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1-1  Molecular Architecture 

The molecular architecture impacts the chemical and physical properties of all 

polymers. In principle, there are infinitely many possible polymer architectures — that is, 

infinitely many ways to connect polymer chains. In practice however, long-standing 

synthetic challenges limit the scope of architectural design. These limitations preclude 

studies of fundamental physical phenomena as well as potential applications in functional 

materials. This thesis presents our work to close the design, synthesis, and characterization 

gaps for bottlebrush polymers, a unique molecular architecture.  

This chapter will first introduce the bottlebrush architecture (Section 1-1). The need 

for improved synthetic methods and systematic structure-property studies will be 

emphasized. We will then review existing synthetic routes and highlight our approach: living 

grafting-through ring-opening metathesis polymerization (ROMP) (Section 1-2). Section 1-

3 will build complexity by introducing bottlebrush block polymers and discussing the 

impacts of architecture on self-assembly. Lastly, Section 1-4 will outline the structure of this 

thesis by connecting these themes of molecular architecture and materials design.  

Bottlebrush polymers are a class of graft polymers, which feature a polymer 

backbone bearing grafted polymer side chains. Compared to linear homopolymers (the 

simplest possible architecture), bottlebrush polymers display unique properties and introduce 

new opportunities for molecular shaping. For a fixed monomer chemistry, linear 
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homopolymers feature only one independent structural parameter: the total degree of 

polymerization, N (Figure 1.1). In comparison, bottlebrush polymers feature four 

independent parameters: (1) the backbone degree of polymerization, Nbb; (2) the side chain 

degree of polymerization, Nsc; (3) the grafting density, z (defined as the average number of 

grafts per backbone repeat unit); and (4) the distribution of grafts along the backbone 

(uniform, tapered, etc.) (Figure 1.1). Bottlebrush polymers are primarily distinguished from 

other graft polymers by high z. 

 
Figure 1.1: Comparison of linear (left) and bottlebrush (right) polymer architectures. For a fixed monomer 
chemistry, the linear polymers feature one independent structural parameter: the total degree of 
polymerization, N. In contrast, bottlebrush polymers must be described by multiple parameters, including the 
backbone length (Nbb), side chain length (Ng), grafting density (z = 1/Ng), and graft distribution.  

 

Whereas the conformation of a linear homopolymer can be largely anticipated based 

on N, the conformation of a bottlebrush polymer depends on the complex interplay of Nbb, 

Nsc, z, and the graft distribution. Polymer conformations represent the molecular basis for 

predicting and controlling all of the physical properties of polymers: therefore, understanding 

the connections between molecular architecture and polymer conformation is crucial from 

the perspectives of both fundamental theory and materials design.  

In bottlebrush polymers, strong steric repulsion between the side chains imparts a 

certain bending rigidity to the backbone, causing the brush to adopt an extended, wormlike 

conformation.1-2 Due to their extended conformations, bottlebrush polymers display different 

physical properties than linear analogues. For example, the bottlebrush architecture 

suppresses entanglements in the melt and lowers the melt viscosity,3-5 thereby introducing 
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processing advantages and new opportunities for materials design. Recent reports have 

exploited these unique properties in the context of supersoft elastomers, 6-8 leading to solvent-

free materials with moduli as low as 100 Pa and tensile strains-at-break up to 800%.9 These 

properties are direct consequences of the bottlebrush architecture. (In comparison, linear 

polymers of the same chemical composition have moduli greater than 106 Pa and strains-at-

break only up to 200%.9) In addition to supersoft elastomers, bottlebrush polymers have been 

developed as rheological modifiers,10 nanoporous materials,11-12 solid electrolytes,13-15 and 

photonic bandgap materials.16-18  

Despite the importance of polymer conformation and the rich potential of bottlebrush 

materials, there is a current lack of consensus regarding many key structure-property 

relationships. This lack of consensus is due in large part to the challenges associated with 

capturing the complex interplay of all structural parameters. Table 1.1 provides one example. 

The influence of Nsc on the stiffness of the backbone (expressed as the backbone persistence 

length, λb) is considered. Even for this fundamental relationship, experiments, theory, and 

computer simulations have proposed many conflicting expressions. Considering the general 

expression b sc
νλ ~ N , the proposed scaling exponents vary over a wide range: 3/4 ≤ ν ≤ 2. 

 

Table 1.1: Expressions for the relationship between the backbone stiffness (λb) and side chain degree of 
polymerization (Nsc). All expressions are provided for densely grafted bottlebrush polymers in a good solvent 
for the side chains. Note that expressions for the side chain length differ across the references (M, n, Ns, L); 
Nsc is used here to maintain consistency with the terminology in this thesis. 

Expression  Methods  References Eq. 

    3 4
b sc

/~ N   
Scaling theory,  
Monte Carlo simulations 

 
19–21 1-1 

    1
b sc~ N   

Static light scattering,  
Small-angle X-ray scattering 

 
22–23 1-2 

    15 8
b sc

/~ N   Scaling theory 
 

1 1-3 

    2
b sc scln~ N / N   

Perturbation theory,  
Monte Carlo simulations 

 
24 1-4 

    2
b sc~ N   

Perturbation theory,  
Static light scattering 

 
25–28 1-5 
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Initial reports attributed the wide variation in ν to the limitations of certain methods. 

However, later insights indicate that the apparent conflicts are not consequences of 

calculation or measurement errors: instead, the disparities reflect the existence of multiple 

conformational regimes in the bottlebrush parameter space.9,29-30 In other words, the 

conformation (and therefore the physical properties) of a bottlebrush polymer depends on its 

unique combination of Nbb, Nsc, z, etc. Recent studies have proposed universal models for 

graft polymer conformation based on scaling analyses.9,29-30 In one example, four distinct 

conformational regimes were proposed based on predicted relationships between the 

molecular structure and the plateau modulus, then mapped in terms of Nsc and the average 

backbone length between adjacent grafts (Ng = 1 / z) (Figure 1.2A). Below a critical grafting 

density (Ng > Ng
**), loose comb (LC), dense comb (DC), and loose brush (LB) regimes are 

anticipated as functions of Nsc. The comb regimes exhibit unperturbed Gaussian backbones 

and side chains, whereas LB marks the onset of backbone stretching due to side chain 

crowding. Above the critical grafting density (Ng < Ng
**), a dense brush (DB) regime is 

anticipated regardless of Nsc, in which both the backbones and side chains are extended. 

Figure 1.2B provides the corresponding scaling predictions for the entanglement plateau 

modulus (Ge,graft) of graft polymer melts relative to linear melts (Ge,linear) as a function of Nsc.  

 
Figure 1.2: (A) Diagram of states for graft polymers based on the side chain degree of polymerization (Nsc) 
and inverse grafting density (Ng = 1 / z). Loose comb (LC), dense comb (DC), loose brush (LB), and dense 
brush (DB) regimes are anticipated by theory. The conformations of the side chains and backbone vary in 
each regime. (B) Predicted entanglement plateau modulus of graft polymer melts (Ge,graft) relative to linear 
polymer melts (Ge,linear) as a function of Nsc. The normalized modulus decreases with increasing Nsc, and the 
scaling exponent changes in each regime. Adapted with permission from Ref. 9.  
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The predictions in Figure 1.2 reinforce the intimate connections between polymer 

conformation and physical properties. The predictions also highlight the need for additional 

studies. Recent computer simulations support the mapping of four distinct conformational 

regimes onto the molecular parameter space,29-30 but the locations of the boundaries between 

regimes and the expected physical behavior in each regime remain topics of ongoing debate. 

In other words: for any backbone and side chain chemistries and any chain dimensions, what 

distinguishes bottlebrush polymers from other graft polymers? How do the physical 

properties vary in the bottlebrush regime?   

Furthermore, any universal model for graft polymer conformation must be consistent 

with experimental measurements. However, experimental studies remain limited due to long-

standing synthetic challenges associated with preparing well-defined model systems. 

Achieving precise control over key structural parameters — Nbb, Nsc, z, and the graft 

distribution — while maintaining narrow dispersity and enabling systematic variations 

presents significant challenges. This thesis will first describe our work to improve control 

over the graft polymer architecture (Chapter 2), then explore the physical consequences of 

polymer architecture in various contexts (Chapters 3–6). In order to motivate the challenges 

and opportunities for molecular design, the next section of this introduction will review 

existing synthetic routes to bottlebrush polymers.  

 

1-2  Bottlebrush Polymer Synthesis 

Bottlebrush polymers present unique synthetic challenges due to the steric demands 

imposed by the densely grafted architecture. Despite these challenges, advances in 

controlled polymerization31-34 have enabled several routes to well-defined bottlebrush 

polymers. Several excellent reviews have catalogued these synthetic strategies.35-38 This 

section will provide a brief overview, then introduce our approach.  

Bottlebrush polymers can be synthesized according to one of three strategies: 

grafting-to, grafting-from, and grafting-through (Figure 1.3). Each strategy offers distinct 

advantages and disadvantages toward molecular design.  
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Figure 1.3: Three routes to synthesize bottlebrush polymers. (A) Grafting-to strategies attach monotelechelic 
chains to a pre-formed polymer backbone. (B) Grafting-from strategies grow side chains from a pre-formed 
macroinitiator. (C) Grafting-through strategies polymerize macromonomers in order to grow the brush 
through the backbone.  

 

 The grafting-to approach attaches pre-formed monotelechelic chains to a pre-

formed polymer backbone (Figure 1.3A). Grafting-to permits detailed 

characterization and modular variation of the side chains and backbone; however, 

steric demands typically limit the grafting density, result in non-uniform graft 

distributions, and require additional purification steps to remove unreacted chains. 
39-42 Highly efficient coupling reactions (such as copper-catalyzed azide-alkyne 

click chemistry) can mitigate some of these limitations,43-44 but in general high 

grafting densities (z > 0.9) can only be achieved with short side chains.  

 The grafting-from approach grows side chains from a pre-formed macroinitiator 

(Figure 1.3B). Controlled radical polymerization enables the grafting-from 

synthesis of bottlebrushes with long backbones and narrow molecular weight 

distributions.45-46 However, steric crowding typically limits the initiation efficiency 

along the backbone, leading to low grafting densities and non-uniform side chain 

+
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lengths.47 In addition, determining z and Nsc is challenging, complicating the 

interpretation of molecular structure/property relationships.  

 Lastly, the grafting-through approach grows the bottlebrush architecture through 

the backbone by polymerizing macromonomers (Figure 1.3C). Each 

macromonomer consists of a polymer chain with a polymerizable end group. In this 

way, grafting-through guarantees 100% grafting density and uniform side chain 

lengths. However, the inherently low concentration of polymerizable end groups 

typically limits the backbone degrees of polymerization that can be achieved.  

 

In general, grafting-to and grafting-from strategies offer limited control over the 

side chain length, grafting density, and graft distribution due to steric crowding along the 

pre-formed backbone. In contrast, the grafting-through synthesis of bottlebrushes 

guarantees quantitative grafting density and uniform side chain lengths. Robust and 

efficient reactions are required in order to realize the full potential of the grafting-through 

approach. A wide variety of polymerization methods have been exploited, including atom-

transfer radical polymerization (ATRP),48-53 nitroxide-mediated polymerization (NMP),54 

anionic polymerization,55-57 Suzuki polycondensation,58-59 and cyclopolymerization of 

terminal diynes.60 However, in many examples, the macromonomer synthesis is 

challenging, the functional group tolerance is limited, or only short backbone degrees of 

polymerization can be obtained. 

Grafting-through ring-opening metathesis polymerization (ROMP) overcomes 

these limitations, providing a powerful route to well-defined graft polymers.61-65 ROMP is 

a chain-growth polymerization in which cyclic monomers are opened and connected via 

the rearrangement of carbon-carbon double bonds (Scheme 1.1). Initiation occurs when a 

cyclic olefin monomer coordinates to the metal alkylidene catalyst. Subsequent [2+2] 

cycloaddition generates a metallacyclobutane intermediate, which then undergoes 

cycloreversion to produce a new olefin and a new metal alkylidene species. The high ring 

strain of the cyclic monomer disfavors unproductive cycloreversion and drives the reaction 

forward. Propagation occurs as these events are repeated until the monomer is completely 

consumed, equilibrium is reached, or termination occurs.  
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Scheme 1.1: Mechanism of ring-opening metathesis polymerization (ROMP). In well-defined catalysts, the 
metal center (M) is tungsten, molybdenum, or ruthenium.  

 

 

Judicious choice of the cyclic monomer and metathesis catalyst can achieve living 

ROMP. In a living polymerization, chain termination and chain transfer reactions are 

eliminated. As a result, living polymerizations generally exhibit a linear increase in 

molecular weight with conversion and a narrow molecular weight distribution (Ð < 

1.1).61,66 This precision and control are highly desirable for materials design. In addition, 

the synthesis of well-defined model systems is crucial to enable the study of key structure-

property relationships.   

Norbornenes have emerged as the monomers of choice for living ROMP due to 

their high ring strain,67 widespread commercial availability, and ease of functionalization. 

Early reports of grafting-through ROMP employed ω-norbornenyl macromonomers and a 

well-defined ruthenium or molybdenum metathesis catalyst;68-72 however, these examples 

were not living due to the slow rate of initiation relative to propagation. Recent work has 

overcome this limitation by using the fast-initiating, highly active third-generation Grubbs 

catalyst, (H2IMes)(pyr)2(Cl)2Ru=CHPh (G3).73-75 The living grafting-through ROMP of 

ω-norbornenyl macromonomers catalyzed by G3 provides access to well-defined 

bottlebrush polymers (Figure 1.4). The macromonomers are connected one by one, 

stitching the bottlebrush architecture together through the backbone, until they are all 

consumed. Due to the high ring of norbornene and the high activity of G3, ultrahigh 

molecular weights (Mw > 4 MDa, Nbb > 1000) and excellent control over the molecular 

weight distribution (Ð < 1.1) can be achieved.76 
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Figure 1.4: Living grafting-through ROMP of ω-norbornenyl macromonomers mediated by the fast-
initiating G3 catalyst. Macromonomers are stitched together through the backbone, providing access to well-
defined bottlebrush polymers.  

 

Living grafting-through ROMP enables precise, modular control over the graft 

polymer architecture. In the absence of termination events, ROMP proceeds until all of the 

macromonomer is consumed. At this point, even though propagation ceases, the catalyst is 

still active. The polymerization can be quenched to yield a bottlebrush homopolymer 

(Figure 1.5A); alternatively, a macromonomer with different side chain can be introduced, 

leading to AB bottlebrush block polymers (Figure 1.5B). The backbone degrees of 

polymerization for each block are directly determined by the macromonomer and catalyst 

stoichiometry: for example, given x equivalents of Macromonomer A and x equivalents of 

Macromonomer B relative to 1 equivalent of G3, Nbb,A = Nbb,B = x.  

The relative block lengths can be changed simply by changing the macromonomer 

stoichiometry. Comparing Figure 1.5B–C, the total backbone degree of polymerization is 

fixed (Nbb = Nbb,A + Nbb,B = 2x), but the relative block lengths in Figure 1.5C differ by an 

increment of 2y. The grafting-through strategy also permits varying the side chain length 

(Nsc) while fixing all other aspects of the molecular architecture, simply by changing the 

macromonomer molecular weight (Figure 1.5D).  

Chapter 2 will describe an approach we developed to tune the grafting density and 

graft distribution. Compared to fully grafted bottlebrushes (Figure 1.5A–D), the grafting 

density can be lowered by copolymerizing macromonomers with small-molecule co-

monomers (Figure 1.5E). These co-monomers “dilute” the grafting density by increasing 

==

Grafting-Through ROMP

G3
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the number of backbone repeat units between grafts. In each block, if the macromonomer 

and diluent are similarly reactive, the graft distribution is uniform along the backbone 

(Figure 1.5E); if the relative reactivities differ, gradient or blocky distributions result 

(Figure 1.5F).  

 

 

Figure 1.5: Opportunities for architectural design via living grafting-through ROMP. Schematic illustrations 
of polymer architectures are provided on the left. For ease of visualization, the polymers are illustrated in the 
limit of fully extended backbones, and cylinders indicate the anticipated local cross-sectional radii of 
gyration. Red and blue side chains indicate different chemical compositions (i.e., Block A and Block B, 
respectively). For each row (B–F), the architectural variation compared to the previous row (second to last 
column) and required synthetic change (last column) are provided. 

 
Living grafting-through ROMP emerges as a powerful route to well-defined 

bottlebrush polymers. The livingness of ROMP ensures low dispersity and enables tuning 

the backbone degrees of polymerization, while the grafting-through strategy guarantees 

fixed side chain degrees of polymerization and controlled grafting density. This exquisite 
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grafting density+ +
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x + y x − y Change the 
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E.

block polymer Add a second type 
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control over the molecular architecture enables the study of fundamental structure-property 

relationships as well as the design of functional materials.  

Block polymers, such as those illustrated in Figure 1.5B–F, represent an attractive 

platform for materials design. Chapters 3–6 of this thesis will discuss our work to study the 

impact of molecular architecture on the properties and phase behavior of block polymers.  

Section 1-3 will provide an overview of key concepts in block polymer self-assembly.  

 
  

 
1-3  Block Polymer Self-Assembly 

Block polymers are advanced materials synthesized by joining two or more 

polymer chains of different chemical compositions. The chemical incompatibility between 

components favors minimizing the number of contacts and therefore the interfacial area. 

In simple mixtures of oil and water, this thermodynamic penalty to mixing drives 

macrophase separation. In contrast, in block polymers, the single covalent linkage between 

blocks constrains separation to the nanoscale. A rich variety of periodic nanostructures can 

result.34,77-80  

For the simplest possible block architecture (a linear AB diblock polymer), three 

synthetic parameters influence self-assembly: (1) the total degree of polymerization, N; (2) 

the block volume fractions (fA = 1−fB); and (3) the free-energy penalty mixing blocks, χAB. 

Figure 1.6 illustrates the equilibrium morphologies commonly observed for linear AB 

diblock polymers: body-centered cubic spheres, hexagonally packed cylinders, gyroids, 

and lamellae.81-83 Recent reports have also identified complex low-symmetry structures in 

linear AB diblock polymers, such as Frank-Kasper phases and quasicrystal 

approximants.84-88 This diverse phase space highlights the potential of block polymer self-

assembly to tune the composition, geometry, and length scales of materials.  
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Figure 1.6: Equilibrium morphologies observed linear AB diblock polymers, the simplest polymer 
architecture. Reproduced with permission from Ref. 89. 

 

The introduction of polymers with complex architectures creates additional 

opportunities for controlling self-assembly and properties. Graft polymers, due to their 

remarkable spatial dimensions and modular structures, offer several advantages for materials 

design. For example, due to steric-induced stiffening (Section 1-1), bottlebrush polymers 

display higher entanglement molecular weights,4,9,90-91 lower melt viscosities,3,92-93 and faster 

ordering kinetics17,94 than their linear analogues. Recent reports have demonstrated that these 

unique dynamic properties enable bottlebrush block polymers to rapidly self-assemble to 

ultralarge domain sizes, on the order of the wavelength of visible light (d* >100 nm) or even 

infrared radiation (d* > 400 nm).16-18,95 As a result, the bottlebrush architecture can enable 

the fabrication of materials that are generally inaccessible using linear polymers and other 

low-z analogues.  

Figure 1.7 compiles examples of the relationship between d* and the total backbone 

degree of polymerization (Nbb) for fully grafted bottlebrush diblock polymers. All brush 

diblock polymers feature poly(D,L-lactide) (PLA) and polystyrene (PS) side chains of 

similar molecular weights. In addition, all polymers were processed in the same way (i.e., 

by thermal annealing) and assemble to long-range-ordered lamellar structures. Living 

grafting-through ROMP allows Nbb to be tuned over a wide range (10 < Nbb < 1000), which 

in turn enables control over d* (10 < d* < 1000).  
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Figure 1.7: Compiled reported examples of the scaling of the lamellar period (d*) with the backbone length 
(Nbb) for six series of bottlebrush diblock polymers. All polymers are fully grafted and feature symmetric 
PLA and PS side chains. The average side chain molecular weights (Msc, in kDa) are provided in the legend. 
The letters in parentheses indicate the corresponding reference: (A) = Ref. 17, (B) = Ref. 94, (C) = Ref. 96, 
and (D) = Ref. 97. A dotted line corresponding to α = 0.90 is included for comparison.  

 

Figure 1.8 compares the self-assembly of linear (z = 0) and fully grafted bottlebrush 

(z = 1) block polymers to lamellar morphologies. For symmetric linear diblock polymers, 

arguments based on free energy demands accurately predict the scaling behavior (d* ~ 

Nbb
α). The scaling exponent α is 1/2 in the weak segregation limit (χNbb ≈ 10.5) and plateaus 

at 2/3 in the strong segregation limit (χNbb >> 10.5).83,98 The small scaling exponent is 

inherently related to the coil-like chain conformations. In contrast, bottlebrush block 

polymers display much larger scaling exponents (α = 0.8–0.9),16-17,94,99 consistent with their 

extended, wormlike backbone conformations. Understanding the connections between the 

molecular architecture, physical properties, and self-assembled structure will create further 

opportunities for materials design. 
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Figure 1.8: Self-assembly of (A) linear and (B) bottlebrush diblock polymers to lamellar morphologies. The 
scaling of the lamellar period with backbone degree of polymerization (d* ~ Nbb

α) differs as a consequence 
of the molecular architecture.  

 

1-4  Thesis Outline 

This thesis presents our work studying the impact of the graft polymer architecture 

on block polymer self-assembly. Our work connects (1) the synthesis of polymers with 

precisely tailored molecular architectures, (2) the study of fundamental structure-property 

relationships, and (3) the design of functional materials.  

All of the work described in this thesis has been crucially enabled by robust chemistry 

— that is, by our ability to synthesize well-defined polymers by ring-opening metathesis 

polymerization (ROMP). In order to highlight the central role of chemistry, this thesis is not 

structured in chronological order. Instead, we will first discuss our recent contributions to 

expanding the ROMP synthetic method (Chapter 2). Copolymerizing a macromonomer and 

a small-molecule co-monomer provides access to well-defined polymers spanning the linear, 

comb, and bottlebrush regimes.   

The synthetic advances introduced in Chapter 2 enable systematic variations of the 

grafting density, graft distribution, and backbone degrees of polymerization. In Chapter 3, 

we will explore the physical consequences of these architectural variations in two contexts: 

block polymer self-assembly and linear rheological properties. Chapters 4 and 5 discuss the 

phase behavior of fully grafted ABC bottlebrush triblock terpolymers featuring low-χ 

B. Bottlebrush (z = 1)

Nbb

d* ~ Nbb


  = 0.8–0.9
 Worm-like

d* ~ N

A. Linear (z = 0)

N

  = 0.5–0.67
 Coil-like
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interactions between the end blocks. The interplay of low-χ design and the molecular 

architecture reveals competing influences, which emerge in our discovery of a unique 

partially mixed lamellar morphology (LAMP) and other physical consequences. Lastly, 

Chapter 6 describes applications of bottlebrush polymers as functional materials. Self-

assembly enables mesoscale structural control over many materials properties, such as 

reflectivity, conductivity, and modulus. Collectively, our work creates new opportunities for 

molecular and materials design. 
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