for highly sterically demanding systems. 
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Figure 2.7 SEC analysis of a cross-linked star-brush polymers (solid lines) 

prepared using (A) poly(GM7s-b-(BIEM200-g-MMA24) and (B) poly(GM130-b

(BIEM240-g-MMA1a) (dashed lines). 

The kinetics of star formation was studied using poly(GM75-b-(BIEM200-g

MMA24)) end-reactive bottlebrush copolymer. Crosslinking was carried out using 

[oxirane]:[EDA] ratio of 1 :0.5 in acetonitrile, and 1H NMR spectra of the reaction 

mixture were recorded at different time intervals (Figure 2.8). The reaction 

progress was followed by the disappearance of the poly(GM) oxirane peak at 
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2.80 ppm. The polymerization time span for the cross-linking reaction was varied 

from the beginning of the reaction to 7 days. According to the 1H NMR results, 

complete disappearance of the oxirane signals was observed in 5 days. There 

are two factors that can contribute to the disappearance of poly(GM) signals from 

the NMR spectrum: ring-opening reaction with amines, and the formation of a 

rigid cross-linked core that affects segmental mobility and hence NMR relaxation 

times and peak broadening. SEC data indicated that most of the star formation 

has been completed after 4 days, consistent with the NMR results. Compared to 

the control reaction of piperidine with poly(GM) homopolymer ( vide supra), slow 

reaction kinetics observed for the star-brush formation can be attributed to low 

concentrations of oxirane groups and EDA in solution and steric hindrance 

provided by the bottlebrush copolymer arms. 
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Figure 2.8 1H NMR spectra (CD3CN) of poly(GM75-b-(BIEM200-g-MMA24)) cross

linked star polymer formation at various time intervals; after Oh (A), 8 h (B), 1 day 

(C), 2 days (D), 3 days (E), 4 days (F), 5 days (G), 6 days (H), and 7 days (I). 

The effect of EDA loading was explored next as means to accelerate the 

cross-linking reaction (Figure 2.9). One might expect that using a large excess of 

EDA relative to oxirane functionalities can completely shut down the cross-linking 

process and simply lead to EDA functionalization of bottlebrush arms. However, 

cross-linking reactions using poly(GM7s-b-(PBIEM220-g-MMA21)) precursor 

performed at 3-fold and 2O-fold excess of EDA showed high yields of star 
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formation (Figure 2.9B and C), comparable to what was observed for the 

stoichiometric reaction. When 200-fold excess of EDA was used, good yields of 

star formation were observed after 6 h, even if some of the bottlebrush 

precursors remained unreacted (Figure 2.9A). Similar results were observed for 

poly(GM40-b-(BIEM230-g-MMA12)) bottlebrush copolymer arms, where cross

linking using 200-fold excess of EDA resulted in 60% star formation after 6 h 

(Figure 2.9D). It must be noted that cross-linking was observed even when 1000-

fold excess of EDA was used at very low polymer concentrations (1 mg/ml). 

Such high degrees of star formation obtained in the presence of large excesses 

of the coupling agent can indicate other physical processes that contribute to the 

efficacy of star formation. We hypothesize that initial reaction between EDA and 

poly(GM) reactive end block produce a copolymer containing -OH and -NH2 side 

group decreasing its solubility in acetonitrile solvent and leading to micellar 

aggregation with high local concentration of poly(GM) chains in the core and 

bottlebrush arms comprising the corona. Further cross-linking reactions in the 

core promotes formation of star-brush architectures even in the presence of a 

large excess of the coupling agent. 

59 



:::J 

cci._, 

20 25 30 20 25 30 

Retention time (min) Retention time (min) 

Figure 2.9 SEC traces of star-brush copolymers prepared from (left) poly(GM75-

b-(BIEM220-g-MMA21)) and (right) poly(GM40-b-(BIEM230-g-MMA12)) at different 

conditions ([oxirane]:[EDA] ratio, time): (A) [1 :200], 6 h, (B) [1 :20], 1 week, (C) 

[1 :3], 1 week, (D) [1 :200], 6 h, and (E) [1 :20], 1 week. 

End-reactive bottlebrush copolymers are characterized by two structural 

parameters that both affect the efficacy of the star formation step: the length of 

the reactive poly(GM) end block, and the length of the bottlebrush side chains. 

Increasing the former should lead to an increased cross-linking efficiency due to 

a higher density of reactive groups per arm, while increasing the latter should 

provide more steric hindrance, diminishing the star formation efficiency. To 

explore both effects, we prepared end reactive bottlebrush copolymer arms with 
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three backbones containing different lengths of the poly(GM) block (75 and 40 

units). Three different length side chains were then grafted from each backbone 

to produce a total of 6 different polymers with varying structural parameters. 

Cross-linking reactions were carried out at room temperature for one week in the 

presence of LiBr using [oxirane]:[EDA]=1 :0.5. For a series of samples with 

poly(GM7s-b-(BIEM2so-g-MMAx)) backbone, the star formation efficiency 

progressively decreased with an increase in poly(MMA) side chain length from 21 

to 31 units (Figure 2.10). Thus, while almost complete cross-linking was 

observed for the bottlebrush arms with 21 repeat unit side chains, a significant 

amount of unreacted precursor was recovered when bottlebrush side chain 

length was increased to 31 units. It must be noted that when a similar backbone 

precursor was used with only 8 repeat unit side chains (poly(GM7s-b-(BIEM220-g

MMA8))), a significant amount of macroscopic gelation was observed, indicating 

that such short side chains did not provide enough steric shielding for effective 

star polymer formation. Thus, the optimal bottlebrush side chain length was 

determined to be ~20 units for this series of precursors. A similar trend was 

observed for bottlebrush arms with a shorter reactive end block, poly(GM40-b

(BIEM230-g-MMAx)). Here, however, because of the smaller poly(GM) block, only 

very short bottlebrush side chains could be tolerated (x=12). EDA cross-linking of 

bottlebrush arms with such side chains resulted in 72% star formation (Figure 

2.9E). When side chain length was increased to 32 repeat units, almost no 

reaction was observed, in contrast to poly(GM7s-b-(BIEM2so-g-MMAx)) copolymer 
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series. Therefore, there is clearly a delicate balance between the length of the 

reactive poly(GM) end block and the length of the bottlebrush side chains that 

controls the efficiency of the star formation reaction. The number of arms per star 

for poly(GM7s-b-(BIEM2so-g-MMAx)) brushes with x=21 and x= 31 were measured 

to be 13 and 7, respectively, by SEC-LS analysis. Consistent with the steric 

crowding hypothesis, bottlebrush copolymers with longer side chains but similar 

reactive end blocks produce star structures with fewer arms. For bottlebrush 

copolymer poly(GM40-b-(BIEM230-g-MMA12)), the average number of arms was 

measured to be 7, consistent with a shorter reactive end block in this copolymer. 

The prepared star-brush copolymers were subjected to transmission 

electronmicroscopy (TEM) analysis. As shown in Figure 2.11, starbrush polymers 

obtained from poly(GM40-b-(BIEM230-g-MMA12)) and poly(GM7s-b-(BIEM220-g

MMA21)) appeared as uniform spherical particles with average diameters of 99 ± 

15 and 92 ± 14 nm, respectively. The fact that similar particle sizes were 

obtained for two star polymers containing bottlebrush arms with vastly different 

reactive end blocks and brush side chain lengths (and hence molecular weights, 

Mn=343 vs. 535 kg/mol) was an indication that particle dimensions were mainly 

dictated by the length of the bottlebrush backbone, which should be radially 

oriented with respect to the particle center. The maximum end-to-end distance of 

a single bottlebrush arm backbone that was utilized in these studies is around 55 

nm, which is consistent with the observed particle radii. 
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Figure 2.10 SEC traces of cross-linked star polymers prepared from poly(GM75-

b-(BIEM250-g-MMAx)) with poly(MMA) side-chains (x) of (A) 21, (B) 25, and (C) 31 

repeat units. 
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Figure 2.11 Transmission electron micrographs of star-brushes obtained from 

(A) and (B) poly(GM40-b-(BIEM230-g-MMA12)), (C) and (D) poly(GM7s-b-(BIEM220-

g-MMA21)), and (E) and (F) poly(GM130-b-(BIEM240-g-MMA1a)). Samples were 

deposited from acetonitrile solution with no staining. 
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2.6. Star-brush synthesis using bottlebrush copolymers with orthogonal 

reactive groups 

2.6.1. Molecular Design 

Bottlebrush polymers have densely grafted side chains that force the 

backbone to adopt an extended conformation. Additional intra molecular cross

linking of side-chains can provide even stiffer cylindrical objects, and might be 

suitable for specific applications, for example, in the formation of standalone 

organic nanotubes. In this section, we propose a modified bottlebrush arm 

structure, where the bottlebrush side chains are decorated with photo-cross

linkable coumarin groups.26 

The modified version of bottlebrush copolymer precursors (Scheme 2. 7D), 

went through with crosslinking in the presence of LiBr/amine using the optimized 

conditions set in the previous section. SEC analysis (Figure 2.12) demonstrates 

the highest possible conversion obtained with this method. Due to a slow reaction 

kinetic and an incomplete conversion to star-brush polymers (Figure 2.12) we 

further modified the structure and appended terminal olefins onto the end-blocks 

(Figure 2.13) to employ a more powerful olefin cross-metathesis coupling for 

inter-molecular cross-linking (Figure 2.14). 

In the preceding section we defined the formation of star-brush 

copolymers using amine-epoxide coupling chemistry. The reaction has a slow 

kinetic (5 days to completion) may not be suitable for more advanced systems. 
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Figure 2.12 SEC traces (A) of cross-linked star polymers prepared from 

poly(GM85-b-(BIEM11 0-g-(MMA/CMA)) with poly(MMA/CMA) side-chains of (B1) 

17, and (B4) 29 repeat units with corresponding TEM images (B and C, 

respectively). 
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Figure 2.13 Dual reactive bottlebrush copolymers with orthogonally cross

linkable groups. 
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Figure 2.14 Synthesis of core-cross-linked star-brush copolymers from end

reactive bottlebrush copolymers. 
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End-reactive bottlebrush copolymer precursors were prepared using a 

grafting-from method. Linear di block (Scheme 2. 7) copolymer backbones were 

first synthesized by consecutive reversible addition-fragmentation chain transfer 

(RAFT) polymerizations of glycidyl methacrylate (GM) and BIEM. Dithioester end

groups, originating from the RAFT agent, were removed from the diblock 

copolymer by using excess AIBN to avoid interference with the next grafting step. 

Densely grafted random bottlebrush copolymers were then subsequently formed 

by atom transfer radical polymerization (ATRP) of methyl methacrylate (MMA) 

and coumarin-functionalized methacrylate (CMA) initiated from activated bromide 

functionalities of the poly(BIEM) block. And finally, the pendant epoxide groups of 

poly(GM) were modified with 4-pentenoic acid to introduce reactive olefin 

functionalities to the end-blocks. 
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Scheme 2.7. Synthetic route to 4-pentenoic acid modified poly(GM-b-(BIEM-g

(MMA-r-CMA))) bottlebrush copolymers: (A) poly(GM), (B) poly(GM-b-BIEM) 

before end-group modification, (C) poly(GM-b-BIEM) after end-group 

modification, (D) poly(GM-b-(BIEM-g-(MMA-r-CMA))), (E) poly(GM-b-(BIEM-g

(MMA-r-CMA))) after 4-pentenoic acid modification. 

2.5.2. Synthesis of diblock linear-brush copolymers 

The first block of the backbone was synthesized by RAFT polymerization 

of glycidyl methacrylate (GM), as reported previously. 20 2-Cyano-2-propyl 4-

cyanodithiobenzoate (CPCDB) was used as the chain transfer agent. 

Polymerization of poly(GM) provided polymers with controlled molecular weights 

and narrow molecular weight distributions as determined by SEC analysis using 
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THF as eluent (Figure 2.14A). Molecular weights of poly(GM) were determined 

by 1H NMR analysis (Figure 2.16) by comparing the aromatic peaks at 7.68 ppm 

and 7.92 ppm of dithiobenzoate end-group to the characteristic poly(GM) peaks 

at 4.30 ppm, 3.81 ppm, 3.24 ppm, 2.84 ppm and 2.64 ppm. Poly(BIEM) was 

selected as the second block since it contains a pendant bromide group, which 

can be utilized as an ATRP initiator to prepare brush polymers in the further 

steps. Poly(BIEM) was directly incorporated into the backbone by RAFT 

polymerization of BIEM that initiated from poly(GM) macro-chain transfer agent 

(macro-CTA). Molecular weight distribution of diblock copolymers were measured 

by SEC analysis relative to polystyrene calibration using THF as eluent and 

revealed a monomodal distribution (Figure 2.14B) with the poly(GM) macro-CTA 

peak shifting to a lower elution time while maintaining low dispersity. The number 

of BIEM repeat units in the copolymer was determined from the 1H NMR analysis 

(Figure 2.16) by comparing the poly(GM) peak at 3.81 ppm to the poly(BIEM) 

methylene group signal at 4.21 ppm. 

The characteristic pink color of polymers synthesized by reversible 

addition-fragmentation chain transfer polymerization is due to the thiocarbonylthio 

moiety present at the end of the polymeric chain. Before ATRP grafting of side 

chains to form a bottlebrush structure, the dithiobenzoate end-groups of the 

diblock copolymer backbones were removed to avoid potential chain transfer 

during the subsequent radical polymerization step or potential interference during 

the cross-linking reactions. To remove the dithiobenzoate end-group of the 
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polymeric chain and to produce poly(GM-b-BIEM) diblock copolymer with a 

cyanoisopropyl end-group, the polymer was treated with excess amount of AIBN 

initiator according to the literature procedure (Scheme 2.7).22 Figure 2.14 shows 

SEC traces before (B) and after (C) the reaction, respectively. The successful 

outcome of the reaction was corroborated by SEC with a UV detector set at 310 

nm, a wavelength where only dithiobenzoate-functionalized polymer chains can 

be detected. After treatment with excess AIBN, the disappearance of the signal 

from the SEC-UV trace (Figure 2.14C, dashed line) indicated complete removal 

of dithiobenzoate end groups. Poly(MMA) and poly(CMA) side chains were 

grafted from a-bromoester groups of the poly(BIEM) block by ATRP without 

further modifications (Scheme 2.7). For the ATRP synthesis of poly(GM-b-(BIEM

g-(MMA-r-CMA))) bottlebrush copolymers CuCI/CuCl2/dNbpy catalyst system 

was employed. The polymerization was conducted with 

[MMA]:[CMA]:[l]:[ligand]:[Cu(l)]:[Cu(II)] ratio of 50:25:1 :1.1 :0.5:0.05 at 55°C. The 

average poly(MMA) and poly(CMA) side chain lengths were determined from 1H 

NMR analysis (Figure 2.16), by comparing the well-defined integrated areas 

arising from the poly(MMA) methyl ester peak at 3.61 ppm and the poly(CMA) 

ethylene peak at 6.05 ppm to poly(GM) peak at 2.84 ppm, respectively. SEC 

analysis evidenced the formation of well-defined polymer brushes with 

poly(MMA-r-CMA) side chains and narrow molecular weight distributions (Figure 

2.15D and Table 2.2). Table summarizes the structural parameters of the 

synthesized copolymers. Consequently, poly(GM-b-(BIEM-g-(MMA-r-CMA))) 
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bottlebrush copolymers were treated with 4-pentenoic acid to modify pendant 

oxirane groups to introduce reactive olefin functionalities to the end-blocks. The 

successful synthesis of modified molecular bottlebrushes was characterized by 

1H NMR and GPC. 1H NMR spectra of poly(GM-b-(BIEM-g-(MMA-r-CMA))) 

bottlebrush before (Figure 2.17 A) and after (Figure 2.17B) modification confirmed 

the successful incorporation of olefin groups to the end-blocks by the absence of 

poly(GM) peak at 2.80 ppm (Figure 2.17A) and the presence of ethylene peak of 

4-pentenoic acid at 5.03 ppm and 5.83 ppm (Figure 2.17B). 1H NMR analysis 

revealed near complete conversion (87-97%) of epoxide groups to pendant 

olefins. The polymers after chemical modification revealed well defined narrow 

size distribution as determined by SEC analysis using DMF as eluent (Figure 

2.15D and E). 
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Figure 2.15 SEC analysis of (A) poly(GM), (B) poly(GM-b-BIEM) before end

group modification, (C) poly(GM-b-BIEM) after end-group modification, (D) 

poly(GM-b-(BIEM-g-(MMA-r-CMA)) before and (E) after 4-pentenoic acid 

modification. Solid line: RI detector, dashed line: UV detector (310 nm). 
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Figure 2.16 1H NMR spectra (CDCl3) of poly(GM), poly(GM-b-BIEM) and 

poly(GM-b-(BIEM-g-(MMA-r-CMA))). 
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Figure 2.17 1H NMR spectra ((CD3)2SO) of poly(GM-b-(BIEM-g-(MMA-r-CMA))) 

before (A) and after (B) 4-pentenoic acid modification. 
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Table 2.2. Structural parameters of the copolymers. 

Polymer Backbone a Side chaina Mn £f 
n GM m BIEM CMA/MMA k /mol b 

P-1 100 14 1.11 
P-2 85 12 1.11 
P-3 85 110 43 1.12 
P-4 100 200 70 1.17 
P-5 85 210 71 1.11 
B-1 85 110 6/11 363 
B-2 100 200 7/10 674 1.26 
B-3 85 210 12/20 1217 1.27 
B-4 85 110 10/19 569 

8 Number of repeat units in the polymer backbone and side chains ; bMolecular weight determined by a 
combination of SEC-LS and NMR analyses ; cDispersity determined from SEC with linear polystyrene 
calibration. 

The synthesis of isolated junction points from bottlebrush copolymers with 

one reactive end block formed soluble objects (Figure 2.18). This allowed for the 

solution characterization of the formed star-brush copolymers in order to evaluate 

the efficacy of the cross-linking chemistry. We previously reported the formation 

of star-brush copolymers using amine-epoxide coupling chemistry;27 however, 

that method was slow (5 days to completion). Instead, we utilized powerful olefin 

cross-metathesis chemistry28
-
30 promoted by the second-generation Grubbs' 

catalyst to connect giant bottlebrush molecules together. Size exclusion 

chromatography (SEC) analysis of the cross-linking reaction revealed fast and 

efficient formation of star-brush copolymers (junction points), which was 

evidenced by almost complete disappearance of the reactive bottlebrush 

precursor signal and the appearance of a new peak at lower elution volume 

(larger size) attributed to the newly formed star-brush copolymers. The cross

linking was completed within a few hours irrespective of bottlebrush side chain 
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dimensions. From SEC data, we also calculated the average number of 

bottlebrush arms emanating from each star core to be 10 for both samples. 

Additionally, no macroscopic gelation or high molecular weight shoulders were 

observed for the star-brush peak in SEC, indicating the formation of standalone 

junction points as the brush block provided enough steric shielding to allow 

crosslinking to proceed within isolated domains. Thus, the chosen length of the 

linear end blocks enabled efficient end-to-end bottlebrush connectivity without 

coupling of the cross-linked junction domains. 
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Figure 2.18 Efficient synthesis of star-brush copolymers (isolated junction points) 

from bottlebrush copolymers with one reactive end block. 

The photo-cross-linking of coumarin side chains were evaluated by UV 

analysis. Irradiation of star-brush polymers for 2 h at 365 nm led to complete 
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disappearance of the coumarin UV absorbance peak at 320 nm (Figure 2.19). 

After photo-cross-linking of the star brushes an increase in the glass transition 

temperature of photo-cross-linked bottlebrush strands from 92°C to 128 °C was 

observed by DSC analysis (Figure 2.20). 
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Figure 2.19 UV-Vis spectra of star-brush copolymer from poly(GMas-b-(BIEM210-

g-(MMA20-r-CMA12)) bottlebrush copolymer; before (solid line) and after (dashed 

line) UV irradiation (365 nm). 
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Figure 2.20 DSC characterization of star-brush copolymer (A) before UV-cross

linking, (B) after UV-cross-linking. 

2.7. Conclusion 

In summary, we have developed a new method for the formation of arm

first core-cross-linked star-brush polymers by using end-reactive bottlebrush 

copolymers precursors. A combination of different controlled radical 

polymerization methods was used to synthesize poly(GM-b-(BIEM-g-MMA)) 

block copolymers, where linear oxirane-functionalized poly(GM) blocks served as 

a crosslinkable moiety to connect bottlebrush arms together. 

We proposed two approaches for inter-molecular chemical cross-linking of 

end-reactive bottlebrush copolymers precursors. First, star formation was 

conducted in the presence of ethylenediamine as the cross-linker and LiBr as the 

catalyst at room temperature. While stoichiometric ratios of [EDA]:[oxirane] led to 

the best results, effective cross-linking of bottlebrush arms was observed even 
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when a large excess of EDA was utilized, suggesting a possible polymer 

modification induced phase separation, which enhanced the star formation 

process. An interplay between the length of the reactive poly(GM) end block and 

the length of bottlebrush side chains controlled the efficacy of star formation, 

which was explored by cross-linking a series of end-reactive bottlebrush 

precursors with varying structural parameters. TEM analysis of star-brush 

copolymers evidenced the formation of uniform spherical particles whose 

dimensions were consistent with fully stretched bottlebrush copolymer arms. The 

developed method provides means to connect giant bottlebrush copolymer arms 

(Mn> 300 kg/ mol) into a star architecture in an effective and tunable manner. 

Amine-epoxide coupling chemistry method, however, is slow (5 days to 

completion) for the formation of star-brush copolymers, and may not be suitable 

for certain applications. Therefore, we also proposed a powerful olefin cross

metathesis chemistry promoted by the second-generation Grubbs' catalyst to 

connect giant bottlebrush molecules together. Fast and efficient formation of star

brush copolymers (junction points) was achieved with a complete cross-linking 

within a few hours irrespective of bottlebrush side chain dimensions. Calculated 

average number of bottlebrush arms emanating from each star core was found to 

be 10 for two representative samples. Additionally, no macroscopic gelation or 

high molecular weight shoulders were observed, indicating the formation of 

standalone junction points as the brush block provided enough steric shielding to 

allow crosslinking to proceed within isolated domains. Thus, the chosen length of 
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the linear end blocks enabled efficient end-to-end bottlebrush connectivity without 

coupling of the cross-linked junction domains. The latter will be important (vide 

infra) when this method is applied for the controlled formation of mesoporous 

frameworks where individual network junction points are interconnected with 

bottlebrush bridges of similar length. 

2.8. Experimental Section 

Materials. Azobis(isobutyronitrile) (AIBN) was recrystallized from methanol and 

dried under vacuum before use, CH2Cl2 was dried using a commercial solvent 

purification system (Innovative Inc.). Glycidyl methacrylate (GM), and methyl 

methacrylate (MMA) were passed through a basic alumina column before 

polymerization to eliminate the radical inhibitor. All other chemicals were used as 

received unless stated otherwise. 

Measurements. 1H NMR spectra were recorded on a Varian lnova-500 

spectrometer (500 MHz) by using CDCl3 or CD3CN as a solvent. Size exclusion 

chromatography (SEC) data was obtained using Viscotek's GPCmax and 

TDA302 Tetradetector Array system equipped with two PolyPore columns 

(Polymer Labs, Agilent). The detector unit contained a refractive index, UV, 

viscosity, low angle (7°) and right angle (90°) light scattering modules. 

Tetrahydrofuran (30 °C, 1 ml/min) was used as the mobile phase. The system 

was calibrated with 10 linear polystyrene standards from 1.2x106 to 500 g/mol. 

The refractive index increment (dn/dc) for poly(GMA) was measured to be 0.087 

ml/g in THF (T = 30 °C, "A = 630 nm), which was used to determine absolute 
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molecular weights of the poly(GMA) homopolymer. SEC analysis in DMF (0.01 M 

LiBr) was carried out at 55 °C on a Viscotek GPC system equipped with a VE-

3580 refractive index (RI) detector, two mixed bed (PolyAnalytik) organic 

columns (PAS-103M and PAS-105M). The system was calibrated with 10 

polystyrene standards from 1.2 x 106 to 500 g/mol. TEM images were obtained 

using a JEOl 2010 TEM instrument. Samples were prepared by dip-coating a 

400 mesh carbon coated copper grid from a dilute (1 mg/ml) sample solution. 

Synthesis of BIEM. The synthesis of 2-(2-bromoisobutyryloxy) ethyl 

methacrylate (BIEM) was carried out according to the procedures described 

previously. 31 ·32 A solution of 2-hydroxyethyl methacrylate (7.00 ml, 58 mmol) and 

pyridine (5.36 ml, 66 mmol) in CH2Cl2 (75 ml) was stirred at O °C for 45 min 

under nitrogen, and 2-bromoisobutyryl bromide (7.72 ml, 64 mmol) was added 

dropwise over 30 min. The mixture was stirred at O °C for 6 h, during which time 

the formation of a white precipitate was observed. The mixture was filtered to 

remove the white precipitate and the solids were washed with CH2Cl2. The filtrate 

was washed with deionized water (2x100 ml), 10% NaHCO3 solution (2x100 

ml), and a saturated NaCl solution (2x100 ml) and then dried over MgSO4. The 

MgSO4 was filtered off and the CH2Cl2 was evaporated. The product was purified 

by vacuum distillation (84 °C, 0.02 mmHg) to provide the desired compound in 

75% yield. 1H NMR (500 MHz, CDCl3, o): 6.16 (s, 1H, CH=C trans), 5.62 (s, 1H, 

CH=C cis), 4.45 (s, 4H, -O-CH2-CH2-O-), 1.97 (3H, a-CH3), 1.95 (s, 6H, -

C(Br)(CH3) 2). 
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Synthesis of poly(GM). GM (1 ml, 7.4 mmol), 2-cyano-2-propyl 4-

cyanodithiobenzoate (CPCDB, 36.2 mg, 147.0 µmol), and AIBN (2.4 mg, 14.7 

µmol) were dissolved in benzene (2 ml) in a Schlenk flask, and the mixture was 

degassed by three freeze-pump-thaw cycles. The polymerization was performed 

at 60 cc under stirring. After 16 h, the reaction was quenched by cooling to room 

temperature. The mixture was then diluted with CH2Cl2, the polymer was 

precipitated from 20-fold excess of methanol three times and dried in a vacuum 

oven overnight to produce 0.932 g polymer as a pink powder. SEC (light 

scattering detector): Mn= 10.5 kg/mol, fJ = 1.13. 

Synthesis of poly(GM-b-BIEM) diblock copolymer. Poly(GM) (Mn = 10.5 

kg/mol, 75 mg) was dissolved in a mixture of BIEM (0.38 ml, 1.71 mmol) and 

toluene (0.4 ml) in a Schlenk flask. AIBN (0.115 mg, 0. 7 µmol) was then added 

to the mixture in the reaction flask, and the mixture was degassed by three 

freeze-pump-thaw cycles. The reaction was performed at 65 cc for 18 hand then 

quenched by cooling down to room temperature under running water. The final 

product was diluted with CH2Cb, precipitated from 20-fold excess of methanol 

three times, and dried in a vacuum oven overnight to produce 0.413 g polymer as 

a pink powder. SEC (polystyrene standards): Mn = 72.2 kg/mol, fJ = 1.16. 

End-group modification of poly(GM-b-BIEM). The characteristic pink color of 

polymers synthesized by reversible addition-fragmentation chain transfer 

polymerization is due to the thiocarbonylthio moiety present at the end of the 

polymeric chain. To remove the dithiobenzoate end group of the polymeric chain 
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and to produce poly(GM-b-BIEM) diblock copolymer with a cyanoisopropyl end 

group, the polymer was treated with excess amount of AIBN initiator according to 

the literature procedure.33 Poly(GM-b-BIEM) (0.2 g, 2.8 µmol) was dissolved in 

tetrahydrofuran (1.5 ml) in a 10-ml round-bottom flask and 20-fold excess of 

AIBN (11.4 mg, 69.3 µmol) was then added to the flask. The solution was purged 

with N2 gas, sealed, and placed in an oil bath at 80 °C for 2.5 h. After the 

reaction, the polymer was precipitated in 20-fold excess of cold hexanes, and 

dried in a vacuum oven overnight. The final polymer was obtained as a white 

powder. 

Grafting poly(MMA) from poly(GM-b-BIEM). Methyl methacrylate (MMA) was 

sparged with nitrogen for 15 min in a septum-capped flask to remove oxygen. 

CuCI (18.3 mg, 184.9 µmol), CuCl2 (4.92 mg, 36.6 µmol), and 4,4'-dinonyl-2,2'

bipyridine (dNbp) (149.7 mg, 366.3 µmol) were placed into a dry 50 ml Schlenk 

flask equipped with a magnetic stirrer bar. The flask was sealed with a septum, 

evacuated, and refilled with nitrogen three times. Deoxygenated MMA (7.8 ml) 

was added to the flask. The catalyst mixture was allowed to stir for 2 hours at 

room temperature until a homogeneous brown catalyst solution was obtained. In 

a separate Schlenk reaction tube equipped with a stir bar, poly(GM-b-PBIEM) 

diblock copolymer (40.0 mg, 122.0 µmol of Br) was dissolved in MMA (2.6 ml, 

24.5 mmol) and toluene (1 ml). The reaction mixture was then degassed by 

three cycles of freeze-pump-thaw. Under nitrogen flow, the catalyst mixture (2.6 

ml) was transferred into the reaction tube, and the tube was sealed. The 
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polymerization was performed at 45 °C. After 2.5 hours, the reaction was 

quenched by cooling down to room temperature and opening the flask to air. The 

polymer was precipitated in methanol three times, dried in a vacuum oven 

overnight and obtained as a white powder (0.245 g). 

Typical procedure for cross-linking of poly(GM-b-(BIEM-g-MMA)) by amine

epoxy coupling. Poly(GM-b-(BIEM-g-MMA) (20.0 mg) was placed in a 1-ml vial 

equipped with a stir bar. The solution of LiBr (4.7 mg/ml, 50.0 µl) was added 

into the reaction vial and allowed to stir until the polymer was dissolved. Then the 

solution of ethylenediamine (0.649 g/ml, 50.0 µl) was added into the vial, and 

the reaction was carried out at room temperature. After a specified time, the 

polymer was diluted with CH2Cb and precipitated in methanol twice. The ratio of 

[LiBr]:[oxirane] was 1:1 and polymer concentration was equal to 0.2 g/ml unless 

stated otherwise. 

Grafting MMA/CMA side chains from Poly(GM10o·b-BIEM200) diblock 

copolymers. MMA was sparged with nitrogen for 15 min in a septum-capped 

flask to remove oxygen. A three-times excess of a stock solution of CuCI (10.0 

mg, 0.101 mmol), CuCl2 (1.35 mg, 0.010 mmol), and 4,4'-dinonyl- 2,2'-bipyridine 

(dNbp) (90.6 mg, 0.22 mmol) were placed into a dry Schlenk flask equipped with 

a magnetic stir bar. The flask was sealed with a septum, evacuated, and refilled 

with nitrogen three times. Deoxygenated MMA (0.53 ml) was added to the flask. 

The catalyst mixture was allowed to stir for 2 h at room temperature until a 

homogeneous brown catalyst solution was obtained. In a separate Schlenk 
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reaction tube equipped with a stir bar, poly(GM110-b- BIEM200) diblock copolymer 

(70 mg, 0.20 mmol of Br) and CMA (1.45 g, 5.02 mmol) were dissolved in an 

MMA (0.53 ml) and anisole (6.7 ml) mixture. The reaction mixture was then 

degassed by three cycles of freeze-pump-thaw. Under nitrogen flow, the 

catalyst mixture was transferred into the reaction tube, and the tube was sealed. 

The polymerization was performed at 55 °C. After 6.5 h, the reaction was 

quenched by cooling to room temperature and opening the flask to air. The 

polymer was precipitated in methanol three times, dried in a vacuum oven 

overnight, and obtained as a white powder. 

Modification of epoxide groups with 4-Pentenoic Acid (B-2). Poly(GM100-b

(BIEM200-g-(MMA10-r-CMA7)) (100 mg, 0.015 mmol of oxirane), trimethylamine 

(6.1 µl, 43 µmol), and 4-pentenoic acid (0.15 ml, 1.5 mmol) were dissolved in 

DMF (4.5 ml) in a round-bottom flask. The reaction mixture was heated at 9O°C 

for 36 h. After the reaction, the solution was concentrated and precipitated in 

water. A dark yellow product was dissolved in DCM, precipitated in methanol 

three times, and dried under vacuum overnight to yield a pale yellow powder. 

Synthesis of star-brush copolymers by cross-metathesis. In a representative 

procedure, DCM was purged with N2 for 10 min in a 20 ml vial before use. 4-

Pentenoic acid-modified poly(GM100-b-(BIEM200-g-(MMA10-r-CMA7))) (B-2) (10 

mg, 1.5 µmol of olefin) was placed in a 1.5 ml vial, and purged with N2 for 5 min, 

and subsequently dissolved in DCM (0.19 ml). Grubbs' II catalyst (0.12 mg, 1.42 

µmol) was placed in a separate vial and purged with N2 for 5 min, then dissolved 
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in DCM (10 µL). The catalyst solution was transferred into the reaction vial, and 

the cross-linking was carried out at room temperature for 5 h. 
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CHAPTER 3 

Polymer Networks 

3.1. Introduction 

Porous materials can be classified as organic, inorganic, or organic

inorganic hybrid frameworks containing pores with size ranging from nanometer 

to micrometer scale. According to IUPAC nomenclature, porous materials are 

categorized depending on their pore size as microporous (pore size smaller than 

2 nm), mesoporous (pore size between 2 and 50 nm), and macroporous (pore 

size greater than 50 nm). 

Nanoporous solids have found widespread use in numerous applications, 

5such as catalysis, gas storage, and separations. 1- Materials can be intrinsically 

porous. Zeolites are the most illustrative example of intrinsically nanoporous 

materials, extensively used as adsorbents for catalytic and purification purposes.6 

A diverse collection of top-down and bottom-up synthetic methods has been 

employed to generate nanoporous solids with emphasis on controlling various 

structural characteristics, such as pore size and distribution, pore volume, 

surface area, chemical functionality, and mechanical properties, that facilitate 

their utilization in specific applications. 

One of the most powerful and elegant ways of constructing porous solids 

has been through the use of rigid molecular building blocks with directional 

interactions, which allows for the formation of extended networks through rational 
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molecular design strategies. An impressive array of crystalline and amorphous 

porous solids, such as metal organic frameworks (MOFs),7
-
8 covalent organic 

frameworks (COFs),9 and polymers with intrinsic microporosity (PIMs), 10 has 

been fabricated by covalent and noncovalent assembly of small rigid molecular 

fragments with limited conformational freedom. 

COFs and MOFs are crystalline microporous materials with ordered 

porous structure. COFs are constructed entirely by strong covalent bonds of 

organic elements, such as, boroxine linker or a boronate ester linker. 11 Apart from 

the boron-comprising COFs there are also some studies that have been revealed 

the synthesis of imine based COFs and polyimide COFs. 12 Pore size is in range 

from the micropore range (<2 nm) to small mesopores (2-4.7 nm). Rigid 

molecular building blocks form a stiff backbone that enhances the gas 

permeability, diffusional selectivity, the separation property and durability of 

membranes as gas separation and storage materials. MOFs are constructed 

from organic linkers and metal-oxide units via the reticular synthesis. 13 Majority of 

these extended networks are composed of a limited number of different kind of 

building units. 14 Pore widths of MOFs are typically up to 2 nm. 

Crystalline frameworks are generally brittle that may lead to failure in 

manufacturing to large-scale separation membranes. PIMs have been developed 

as amorphous and soluble microporous materials. Rigid macromolecular 

backbone, poly(benzodioxane)s, is flexible in every repeat unit. The porosity of 

these disordered materials results from inherent kink and the molecular packing 

92 

https://units.14


of stiff polymer chains. The solution processability of these non-network 

frameworks is particularly attractive. Because it allows them to be analyzed 

quantitatively, which is not possible for insoluble network structures. Rotational 

freedom along the backbone is prohibited with enough rigidity and flexibility of the 

polymer chains to avoid the rearrangement of the chains and collapsing the 

porous structure. 15 

Pore blockage is one challenge with microporous materials in some 

applications due to post-synthetic functionalization and the absence of large 

nanopores for the transport and diffusion of larger guest species. The presence 

of mesoporous and macroporous plays a vital role to enhance diffusion and 

overall efficiency by improving the accessibility of microporous surfaces. 

Therefore future efforts have been directed to the design and fabrication of meso

and macroporous polymers. 

Hierarchically porous polymers integrate pores with different length scales 

from micro to meso and macropores. Hypercrosslinking via Friedel-Craft 

alkylation has been a common method for micropore production. Crosslinking 

reaction forms carbonyl bridges between the phenyl groups at elevated 

temperatures in the presence of iron catalyst. This random crosslinking method 

doesn't have a control over the pore size and limited to the presence of 

polystyrenes. 

The self-assembly of block copolymer precursors is a convenient and 

straightforward method to prepare ordered mesoporous polymeric materials. 
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Immiscible polymer blocks within the same chain can phase separate in bulk or 

in solution. The link between the blocks keeps the separation limited in 

mesoscopic scale without leading the formation of any macrophase separation. 

Removing one of the phases creates nanoporosity.6 Polystyrene-block

polylactide (PS-b-PLA) is a well established example to the selective etching of 

block copolymer self-assemblies, where PLA is the sacrificial component and 

etched in basic condition. 16 However, block polymer materials producing a 

percolating pore structure and a continuous matrix structure (i.e. bicontinuous 

structures) are a few. 17 

For the preparation of inorganic or organic-inorganic hybrid based 

mesoporous frameworks, organic molecules can be used as templates. Due to 

the difficulty of removing template molecules from the polymers a template free 

technique for the synthesis of mesoporous polymer materials can be an elegant 

and facile approach. Mesoporous polymers with pores size less than 25 nm 

typically possess high surface areas above 50 m2/g. 18 Compared to their 

inorganic counterparts, such as mesoporous silicas, they are more advantageous 

due to their low weight and high flexibility. 19 

The production of mesoporous polymers in the form of larger monolithic 

pieces can be advantageous depending on the specific applications, for instance, 

if a porous material needs to be incorporated into a device. At the same time, 

maintaining overall macroscopic dimensions can provide easier handling.20 

Among all the aforementioned methods, the use of rigid molecular building blocks 
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with directional interactions is a very powerful approach to control pore size and 

distribution but relies on small molecular building blocks; hence the generated 

porous solids have been typically restricted to pore sizes of less than 5 nm 

(Figure 3.1 ). Extending similar molecular design principles for the fabrication of 

larger length scale porous frameworks, poised to facilitate a gamut of new 

applications, is a fascinating proposition but a daunting challenge due to the lack 

of suitable building blocks. 

flexible polymer bridges rigid molecular bridges 
no porosity pores < 2 nm 

loop 

flexible \ ?A B A bridge-...... . 
~ ........ Mesoporous ~ ~ linear reactive polymer

copolymer 
networks t 

rigid branched 
microporous molecule 

elastomers, thermosets, gels polymers 

Figure 3.1 Illustration of typical network structures and their building units. 

The search for larger molecular building blocks that can advance 

molecular design principles of MOFs and COFs to a different length scale 

inevitably leads to synthetic polymers, which provide a robust, chemically 

tunable, and inexpensive platform for materials fabrication. However, due to the 

inherent flexibility of linear macromolecules, they cannot serve as rigid network 

interconnectors required for the construction of molecular frameworks (Figure 

3.1 ). Therefore, we chose to use bottlebrush copolymers, characterized by a 

tunable molecular stiffness and persistent cylindrical shape, as rigid 

macromolecular network bridges. 
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Bottlebrush copolymers are an emerging class of branched 

macromolecules with a comb-like architecture where excluded volume 

interactions between densely grafted side chains force the backbone to adopt an 

extended conformation. 21 
-
22 Persistence length of cylindrical bottlebrush 

copolymers with acrylic side chains has been reported to be 35 nm even for 

relatively short side chains. 23 Additionally, intramolecular cross-linking of side 

chains can provide even stiffer cylindrical objects, suitable, for example, for the 

formation of standalone organic nanotubes.24
-
26 

Network bottlebrush copolymer materials obtained by random chemical 

crosslinking through bottlebrush side chains have been recently reported for the 

fabrication of supersoft elastomers 27 
•
28 and nanoscale networks.29 

Wu et al. has demonstrated the first example of nanoscale networks using 

polystyrene molecular bottlebrush as a building block (Scheme 3.1 ). Crosslinking 

has been created by introducing carbonyl bridges between the phenyl rings. The 

formation of micropores through the intrabrush crosslinking of neighboring 

polystyrene chains and large size nanopores through the interbrush crosslinking 

led to the formation of a hierarchical polymeric network. There has been a control 

over the diameter of the network units by changing the degree of polymerization 

(DP) of polystyrene side chains. It's been shown that the decrease in DP of the 

side chains from 200 to 60 resulted in a decrease in the diameter of the nanofiber 

network unit from 12 to 8 nm, and the size of the large-sized network nanopores 

from 9.3 to 6.3 nm. 
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Micropore Meso-/macropore 

Scheme 3.1. The fabrication of polymeric nanoscale network based on intra

/interbrush cross-linking of soluble polystyrene bottlebrush macromolecules. 29 

While these new and exciting materials offer some unique attributes, they 

lack the directional connectivity necessary for the formation of uniform molecular 

frameworks through rational molecular design principles. 

reactive blocks 

/ \ 
~ 

'-------v-----

bottlebrush 

Figure 3.2 Construction of mesoporous polymer frameworks from shape

persistent bottlebrush copolymers with reactive end blocks. 
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In this chapter, we demonstrate a template-free strategy for the formation 

of polymer frameworks through the use of reinforced bottlebrush copolymer 

interconnectors with reactive end-blocks, which enables controlled network 

buildup by selective end-to-end attachment (Figure 3.2). We investigate different 

crosslinking strategies to find efficient and effective ways for chemical 

crosslinking. The accessibility to various crosslinking chemistry provides 

alternative ways to approach mesoporous polymeric networks, where the 

functional groups in the polymer chains can be tailored for certain applications. 

3.2. Formation of polymer gel from end-reactive bottlebrush copolymer 

via ring-opening of pendant epoxy groups using ethylenediamine/LiBr 

cross-linking system 

Previously, we demonstrated a method for the formation of arm-first core

cross-linked star-brush polymers by using monofunctional end-reactive 

bottlebrush copolymers precursors, poly(GM-b-(BIEM-g-MMA)) in the presence 

of ethylenediamine as the cross-linker and LiBr as the catalyst at room 

temperature, where linear oxirane-functionalized poly(GM) blocks served as a 

crosslinkable moiety to connect bottlebrush arms together. Using a similar 

synthetic strategy, a polymer network can be directly obtained by cross-linking of 

epoxy groups of PGM end blocks, where the starting polymer has a difunctional 

triblock copolymer backbone. Here, we successfully designed and constructed 

structurally robust polymer networks using molecular brushes as building blocks. 

Chemical cross-linking of triblock copolymers with hydrophilic end-blocks and a 
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hydrophobic molecular brush middle block produced polymer gels, where end

blocks serve as linkers between triblock bottlebrush copolymers. 

3.2.1. Synthesis of poly(GMA-b-(BIEM-g-MMA)-b-GMA) bottle-brush 

copolymer 

For the preparation of bottlebrush copolymer networks, a well-defined 

triblock backbone was prepared by a sequential RAFT polymerization of GM, 

BIEM and then, again, GM. Afterwards, dithiobenzoate functionality of the linear 

backbone polymer was removed by excess AIBN prior to the grafting brushes to 

avoid any possible side reactions during cross-linking. Subsequently, ATRP was 

used to graft PMMA brushes from the linear backbone, poly(GM-b-BIEM-b-GM). 

The number average molecular weight of each block and the side chains were 

targeted based on the optimized conditions determined for the star-brush 

synthesis. Based on our previous results, poly(GMao-b-(BIEM2so-g-MMA24)-b

GM7o) was prepared to be used as building units of polymer network. 
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Scheme 3.2. Synthetic route to poly(GMao-b-(BIEM2so-g-MMA24)-b-GM70) 

bottlebrush copolymers: (A) poly(GMao-b-BIEM2so), (B) poly(GMao-b-BIEM2so-b

GM70) before end-group modification, (C) poly(GMao-b-BIEM2so-b-GM70) after 

end-group modification, (D) poly(GMao-b-(BIEM2so-g-MMA24)-b-GM70). 

The synthesis of the triblock copolymer was achieved in a well-controlled 

fashion. The resulting polymers were analyzed by SEC and 1H NMR. Figure 3.3 

shows the overlaid SEC traces of the PGM80 homopolymer, the resulting polymer 

after chain extension to PGMao-b-PBIEM2so diblock, and PGMao-b-PBIEM2so-b

PGM70 triblock copolymers, and PGMao-b-(PBIEM2so-g-PMMA24)-b-PGM70, 

PMMA grafted triblock bottlebrush copolymer. SEC traces of each polymer 

displayed a monomodal molecular weight distribution towards higher molecular 

weight. Dispersity of the PGM homopolymer and diblock copolymer were found 

to be 1.17 and 1.15, respectively. The chain extension of poly(GM-b-BIEM) 
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macro-CTA by PGM to produce the third block (Scheme 3.2) displayed 

insignificant increase in POI to 1.18, while maintaining a unimodal SEC trace of 

the block copolymer. The clean shift of the SEC trace of PGM homopolymer, 

diblock and triblock copolymers towards lower elution volume indicated 

successful chain extension (Figure 3.3A, B, and C). The triblock molecular brush 

molecular displayed a broader weight distribution (&-:1.25), although it was still 

relatively low (Figure 3.3E). 

18 20 22 24 26 
Retention time (min) 

Figure 3.3 SEC traces of PGMao (A), PGMAao-b-PBIEM2so (B), PGMao-b

PBIEM2so-b-PGM70 before (C), after (D) end-group modification (Solid lines: RI 

detector, dashed lines: UV detector (310 nm)), PGMao-b-(PBIEM2so-g-PMMA24)

b-PGM70 (E). 
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The degree of polymerization of the third block (PGM) was calculated by 

1H NMR in a similar way as mentioned for the diblock backbone, by comparing 

the PGM peak at 3.81 ppm to the PBIEM peak at 4.21 ppm. Dithiobenzoate end

group of the triblock copolymer was successfully removed by excess AIBN 

(Scheme 3.2). Figure 3.3 (C and D) shows the SEC traces before and after the 

reaction. UV detector was used to measure the absorbance of dithiobenzoate 

end-functional group. After the reaction no trace belonging to the end-functional 

group was detected (Figure 3.3D, dashed line). MMA was grafted from the 

middle block of the linear triblock copolymer (Scheme 3.20). Degree of 

polymerization of PMMA side-chain was calculated following the same method 

used for the diblock molecular brushes. Based on the 1H NMR spectra, the brush 

length and the initiation efficiency were found to be around 24 and 92%, 

respectively. Based on the high initiation efficiency of the resulting polymer, the 

PMMA side-chains were assumed to be grafted from the majority of BIEM 

initiation sites and operated as a linear, stiff macromolecule during the gelation 

process. 

Four different gels were prepared at the pre-optimized cross-linking 

conditions with different polymer concentrations. We successfully prepared non

shrinkable gels with minimum amount of 28 wt% of polymer using our new 

strategy (Table 3.1 ). The triblock copolymer formed gels even at 13 wt% of 

polymer, but the resulting gel was highly shrinkable. For ABA type linear triblock 

copolymers, gelation occurs at minimum polymer concentration of 5-20 wt%. But 

102 



in case of bottlebrush copolymers, side chains do not contribute to the network 

formation, which results in the dilution of backbones. They lower the 

concentration of entanglement strands. Mechanical stability is achieved as a 

result of the molecular network of the backbone being diluted by short 

bottlebrushes that is below the entanglement limit. The side-chains do not 

entangle and are covalently attached to the matrix, which enhances the stability 

of the matrix against evaporation or deformation. Obtaining gels at the 

concentrations close to the linear ABA block copolymers using triblock 

copolymers is crucial. Here we demonstrated the formation of polymeric gels 

using our strategy with bottlebrush copolymers. 

Table 3.1. Gel properties with different polymer weight percent. 

Entry Weight% of Polymer Gel Formation 

1 28 Non-shrinkable gel 

2 20 Shrinkable gel 

3 13 Shrinkable gel 

4 7 No gel formation 

SEM images (Figure 3.4) confirmed the formation of a continuous network 

structure. The images clearly show the isolated junction points of the monolith. 

However, the images also reveal that the structure is lack of pores. It is obviously 

the result of how the pieces have been processed after the formation of network 
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gel. Here, the gel particles left in a solvent, where the side-chains were soluble. 

Before drying the gels, we later confirmed that a good solvent for the side-chains 

needs to be replaced with a different solvent, where the side-chains are 

insoluble, to induce the formation of a well-defined nanoporous structure. 

Figure 3.4 Polymer network prepared from PGMao-b-(PBIEM2so-g-PMMA24)-b

PGM7o before drying (A), SEM images of cross-sectional area at high 

magnification (C, D), and low magnification (D). 
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3.3. Synthesis of mesoporous polymer frameworks from end-reactive 

bottlebrush copolymers using cross-metathesis 

In the preceding chapter, we defined an efficient way of star-brush 

polymer synthesis based on Ru-catalyzed cross-metathesis cross-linking. This 

section explains the fabrication of mesoporous frameworks using the same 

strategy for the formation of polymeric frameworks where isolated cross-linked 

domains are interconnected with bottlebrush copolymer bridges. Bottlebrush 

copolymers have two reactive end-blocks with pendant olefinic groups for 

intermolecular crosslinking, and orthogonal coumarin methacrylate groups 

integrated on the side-chains to improve the stiffness of the linkers by 

intramolecular photo-crosslinking. 

Bottlebrush interconnectors were engineered to possess several important 

attributes to allow for their utilization in controlled fabrication of mesoporous 

frameworks. In order to avoid random side chain cross-linking and promote 

controlled network build-up, reactive linear end-blocks containing olefinic pendant 

groups were installed at both ends of bottlebrush copolymers. Cross-metathesis 

reaction between double bonds of different linear end-blocks was used as the 

network formation chemistry. The bottlebrush side chains were decorated with 

photo-cross-linkable coumarin groups30 for intramolecular reinforcement of rigid 

cylindrical network interconnectors. The inherent stiffness of the bottlebrush 

middle block should also minimize the loop formation, where both reactive end 
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blocks reside within the same junction point, which diminishes the structural 

integrity and mechanical properties of the polymer networks. 

3.3.1. Synthesis of poly(GMA-b-(BIEM-g-(MMA-r-CMA))-b-GMA) bottlebrush 

copolymer 

Bottlebrush copolymers with controlled dimensions and orthogonally 

cross-linkable functional units were synthesized by using the combination of 

RAFT polymerization and grafting-from method (Scheme 3.3). Briefly, a linear 

triblock copolymer backbone was prepared first by reversible 

addition-fragmentation chain transfer polymerization31 to contain end-blocks with 

epoxide functionalities and the middle block with activated bromide groups.32 

Bottlebrush side-chains were then installed from the middle block by atom 

34transfer radical copolymerization33
• of methyl methacrylate (MMA) and a 

coumarin containing methacrylate (CMA) monomer (MMA:CMA = 1.3-1.7). 

Finally, olefinic functionalities were introduced into the linear end blocks by 

reaction of pendant epoxide groups with 4-pentenoic acid in the presence of 

triethylamine. 

Initially, poly(GM-b-BIEM) was prepared as defined, vide supra. Before 

removing the dithiobenzoate end-group, GM was initiated from poly(GM-b-BIEM) 

macro-CTA to form poly(GM-b-BIEM-b-GM) linear triblock copolymer backbone. 

As the degree of polymerization of poly(GM) end-blocks were targeted to be the 

same, ~100, polymers with a range of different size of poly(BIEM) block, 80, 130, 

200, and 400, were prepared. Once the triblock copolymer backbone was 
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prepared; the dithiobenzoate end-group removal , ATRP synthesis of poly(GM-b

(BIEM-g-(MMA-r-CMA))-b-GM) bottlebrush, and 4-pentenoic acid modification of 

pendant oxirane groups followed using the same methods (Scheme 3.3) defined 

earlier. SEC analysis after every step showed that well-defined polymers were 

obtained as expected (Figure 3.5, Table 3.2). 
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Scheme 3.3. Synthetic route to 4-pentenoic acid modified poly(GM-b-(BIEM-g

(MMA-r-CMA))) bottlebrush copolymers : (A) poly(GM), (B) poly(GM-b-BIEM) , (C) 

poly(GM-b-BIEM-b-GM) before end-group modification, (D) poly(GM-b-BIEM-b

GM) after end-group modification, (E) poly(GM-b-(BIEM-g-(MMA-r-CMA)-b-GM)), 

and (F) poly(GM-b-(BIEM-g-(MMA-r-CMA)-b-GM)) after 4-pentenoic acid 

modification. 
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Figure 3.5 SEC analysis of (A) poly(GM), (B) poly(GM-b-BIEM), (C) poly(GM-b

BIEM-b-GM) before end-group modification, (D) poly(GM-b-BIEM-b-GM) after 

end-group modification, (E), poly(GM-b-(BIEM-g-(MMA-r-CMA)-b-GM)) before 

and (F) after 4-pentenoic acid modification. Solid line: RI detector, dashed line: 

UV detector (310 nm). 

1H NMR analysis revealed near complete conversion of epoxide groups to 

pendant olefins. A series of reactive triblock bottlebrush copolymers with 

constant-length linear end blocks (85-110 units) and varying side chain and 

backbone lengths of the middle bottlebrush block were synthesized and exploited 

for network formation (Table 3.2). 
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Table 3.2. Molecular characterizations of reactive diblock and triblock bottlebrush 

copolymers used to prepare mesoporous polymer frameworks. 

Polymer Backbone a Side chaina Mn 0 c 

n(GM} m(BIEM} n(GM} Q(CMA/MMA} (kg/mol)b 
P-1 110 16 1.12 
P-2 100 14 1.11 
P-3 85 12 1.11 
P-4 110 390 125 1.09 
P-5 110 420 133 1.09 
P-6 100 190 68 1.09 
P-7 110 210 75 1.13 
P-8 85 130 49 1.10 
P-9 85 80 35 1.10 

P-10 110 390 90 137 1.11 
P-11 110 420 85 150 1.22 
P-12 100 190 90 80 1.15 
P-13 110 210 90 87 1.14 
P-14 85 130 95 62 1.15 
P-15 85 80 90 47 1.14 
B-1 110 390 90 12/18 2192 1.39 
B-2 110 420 85 7/10 1413 1.39 
B-3 100 190 90 15/26 1400 1.39 
B-4 110 210 90 8/13 864 1.20 
B-5 110 210 90 4/7 496 1.66 
B-6 85 130 95 9/12 565 1.39 
B-7 85 130 95 6/8 403 1.32 
B-8 85 130 95 4/5 291 1.36 
B-9 85 80 90 5/8 249 1.32 

B-10 85 130 95 4/6 304 1.31 
B-11 85 80 90 9/13 385 1.20 

8 Number of repeat units in the polymer backbone and side chains; bMolecular weight determined by a 
combination of SEC-LS and NMR analyses ; cDispersity determined from SEC with linear polystyrene 
calibration. 

The synthesis of isolated junction points from bottlebrush copolymers with 

one reactive end block confirmed the efficacy of the cross-linking chemistry, as 

this allowed for the solution characterization of the formed star-brush copolymers. 

Thus, the chosen length of the linear end blocks enabled efficient end-to-end 
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bottlebrush connectivity without coupling of the cross-linked junction domains. 

The latter is important for the controlled formation of mesoporous frameworks 

where individual network junction points are interconnected with bottlebrush 

bridges of similar length. 

Mesoporous polymer frameworks were produced by crosslinking 

bottlebrush copolymers with two reactive linear end blocks dissolved in a 

dichloromethane (DCM) solution at 20-30 wt % concentrations. Dual cross

linking was performed by using Grubbs' catalyst to promote coupling of the 

reactive end blocks and network formation and subsequent photo-crosslinking of 

bottlebrush side chains via [2+2] dimerization of pendant coumarin groups for 

bridge reinforcement. A simple solvent exchange with N,N-dimethylformamide 

(DMF) and water and drying under vacuum of the bottlebrush gels resulted in 

lightweight nanoporous monoliths. Scanning electron microscopy (SEM) analysis 

of MPFs provided stunning evidence for the formation of reticulated morphologies 

where three-dimensional polymer frameworks were held together by individual 

bottlebrush interconnectors (Figure 3.6). The thickness of individual strands 

connecting the junction points was measured to be 10-15 nm (taking into 

account 1-2 nm gold coating used during SEM sample preparation), consistent 

with the expected diameter of the bottlebrush copolymer precursor. Some thicker 

strands were also present, which can be attributed to bundles of two or three 

bottlebrush molecules forming a single bridge. 
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Figure 3.6 Synthesis of mesoporous monoliths from end reactive bottlebrush 

copolymer precursors and a large-area scanning electron micrograph of MPF-11. 

The inset is shown in a 400 x 400 nm2 box. 

Nitrogen adsorption analysis35 of the monoliths revealed typical type IV 

isotherms, indicating the formation of mesoporous materials (Figure 3. 7). As 

summarized in Table 3.3, MPFs were characterized by Brunauer- Emmet- Teller 

(BET) surface areas of 73-134 m2/g and Barrett-Joyner-Halenda (BJH) pore 

volumes of 0.42-1.27 ml/g, corresponding to 30-56% porosities. BJH pore 

volumes were calculated assuming straight cylindrical pores. Using a 

pycnometer, densities for samples MPF-5, MPF-10, and MPF-14 were measured 

to be 0.17, 0.26, and 0.26 g/ml, respectively, corresponding to 74-83% 

porosities. Pore diameters calculated by the BJH method were in the range of 

9-50 nm with relatively narrow pore size distributions for MPFs formed at 30 wt 

% initial concentration (Table 3.3 and Figure 3.7B). The latter is remarkable given 
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the irreversible nature of the chemical cross-linking process that is responsible 

for network formation. The obtained MPF pore size distributions were 

comparable to the reported BJH pore size distributions of ordered mesoporous 

networks derived from block copolymer precursors.36 The exclusive formation of 

mesoporosity is in contrast to nanoscale networks formed by random side chain 

cross-linking of bottlebrush copolymers, which were reported to contain a 

combination of micro-, meso-, and macropores.29 MPFs were thermally stable up 

to 125° C, at which temperature an irreversible exothermic transition was 

observed on the first heating cycle by differential scanning calorimetry (Figure 

3.8), which was attributed to the softening of polymer bridges and pore collapse 

with the corresponding release of surface energy, consistent with thermal 

analyses of other mesoporous polymeric materials.37 The pore collapse occurred 

in the proximity of the glass transition temperature of cross-linked bottlebrush 

strands, which was measured to be 128° C from DSC analysis of the cross-linked 

star brushes (Figure 2.20). 
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Figure 3.7 Nitrogen adsorption and SEM analyses of mesoporous polymer 

frameworks: (A) nitrogen adsorption isotherms, (B) BJH pore size distribution 

calculated from nitrogen adsorption data of MPFs prepared at 30 wt%, (C) SEM 

pore size distribution. 
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Figure 3.8 DSC characterization of MPF1. 

Pore dimensions obtained from the BJH data were corroborated by SEM 

analysis. Using image analysis of scanning electron micrographs of samples 

MPF-8 and MPF-4, we calculated average pore diameters of 14±6 and 31±10 

nm, respectively, which matched the numbers obtained from BJH analysis of 

nitrogen adsorption data (Table 3.3). When plotted on the same x-axis, pore size 

distributions obtained from SEM analysis were also in close agreement with BJH 
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data (Figure 3.7C). Thus, we took BJH pore diameters and size distributions to 

be good approximations of network dimensions and uniformity, despite various 

assumptions that go into BJH data analysis. 

Table 3.3. Structural Characterization of Mesoporous Polymer Frameworks 

Nside chain Mn dpore,BJH porosity
polymer d SsET Vpore.sample Nbackb precursorc (m2/g)g (ml/g)' (CMA/MMA)e (kg/mol)1 

(nm/ (%)j 

MPF-1 a B-1 390 12/18 2192 73 36 0.84 (0.67) 46 

MPF-2a B-2 420 7/10 1413 83 44 0.87 (0.61) 47 

MPF-3a B-3 190 15/26 1400 110 31 0.91 (0.83) 48 

MPF-4a B-4 210 8/13 864 100 25 0.92 (0.81) 48 

MPF-5a B-5 210 4n 496 80 21 0.57 (0.52) 36 

MPF-6a B-6 130 9/12 565 89 21 0.42 (0.40) 30 

MPF-7a B-7 130 6/8 403 87 16 0.46 (0.44) 32 

MPF-8a B-8 130 4/5 291 101 14 0.60 (0.55) 38 

MPF-9a B-9 80 5/8 249 96 9 0.43 (0.39) 30 

MPF-10b B-3 190 15/26 1400 73 72 1.13(0.44) 53 

MPF-11 b B-4 210 8/13 864 124 42 1.27 (0.98) 56 

MPF-12b B-6 130 9/12 565 113 30 0.95 (0.89) 49 

MPF-13b B-10 130 4/6 304 120 25 0.99 (0.91) 50 

MPF-14b B-11 80 9/13 385 134 29 0.59 (0.52) 37 

8 Monoliths prepared using an initial polymer concentration of 30 wt%. 
bMonoliths prepared using an initial polymer concentration of 20 wt%. 
cBottlebrush copolymer used as framework connector from Table S1. 
dAverage number of repeat units per bottlebrush backbone. 
1Total molecular weight of bottlebrush copolymer precursors. 
9Surface areas calculated from nitrogen adsorption isotherms using the BET equation. 
hMedian pore diameters calculated from nitrogen adsorption data using the BJH method. 
;Pore volumes calculated from nitrogen adsorption data using the BJH method , and pore volumes calculated 
using the DFT slit/cylinder pore equilibrium model (in parentheses). 
iPorosity calculated from BJH pore volumes assuming a polymer density of 1 g/cm3

. 

The porosity of the sample should also reveal itself in the small-angle X-

114 

https://1.13(0.44


ray scattering (SAXS) measurements. Figure 3.9 shows SAXS profiles for 

samples. MPF-4 and MPF-9 (curves are shifted for clarity). Qualitatively both 

samples show the presence of polydisperse scatterers at tens of nanometer 

length scales (q range ~ 0.01- 0.04 A-1
) with sharp interfaces, as indicated by 

the -4 exponent at larger q values, which likely represents scattering from the 

pores in the material. Consistent with porosity measured by SEM and BJH, MPF-

9 is showing smaller size scatterers than MPF-4. The upturn in intensity at lower 

q values is likely due to the presence of material grains on a micrometer length 

scale and does not pertain to our discussion. To analyze the data more 

quantitatively, we modeled scattering using a Gaussian distribution of cylinders 

with equal aspect ratios and interference effect38 to represent pores in the 

material and Gaussian population of noninterfering spherical particles to account 

for material grains at the micrometer length scale. Modeling has been done using 

the Irena package for lgorPro.38 The best fits for MPF-9 and MPF-4 samples 

were obtained by using cylinders with mean diameters of 12.6 and 19.4 nm and 

interference length scales of 22.5 and 35. 7 nm, respectively. These numbers are 

consistent with pore and structure dimensions obtained from nitrogen adsorption 

and SEM morphological analysis. 
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Figure 3.9 SAXS characterization of MPF-9 and MPF-4. 

The majority of the gelation experiments were conducted for solutions of 

bottlebrush copolymers in dichloromethane at the initial concentration of 30 wt%. 

This was the highest practically achievable concentration and thus led to the 

formation of the densest and most uniform networks. When the initial polymer 

concentration was reduced to 20 wt%, the obtained MPFs exhibited higher 

surface areas, higher pore volumes, larger pore diameters, but much broader 

pore size distributions than their counterparts prepared at 30 wt% (Table 3.3). 

These results are indicative of the formation of loose and irregular networks at 

lower polymer concentrations. The comparison between BJH pore size 

distribution curves of MPFs prepared from the same polymer precursor at 

different initial concentrations (MPF-4 vs MPF-11) revealed significant 

broadening toward larger pore dimensions in 20 wt% MPF-11, while the lower 

end of the distribution remained the same (Figure 3.1 0A). This behavior is 
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consistent with the fact that bottlebrush copolymer dimensions (independent of 

polymer concentration) dictate the smallest attainable pore diameters, while the 

higher end of pore size distributions is governed by cross-linking density, polymer 

concentration, and other factors. It appears that the onset pore diameter, 

dpore,onset, obtained by extrapolating the lower side of the distribution curve to the 

x-axis (Figure 3.11 ), is not affected by small concentration changes and is a more 

meaningful network characterization parameter than the peak pore diameter 

obtained from BJH pore size distribution curves. Comparative SEM analysis of 

MPF-4 and MPF-11 corroborated the formation of a more porous and loosely 

connected network morphology for the sample prepared at 20 wt% concentration 

(Figure 3.10 Band C). 
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Figure 3.10 (A) BJH pore size distribution comparison between MPFs prepared 

from the same polymer precursor (B-4) at 30 and 20 wt% and corresponding 

SEM images (B and C) 
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Figure 3.11 Determination of onset pore diameter from BJH pore size distribution 

plots. 

Pore dimensions of the synthesized MPFs were predictably manipulated 

by the choice of the bottlebrush connectors. As can be seen from Figure b, MPFs 

with varying pore diameters were prepared from different bottlebrush copolymer 

precursors. 
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Figure 3.12 SEM images of MPF-9 (A), MPF-8 (B), MPF-4 (C), and MPF-2 (D). 

Reticulated morphologies were evident in all samples irrespective of pore 

dimensions (Figure 3.12A-D). We used a three-dimensional correlation plot 

(Figure 3.13A) between the size of bottlebrush side chains (y-axis), the length of 

the bottlebrush backbones (x-axis), and MPF pore diameter (marker size and 

shade) for networks prepared at the initial polymer concentration of 30 wt% to 

demonstrate pore size variation trends. Using longer bottlebrush connectors 

resulted in MPFs with larger pore diameters, which was a reliable way of 

controlling the mesh size of the bottlebrush networks. The obtained median pore 

diameters of 9-44 nm and onset pore diameters of 5-18 nm for these MPFs are 
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consistent with the length of utilized bottlebrush connectors, where end-to-end 

distances of the hypothetically fully stretched bottlebrush backbones are in the 

range of 20-110 nm (representing maximum connector length). For four MPFs 

prepared from bottlebrush connectors with varying backbone lengths but 

relatively similar side chain length (MPF-9,7,5,2), the onset pore diameters 

appeared to scale linearly with the logarithm of the backbone length (d~log N) 

(Figure 3.13B). While physical meaning behind this simple empirical relationship 

is unclear, it provides a convenient handle for predictable materials design. Side 

chain length variation produced more nuanced effects on pore dimensions due to 

competition between opposing trends of bottlebrush connector stiffening with 

increasing side chain lengths39 and volume filling. For middle length connectors, 

this resulted in a modest increase in pore diameters with increased side chain 

dimensions. The ability to manipulate network dimensions by a simple molecular 

design not only affords a versatile materials design platform but also evidences 

controlled network buildup through end block interactions rather than random 

side chain cross-linking or some phase inversion process during solvent 

exchange. 
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Figure 3.13 Analysis of MPF pore dimensions prepared at initial 30 wt% polymer 

concentration: (A) 3D correlation plot between bottlebrush side chain size (y

axis), bottlebrush backbone size (x-axis) , and median BJH pore diameter (marker 

size and shade) and (B) linear relationship between BJH onset pore diameter 

and logarithm of backbone length for MPF prepared from bottlebrush copolymers 

with similar side chains and varying backbone dimensions. 

The importance of photo-cross-linking of bottlebrush side chains was 

investigated by comparing MPFs prepared from the same precursor polymer in 

the presence or the absence of the UV irradiation step. Photo-cross-linking was 

conducted under conditions optimized for the star-brush system, where 

irradiation for 2 h at 365 nm led to complete disappearance of the coumarin UV 

absorbance peak at 320 nm (vide supra). The effect of photo-cross-linking was 

drastically different for short and long bottlebrush connectors. The control MPF 

prepared from the same short-backbone polymer precursor as MPF-14 but 

without the photo-crosslinking step exhibited a similar surface area (129 m2/g) 

and pore dimensions (30 nm). On the other hand, for a non-photocross- linked 
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MPF prepared from the same long-backbone polymer as MPF-10, the 

Brunauer-Emmet-Teller (BET) surface area decreased from 73 to 32 m2/g, BJH 

pore volume decreased from 1.13 to 0.22 ml/g, and pore diameter decreased 

from 72 to 31 nm compared to its photo-crosslinked analogue. While mesoporous 

materials can be prepared even without the photo-cross-linking step, the results 

are consistent with significant network shrinkage in its absence for longer 

backbone connectors. Therefore, we conclude that reinforcement of bottlebrush 

connectors by intramolecular cross-linking provides additional structural support 

for the fabrication of robust framework materials. 

3.4. Synthesis of mesoporous polymer frameworks from end-reactive 

bottlebrush copolymers using photo-crosslinking of acryloyl groups 

Photo-polymerization is a common process for the conversion of the 

multifunctional monomers into insoluble networks. It has use in various in 

industrial applications such as films, inks, coatings, etc. Photo-chemistry has 

become a valuable technique due to its mild reaction conditions, rapid cure rates 

at ambient temperature, low energy requirements and the ease of applicability. 

Reaction occurs in the presence of a distinct species, which is irradiated with 

appropriate wavelengths of light. The radicals created by the decomposition of 

the photo-initiator later initiate the polymerization. Acryloyl group is the most 

commonly used functional group for UV-systems and their diverse applications. 

The polymerization of bisfunctional acryloyl groups usually yields graft 

copolymers or networks. 
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Seo et al. ascertained the fabrication of a cross-linked nanoporous 

polymer using the photo-initiated RAFT polymerization of isobornyl acrylate (IBA) 

and ethylene glycol diacrylate (EGDA) in the presence of polylactide-macroCTA 

(PLA-CTA) as the macroCTA and 2,2- dimethoxy-2-phenylacetophenone 

(DMPA) as the photo-initiator. In this system, PLA served as the sacrificial block 

as poly(IBA-co-EGDA) formed the matrix. EGDA has difunctional acryloyl groups, 

therefore was employed as a photo-polymerizable cross-linker. As the 

polymerization proceeded, PLA and poly(IBA-co-EGDA) microdomains were 

phase separated through the polymerization-induced microphase separation. 

Following removal of PLA segments generated nanoporous materials. This study 

demonstrated the feasibility of photo-chemistry methods in the formulation of 

cross-linked nanoporous materials using the acryloyl groups as a photo

crosslinker. 40 
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Nano porous 
P(IBA-co-EGDA) 

Figure 3.14 (a) Synthesis of nanoporous P(IBA-co-EGDA) (b,c) Cross-sectional 

SEM images of nanoporous P(IBA-co-EGDA) film derived from PLA-b-P(IBA-co

EGDA). (b) Low magnification image showing the whole cross-section. (c) High 

magnification image close to the surface. 40 

3.4.1. Acylation of hydroxyl groups of Poly(GM-b-(BIEM-g-MMA)-b-GM) 

bottlebrush copolymer with acryloyl chloride 

Bottlebrush copolymer precursor with epoxy reactive end-blocks was 

prepared as previously defined. The post-polymerization functionalization 

involved the hydrolysis of epoxy groups in an acidic solution, and followed by 

acrylation of the resulting hydroxyl groups (Scheme 3.4). The degree of 

polymerization of poly(GM) end-blocks and poly(BIEM) middle block were 

targeted to be ~100 and ~200, respectively. 1H NMR analysis of the final product 

124 

https://surface.40


confirmed the successful conversion of epoxy groups in the end-blocks to 

acrylate units by the disappearance of the peak located at 2.8 ppm, which is 

attributed to the proton in epoxy group, and the appearance of the protons in the 

vinyl group of acrylate at 5.75 and 6.59 ppm (Figure 3.15). The conversion from 

epoxy to acrylate group was found to be around 95%. 

A B DMAP, DCM C
1 MHCI 

THF/DMF 0°C,1 h 
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0 0 0 0 0 0 
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Scheme 3.4. Poly(GM10o·b-(BIEM190-g-MMA29)-b-GM130) (A) after hydrolysis of 

PGM units (B), and after acryloyl chloride modification of hydroxyl groups. 

1) (3l m) 
DMPA, DMF 

20wt% •2) Wash with 
water and dry 

Scheme 3.5. Synthesis of mesoporous polymeric framework using photo-cross

linkable end-blocks. 
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Figure 3.15 1H NMR spectra ((CD3)2SO) of poly(GM100-b-(BIEM190-g-MMA29)-b-

GM130) after acryloyl chloride modification. 

As polymer mixture (20 w%) was subjected to UV irradiation using a 

monochromatic UV lamp of 365 nm wavelengths at ambient temperature, 

covalently cross-linked structure was obtained as a result of the photo

polymerization of acrylate groups. Solvent exchange with N,N-dimethylformamide 

(DMF) and water and drying the monolith under vacuum resulted in mesoporous 

polymer framework. SEM image of the MPF exhibited an exclusive formation of 

mesoporosity (Figure 3.17). Nitrogen adsorption analysis of the monoliths 

revealed typical type IV isotherms, indicating the formation of mesoporous 
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materials (Figure 3.16A). MPF was characterized by a BET surface area of 72 

m2/g and BJH pore volumes of 0.324 ml/g, corresponding to 25% porosities. 

Pore diameters calculated by the BJH method were in the mesoporous range. 

Lower (20 wt%) initial concentration explains broader pore size distribution and 

larger pore diameters. Although the side chains were lack of photo-cross-linkable 

coumarin units for intramolecular cross-linking to enhance the stiffness of the 

bottlebrush bridges, the surface area didn't exhibit a dramatic decrease (72 

m2/g), as observed in the case of MPF control sample (prepared without photo

crosslinking of side chains) with a comparable size. The sample also revealed a 

decent pore volume of 0.324 ml/g when compared to the control sample in the 

absence of intramolecular cross-linking. The lower porosity can be attributed to 

the pore collapsing during the drying process since the structure is expected to 

have relatively long bridge connectors with lower rigidity. 
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Figure 3.16 Nitrogen adsorption analyses of mesoporous polymer frameworks 

prepared using poly(GM100-b-(BIEM190-g-MMA29)-b-GM130): (A) nitrogen 

adsorption isotherm, (B) BJH pore size distribution calculated from nitrogen 

adsorption data of MPF prepared at 20 wt%. 

Figure 3.17 SEM image of the fractured surface of poly(GM100-b-(BIEM190-g

MMA29)-b-GM130) monolith after drying. 
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The preliminary results of the formation of MPFs using photo-crosslinking 

chemistry displayed promising results in terms of surface areas and pore 

dimensions. Further studies are required for improved physical properties. We 

believe that photo-crosslinking chemistry is quite efficient for intermolecular 

crosslinking of reactive end-blocks. The comparable results to the control 

samples prepared by cross-metathesis chemistry might be due to an improve 

crosslinking efficiency even there is an absence of intramolecular cross-linking to 

obtain more rigid and stable bridge connectors. We also believe that imparting 

physical cross-linkers like a H-bonding moiety can bring the end functional 

groups in close proximity prior to the chemical cross-linking and may improve the 

crosslinking efficiency even further. When applied to the precursors with shorter 

connectors (with ~100 DP) can be a very promising approach in the production of 

mesoporous monoliths. Additionally, photo-crosslinking of acrylate groups can be 

suitable for systems where the precursor polymer brush might have functional 

groups, which is incompatible with olefinic cross-metathesis chemistry. It also 

might be valuable for systems, where the bottlebrush bridges cannot have photo

cross-linkable side chains. 
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3.5. Conclusion 
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Figure 3.18 Illustration represents typical network structures and MPFs. 

We demonstrate that produced mesoporous polymer frameworks boast 

uniform pore dimensions that can be controlled through judicious manipulation of 

the molecular structure of bottlebrush interconnectors. Bottlebrush 

macromolecular building blocks and the template free network design platform 

developed in this work expand the length scale, functionality, and utility of organic 

framework materials. 

In summary, we developed a method for the fabrication of polymer 

frameworks with mesoscale domain sizes (2-50 nm). Giant bottlebrush 

copolymers with a comb-like architecture served as rigid interconnectors 

covalently linked together by selective cross-linking through reactive end blocks. 

Photo-crosslinking of bottlebrush copolymer side chains provided additional 

reinforcement especially for longer connector networks. 

The generated polymer gels were robust enough to withstand simple 
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solvent exchange and evaporation to produce mesoporous polymer frameworks 

whose structural characteristics were dictated by molecular dimensions of the 

bottlebrush copolymer precursors, allowing for rational materials design 

strategies. MPFs prepared at high initial polymer concentrations of 30 wt% 

resulted in uniform pore size distributions and exhibited reticulated morphologies 

with pore diameters of 10-50 nm, which was found to scale logarithmically with 

the number of repeat units in the bottlebrush interconnector backbone. 

Mesoporous polymer frameworks developed in this work offer a unique 

combination of attributes that distinguishes them from other porous materials: (1) 

larger domain length scale compared to organic framework materials or PIMs 

prepared from small-molecule building blocks; (2) template free access to 

network morphologies with uniform dimensions, alleviating the need for pore 

alignment for transport-based applications;41 (3) expanded range of accessible 

pore dimensions and larger pore volumes compared to block copolymer based 

strategies;42
'
43(4) no need for chemical etching or supercritical fluid drying to 

generate porosities. The materials design strategy disclosed here is well suited 

for exploring and developing highly ordered polymer framework materials with a 

potential ability to independently control network mesh size and mechanical 

properties for applications as membranes, catalyst supports, and lightweight 

engineering plastics. 
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3.6. Experimental Section 

Synthesis of 2-(2-bromoisobutyryloxy)ethyl methacrylate (BIEM). Dry 

dichloromethane (DCM, 170 ml) was cooled to O °C and purged with N2 for 10 

min in a round bottom flask. N-(3-Dimethylaminopropyl)-N '-ethylcarbodiimide 

hydrochloride (EDC, 6 g in 40 ml dry DCM), 2-hydroxyethyl methacrylate (HEMA, 

2 ml) and 2-bromo-2-methyl propionic acid (5.32 g in 10 ml dry DCM) were 

added. 4-(Dimethylamino)pyridine (DMAP, 388 mg in 6 ml dry DCM) was added 

dropwise within 30 min. The reaction mixture was stirred at room temperature for 

40 h. The solution was concentrated in vacuo. Subsequently, the viscous oil was 

diluted with 3 ml of DCM:cyclohexane (4:1) and purified on silica column using 

the same solvent mixture to provide the pure product in 78% yield. 1H NMR (500 

MHz, CDCl3, o): 6.16 (s, 1H, CH=C trans), 5.62 (s, 1H, CH=C cis), 4.45 (s, 4H, -

O-CH2-CH2-O-), 1.97 (3H, a-CH3), 1.95 (s, 6H, -C(Br) (CH3)2). 

Example procedure for the synthesis of (poly(GM110-b-BIEM210-b-GM90)) 

triblock copolymer (P-13). Poly(GM110-b-BIEM210) (P-7) (Mn = 75 kg/mol, 250 

mg) was dissolved in a mixture of GM (94 µI, 0.69 mmol) and benzene (0.58 ml) 

in a Schlenk flask. AIBN (0.055 mg, 0.34 µmol) was then added to the mixture in 

the reaction flask, and the mixture was degassed by three freeze-pump-thaw 

cycles. The reaction was performed at 60°C for 18 h and then quenched by 

cooling down to room temperature under running water. The final product was 

diluted with CH2Cb, precipitated from 20-fold excess of methanol three times, 
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and dried in a vacuum oven overnight to produce 0.22 g polymer as a pink 

powder. SEC (polystyrene standards): Mn= 87.3 kg/mol, fJ= 1.14 

End-group modification of poly(GM110-b-BIEM210-b-GMgo). Poly(GM110-b

BIEM210-b-GM90) (P-13) (0.1 g, 1.15 µmol) was dissolved in tetrahydrofuran (75 

ml) in a 250-ml round-bottom flask and 20-fold excess of AIBN (3.8 mg, 23 µmol) 

was then added to the flask. The solution was purged with N2 gas, sealed, and 

placed in an oil bath at 80 °C. After 2.5 h, the mixture was cooled down to the 

room temperature and the excess amount of solvent was concentrated in vacuo. 

The polymer was precipitated in 20-fold excess of cold hexanes, and dried in a 

vacuum oven overnight. The final polymer was obtained as a white powder. SEC 

(polystyrene standards): fJ = 1.14 

Methods 

Materials. Azobis(isobutyronitrile) (AIBN) was recrystallized from methanol and 

dried under vacuum before use, and dichloromethane (DCM) was dried using a 

commercial solvent purification system (Innovative Inc.). Glycidyl methacrylate 

(GM), and methyl methacrylate (MMA) were passed through a basic alumina 

column before polymerization to eliminate the radical inhibitor. Poly(glycidyl 

methacrylate) (PGM) homopolymer and poly((glycidyl methacrylate)-b-(2-(2-

bromoisobutyryloxy)ethyl methacrylate)) (poly(GM-b-BIEM)) diblock copolymer 

were synthesized following the same procedures as reported in our previous 

study.32 7-(2-Hydroxyethoxy)-4-methylcoumarin (HEOMC)44 and 7-(2-

methacryloyloxyethoxy)-4-methylcoumarin (CMA)45 were synthesized according 
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to the literature procedures. All other chemicals were used as received unless 

stated otherwise. 

Measurements. 1H NMR spectra were recorded on a Varian lnova-500 

spectrometer (500 MHz) by using CDCl3 or C2D6SO as a solvent. Size exclusion 

chromatography (SEC) data was obtained using Viscotek's GPCmax and 

TDA302 Tetradetector Array system equipped with two PolyPore columns 

(Polymer Labs, Agilent). The detector unit contained a refractive index, UV, 

viscosity, low angle (7°) and right angle (90°) light scattering modules. 

Tetrahydrofuran (30°C, 1 ml/min) was used as the mobile phase. The system 

was calibrated with 10 linear polystyrene standards from 500 to 1.2 x 106 g/mol. 

SEC analysis in DMF (0.01 M LiBr) was carried out at 55 °C on a Viscotek GPC 

system equipped with a VE-3580 refractive index detector, two mixed bed 

(PolyAnalytik) organic columns (PAS-103M and PAS-105M). The system was 

calibrated with 10 linear polystyrene standards from 500 to 1.2 x 106 g/mol. 

UV/vis spectra were measured using an Agilent UV-Vis 8453 spectrophotometer. 

SEM images were obtained on a Carl Zeiss AURIGA instrument with a 3 kV 

accelerating voltage and a secondary electron detector. Surfaces of freshly 

fractured samples were coated with a 1-2 nm thick gold layer prior to imaging. 

Nitrogen adsorption isotherms were obtained on a Quantachrome NOVA 1200e 

surface area and pore size analyzer (Boynton Beach, FL, USA) at the 

temperature of liquid nitrogen (77.3 K). Samples were degassed for 20 h at room 

temperature before measurement. Surface area was determined by the 
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Brunauer-Emmet-Teller (BET) method, while pore size and volume were 

determined by Barrett-Joyner-Halenda (BJH) analysis. Small-angle X-ray 

scattering measurements were carried out at the 11-BM (CMS) beamline of the 

National Synchrotron Light Source II (NSlS-II), using an X-ray energy of 13.5 

keV. The data were collected using Dectris PllATUS 300 K area detector located 

approximately 5 m from the sample center, the sample to detector distance was 

calibrated using silver behenate. 

Example procedure for grafting MMA/CMA side chains from poly(GM110-b

BIEM210-b-GM90) triblock copolymers (B-4). MMA was sparged with nitrogen 

for 15 min in a septum-capped flask to remove oxygen. A three-times excess of a 

stock solution of CuCI (7.2 mg, 0.072 mmol), CuCl2 (0.97 mg, 7.24 µmol), and 

4,4'-dinonyl-2,2'- bipyridine (dNbp) (65.0 mg, 0.16 mmol) were placed into a dry 

Schlenk flask equipped with a magnetic stir bar. The flask was sealed with a 

septum, evacuated, and refilled with nitrogen three times. Deoxygenated MMA 

(0.27 ml) was added to the flask. The catalyst mixture was allowed to stir for 2 h 

at room temperature until a homogeneous brown catalyst solution was obtained. 

In a separate Schlenk reaction tube equipped with a stir bar, poly(GM11o-b

BIEM210-b-GM90) (P-13) triblock copolymer (60 mg, 0.15 mmol of Br) and CMA 

(1.0 g, 3.62 mmol) were dissolved in an MMA (0.5 ml) and anisole (4.5 ml) 

mixture. The reaction mixture was then degassed by three cycles of freeze

pump-thaw. Under nitrogen flow, the catalyst mixture was transferred into the 

reaction tube, and the tube was sealed. The polymerization was performed at 55 
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°C. After 6.5 h, the reaction was quenched by cooling to room temperature and 

opening the flask to air. The polymer was precipitated in methanol three times, 

dried in a vacuum oven overnight and obtained as a white powder (410 mg). 

Modification of epoxide groups with 4-pentenoic acid. Poly(GM11o-b

(BIEM210-g-(MMA1Tr-CMAa))-b-GMgo) (B-4) (100 mg, 0.024 mmol of oxirane), 

trimethylamine (10 µl, 71 µmol), and 4-pentenoic acid (0.24 ml, 2.4 mmol) were 

dissolved in DMF (6.5 ml) in a round-bottom flask. The reaction mixture was 

heated at 90°C for 36 h. After the reaction, the solution was concentrated and 

precipitated in water. A dark yellow product was dissolved in DCM, precipitated in 

methanol three times, and dried under vacuum overnight to yield a pale yellow 

powder. 

Synthesis of mesoporous networks by cross-metathesis (MPF-11). In a 

typical procedure, DCM was purged with N2 for 10 min in a 20 ml vial before use. 

4-Pentenoic acid-modified poly(GM110-b-(BIEM210-g-(MMA13-r-CMAa))-b-GMgo) 

(B-4) (30 mg) was placed in a 1.5 ml vial, and purged with N2 for 5 min, and 

subsequently dissolved in DCM (76 µl). Grubbs' II catalyst (0.6 mg) was placed 

in a separate vial and purged with N2 for 5 min, then dissolved in DCM (18 µl). 

The catalyst solution was transferred into the reaction vial, and the cross-linking 

was carried out at room temperature for 16 h. After intramolecular cross-linking, 

DCM was exchanged with DMF and the gel in DMF solvent was exposed to UV 

light (UVP XX-15l, 15 W high-pressure mercury lamp) for 2 h. After UV cross

linking, DMF was exchanged with DI water and the sample was left in DI water 
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for 18 h. Then DI water was removed, and the resulting product was dried in a 

vacuum oven at room temperature. 

Glycidyl methacrylate hydrolysis. Poly(GM100-b-(BIEM190-g-(MMA29)-b-GM130) 

(136 mg, 0.2 µmol) was dissolved in THF:DMF mixture (10:2 ml ratio). 

Subsequently, HCI (1 M, 10 drops) was added to the flask dropwise and stirred for 

24 h at room temperature. The mixture was then concentrated and precipitated 

twice into methanol to yield a white powder. 

Modification of hydroxyl groups with acryloyl chloride. Hydrolyzed 

poly(GM100-b-(BIEM190-g-(MMA29)-b-GM130) (50 mg, 0.018 mmol of pgm units), 

and 4-dimethylaminopyridine t (84 mg, 0.69 mmol) were dissolved in dry DCM 

(8.5 ml) in a round-bottom flask. The reaction mixture was cooled down in an 

ice/water bath under N2 for 10 min. Then acryloyl chloride (7.2 µl, 0.089 mmol) 

was added into the reaction mixture dropwise. The reaction mixture was stirred at 

0°C for 1 hand at room temperature for 16 h. The solution was concentrated and 

precipitated in methanol. The product was dissolved in DCM, precipitated in 

methanol two more times, and dried under vacuum to yield a pale yellow powder. 

Synthesis of mesoporous networks by photo-cross-linking of end-blocks. 

In a typical procedure, DMF was purged with N2 for 10 min in a 20 ml vial before 

use. Acryloyl chloride modified poly(GM100-b-(BIEM190-g-(MMA29)-b-GM130) (30 

mg) was placed in a 1.5 ml vial, and purged with N2 for 5 min, and subsequently 

dissolved in DMF (87 µl). DMPA as a photo-initiator (3.9 mg) was placed in a 
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separate vial and purged with N2 for 5 min, then dissolved in DMF (0.1 ml). From 

this solution 7.2 µL was transferred into the reaction vial, and the cross-linking 

was carried out at room temperature by exposing the mixture to UV light (UVP 

XX-15L, 15 W high-pressure mercury lamp) for 3 h. After UV cross-linking, DMF 

was exchanged with DI water and the sample was left in DI water for 18 h. Then 

DI water was removed, and the resulting product was dried in a vacuum oven at 

room temperature. 
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CHAPTER 4 

Synthesis of Soluble Mesoporous 

Nanoparticles 

4.1. Introduction 

Porosity plays a critical role when the interfacial reaction contributes to the 

performance of a material as in the adsorption or catalysis applications. It is 

mandatory to control the main features of porous structures for specific 

application, including pore structure, the specific surface area, pore accessibility, 

pore percolation and connectivity. Depending on specific application one feature 

might be more important than the other. As a maximal surface area of a 

polymeric network is necessary for gas storage, 1-
4 pore size might be a more 

important feature in gas separation or enhancing surface accessibility. 

Most of the porous materials are formed as an insoluble networks with a 

rigid and cross-linked structure.5
-
7 Although research groups achieved a major 

milestone in the synthesis of porous networks towards a wide variety of 

approaches, it is still a challenge to engineer soluble nanoporous networks 

through a rapid and straightforward method because of the difficulty in controlling 

the growth of polymeric architectures. Due to their insoluble nature, these 

materials once made cannot be processed and manufactured as membranes, 
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which limits their use in device integration and in more interesting and practical 

applications. 

For specific applications imparting solution processability is significant to 

create porous materials in the form of membrane. An effective solution to 

improve the design could be to produce nanoporous polymers in the form of 

nanoparticles but there is not an enough synthetic effort for the development of 

new approaches. Therefore, a search for novel procedures that are capable of 

facile synthesis of soluble nanoporous systems is important to combine a high 

surface area with the processability of nanoporous polymers. 

Polymers of intrinsic microporosity (PIMs) are a class of soluble porous 

polymers with a rigid and contorted structure with pores of less than 2 nm in size. 

They can be dissolved in organic solvents and effectively used in membrane

9based separations. 8
• 

Recently, a successful synthesis of soluble porous polymer has been 

reported using a hyperbranching-based approach and Suzuki coupling 

copolymerization by Cooper et al. This method requires a complicated organic 

synthetic process and might be limited for the potential practical implementation 

of the product. 10 

Nanogels are another class of soluble porous polymer commonly used for 

biomedical applications. They are internally cross-linked macromolecules with a 

similar molecular weight and dimensions to their parent polymer. Their unique 

characteristics, such as high surface area, well-defined porosity, lightweight 
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feature, and easy processibility make them ideal for a wide variety of 

applications. 11 
-
13 

The available soluble nanoporous networks are limited to a microscale or 

to a lower mesoscale region. Novel methods for the preparation of soluble non

network nanoporous metarials having pore diameters in mesoscale are highly 

desirable. In this chapter, we describe a unique approach for a rationally 

designed synthesis of soluble porous materials. 

4.2. Polymer Design 

Our synthetic strategy is shown in Scheme 1. In the previous chapters, we 

demonstrated the formation of soluble star brush polymers and monoliths of 

mesoporous polymer networks using mono-functionalized and di-functionalized 

end-reactive bottlebrush copolymers, respectively. Here, we propose a versatile 

alternative technique that enables the preparation of soluble discrete nanoporous 

particles. The key to our approach lies in the use of a mixture of mono- and di

functionalized end-reactive bottlebrush copolymers and their crosslinking through 

ruthenium-catalyzed olefin cross-metathesis reaction. 
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1) Grubbs' cat. , 
DCM, 4wt% 

2) hv, DMF 
3) wash with water 
4) freeze-drying 

Scheme 4.1. Synthetic approach for the formation of soluble porous 

nanoparticles. 

4.3. Results and Discussion 

The polymer precursors were prepared using the same methods as 

mentioned before. The selected diblock bottlebrush copolymer used for the 

synthesis was poly(GM100-b-(BIEM200-g-(MMA20-r-CMA12))). To avoid a possible 

blocking of the pores due to dangling chains of diblock bottlebrush copolymers, 

complementary triblock bottlebrush component was selected to be poly(GM1 10-b

(BIEM420-g-(MMA10-r-CMA7))-b-GMas) to provide long network bridges (

poly(BIEM420)-). 

After optimization of the reaction conditions and screening systems with 

composition ratios of diblock bottlebrush to triblock bottlebrush copolymers in the 

range of 30:70 to 70:30 (w/w), we successfully obtained soluble nanoporous 

particles using 40:60 diblock:triblock composition. Olefin cross-metathesis 
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coupling for cross-linking of the reactive end blocks was carried out under 

relatively mild reaction conditions. This cross-linking technique is very 

advantageous compared to other methods, where harsh reaction conditions are 

required. The reaction was performed at very high dilution (~4%) to avoid 

macroscopic gelation and promote the formation of discrete cross-linked 

particles. The final nanoporous particles were soluble in common organic 

solvents such as THF, CH2Cl2, CHCl3 and DMF to give a homogeneous solution. 

We performed dynamic light scattering (DLS) measurements in DMF (Figure 

4.1 ). The resulting particles displayed high polydispersity values (0.5) with an 

average size of 581 nm. The size distribution was also confirmed by TEM 

analysis (Figure 4.2). High dispersity of particles can be attributed to random 

crosslinking nature of the process and the lack of control over the selectivity 

toward mono- or di-functional precursor. 

Freeze-drying of aqueous solutions with dispersed particles created a 

fluffy white powder. Using image analysis of scanning electron micrographs of 

crosslinked particles, their morphology and pore size distributions were 

evaluated. The morphology of the particles was similar to MPFs as expected, 

which displayed a disordered amorphous network structure. Pore dimensions 

were in the range of meso/macro scale. The overall size of the particles was 

larger than the sizes observed in TEM images. The large aggregate formation of 

particles could be circumvented by preparing a more dilute solution in DMF 
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before precipitation and could yield fine particles to be consistent with the size 

distribution in solution. 
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Figure 4.1 Volume-averaged DLS traces of cross-linked discrete particles 

prepared using a blend of diblock and triblock bottlebrush copolymer precursors. 

Figure 4.2 TEM images of discrete cross-linked particles prepared using a blend 

of diblock and triblock bottlebrush copolymer precursors. 
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Figure 4.3 SEM images of discrete cross-linked particles prepared using a blend 

of diblock and triblock bottlebrush copolymer precursors. 

4.4. Conclusion 

In conclusion, we have demonstrated for the first time that soluble porous 

polymers can be prepared by adapting the synthesis conditions of MPFs to form 

discrete hyperbranched chains rather than extended networks. We believe that 

bottlebrush chains impart a high rigidity for the network bridges and play a crucial 

role in achieving high porosity, as have been extensively studied in the context of 

MPFs. As a future work, incorporation of UV crosslinkable groups might enhance 

the rigidity of the network bridges even more, which can provide an additional 

stability to avoid collapsing of the pores during the membrane formation. 

This innovative approach not only provides a means to achieve soluble 

discrete nanoporous particles in a rapid and straightforward fashion, but also 

allows one to tune the chemical properties through the incorporation of required 

functional groups by using different monomers for bottlebrush block copolymers. 
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This synthetic strategy offers a wide range of possibilities when designing 

polymer networks with specific properties. 

The future efforts should be on the formation of membranes and 

assessing their physical characteristics. These materials can be processed from 

solution to form films, and the resultant porosity can be a function of the 

processing conditions. 

In this section, a promising class of disordered porous polymers has been 

successfully developed; they are soluble and can be processed directly using 

solvent-based techniques. 

4.5. Experimental 

Typical procedure for synthesis of soluble nanoporous discrete cross

linked particles by cross-metathesis. In a representative procedure, DCM was 

purged with N2 for 10 min in a 20 ml vial before use. 4-Pentenoic acid-modified 

poly(GM100-b-(BIEM200-g-(MMA20-r-CMA12))) (12 mg, 1.61 µmol of olefin) and 

poly(GM110-b-(BIEM420-g-(MMA10-r-CMA7))-b-GMas) were placed in a 1.5 ml vial, 

and purged with N2 for 5 min, and subsequently dissolved in DCM (0.6 ml). 

Grubbs' II catalyst (0.26 mg, 0.31 µmol) was placed in a separate vial and purged 

with N2 for 5 min, then dissolved in DCM (20 µl). The catalyst solution was 

transferred into the reaction vial, and the cross-linking was carried out at room 

temperature for 16 h. After intramolecular cross-linking, the reaction mixture was 

exposed to UV light (UVP XX-15l, 15 W high-pressure mercury lamp) for 2 h. 

The product was precipitated in methanol and dried under vacuum for 10 min at 
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room temperature. The solid was re-dissolved in DMF, and the resulting dilute 

solution was precipitated in DI water slowly. This heterogenous mixture was 

stored at room temperature for 2 days. Later, the water was removed by freeze

drying. 
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CHAPTER 5 

Star polymers for imaging 

5.1. Introduction 

Metal-ion complexes are peculiarly important in therapy and various 

imaging modalities such as magnetic resonance imaging (MRI), positron 

emission tomography (PET), and X-ray imaging. Gd(III) complexes are the most 

common Tragents successfully used in clinical imaging mainly in MRI as a 

noninvasive clinical technique for cancer diagnosis. It has seven unpaired f 

electrons, and presents a large magnetic susceptibility, long electronic relaxation 

times, and a relatively rapid water exchange rate. Despite of their successful use 

in anatomical imaging, some existing drawbacks limit their use. Recently, 

research groups have extensively focused on alternative mechanisms other than 

T1 and T2-based relaxations to produce image contrast, which may deliver 

additional information to improve diagnosis by reporting significant biological or 

physiology events by MRl.1 

Nonionizing radiation sources based on strong magnetic fields and radio 

frequency yields an excellent depth penetration and spatial resolution (µm to 

mm) of soft tissue by monitoring mainly the 1H signal due to the high abundance 

of water in the body. However, it has inherently lower sensitivity compared to 

other imaging methods such as PET, therefore may suffer from insufficient 
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contrast as in the case of lower differentiation power between malignant and 

healthy tissues. Introducing a contrast agent can enhance the sensitivity and the 

quality of the images by modifying the proton signal through relaxation or 

chemical exchange processes. The investigation of transition-metal ions (such as 

Mn, Fe, Co, and Cu) has given opportunities to produce new alternatives to 

Gd(lll)-based contrast agents by developing new types of responsive agents. 

MRI contrast agents enhance images through paramagnetic chemical 

exchange saturation transfer (paraCEST). Chemical exchange saturation transfer 

(CEST) is a newly emerged method that uses nuclear magnetic resonance 

(NMR) to generate contrast in MR images using a wide range of NMR active 

nuclei such as 1H, 19F, or 31 P. To generate CEST signal the system must be in a 

chemical exchange with water molecules or other types of protons to produce 

tissue contrasts. A CEST contrast agent contains labile protons (such as, NH, 

OH, or metal-bound H20) that readily exchange with the protons of bulk water. 

The rate of the exchange must be sufficiently slow to produce two distinct proton 

resonances for bulk water and contrast agent on the NMR time scale. Selective 

radio frequency irradiation saturates the magnetization of exchangeable protons 

and results in a decrease in bulk water proton signal after subsequent transfer of 

this saturation to the water through proton exchange. A sufficiently fast exchange 

rate and prolonged irradiation makes the effect in the water peak visible and 

allows indirect imaging of contrast agent. The contrast image for paraCEST 

agents are obtained by subtracting the collected on- and off- resonance 
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frequency of the labile proton, where selective irradiation acts as an on-off switch. 

This feature gives an excellent opportunity to display the difference image as a 

positive, a negative, or a colorized image. Since MR contrast is being produced 

as a response to chemical characteristics and changes, they may offer new 

opportunities for creating responsive GEST agents. 2 

Ln(III) complexes have been used as conventional paraCEST agents. 

Recent studies have shown that divalent transition metal ion complexes (Co, Fe, 

Ni) have great potential for development as a new type of paraCEST MRI 

contrast agents with suitable paramagnetic properties and a short electronic 

relaxation time that make it possible to produce highly shifted and sharp proton 

resonances distinct from the magnetization transfer effect in tissue. Proton shifts 

can be produced by through-bound or through-space contact. Air stable Co(II) 

complexes in particular have attracted attention due to their redox-responsive 

switching to diamagnetic Co(III) complexes upon oxidation. 

Transition metal ion complexes are macrocyclic ligands that can be 

designed with a variety of suitable donor groups (such as amides, alcohols, 

pyridines, imidazoles, etc.) and symmetry that has an effect on the shift, intensity 

and number of GEST peaks. 

1,4,7-triazacyclononane (TACN), 1,4, 7, 10-tetraazacyclododecane 

(CYCLEN), 1,4,8, 11-tetraazacyclotetradecane (CYCLAM), and 1,4, 1 0-trioxa-

7, 13-diazacyclopentadecane are well-known azamacrocycles. Ln (111) complexes 

of 1,4,7, 1 0-tetraazacyclododecane-1,4, 7, 10-tetraacetic acid (DOTA) tetramide 
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macrocycles have been studied to date for the production of GEST signal and 

displayed slow water exchange rate. Their chemical structures are suitable for 

further modifications for appending additional donor groups. They coordinate to 

metal ions and form thermodynamically stable, kinetically inert metal ion 

complexes in aqueous solution even in the presence of other metals and ligands. 

One consideration of paraCEST contrast agents is the rigidity of the complex that 

may lead to a peak broadening on the NMR time scale. In addition to the rigidity, 

interconversion of different conformations of the metal ion complex is another 

factor that may affect line broadening of proton resonances. T2 values are also 

important in terms of line broadening which depends on the coordination number 

and structural geometry of transition metal complexes.3 

Current clinical contrast agents are small molecules and suffer from low 

sensitivity. Supramolecular GEST agents (such as, liposomes, protein 

aggregates, or mesoporous silica nanoparticles) are one way of overcoming low 

sensitivity limitation of paraCEST agents, where they are encapsulated with 

nanocarriers that lead to an increase in the number of exchangeable proton and 

enhance contrast sensitivity. Incorporation of contrast agents into polymeric 

nanoparticles enhances the GEST effect by lowering the concentration while 

increasing the number of exchangeable protons. Hawker and coworkers revealed 

the synthesis of natriuretic peptide receptor-targeted polymeric nanoparticle 

radiolabeled with 64Cu-DOT A to detect prostate cancer with high sensitivity and 

good pharmacokinetics. 4 
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Nanogels for MRI applications allow facile access of water throughout the 

particles, and therefore have high water content. Metal ions trapped inside 

nanogels can affect the relaxation of a larger number of water molecules. Gd(III) 

based acrylic nanogels have been synthesized using metal ion chelate 

crosslinker and showed 4-6 fold-improved relaxivity. A similar approach has been 

employed to prepare acrylic based nanogels using Gd(lll)-DOTA and DTPA 

complexes as crosslinkers. In this report contrast agents resulted in relaxivities 3-

4 times higher than commercially available agents such as Magnevists.5 

During the nanogel formation metal ion complexes are embedded inside 

the nanoparticles if they are used as crosslinkers and they become more inert 

against trans-metallation. Incorporation of metal-ion chelators inside 

biocompatible and biodegradable polymer nanoparticles proposes a promising 

approach for the synthesis of more stable contrast agents. 

Nanogels are cross-linked polymeric particles with a spherical shape that 

combine the properties of hydrogels and nanoparticles. Their characteristic 

attributes, such as softness and excellent fluidity, results in facile endocytosis by 

tumor cells and improved cellular uptake. In addition, their chemical properties 

can easily be tuned by varying the ratios between monomers, cross-linkers, and 

initiators. They are promising candidates for several applications such as 

nanomedicine, imaging, and targeted drug delivery, due to their unique features. 

Recently, a type of biocompatible, thermosensitive, and antifouling core

shell nanogel consisting of g-PEGs has been reported where the particles were 
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synthesized via RAFT-mediated aqueous dispersion copolymerization of 

di(ethylene glycol) methyl ether methacrylate (ME02MA) with poly(ethylene 

glycol) methyl ether methacrylate (Mn= 475) (PEGMA) (Scheme 5.1 ). 6 

RAFT 

Dispersion Polymerization 

Scheme 5.1 Formation of Core-Shell Nanogels via RAFT Dispersion 

Polymerization. 

Linear poly(ethylene glycol)s (/-PEG) are commonly used for coating 

nanoparticles to improve their blood circulation time. g-PEGs are accessed 

through the polymerization of oligo(ethylene glycol) (meth)acrylates that have 

attracted attention recently. Although /- and g-PEGs have common attributes like 

being hydrophilic and antifouling, a highly improved pharmacokinetics (41-fold) 

was obtained when myoglobin was conjugated with g-PEGs.7 Inclusion of g-PEG 

instead of its linear counterpart may provide additional stability and blood 

circulation time to the nanoparticles due to the steric congestion. 

In this report, nanogels were prepared using ME02MA and its copolymers 

with PEGMA in the presence of a macro-CTA. Polymers of ME02MA 

(PME02MA) have a lower critical solution temperature (LCST) of 26 °C. 
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Depending on the composition of PMEO2MA in a copolymer with another type of 

monomer, LCST can be in the range of 26-90 °C. As the second block 

PMEO2MA-co-PEGMA grows from macro-CTA (PEGMA), beyond a critical 

length the polymers collapse from the solution to form core-shell nanoparticles 

when the reaction temperature (70°C) is higher than the LCST of block 

copolymer. In this study the g-PEG nanogels are composed of PEGMA as the 

shell and poly(MEO2MA-co-PEGMA-co-metal-ion complex) as the core. If the 

amount of PEGMA incorporated in the second block is too high, the nanogel may 

not form. High content of PEGMA results in more hydrophilic polymers and 

prevents collapsing of the polymer to form nanogels at the polymerization 

temperature. This approach produces monodispersed nanogels in the size range 

of 50-80 nm, which is well suited for drug delivery applications. Unique attributes 

of microgels (flexibility and compressibility) allows them to pass through pores 10 

times smaller than their actual sizes under the pressure of renal filtration. 

Therefore, nanogels prepared from the same polymeric units are expected to go 

through renal clearance without any need for a degradation mechanism, which 

provides advantages in terms of simplification in the design and preventing the 

formation of byproducts. 

5.2. Molecular Design 

In this section, we define the synthesis of g-PEG nanogels loaded with 

cobalt, and investigate their GEST properties as potential imaging agents. g-PEG 

nanogel particles were prepared by precipitation polymerization of the monomer 
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Me2OMA and the comonomer PEGMA in aqueous solution in the presence of 

DOTA (Figure 5.1 A) and CYCLEN (Figure 5.1 B) based-cross-linkers, followed by 

their binding with cobalt metals. Co(NO3)2 salts were used to prepare Co(II) 

complexes. 

B 

Figure 5.1 Tetrafunctionalized DOTA-based (A), and difunctionalized CYCLEN

based (B) crosslinker. 

5.3. Star synthesis using tetrafunctional crosslinking agent 

Synthesis of crosslinkers are challenging since they accommodate 

multiple reactive functional groups in a single molecule, especially if the product 

has four methacrylate units. Amide formation through EDC-based coupling of 

amines and carboxylic acids has been a well-known synthetic approach with a 

high coupling efficiency and mild reaction conditions. We designed our 

crosslinker based on this strategy and used DOTA as our macrocycle which has 
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four carboxylic acid groups. The methacrylate groups were appended through 

EOG-coupling of DOTA and amine monomer (Scheme 5.2). As proven by 1H 

NMR spectroscopy (Figure 5.2) and mass spectrometry analyses (Figure 5.3), 

tetrafunctionalized DOT A crosslinker was successfully synthesized through the 

coupling of amine monomer and DOT A macrocycle without the presence of any 

partially modified product. All four carboxylic acids of macrocycle reacted with the 

monomer, which generated a tetrafunctional methacrylate product. 

EDC, HOB!, 
DIPEA, dry DMF 

0°C 1 h, RT 3 days 

Scheme 5.2. Synthesis of DOTA-based crosslinker. 
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Figure 5.2 1H NMR of tetrafunctionalized DOTA macrocycle. 
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Figure 5.3 ESI-MS analysis of tetrafunctionalized DOTA macrocycle. 
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Macro-CTA was synthesized by following a literature procedure (Scheme 

5.3).6 From 1H NMR analysis, the degree of polymerization of poly(PEGMA) were 

calculated by comparing the integrated areas of PEGMA end group methoxy 

signal at 3.42 ppm and the end-functional groups of RAFT agent (7.61, 7.77, and 

8.02 ppm) (Figure 5.4). SEC analysis confirmed the formation of well-defined 

polymer with low dispersities (Figure 5.5A). 

AIBN n S~COOH 
Ethanol ~ 29 CN 

so 0 

~ 
~ 

Scheme 5.3. Synthesis of macro-CT A. 
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Figure 5 4 1H NMR of macro-CTA. 

The synthesis of g-PEG nanogel was performed using the [macroCTA] : 

[Me2OMA] : [crosslinker] : [PEGMA] : [initiator] ratio of [1 :150:3:15:0.5] at 70°C 

(Scheme 5.4). The formation of nanogels was monitored by SEC analysis (Figure 

5.5B) , where a new, lower elution volume peak was attributed to the nanogel 

copolymer product with a residual unreacted macro-CTA peak. A simple dialysis 

technique can be employed for removing the unreacted macro-CTA. The shift in 

the macro-CT A peak was due to the re-initiation of precursor with Me2OMA and 

PEGMA in the presence of a radical initiator. No gelation or precipitation was 

observed during the reaction with the lack of a broad high molecular weight 
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shoulder on the SEC trace, which proved that an effective steric screening and 

core crosslinking led to exclusive formation of individual nanogel particles. The 

analysis corroborates the formation of nanogel particles via controlled core

crossl inking. 

V-50 

70°C, 13 h 

PEGMA 

DOTA 

Scheme 5.4. Synthesis of nanogel using tetrafunctionalized macrocycle as the 

crosslinker. 
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Figure 5.5 SEC analysis of macro-CTA (poly(PEGMA29))(A), and DOTA-based 

nanogel (B). 
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We performed dynamic light scattering (DLS) measurements (Figure 5.6) 

for g-PEG and corroborated the formation of crosslinked particles with 

hydrodynamic diameters of 69 nm. It produced a uniform distribution in aqueous 

solution with a relatively low polydispersity (0.15). The analysis was performed 

right after the reaction without any dilution. The control experiment performed in 

the absence of a crosslinker using the same conditions provided polymers with 

hydrodynamic diameters of 14 nm validating the effect of the presence of 

crosslinker. 

~ 10~........ ... ..... .. .. ......... .... .. .......... ......... .......... ............... .. .. .... .........1 

::::, 

g s~........................ ................................................. ................. ...,a...., 
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Figure 5.6 Volume-averaged DLS traces for macro-CTA (A), and g-PEG 

spherical nanogels. 

Different methods of characterization, such as Evan's method, UV-Vis 

spectroscopy and CEST experiment, can be used to prove the existence and 

evaluations of paraCEST attributes. Here, we used these methods of 

characterization for polymer and monomer Co(II) compexes. 

Evans' method is used as a proof for the presence of paramagnetic 

center; it measures the susceptibility by observing the change in the NMR shift of 
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t-butanol peak and water peak in the presence and absence of the dissolved 

sample. 1H NMR spectroscopy of our g-PEG nanogel (Figure 5.7), prepared 

using metal-ion complex crosslinker, support the presence of high-spin Co(II) 

complexes in solution. The chemical shift observed from monomer and polymer 

were affected by the magnetic moments of the Co(II) complexes and indicate the 

presence of a paramagnetic center. 

t-buta nol shi ft 
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Figure 5.7 1H NMR spectrum of t-BuOH and D2O for magnetic susceptibility 

measurement of g-PEG nanogel at 25°C. 

The UV-Vis spectra of g-PEG nanogel before incorporating the Co(II) 

metal to the ligand to form the complex is very different from the UV-Vis spectra 

of g-PEG nanogel after forming the metal complex. The spectrum of the metal 

complex shows that the absorption around 400 - 600 nm is due to ligand to metal 

charge transfer and d-d* transition band of the metal in the complex. s-11 All the 
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peaks observed in the UV-Vis spectrum of polymer as ligand are in the UV region 

related to the ligand field spectra (Figure 5.8). 
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Figure 5.8 UV-visible spectra of g-PEG nanogel with and without Co(II) complex. 

After confirming the formation of Co(II) - macrocycle complex embedded 

in a nanogel particles via Evans' method and UV-Vis spectra, the particles were 

subjected to CEST experiment to evaluate their potential as paraCEST agents. 

Unfortunately, the prepared complexes did not provide a CEST signal (the data 

not included). This can be attributed to the rigidity of the macrocycle due to the 

presence of tetrafunctional groups. Using the four methacrylate groups for 

crosslinking possibly led to an insufficient flexibility, therefore the slow tumbling of 

macrocycle-polymer hybrid and larger mass resulted in low relaxation and peak 

broadening. 
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The flexibility of the macrocycle-polymer hybrid might be improved by 

using a crosslinker with two reactive methacrylate groups instead of four (Figure 

5.1 B). 

5.4. Star synthesis using difunctional crosslinking agent 

N-alkylation of nitrogenous macrocycles, such as CYCLEN and CYCLAM, 

is a commonly used technique to prepare functionalized frameworks. Here, we 

describe the synthesis of bis-functionalized cyclen-based macrocycle and its use 

in the formation of g-PEG type nanogels for paraCEST applications. Metal-ion 

complex of Co(II) was prepared before crosslinking to avoid the prolonged time 

necessary for metal to diffuse inside the crosslinked particle and form the 

complex (Scheme 5.5). 

... 

PEGMA ~ 
Ligand 

Complex 

Scheme 5.5. Synthesis of nanogel using difunctionalized macrocycle as the 

crosslinker. 
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Methacrylamide pendent required for N-alkylation of macrocycle was 

prepared by a 3-step synthesis (Scheme 5.6). Purify of the product was 

confirmed by 1H NMR (Figure 5.9). 

0 H u
HCI c10N~NY"' 

CHCl3 TEA 
o•c, 2 h DryDCM:DMF 

H 0 

Scheme 5.6. Synthesis of methacrylamide pendent. 
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Figure 5.9 1H NMR spectrum of methacrylamide pendent. 

The metal-ion complex was prepared in three consecutive steps by our 

collaborators in the Professor Janet Morrow group at the University at Buffalo. 

171 



The purity of the ligand was confirmed by ESI-MS before forming the complex 

with cobalt. 

Scheme 5.7. Synthesis of difunctionalized macrocycle 

The synthesis of g-PEG nanogel was performed using the same 

conditions and [macroCTA] : [Me2OMA] : [crosslinker] : [PEGMA] : [initiator] ratios 

as defined earlier. The SEC analysis of the product (Figure 5.1 OB) did not exhibit 

a profound shift. A slight shift with a high molecular weight shoulder can be 

attributed to a mixture of a polymerized macro-CTA with a branched configuration 

formed in the presence of bis-functionalized crosslinker. The metal-ion complex 

was not as reactive as tetrafunctionalized complex to generate larger spherical 

particles with a higher molecular weight. Instead of a core-shell structure, we 

obtained a branched morphology where the metal-ion complex in that case is 

more prone to contact with the aqueous solution. 
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Figure 5.10 SEC analysis of macro-CTA (poly(PEGMA29))(A), and CYCLEN

based nanogel (B). 

The size distribution obtained via DLS analysis was inconclusive due to 

high polydispersity. However, TEM analysis displayed a size range of 8 - 45 nm 

(Figure 5.11 ). 
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Figure 5.11 TEM images of cross-linked particles prepared using bis

functinalized crosslinker. 

After purifying the product by dialysis against water, UV-Vis spectra of 

both metal-ion complexes before and after polymerization were measured. The 

UV-Vis spectrum of the polymerization product was very similar to the metal-ion 

complex without the polymer as expected. We observed the absorption around 

400 - 600 nm due to ligand to metal charge transfer and d-d* transition band of 

the metal in the complex (Figure 5.12). 
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Figure 5.12 UV-Visible spectra of Co(II) complexes before and after 

polymerization. 

CEST spectra plotted as the percent decrease in water proton 

magnetization as a function of presaturation pulse frequency, were recorded for 

Co(II) complex before and after polymerization (Figure 5.13). Two CEST peaks 

have been observed at 48 ppm and 57 ppm before polymerization, displayed a 

merged broad peak at the same range of ppms after polymerization. Although 

there is only a negligible enhancement in the intensity, it is promising to observe 

a CEST signal after incorporating the complex in the polymer. The low intensity 

of CEST peaks could be attributed to high relaxation of the complex after 

polymerization, where paraCEST agents require long T1 values. 
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Figure 5.13 CEST spectra of Co(II) complex of bis-functionalized CYCLEN 

macrocycle before and after polymerization. 

5.5. Conclusion 

Chemical exchange saturation transfer (CEST) is a new mechanism for 

generating image contrast and offers advantages over conventional contrast 

agents. They provide frequency dependent signal with the application of selective 

RF irradiation and act as an on-off switch. 

In clinical application, they are required to be used at higher concentration 

to increase the number of exchangeable protons and enhance sensitivity, 

however due to their toxicity this is not a doable. It is important to maximize the 

number of paraCEST exchanging species to compete in the field of molecular 

imaging. One way to overcome this limit is to incorporate CEST agents into a 
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polymer that can also improve their pharmacokinetics, stability, and toxicological 

effects. Therefore, research efforts in this field are necessary to accomplish 

utilization of nanogel based MRI contrast agents for molecular and bio-imaging 

and to achieve the transition from in-vitro to in-vivo. 

This chapter describes our attempts for the syntheses of Co(II) complexes 

contained in g-PEG core-shell nanogels using biodegradable and nontoxic 

PEGMA units and evaluation of their CEST properties. The nanogel synthesis 

requires a suitable crosslinker. Two system were synthesized and studied in this 

work, Co(ll)-DOTA based tetrafunctional and Co(ll)-CYCLEN based difunctional 

crosslinkers. 

Nanogels containing DOTA-based crosslinker were succesfully prepared. 

Then, the metal complex was formed by coordination with a Co(II) salt. The 

product formed spherical particles with an average size of 68 nm and uniform 

size distribution. Evans' test and UV-Vis spectra of the polymer complex 

confirmed the paramagnetic properties of the particles. However, the complexes 

did not exhibit a CEST signal, most likely due to the rigidity of the macrocycle. 

From morphological standpoint, bis-functionalized CYCLEN-based 

crosslinker was not as reactive as the previous one, therefore yielded smaller 

particles with a high solution polydispersity. The obtained complexes exhibited a 

CEST signal with a negligible enhancement. 

Our preliminary data showed that the macrocycle appended through two 

or one covalent bond to the polymer could provide a CEST signal with an 
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enhancement in the sensitivity. Designing mono- or bis-functionalized 

macrocycles appended to the polymer chain for the enhancement of GEST signal 

attributes can provide a versatile platform to enable incorporation of not only 

Co(II) but also various metals for different applications. 

5.6. Experimental 

Synthesis of g-PEG macro-CTA. The synthesis of g-PEG macro-CTA was 

achieved through RAFT polymerization. In a dry 25 ml two-necked flask, 4-

cyano-4-phenyl carbonothioyl thio pentanoic acid (23.4 mg, 0.084 mmol), 

PEGMA475 (2 g, 4.2 mmol), AIBN (3.44 mg, 0.021 mmol), and 4.4 ml ethanol 

were mixed. The reaction mixture was degassed under N2 for 40 min in an ice

water bath, and stirred at 70°C. After 3 h, the reaction was terminated at 58% 

conversion of monomer by cooling the flask in a cold-water bath. Using the 

minimum amount of dichloromethane, the solution was diluted, precipitated into 

diethyl ether 3 times and dried under vacuum overnight to yield a pink viscous 

polymer. 1H NMR (500 MHz, CDCl3): 7.86-7.35 ppm (m, C6H5-), 4.06 ppm (s, 

COOCH2-), 3.78-3.50 ppm (m, -O(CH2)2O-), 3.37 ppm (s,-OCH3), 2.0-1.5 ppm 

(backbone-CH2-), 1.0-0.8 ppm (s,-CH3). Mn =7252 g/mol, Mw/Mn = 1.12, by 

GPC; Mn =13775 by 1H NMR. 

Synthesis of g-PEG nanogel. Macro-CTA (22 mg, 0.0016 mmol), Me2OMA (45 

mg, 0.24 mmol), PEGMA475 (11.5 mg, 0.024 mmol), DOTA crosslinker (4 mg, 

0.0047 mmol), and MilliQ water (1.4 ml) were placed in a 10 ml round bottom 

flask equipped with a stir bar. The mixture was stirred and cooled in an ice-water 
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bath under nitrogen for 20 min. The reaction flask was placed in a 70°C oil bath 

and degassed solution of 2,2' -azobis(2-methylpropionamidine) dihydrochloride 

(V-50, 0.22 mg, 0.81 µmol) was then added into the mixture. After 13 h, the 

reaction was terminated by cooling the mixture in an ice-water bath and exposing 

it to air. Dh=69 nm, fJ=0.15, at 25°C. 

Synthesis of DOTA crosslinker. N-(2-Aminoethyl)methacrylamide 

hydrochloride (AEMAA.HCI) was prepared following the literature procedure. 12 

DOTA (100 mg, 0.25 mmol), AEMAA.HCI (268.5 mg, 1.63 mmol), and 

HOBt.monohydrate (212 mg, 1.38 mmol) were first placed in a dry 20 ml vial and 

dissolved in dry DMF (3 ml). The mixture was stirred for an hour in an ice-water 

bath. Then it was treated with EDC.HCI (265.5 mg, 1.38 mmol), and DIPEA (0.48 

ml, 2.77 mmol). The reaction was run at room temperature for 3 days. Later, the 

solvent was removed under air pressure and purified by alumina basic column 

using solvent DCM:MeOH (98:2) mixture. 
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CHAPTER 6 

Co-assembly of bottlebrush block copolymers with gold 

nanoparticles in ultrathin films 

6.1. Introduction 

The significance of block copolymers (BCPs) stems from their ability to 

self-assemble of linear blocks into a variety of nanostructured morphologies, 

such as spherical, cylindrical, gyroid, or lamellae, depending on their 

composition. In bulk, incompatible linear blocks are microphase separated to 

minimize the contacts between the blocks and achieve microdomain dimension 

of 5-50 nm. Macrophase separation is prevented due to the covalent bonding 

between the polymer blocks. Microphase separation of BCPs depends on various 

parameters, such as the volume fraction of each block, the total degree of 

polymerization and the Flory-Huggins parameter (x). For chemically dissimilar 

polymer blocks, a high x parameter resulting from a large cohesive energy 

mismatch with enthalpic and entropic origins is the driving force for 

segregation. 1 
•
2 Decrease in x parameter results in order-disorder transition and at 

a critical point forms a homogenous mixture. Morphological features can be 

tuned by manipulating the block copolymer architecture using bottlebrush 

BCPs,2
-
6 or increasing the x parameter between the blocks.7

-
9 
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Metal and semiconductor nanoparticles (NPs) possess unique physical 

properties, which derive from their chemical composition, size, and shape. 10
-
11 

The collective properties of an ensemble of NPs are often influenced by 

interaction between NPs, 12
-
13 and are thus sensitive to the way NPs are 

organized in a superstructure. Gold nanoparticles are one of the most studied 

particles with unique physical and optical properties including surface plasmon 

resonance, surface enhanced Raman scattering, nonlinear optical properties, 

and quantized charging effect. When they are organized in a chain-like fashion, 

14 16they act as plasmon waveguides12
' - Assembling nanoparticles using block 

copolymers leads to their periodic arrangement, which is important for various 

applications such as photonic devices and sensors. 

Morphological control over functional nanoscale building blocks is crucial 

for the bottom-up synthesis of materials with novel properties that finds numerous 

applications in several fields, such as, optical, electronic, and optoelectronic 

nanodevices. Polymer nanocomposites are a type of hybrid materials that 

combine functionalities of organic or inorganic nanoparticles with polymer 

durability and processability to improve physical properties of nanoparticle 

arrays. 

It's been shown that using self-assembly of linear BCPs, control over the 

spatial distribution of functional nanoparticles in a polymer matrix can be obtained 

to produce well-ordered periodic structures. BCPs are composed of chemically 

distinct sequences, and form periodic, nanoscale structures owing to microphase 
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separation. The bulk periodicity of the block copolymer corresponds to the 

effective length of two polymer chains (typically in the range of 10-300 nm), while 

the bulk morphology is dictated by the volume fractions of the blocks. An efficient 

distribution of nanoparticles in a BCP generally requires chemical modification of 

nanoparticle surface. Surface functionalized nanoparticles are later 

accommodated within the target domain of a microphase separated BCP with a 

favorable functionality or at the interface of two domains. Mixing BCPs with NPs 

that have been modified with surface ligands that make them compatible with one 

of the BCP blocks leads to inherently ordered nanocomposites, where the NPs 

are organized in alternating domains. 17
-
18 The delicate balance between the 

enthalpic contribution arising from the NP and BCP interaction and entropic 

penalty due to the stretching of linear blocks after the incorporation of particles 

affects the amount of loading of polymer matrix with particles where high loading 

is essential to obtain enhanced systems with attractive physical properties. 

Block copolymer self-assembly has been employed for the precise control 

over the distribution of gold nanoparticles in the polymer matrix. Various 

parameters influence the organization of NPs in the BCP matrixes. It has been 

shown that large NPs segregate to the center of the domains whereas small NPs 

distribute more evenly throughout the domain. 19 This is due to a large entropic 

penalty associated with block polymers accommodating a large NP. 20
-
23 

Kramer and co-workers modified gold nanoparticle surface with a mixture 

of thiol end-functional PS and P2VP oligomers for the formation of polymer 
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nanocomposite with poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) copolymers. 

Nanoparticles have been positioned into PS or P2VP microdomains or at the 

interface by changing the composition of PS or P2VP segments. The location 

preferences of surface modified particles are based upon their enthalpic 

interactions with the domains and entropic effects arising from the size of the 

particles. The distribution of the NPs across the domains becomes narrower at 

high filling fractions. 24 Tuning the chemistry of the ligands protecting the 

nanoparticles provides a more controllable way to influence NP location.25
-
28 

Modification of NP surfaces with a polymeric ligand, which is chemically identical 

in composition to one of the blocks, makes the NPs compatible with that block 

and thus directing them to the corresponding domains. Functionalizing NPs with 

a mixed monolayer can be used to direct the NPs to the interface between the 

domains.25
-
26 

The utilization of linear block copolymers in polymer composites provides 

various means to tune the resulting structure in terms of morphology, periodicity, 

NP location and distribution. But it offers limited control over the internal 

arrangement of nanoparticles inside their hosting domains due to their slow 

ordering kinetics, small domain sizes, limited NP sizes, and poor long-range 

order. Large periodicities require BCPs with large molecular weight. 

Unfortunately, they are not always accessible especially with the desired 

chemical composition. Also their phase separation is usually hindered by a high 

degree of entanglements. Additionally, control over the location of NPs with 
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different sizes is not easy (e.g., when it is desired to localize small NPs at the 

center of the domain). Aggregation of NPs might also be an unavoidable 

outcome when high NP loadings are being used. 

Recent studies on the synthesis of bottlebrush polymers with their melt 

self-assembly have showed that they can play critical roles in addressing the 

limitations owing to the nature of linear systems to a certain extent; their unique 

architectural attributes enable additional ways to control the local placement of 

NPs. 

Bottlebrush copolymers present rapid ordering dynamics due to their 

densely branched architecture with the lack of chain entanglements, large 

domain spacing over 100 nm, and long-range order. They can efficiently 

incorporate particles larger than 10 nm and form well-ordered structures with a 

high particle loading. Moreover, they possess two parameters for tuning their size 

and composition; the length of the backbone for molecular packing and the side 

chain for cross-sectional area. The size of linear block copolymers, on the other 

hand, can be tuned only by changing the length of polymer chain. 

Aforementioned attributes are noteworthy especially for photonics applications. 

While self-assembly of bottlebrush copolymers exclusively forms lamella 

morphology due to the strong preference of stiff and elongated molecules for flat 

interfaces, accessibility to highly asymmetric conformations allows for the 

formation of curved morphologies. 
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Rzayev et al. have previously reported melt self-assembly of asymmetric 

polystyrene-polylactide (PS-PLA) bottlebrush block copolymers into a cylindrical 

morphology and self-assembly of high molecular weight (PS-PLA) bottlebrush 

block copolymers into highly ordered lamellae structures with large domain 

spacing. 29 

Watkins and coworkers have conducted the main body of work on 

16 30 32BBCP/NP composites. 14
' • - Taking advantages of the high periodicities 

displayed by BBCPs and employing hydrogen bonding to increase NP loading, 

photonic films with tunable properties were prepared. 14
-
16 It was also 

demonstrated that strong interactions between the NPs and the hosting polymer 

blocks could be used to either compensate for graft asymmetry and thus stabilize 

the lamellar morphology32 or induce effective graft asymmetry with symmetric 

BBCP to obtain a cylindrical phase.3°Furthermore, employing BBCPs consisting 

of low T9 grafts on both blocks has been shown to lead to long-range ordering of 

the nanocomposite even at high filling fractions, which is seldom obtained with 

linear block copolymers. 31 

In this Chapter, we describe the fabrication of well-ordered gold 

nanoparticle composites templated by symmetrical and asymmetrical 

poly(styrene-b-lactide) (PS-b-PLA) bottlebrush block copolymers. We studied the 

co-assembly of 8 and 13 nm size gold nanoparticles with three different types of 

bottlebrush block copolymers, which have different symmetries in terms of their 

graft lengths, in quasi-two-dimensional ultra-confined films. The effect of graft 
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asymmetry on the overall block copolymer conformation and as well as 

enhancement in nanoparticle ordering at the center of the domain regardless of 

the NP size have been analyzed. This work was performed in collaboration with 

Prof. Roy Shenhar from the Hebrew University of Jerusalem. 

Three BBCPs with polystyrene (PS) grafts on one block, and poly(lactic 

acid) (PLA) grafts on the other were synthesized. All three polymers featured 

nearly symmetric backbone lengths (average of 150 repeat units for the PLA

grafted block and 143-156 repeat units for the PS-grafted block) and constant PS 

graft length (40-42 repeat units on average). The PLA graft lengths vary from 

shorter to longer than the PS grafts (Figure 6.1 ). 

We mainly focus on NP localization within BBCP-based nanocomposites 

in ultra-confined films, where the assembly is essentially quasi-two-dimensional. 

In particular, we explore the effect of graft asymmetry on the ordering of the NP 

superstructures in the composite film. To enable free distribution of NPs within 

their hosting domains, they were functionalized with polymeric ligands with the 

same chemistry as the hosting block. This enabled us to probe the NP size effect 

and compare it to co-assembly systems of linear BCPs. For each polymer, 

assembly of polystyrene-functionalized gold nanoparticles (Au-PS NPs) of two 

core sizes (8 and 13 nm; see Figure) with variable filling fractions (4,8, 12, 16%) 

has been explored. 
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Figure 6.1 Chemical structures of Poly((GM-g-LA)-b-(BIEM-g-Sty)) BBCPs: (a) 

graft-symmetric BBCPsym UPLA=46%); (b) graft-asymmetric BBCPPLAmin 

UPLA=38%); (c) graft-asymmetric BBCPPLAmax UPLA=68%) . 

189 



6.2. Results and Discussion 

6.2.1. Polymer Synthesis 

Briefly, our approach involves grafting-from method for the synthesis of 

PS-PLA bottlebrush copolymers. First, poly(GM-b-BIEM) polymer backbone is 

synthesized by reversible addition fragmentation chain-transfer (RAFT) 

polymerization as defined in preceding chapters. Atom-transfer radical 

polymerization (ATRP) is employed for grafting polystyrene (poly(Sty)) side 

chains. Epoxy units of poly(GM) segment are hydrolyzed to provide two hydroxyl 

groups per repeat unit. Ring-opening polymerization of D,L-lactide (LA) is then 

initiated from -OH groups to yield PLA side chains (Scheme 6.1 ). 
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CuBr, CuBr2, dNBpy 
Styrene, 90°C 

Br 

j HCI, THF 

RT, 24 h 
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HO~ ( O 
OH 

Br Br 

Scheme 6.1. Synthesis of (A) Poly(GM)-b-(BIEM); Poly((GM)-b-(BIEM-g-Sty)) 

before (B) and after (C) hydrolysis; and (D) Poly((GM-g-LA)-b-(BIEM-g-Sty)). 

SEC analysis of poly(GM) and poly(GM-b-BIEM) corroborated the 

formation of polymers with low dispersities, indicating good control over the 

polymerization process (Figure 6.2, Table 6.1 ). 
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Figure 6.2 (A) Poly(GM1so), (B) Poly(GM1so-b-BIEM143), (C) Poly(GM1so-b-

ATRP of styrene was initiated from active a-bromoester sites of 

poly(BIEM) block without further modifications (Scheme 6.1 ). CuBr/CuBr2 catalyst 

mixture was used to maintain very low radical concentration throughout the 

polymerization. The reactions were quenched at low conversions to avoid 

recombination of polystyrene radicals or crosslinking. The average length of PS 

side chains was determined from 1H NMR analysis by comparing the aromatic 

peaks of poly(Sty) to poly(GM) peak at 2.84 ppm. SEC analysis revealed a shift 

of the polymer peak to lower elution times, indicating increase in size, while 

maintaining low dispersity (Figure 6.2, and Table 6.1 ). Subsequent hydrolysis of 
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epoxy groups of poly((GM)-b-(BIEM-g-Sty) brush polymers was achieved in 

acidified THF solution at room temperature. The hydrolysis was confirmed by 

disappearance of characteristic epoxy peaks at 2.5-4.0 ppm (Figure 6.3). 

Polylactide (PLA) side chains were then grafted by DBU catalyzed ring opening 

polymerization. PLA branches per molecule and grafting densities were 

calculated by comparing the area under the NMR signal originating from PLA end 

groups at 4.3-4.6 ppm (Figure 6.3) to the aromatic poly(Sty) peak. Volume 

fractions of aromatic poly(Sty) were summarized in Figure 6.5. The final PS-PLA 

bottlebrush polymers boasted low dispersities of < 1.2. 
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Figure 6.3 1H NMR of spectra of Poly(GM150-b-BIEM143), Poly(GM150-b-(BIEM14T 

g-840)) before and after hydrolysis, and Poly((GM150-g-LA70)-b-(BIEM143-g-S40)). 
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Table 6.1. Properties of PS-PLA bottlebrush copolymers with varying side chain 

symmetries. 

SideBackbone a Side chaina MnPolymer chaina £} 

n(PGM} m(PBIEM} ;t(PLA} x(PS} (kg/mol} 
P-1 150 22 1.09 
P-2 150 156 65 1.13 
P-3 150 143 61 1.16 
P-4 150 143 40 657 1.16 
P-5 150 156 42 748 1.18 
P-6 150 143 20 40 1093 1.17 
P-7 150 143 70 40 2130 1.09 
P-8 150 156 32 42 1439 1.11 

8 Calculated from 1H NMR end-group analysis. 0Determined by SEC in THF using PS calibration. 

6.2.2. Morphology of the neat BBCP in ultra-confined films 

To set a reference for the structural characterization of the nanocomposite 

films, we first studied ultra-confined films of the neat BBCPs. Films were cast at 

about 15 nm thickness. The films were annealed under THF vapor, which is 

slightly PS-selective (XTHF-Ps = 0.15; XTHF-PLA = 0.62) but was found to be the 

closest to a neutral solvent.33 Figure 6.4 shows scanning electron microscopy 

(SEM) images of neat BBCP films. The tendency of BBCPs for the lamellar 

morphology even in asymmetric compositions is manifested by the distorted 

appearance of the PS cylinders in BBCPPLAmax film (Figure 6.4B). BBCP arranges 

itself into a nearly hexagonal phase only because of the asymmetry between the 

PS and PLA bottlebrush side chains, although the lengths of the respective 

backbones are similar. 
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BBCPsym 

BBCPmax 

BBCPmin 

Figure 6.4 SEM images of ultra-thin films of neat PS-PLA BBCPs after solvent 

annealing in THF vapor: (A) BBCPsym; (B) BBCPPLAmax: (C) BBCPPLAmin- Values in 

the top right corner in denote rPsett-

6.2.3 Co-assembly of NPs and BBCPs 

BBCPsym is symmetrical in terms of the length of the respective backbones 

as well as the lengths of PS and PLA grafts. BBCPsym is the bottlebrush analog of 

a linear block copolymer with a thicker cross-section. A range of filling ratios from 

%4 to % 16 with effective volume fractions of the PS-grafted blocks (0.56 < f Psett 

< 0.62) were probed and observed that the lamellar morphology persists over the 

entire range of NP filling fractions calculated. Figure 6.5A and B show SEM 

images of BBCPsym with two different sizes of Au-PS NPs (8 and 13 nm, 

respectively) at 12% filling ratios. 
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At low filling fractions, the small NPs segregate to the center of the 

domains (results not included) since it is hard for the hosting PS brushes to twist 

and circumvent the NPs. 19
-
20 This behavior in linear BCPs is only observed with 

large NPs. With BBCPs, the tendency to segregate the hosted NPs to the center 

of the domain is amplified by the stiffness of their backbones. At higher filling 

fractions, the small NPs are more evenly dispersed in the PS domains, and also 

located at the PS/PLA interface (Figure 6.5A). 
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fJNp= a nm fJNp = 13 nm 

Figure 6.5 SEM images of 15 nm-thick films of the BBCP and Au-PS NPs of two 

sizes: 8 nm (A) BBCPsym, (C) BBCPPLAmax, (E) BBCPPLAmin; and 13 nm (B) 

BBCPsym (D) BBCPPLAmax, (F) BBCPPLAmin- Values in the top right corners denote f 

PS 
elf-
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Different behavior is observed in the case of the large NPs (Figure 6.58). 

All NPs are located at the center of the domains, forming chains of beads. At 

higher filling fraction where the capacity of the PS domains to host a single chain 

of NPs is exceeded (results not included), close-packed aggregates form at 

defect points in the structure, but are still located far from the PS/PLA interfaces. 

In comparison, the small NPs distributed randomly across the domains at the 

same filling fractions. The nearest-neighbor interparticle distances measured in 

these aggregates is ~21 nm, which is similar to the interparticle distances 

measured in close-packed arrays of NPs assembled without a polymer. This 

suggests that NPs are actually microphase separated from their hosting PS 

domains in accordance with the entropic and enthalpic penalty associated with 

the need of stiff brush blocks to circumvent large NPs. 

Figure 6.5C and D show the co-assembly results of BBCPPLAmax films with 

Au-PS NPs. BBCPPLAmax has PLA grafts longer than the PS grafts. The neat 

BBCPPLAmax architecture resembles the shape of a wedge and results in the 

formation of distorted PS cylinders (Figure 6.48). For the small NPs at low filling 

fractions (data not included), the effective volume fraction of the PS domains 

maintains the cylindrical phase. At higher filling fractions the film morphology 

becomes rather ill-defined, with NPs distributed randomly throughout the film 

(Figure 6.5C). As the filling fraction increases, a transition to a wormlike 

morphology is observed, where NPs form extended aggregates throughout the 

PS domains (Figure 6.50). In contrast to BBCPsym (Figure 6.5B) no single chain-
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of-beads are observed. This behavior with large NPs and ill-defined structures 

with small NPs suggest that the asymmetric architecture of the BBCP, where the 

domains hosting the NPs consist of the blocks with the shorter grafts, imposes 

less restrictions on the locations of the NPs. 

The nanocomposite films with BBCPPLAmin display higher level of ordering 

than the other two systems (Figure 6.5E and F). First, the lamellar morphology 

persists even at relatively high filling fractions (Figure 6.5F). Second, both small 

and large sizes of NPs are segregated at the center of the domains over the 

entire range of filling fractions. Compared with the other BBCPs, aggregation is 

largely avoided, and occurs only at a few defect points in the nanocomposite 

films. Large NPs tend to form single chain-of-beads at low filling fractions, and 

hexagonally-packed double and triple chains-of-beads as filling fraction increases 

(Figure 6.5F). 

The enhanced tendency of the NPs of both types to segregate to the 

center of the domains is unique, especially considering the fact that the PS

grafted blocks have the same size for all three BBCPs. The PLA grafts in the 

BBCPPLAmin are shorter than the PS grafts. With bottlebrush block copolymers 

featuring symmetric backbones (i.e. similar backbone length for both blocks) and 

asymmetric graft lengths, the blocks with the short grafts are more flexible than 

the blocks with the long grafts, therefore any conformational adaptation required 

by the structure is imposed on PLA blocks.32 In the neat BBCPPLAmin system, the 

backbone of the PLA side chains is expected to coil and match the difference in 
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interfacial cross-section caused by the differences in graft lengths. In principle, 

the NPs could be accommodated either at the center of the domain or between 

adjacent PS brushes. Accommodating NPs between adjacent brushes would 

further increase the interfacial cross-section between the PS and PLA-grafted 

blocks. This results in the PLA-grafted blocks to coil much more than in the neat 

BBCP, which is both entropically and enthalpically disfavored considering the 

relative stiffness of bottlebrush blocks. Therefore, NPs are segregated to the 

center of the PS domain. 

6.3. Conclusions 

A series of PS-PLA bottlebrush block copolymers with varying PLA side 

chain lengths were synthesized by a combination of controlled free radical and 

ring opening polymerizations. The quasi-two-dimensional co-assembly of gold 

nanoparticles and PS-PLA bottlebrush block copolymers were investigated in 

ultrathin films. 

Our analyses show that the unique architecture of bottlebrush polymers 

provides control in the distribution of NP across the hosting domain, and the level 

of nanoparticle ordering at high filling fractions. The important factor here is the 

relative lengths of the grafts on both blocks - a factor that does not exist in linear 

block copolymer systems. In graft-asymmetric bottlebrush copolymers, the block 

consisting of the shorter grafts is less stiff, and hence is forced to coil to match 

the cross-sectional area of the other block at the interface between them. If the 

NPs are hosted in the domain consisting of the shorter grafted blocks, a more 
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homogeneous distribution of the NPs inside these domains will be favorable 

because it will help to increase the effective cross-sectional area of these blocks 

and thus relieve the imposed coiling to a certain extent. In contrast, if the NPs are 

hosted in the domains consisting of the longer grafted blocks, they segregate to 

the center of the hosting domains in order to avoid increasing the existing 

asymmetry between the effective cross-sectional areas, which will impose on the 

shorter-grafted block to coil beyond its abilities. These results demonstrate that 

the utilization of BBCPs enables a more exquisite control over nanoparticle 

ordering in polymer-metal nanocomposites. 

6.4. Experimental 

PS grafting. A Schlenk flask was charged with CuBr (20.85 mg, 0.15 µmol), 

CuBr2 (4.9 mg, 0.022 µmol), and 4,4'-dinonyl-2,2'-dipyridyl (136.75 mg, 0.34 

µmol) and subjected to three vacuum-purge cycles. Nitrogen-purged styrene (3 

ml, 25.5 mmol) was added under nitrogen pressure. This stock solution was 

allowed to stir for 2 h. In a separate Schlenk tube, poly(GM1so-b-BIEM143) (50 mg, 

116 µmol Br initiator) and styrene (6.8 ml, 59.3 mmol) were subjected to three 

freeze-pump-thaw cycles. Under nitrogen flow, 1.2 ml of the stock solution was 

injected into the reaction flask. The reaction was carried out at 90°C for 17 h. The 

reaction mixture was then cooled down to room temperature, diluted with 

dichlomethane, precipitated twice into methanol and dried under vacuum 

overnight to yield 260 mg of white powder. 1H NMR: n(PS)=40, Mn=657 kg/mol. 

GPC (PS calibration): &-:1.16. 
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Glycidyl methacrylate hydrolysis. Poly(GM1so-b-(BIEM14Tg-S40)) (130 mg, 0.2 

µmol) was dissolved in THF (7 ml). Subsequently, HCI (1 M, 13 drops) was added 

to the flask dropwise and stirred for 24 h at room temperature. The mixture was 

then concentrated and precipitated twice into methanol to yield 102 mg of white 

powder. 

Polylactide grafting. Hydrolyzed poly(GM1so-b-(PBIEM14Tg-PS40)) (88 mg, 0.04 

mmol of OH groups) and D,L-Lactide (260.5 mg, 1.8 mmol) were dissolved in dry 

dmf (1.4 ml) in a 1 dram vial equipped with a stirbar and a septum cap. 

Subsequently, DBU (2. 7µ1, 0.018 mmol) was added into the vial. The reaction 

mixture was allowed to stir at room temperature. After 2 h, the polymerization 

was quenched by adding 3.8 mg of benzoic acid. The polymer was precipitated 

twice into cold methanol:water (4:1) mixture and dried under vacuum overnight to 

produce white powder. 1H NMR: n(PLA)=70, Mn=2130 kg/mol. GPC (PS 

calibration): &-:1.09. 

Synthesis of nanoparticles. Polystyrene-functionalized gold NPs with two 

different core diameters were used in this study (8 and 13 nm). 8 nm NPs were 

synthesized with dodecanethiol ligands by the Brust-Schiffrin method34 followed 

by thermal growth.35 NPs were dissolved in tetrahydrofuran (THF) and purified 

from excess ligand three times by centrifugation in methanol at 8500 rpm for 5 

min. 13 nm, citrate-stabilized gold NPs36 were modified with 

hexadecyltrimethylammonium bromide (CTAB) ligands by an overnight stirring at 

room temperature in deionized water. A 2-fold excess of CTAB relative to the 
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calculated number of the surface Au atoms was used; excess ligand was 

removed by centrifugation at 13,000 rpm for 35 min in water at 35 °C. 

Thiol-terminated polystyrene (PS-SH), Mn = 12.5 kDa, was synthesized by 

anionic polymerization under nitrogen atmosphere as described previously.37 

Ligand exchange reaction was performed by stirring each type of nanoparticle in 

THF at room temperature overnight with a 2-fold excess of the PS-SH ligand 

relative to the calculated number of the surface Au atoms. Modified NPs were 

purified from excess ligand by performing 2 cycles of centrifugation at 9500 rpm 

at 15 °C for 10 min in THF, and then 3 more cycles using methanol. The 

solutions were then filtered by a 0.22 µm PTFE filter and their concentration was 

M-1 1determined by UV-vis (using ENP (527 nm) = 5.13 x 107 cm- and ENP (532 

nm)= 2.80 x 108 M-1 cm-1 for the 8 and 13 nm NPs, respectively). 38 

The NPs core diameters were determined by analyzing scanning electron 

microscopy (SEM) images of NPs deposited on silicon substrates using lmageJ 

software.39 Average values were determined by histogram analysis to be 7.5 ± 

0.9 nm and 13 ± 2 nm for the small and large NPs, respectively. The effective 

ligand thickness was estimated as ca. 3.5 nm from the center-to-center distance 

between close-packed NPs using Fourier Transformation. 

Bulk periodicities of the neat polymers were determined by small-angle X

ray scattering (SAXS) on samples prepared on kapton and annealing at 150 °C 

for 12 h. 
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Preparation of nanocomposite films. Stock solutions of the BBCP (5 wt%) and 

Au-PS NPs (0.5-1.5 mM for the small NPs, and 0.01-0.5 mM for the large NPs) 

were prepared in toluene. Films containing different NP filling fractions (f88cPNPs = 

0%, 4%, 8%, 12%, and 16%) were cast from 200 ml solutions containing 

aliquots of varying volumes taken from the BBCP and the Au-PS NP stock 

solutions (0.4-0.5 wt% BBCP concentration, resulting in film thicknesses in the 

range of 15-20 nm). Solution were let to equilibrate for 15 min and then spin 

coated at 3000 rpm for 30 s onto hydrophilic silicon wafers containing 4 nm-thick 

native oxide (pre-cleaned in NoChromixTM solution in H2SO4 for 24 h and then 

rinsed for 20 min in distilled water). 

Samples coated with the composite films were cut into 5 pieces and each 

series of samples was annealed in a closed Petri dish under saturated THF 

atmosphere for various intervals of time (0, 20, 40, 60 and 120 min), after which 

they were rapidly quenched by fast removal from the solvent vapor chamber. 

Owing to the differences in dynamics of relaxation between the different BBCPs, 

the annealing times for each BBCP and its composite films were chosen to yield 

the most ordered samples for the corresponding neat BBCP (20, 60 and 120 min 

for the BBCPsym, BBCPPLA maj and BBCPPLA min, respectively). All the experiments 

were performed on the same day to maintain fixed ambient conditions. We note 

that all films remained smooth under these conditions (i.e. did not develop islands 

and holes). 
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Characterization. GPC measurements were performed on a Polymer Standards 

Service (PSS) system consisting of a PSS SDV linear M column, refractive index 

and UV detectors (Thermo), multiple angle light scattering (MALS) detector 

(BiMwA, Brookhaven), and an online viscometer (ETA 2010, WGE Dr. Bures). 

Data analysis and universal calibration (with PS standards) were performed using 

PSS WinGPC software. High resolution scanning electron microscopy (HR-SEM) 

images of the composite BBCP/NP films were acquired with a Sirion microscope 

(FEI Company) at 5 kV acceleration voltage. Film thicknesses were determined 

by performing SFM scans across scratches made with tweezers in the annealed 

composite films. Scanning force microscopy (SFM) images were acquired by a 

Dimension 3100 Scanning Probe Microscope with a Nanoscope V controller, 

Veeco, Santa Barbara, CA, and were corrected by first-order flattening using the 

Nanoscope Analysis Program (V1 .40, Bruker). 

The periodicity of each nanocomposite film was determined by analyzing 

SFM images, where the contrast is dominated by the BCP domains and less 

influenced by the presence of the NPs (compared to the analogous SEM 

images). Fourier Transformation on 2 µm x 2 µm images (performed using 

lmageJ software), REF followed by radial integration using Fit2D program40 

furnished one-dimensional plots, and the periodicity was calculated from the 

location of the first peak. All measurements were referenced to the periodicity of 

the BBCPsym (Lo = 80 nm), which was determined by Fourier Transform 

performed on the SFM image using the Nanoscope Analysis program. 
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