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ABSTRACT 
 

Asymmetric Miktoarm Star Polymers: Design, Synthesis, Self-Assembly, and Mechanical 
Properties 

 
by 

 
Adam Edward Levi 

 
Asymmetric miktoarm star polymers, comprising a single A arm coupled to a multitude 

of B or AB′ arms, produce unique material properties. In particular, morphologies at 

significantly elevated volume fraction of the A material can be obtained. For instance, the 

performance of thermoplastic elastomers (TPEs) stands to significantly improve from 

increasing the volume fraction of A while maintaining an elastic matrix. However, existing 

synthetic strategies are beleaguered by complicated reaction schemes restricted in both the 

monomer scope and yield. Bottlebrushes copolymers, on the other hand, are easily 

synthetically accessible using Grubbs third-generation catalyst via the ring-opening metathesis 

co-polymerization (ROMP) of macromonomers. The well controlled synthesis of bottlebrush 

copolymers at low backbone degrees of polymerization (n) was demonstrated. Self-assembly 

in the bulk was studied as a function of molecular composition, arm stoichiometry, and n. 

Insights generated from scattering experiments and self-consistent field theory simulations 

indicate these materials behave as disperse miktoarm stars at low n with a transition to brush-

like conformations as n increases. The star-to-bottlebrush transition is quantifiable for both 

statistical and diblock sequences by unique signatures in the experimental scaling of domain 

spacing and simulated distribution of backbone/side-chain density within lamellar unit cells. 

These findings represent a conceptual framework that simplifies the synthesis of miktoarm star 

polymers. 
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These conclusions were used to develop a second-generation synthetic approach, 

coined “μSTAR”, miktoarm synthesis by termination after ring-opening metathesis 

polymerization, wherein asymmetry is introduced by first homopolymerizing a 

macromonomer followed by in situ enyne-mediated termination to install a single mikto-arm 

with exceptional efficiency. This modular μSTAR platform cleanly generates ABn and 

A(BA′)n miktoarm star polymers with unprecedented versatility in the selection of A and B 

chemistries as demonstrated using many common polymer building blocks. The average 

number of B or BA′ arms (n) is easily controlled by the equivalents of Grubbs catalyst. While 

these materials are characterized by dispersity in n that arises from the statistics of 

polymerization, they self-assemble into mesophases at elevated volume fractions of the A 

material that are identical to those predicted for precise miktoarm stars. In particular phases at 

significantly elevated volume fraction of the A material were obtained. The μSTAR technique 

provides a significant boost in design flexibility and synthetic simplicity while retaining the 

salient phase behavior of precise miktoarm star materials. 

The usefulness of μSTAR for generating high performing materials was demonstrated 

by synthesizing sustainable and high molecular weight asymmetry miktoarm star polymers and 

examining their performance as TPEs. Stiff, tough, and elastic TPEs at greater than 50% 

volume fraction were tested. The versatility and efficiency of μSTAR at generating a library 

of stars facilitated the elucidation of structure-property relationships in this unique class of 

materials. Comparisons to literature examples of thermoplastic elastomers show that these 

sustainable stars offer advantages over other sustainable linear as well as petroleum derived 

TPEs.  
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Chapter 1. Polymers with Complex Architecture 

1.1 Origins of Elastomeric Polymers 

The study of branching in polymers is almost as old as the field itself. Not long after 

founding the fielding of synthetic polymer chemistry, Herman Staudinger polymerized styrene 

with divinylbenzene.1 He observed a significant difference in material properties between the 

fully soluble linear poly(styrene) and the gel-like branched styrene–divinylbenzene copolymer. 

Staudinger recognized that this material was structurally similar to the types of rubbers 

Goodyear had discovered decades prior with his experimentation on vulcanized natural 

rubbers.2 

Advancements in polymer synthesis progressed quickly, and by the 1950s polymer 

chemists produced the first block polymers.3 The power of anionic synthesis was on full 

display as it allowed unprecedented control, leading to low dispersity polymers of increasing 

complexity. These block polymers captured the attention of polymer physicists because they 

self-assembled into a variety of phases depending on the volume fraction of each block (fA, fB, 

…), the degree of polymerization (N), and an enthalpic interaction parameter (�). 

The first commercially successful block copolymers produced with this technique 

emerged in the form of thermoplastic elastomers. These ABA triblock copolymers comprise a 

rubbery, low glass transition temperature (Tg) B block flanked by two hard, high-Tg A blocks. 

The first examples employed polystyrene as the hard A block and a polydiene (such as 

polyisoprene or polybutadiene) as the soft B block. These proved to be effective synthetic 

rubbers useful in a variety of applications from automotive to footwear and medical devices.4,5 
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At up to 30 percent polystyrene by volume, these block polymers self-assemble into spherical 

or cylindrical morphologies with discrete domains of polystyrene in a continuous matrix of the 

polydiene. While vulcanized rubbers employ permanent covalent crosslinks to solidify the 

otherwise viscous polydiene, the hard domains of the high Tg block act as physical crosslinks. 

In turn, the viscous behavior of the polydiene allows the material to reversibly deform under 

stresses that would otherwise lead to irreversible plastic deformation with pure polystyrene 

(Figure 1.1). These hard domains also serve as reinforcing filler, just as vulcanized rubbers 

include hard particles to enhance mechanical properties. For both thermoplastic elastomers and 

vulcanized rubbers, increasing the filler loading improves mechanical properties up to a 

maximum beyond which further loading weakens the material.6 In the case of thermoplastic 

elastomers, greater than 30 percent volume fraction polystyrene will cause the individual 

domains of polystyrene to merge and produce a continuous domain. This hard, continuous 

matrix prohibits reversible elastomeric behavior.4 

One of the biggest selling points of these materials is, unlike vulcanized rubbers, they 

are thermally and solution processable. Heating the material above the glass transition 

temperature of the hard block allows the material to be molded and, if heated further past the 

order–disorder transition temperature (TODT), the material will flow. This feature enhances 

process flexibility as the material develops its elastomeric character immediately upon cooling. 

Similarly, adding the appropriate solvent will fully dissolve the material, and upon subsequent 

drying it will regain its properties. This feature further broadens the scope of processing 

techniques. Vulcanized rubbers, on the other hand, require a slower and irreversible 

crosslinking step that necessitates curing the material in its final shape.  



 

 3

 
Figure 1.1. ABA triblock thermoplastic elastomer under stress. The soft B block depicted in 
blue absorbs the stress by reversibly deforming while the hard A blocks, depicted in red, hold 
the material together. 

1.2 Branched Thermoplastic Elastomers 

In the 1970s, the study of branched polymers and block polymers merged when the 

first star block polymers of polystyrene and polyisoprene were made.7 Fetters showed that 

these star-shaped thermoplastic elastomers with up to 29 arms (n) were stronger in tension and 

less viscous in the melt than their linear counterparts.8 The increased strength resulted from 

the increased domain connectivity due to multiple arms emanating from one branching point. 

This central branching point also serves as a crosslinking point, which strengthens the material. 

To further strengthen the material would require finding a way to surpass the traditional 

30 percent volume fraction limit of the hard phase. Finding a way to increase the volume 

fraction past this limit while still maintaining a cylindrical morphology would enhance the 

mechanical properties of thermoplastic elastomers. Specially, increasing the amount of 

reinforcing filler while maintaining this morphology would make the material stiffer, meaning 

a higher modulus, and also tougher, meaning it could absorb more energy without breaking 

while maintaining elasticity.9 The best solution to deflecting phase boundaries to higher 

volume fraction thus far comes in the form of a type of star polymer with some additional 

complexities. Asymmetric miktoarm stars block polymers are able to impart this exact property 

while still maintaining the advantages that Fetters observed with his star polymers. Miktoarm 
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stars, coming from the Greek word mikto meaning mixed, comprise a star polymer wherein at 

least two different types of arms are connected to the one central core. The asymmetry refers 

to having just one unlike arm and a multitude of similar arms (Figure 1.2, right).  

Prior self-consistent field theory (SCFT) simulations and experimental studies showed 

that asymmetric ABn miktoarm stars deflect phase boundaries such that traditional 

morphologies could occur at a higher volume fraction of A (fA) than they could in linear 

diblocks.10–12 These architectures open up a new morphological landscape, enabling the self-

assembly of much more complex structures.13,14 These observations are a result of architectural 

asymmetry. The combination of steric congestion and incompatibility of A and B blocks at the 

star polymer core causes the domain interface to curve towards the single A arm, allowing the 

multitude of B arms to entropically relax on the convex side. This phenomenon results in an 

enhanced stability of morphologies with curved interfaces (i.e. spherical and cylindrical 

phases) at higher fA (Figure 1.2).  

 
Figure 1.2. The asymmetric ABn miktoarm star architecture (right) favors curved interfaces 
that deflect phase boundaries, stabilizing spheres and cylinders of the A block at larger fA than 
is possible with linear AB diblocks (left). 

 
While ABn miktoarm star polymers have been experimentally shown to self-assemble 

into cylindrical domains at higher fA than what is traditionally possible, the lack of triblock 

motif prohibits B block domain bridging.11 As a result, these materials are not thermoplastic 

elastomers as the material will have no mechanical integrity. One solution is to add another A 
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block at the end of each B block (Figure 1.3).15 This A block has the same chemical makeup, 

but can have a different molecular weight than the single homopolymer A arm and so it is 

denoted A′. 

 
Figure 1.3. A(BA′)n miktoarm star architecture with each block labeled, showcasing the 
domain connectivity enabled by the A′ blocks. 
 
The A(BA′)n miktoarm star architecture not only provides the domain bridging that is essential 

to mechanical performance, but also further enhances phase boundary deflection as a result of 

the block bidispersity effect.16 The block bidispersity is defined as � ≡ 
��

�����ʹ
 where �� is the 

degree of polymerization of the A block and NA′ is the degree of polymerization of the A′ 

block. SCFT simulations by Lynd and coworkers found � = 0.9 achieved the highest degree of 

phase boundary deflection.17 Simulated phase diagrams of an A(BA′)3 miktoarm star show the 

impressive phase boundary deflection this architecture is capable of compared to a linear AB 

diblock (Figure 1.4). Lequieu and coworkers explored the phase behavior in greater depth and 

found that an optimal value of � = 0.925 could produce discrete cylindrical domains of the A 

block at almost 80 percent fA.18 While the ability of SCFT to predict block polymer phase 

behavior is undeniable, it cannot predict dynamic material properties such as mechanical 

behavior; empirical measurements must be used to determine how the large number of 

parameters that define A(BA′)n stars (fA, �, N, n) affect these properties. 
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Figure 1.4. SCFT-generated phase diagrams for AB linear diblock (top) and A(BA′)3 
miktoarm star polymer at � = 0.9 (bottom) in �N vs. fA phase space. S, C, G, and L correspond 
to spherical, cylindrical, gyroid, and lamellar phases, respectively. Adapted with permission 
from Macromolecules. Copyright 2010 American Chemical Society.17,19 

1.3 Synthesis of Branched Thermoplastic Elastomers 

Despite decades of progress in the field of synthetic polymer chemistry, anionic 

synthesis is still the gold standard for the synthesis of complex architectures. Unfortunately, 

anionic synthesis also has many drawbacks, especially in the case of miktoarm star polymers. 

Rigorous purification requirements, limited monomer scope, and sequence constraints are 

inherent to any anionic polymerization. In the case of stars, the coupling chemistry required to 

join star polymer arms together at molecular weights relevant to mechanical performance often 

suffers from extremely slow kinetics, which can take months.20 Incomplete conversion of the 

polymer coupling is guaranteed, and thus time-consuming fractionation is required to purify 

the stars.21–23 In addition, the extensive use of break seals and constricted heat seals over the 
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course of these reactions necessitate custom complex glassware to be hand blown for each 

reaction (Figure 1.5).24 Running these reactions requires the chemist be not only proficient 

and patient, but also a highly skilled scientific glass blower, an exceedingly rare combination.  

 
Figure 1.5. Complex glassware used in the anionic synthesis of A(BA′)n miktoarm star 
polymers. Reprinted with permission from Journal of Polymer Science Part A: Polymer 

Chemistry. Copyright 2005 John Wiley and Sons.25 

 
Despite the many unique properties of miktoarm star block polymers, synthetic 

challenges are a major roadblock to their widespread adoption. While there are other synthetic 

routes available, none have the precision or throughput required to make high molecular weight 

A(BA′)n stars efficiently. The standard approach to generating precise connectivity at a 

common junction uses “core-first” and “grafting-to” reaction schemes or some combination 

thereof (Figure 1.6).26 Common to all these methods are tedious synthetic routes that often 

include multiple coupling, polymerization, (de)protection, and purification steps such as 

fractional precipitation and high performance liquid chromatography.22,27,28 Moreover, 
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changing the number of arms is non-trivial since a new core starting material must be selected 

each time. These drawbacks make the traditional approaches too cumbersome for exploring 

the vast multiparameter space of miktoarm stars. A synthetic route towards miktoarm stars that 

yields well-defined materials with sufficient versatility to vary architectural parameters would 

enable the exploration of miktoarm phase space. More advanced synthetic techniques are 

necessary to investigate this complex system. 

 
Figure 1.6. Overview of synthetic methods to create asymmetric miktoarm star polymers: 
“core-first” and “grafting-to”, which generate precise arm connectivity. 

1.4 An Architectural Spectrum 

Despite the difficulties associated with synthesizing certain architectures, the breadth 

of architectures that are now synthetically accessible is only limited by our ability to imagine 

them. Stars, rings, dendritic structures, H polymers, linear multiblocks, grafted polymers and 

combinations thereof have all been synthesized.29 While each architecture is defined by unique 

features, there is an architectural spectrum that relates many of them.29 

Recently, the architectural motif of bottlebrush polymers has captured the attention of 

polymer chemists and material scientists for their novel material properties. Comprising a 

polymeric backbone with densely grafted polymeric side chains, bottlebrush polymers differ 

from comb and other grafted polymers in that the grafting density, the number of side chains 

per backbone repeat unit, is sufficiently high to cause a large degree of steric crowding around 

the backbone.30 As a result of this crowding, the sidechains and backbone adopt an extended 
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conformation, leading to a low degree of entanglement,31,32 a stretched conformation,33,34 and 

large domain spacing in block bottlebrush polymers.35–37 Bottlebrushes have interesting 

physical and mechanical properties that make them attractive materials for a diversity of 

applications: photonics,38,39 drug delivery,40,41 battery membranes,42 lithography,43,44 3D 

printing,45 touch sensing,46 and dielectric elastomers.47 Part of the widespread interest can be 

attributed to the ease of synthesis: advancements in ring-opening metathesis polymerization 

(ROMP) have enabled the facile preparation of bottlebrushes, even at ultra-high molecular 

weights.48,49  

There have been several studies that investigate the effect of various parameters on 

bottlebrush behavior. Recently, Grubbs and coworkers investigated the effect of grafting 

density (z) on bottlebrush block copolymer self-assembly by randomly copolymerizing a small 

molecule and macromonomer.30 In particular they examined the effect of grafting density on 

the scaling of the lamellar domain spacing (d*) with the backbone degree of polymerization 

(NBB). They found that the grafting density affects the scaling exponent γ where d* ~ ���
� . In 

particular when z = 0.2 there was a critical transition in the scaling of γ with z, corresponding 

to the onset of bottlebrush behavior (Figure 1.7). For values of z greater than 0.2, there is a 

relatively weak dependence of γ on z. For values of z less than 0.2 there is a much stronger 

dependence of γ on z. Reducing the grafting density past this critical point results in self-

assembly behavior that rapidly resembles a linear diblock polymer. In fact, at z = 0 the value 

of γ = 0.69 is close to the theoretical value of 2/3 for a strongly segregated diblock polymer.50  

This study elegantly shows how grafting density defines the relationship between linear and 

bottlebrush polymers. 
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Figure 1.7. Plot of scaling exponent (circles) and predicted backbone degree of polymerization 
(Nbb) for d* = 200 nm (triangles) as a function of grafting density. The bottlebrush and linear 
regimes are delineated at 20 percent grafting density. Reprinted with permission from ACS 

Nano. Copyright 2017 American Chemical Society.30 
 

The vast majority of work on bottlebrush polymers has focused on systems with 

relatively short side chain degree of polymerization (NSC) and large NBB. In their study of 

grafting density, Grubbs and coworkers studied symmetric diblock bottlebrushes with NBB = 

44–533 and NSC = 32–42. More recently, Hillmyer and Matsen studied the lamellar self-

assembly of nine block bottlebrush polymers with NBB = 10–281 and NSC  = 34–45.51 They 

observed that domain spacing scaled with γ ≈ 0.3 for NBB < 20, and  increased to γ ≈ 0.9 for 

larger backbone degrees of polymerization. Notably, they used SCFT to demonstrate that block 

bottlebrush polymers pack into an end-to-end bilayer arrangement rather than an interdigitated 

arrangement and had much more flexible backbones than previously thought. 
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Figure 1.8. Illustration of the proposed star-to-bottlebrush transition for bottlebrushes with 
small backbone degrees of polymerization (NBB). Adapted with permission from 
Macromolecules. Copyright 2019 American Chemical Society.52  

 
 Though these studies of scaling behavior have been highly instructive for the 

understanding the properties of large bottlebrush polymers, the behavior of short bottlebrush 

polymers with NBB ≪ NSC, have received considerably less attention. The regime 

corresponding to NBB ≪ NSC is particularly interesting because these bottlebrushes exhibit 

behavior typically restricted to star polymers (Figure 1.8). Previous work on bottlebrush 

homopolymers indicates bottlebrushes can undergo a bottlebrush-to-star transition at low NBB, 

whereby the cylinder-like configuration characteristic of long bottlebrushes transitions to 

configurations that are increasingly sphere-like.32,53–59 This transition is especially apparent in 

both the zero-sheer viscosity of bottlebrush homopolymers32 and in solution scattering 

experiments.55,56 These prior findings are intriguing because unlike miktoarm star polymers, 

bottlebrushes are much easier to synthesize in a high throughput manner. However, no prior 

studies have definitively determined when the onset of the star-to-bottlebrush transition occurs 

and what factors govern this onset. Determining this crossover would open an entirely new 

approach to the synthesis of miktoarm star polymers. This could enable the application of these 

stars in a variety of applications outside of thermoplastic elastomers. The subject of this 

dissertation is the synthesis, self-assembly, and material properties of graft block polymers 

with low NBB and high NSC. 

1.5 Outline of Dissertation 

In Chapter 2 we demonstrate that Grubbs-type grafting through copolymerization of 

two distinct macromonomers in the limit of NBB ≪ NSC, produces well-defined materials with 
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excellent control over ensemble-averaged properties, including molar mass, dispersity, 

composition, and number of branch points. The dependence of self-assembly on these 

molecular design parameters was systematically probed using small angle X-ray scattering and 

self-consistent field theory simulations. Our analysis supports the notion that two-component 

bottlebrush copolymers with small NBB behave like miktoarm star polymers. The star-to-

bottlebrush transition is quantifiable for both statistical and diblock sequences by unique 

signatures in the experimental scaling of domain spacing and simulated distribution of 

backbone/side-chain density within lamellar unit cells. These findings represent a conceptual 

framework that simplifies the synthesis of miktoarm star polymers when dispersity in the 

number of arms and composition can be tolerated. 

Chapter 3 builds on the findings of Chapter 2 to produce asymmetric miktoarm star 

polymers that can deflect phase boundaries. We introduce a new synthetic approach coined 

“μSTAR” — Miktoarm Synthesis by Termination After Ring-opening metathesis 

polymerization — that circumvents traditional synthetic limitations by constructing the block–

block junction in a scalable, one-pot process involving (1) grafting-through polymerization of 

a macromonomer followed by (2) in-situ enyne-mediated termination to install a single mikto-

arm with exceptional efficiency. This modular μSTAR platform cleanly generates ABn and 

A(BA′)n miktoarm star polymers with unprecedented versatility in the selection of A and B 

chemistries as demonstrated using many common polymer building blocks. The average 

number of B or BA′ arms (n) is easily controlled by the equivalents of Grubbs catalyst. While 

these materials are characterized by dispersity in n that arises from the statistics of 

polymerization, they self-assemble into mesophases that are identical to those predicted for 

precise miktoarm stars. The μSTAR technique provides a significant boost in design flexibility 
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and synthetic simplicity while retaining the salient phase behavior of precise miktoarm star 

materials. 

In Chapter 4 we use μSTAR to synthesize high molecular weight A(BA′)n stars and 

demonstrate their usefulness as thermoplastic elastomers. By exploiting the modularity and 

ease of varying n inherent to μSTAR, the many parameters that define A(BA′)n stars are 

explored and their effects on the mechanical properties are elucidated. 
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Chapter 2. Miktoarm Stars via Grafting-Through 

Copolymerization: Self-Assembly and the Star-to-Bottlebrush 

Transition1 

2.1 Background 

Block polymers are important in fundamental1–3 and applied4–6 research due to their 

synthetic tractability, facile processing, and unique self-assembly. A wealth of experimental 

and theoretical methods are now available to create materials with prescribed control over 

desired properties spanning molecular to macroscopic length scales. One design parameter 

with powerful potential is the careful placement of branching. For example, bottlebrush 

polymers (Figure 2.1a) are characterized by a long polymeric backbone with additional 

polymeric side-chains protruding off of many or all repeat units.7 The steric congestion 

encoded by this connectivity tends to elongate backbone conformations, providing value for 

applications including photonics,8,9 electrochemical devices,10 dielectric elastomers,11 

lithography,12,13 giant surfactants,14 and drug delivery.15,16 Miktoarm star polymers (Figure 

2.1b) are another type of branched macromolecule characterized by chemically-distinct chains 

connected at a common junction.17 Asymmetry in arm type (e.g., AmBn, m ≠ n) significantly 

perturbs the traditional two-component block copolymer phase diagram, with consequences 

for contemporary topics like complex phase behavior18 and thermoplastic elastomers.19 The 

opportunities afforded by branched block polymers are only beginning to emerge. 

                                                 
1This chapter was originally published in Macromolecules. Reproduced with permission 
from Macromolecules 2019, 52, 1794-1802. Copyright 2019, American Chemical Society. 
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Despite the many advantageous properties of branched block polymers, traditional 

synthetic strategies can be laborious. Discrete miktoarm stars typically require a complicated 

series of convergent or divergent chemical manipulations to build.20 While possible using 

various (de)protection and controlled polymerization methodologies, any extensive 

exploration of the vast design space that underpins exquisite material performance is often 

infeasible. In contrast, bottlebrushes with 100% grafting density (one side-chain per backbone 

repeat unit) are actually relatively easy to access via grafting-through polymerization of end-

reactive monotelechelic macromonomer precursors. 

 
Figure 2.1. A densely grafted copolymer in two limits of backbone and side-chain length. (a) 
Bottlebrush (NBB >> NSC), and (b) miktoarm star (NBB << NSC). 
 

Motivated by the challenge to construct well-defined miktoarm star polymers in a 

simple and versatile fashion, here we exploit the benefits of grafting-through copolymerization 

and demonstrate that it generates hetero-arm stars in the limit of short total backbone degrees 

of polymerization (NBB) with sufficiently long side-chain degrees of polymerization (NSC). 

Small angle X-ray scattering and self-consistent field theoretic (SCFT) simulations reveal three 

distinguishable regimes of self-assembly that we relate to chain conformations straddling: (I) 

compositional dispersity-dominated behavior at low NBB, (II) a star-to-bottlebrush transition 

regime, and (III) bottlebrush. The specific details of this star-to-bottlebrush crossover are a 

function of NBB, NSC, and macromonomer sequence (diblock vs. statistical). As described 
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below, these insights into the self-assembly of miktoarm star polymers containing molar mass 

and compositional dispersity (arising from macromonomer copolymerization) strengthen our 

fundamental understanding of this exciting material platform. 

2.2 Synthesis of Macromonomers and Bottlebrush Copolymers 

Norbornene-terminated macromonomers (MM) of poly(lactide) (PLA) and poly(4-

methyl-ε-caprolactone) (P4MCL) were prepared via ring-opening transesterification 

polymerization as described in the experimental section (Schemes 2.1−−−−2.2). Two molar masses 

were synthesized for each: PLA-MM-3.3 = 3.3 kg mol−1, PLA-MM-12 = 12 kg mol−1, P4MCL-

MM-3.7 = 3.7 kg mol−1, and P4MCL-MM-11 = 11 kg mol−1, all of which exhibit unimodal 

molar mass distributions (Figure 2.2) and low dispersities (Ð ≤ 1.11, Table 2.1) characterized 

by size-exclusion chromatography  (SEC) multi-angle light scattering (MALS). 

 
Figure 2.2. Normalized differential refractive index (dRI) signal SECs of (a) PLA and (b) 
P4MCL macromonomers. 
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Table 2.1. Characterization of PLA and P4MCL macromonomers. 

Macromonomer Mn,NMR
a Mn,SEC-MALS

a,b Mn,SEC-dRI
a,c Đc NSC

d NSC,vol
e 

PLA-MM-3.3 3.3 3.3 4.4 1.11 43 35 

PLA-MM-12 13 12 19 1.06 160 130 

P4MCL-MM-3.7 3.6 3.7 4.7 1.09 27 48 

P4MCL-MM-11 11 11 19 1.09 86 150 

P4MCL-MM-22 22 22 33 1.11 170 300 

aIn units of kg mol−1. bAbsolute values measured using size-exclusion chromatography with 
light scattering and differential refractive index detectors. cRelative to polystyrene standards. 
dChemical degree of polymerization calculated from Mn,SEC-MALS using a repeat molar mass of 
72 g mol−1 (PLA) and 128 g mol−1 (P4MCL). eVolumetric degree of polymerization calculated 
from Mn,SEC-MALS using a reference volume of 118 ℃3 and density of 1.03 g cm−3 for P4MCL 
and 1.25 g cm−3 for PLA.  

 
These macromonomers were then subjected to ring-opening metathesis 

copolymerization (ROMP) using a Grubbs third generation bis-pyridine derivative21 (G3) in 

two ways: (1) with sequential addition (“block”, Scheme 2.3), and (2) from a preformed 

mixture that results in statistical incorporation (“statistical”, Scheme 2.4). Statistical and 

diblock copolymers prepared from PLA-MM-12 and P4MCL-MM-11 are hereafter denoted as 

the S12 and B12 series, respectively (Figure 2.4). Likewise, PLA-MM-3.3 and P4MCL-MM-

3.7 were copolymerized to generate two series called S3 and B3. We will collectively refer to 

these materials as “bottlebrush polymers,” although as substantiated later, shorter variants are 

more appropriately termed miktoarm stars. Figure 2.5 reports selected size-exclusion 

chromatograms for B12 (Figure 2.5a) and S12 (Figure 2.5b) copolymers at only the lowest 

backbone degrees of polymerization (as measured with multi-angle light scattering size-

exclusion chromatography). The synthesis using the Grubbs third generation catalyst is well 

controlled even when targeting backbone degrees of polymerization as low as 3. 
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Figure 2.3 Normalized differential refractive index (dRI) signal SECs of low-NBB bottlebrush 
copolymers with 12 kg mol−1 PLA (PLA-MM-12) and 11 kg mol−1 P4MCL (P4MCL-MM-11) 
side-chains. PLA and P4MCL macromonomers are shown in red and blue dashed lines, 
respectively. Sequence: (a) block, (b) statistical. 
 

 
Figure 2.4 Normalized differential refractive index (dRI) signal SECs of low-NBB bottlebrush 
copolymers with 3.3 kg mol−1 PLA (PLA-MM-12) and 3.7 kg mol−1 P4MCL (P4MCL-MM-
11) side-chains. PLA and P4MCL macromonomers are shown in red and blue dashed lines, 
respectively. Sequence: (a) block, (b) statistical. 
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Figure 2.5. Normalized differential refractive index (dRI) signal SECs of low-NBB bottlebrush 
copolymers with 12 kg mol−1 PLA (PLA-MM-12) and 11 kg mol−1 P4MCL (P4MCL-MM-11) 
side-chains. PLA and P4MCL macromonomers are shown in red and blue dashed lines, 
respectively. Sequence: (a) block, (b) statistical. The small bump near 9.2 min is residual 
macromonomer (< 3% by area in all samples).  

2.3 Self-assembly of Bottlebrush Copolymers 

To interrogate the bulk self-assembly, the bottlebrush polymers were studied using synchrotron 

small angle X-ray scattering (SAXS) (Figures 2.6–2.7). Both the B12 and S12 series form 

well-ordered nanostructures that exhibit Bragg reflections (q/q* = 1, 2, 3, 4, 5, …) consistent 

with lamellar periodicity.22 
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Figure 2.6. SAXS patterns (log intensity vs. q) of (a) B3 and (b) B12 copolymers. 
 

 
Figure 2.7. SAXS patterns (log intensity vs. q) of (a) S3 and (b) S12 copolymers. 
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Figure 2.8. SAXS patterns (log intensity vs. q) of samples S12 (red, NBB = 3, 5, 8, 10) and 
B12 (black, NBB = 4, 6, 8, 10). All Bragg reflections (q/q* = 1, 2, 3, 4, 5, …) are consistent 
with lamellar periodicity.22 
 
Remarkably, even samples at the lowest NBB down to NBB = 3 display higher order peaks 

(Figure 2.8). In contrast, lower molar mass samples (NBB ≲ 9) from B3 and S3 with shorter 

side-chains do not order at small NBB as a result of the moderate Flory−Huggins interaction 

parameter between PLA and P4MCL — χ = 0.10 at 298 K with a 118 ℃3 reference volume  

(correlation−hole scattering is evident).23 Sharper primary peaks and the emergence of 

secondary peaks when NBB ≳ 10 suggest a transformation to ordered nanostructures although 

definitive morphological assignment remains inconclusive in the absence of a sufficient 

number of reflections. We suspect that these samples are still lamellar based on their volume 

fractions and proximity in phase space to those described in Figure 2.6b and 2.7b. Tables 
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2.2−−−−2.5 summarize the pertinent bottlebrush polymer synthesis and self-assembly data. 

Table 2.2. Characterization of B3-XX block copolymers synthesized from PLA-MM-3.3 and 
P4MCL-MM-3.7, where XX is the backbone degree of polymerization. 

Sample ID Mn
a,b Mn

a,c Đc fPLA
d NBB

e d* (nm)f 

B3-5 16 14 1.22 0.51 4.6 21.6 

B3-9 32 29 1.19 0.67 9.2 17.8 

B3-11 37 33 1.20 0.49 11 17.5 

B3-14 49 40. 1.18 0.48 14 18.5 

B3-19 66 50. 1.21 0.48 19 21.0 

B3-23 79 54 1.19 0.49 23 21.8 

B3-26 92 57 1.18 0.49 26 24.6 

B3-68 230 100 1.25 0.50 68 36.9 

B3-150 510 130 1.25 0.50 150 49.8 

aIn units of kg mol−1. bAbsolute values measured using size-exclusion chromatography with 
light scattering and differential refractive index detectors. cRelative to polystyrene standards. 
dMeasured with 1H NMR using a density of 1.03 g/cm3 for P4MCL and 1.25 g/cm3 for PLA.23 
eAbsolute backbone chemical degree of polymerization (measured with light scattering) as 
calculated using a repeat molar mass of 72 g mol−1 (PLA) and 128 g mol−1 (P4MCL). 
fCalculated from the primary SAXS peak position (q*) using d* = 2π/q*. 

 

Table 2.3. Characterization of B12-XX block copolymers synthesized from PLA-MM-12 and 
P4MCL-MM-11, where XX is the backbone degree of polymerization. 

Sample ID Mn
a,b Mn

a,c Đc fPLA
d NBB

e d* (nm)f 

B12-4 41 57 1.25 0.48 3.6 38.4 

B12-6 66 86 1.16 0.48 5.6 35.2 

B12-8 96 100 1.15 0.47 8.3 35.2 

B12-10 120 120 1.15 0.47 10 35.5 

B12-12 140 130 1.15 0.47 12 36.1 

B12-14 160 150 1.16 0.48 14 37.2 

B12-22 260 170 1.18 0.47 22 41.2 

aIn units of kg mol−1. bAbsolute values measured using size-exclusion chromatography with 
light scattering and differential refractive index detectors. cRelative to polystyrene standards. 
dMeasured with 1H NMR using a density of 1.03 g/cm3 for P4MCL and 1.25 g/cm3 for PLA.23 
eAbsolute backbone chemical degree of polymerization (measured with light scattering) as 
calculated using a repeat molar mass of 72 g mol−1 (PLA) and 128 g mol−1 (P4MCL). 
fCalculated from the primary SAXS peak position (q*) using d* = 2π/q*. 
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Table 2.4. Characterization of S3-XX statistical copolymers synthesized from PLA-MM-3.3 
and P4MCL-MM-3.7, where XX is the backbone degree of polymerization. 

Sample ID Mn
a,b Mn

a,c Đc fPLA
d NBB

e d* (nm)f 

S3-3 9.8 16 1.22 0.48 2.8 17.8 

S3-6 22 21 1.22 0.49 6.2 15.9 

S3-10 33 28 1.19 0.48 9.5 15.0 

S3-15 50. 41 1.21 0.48 15 14.6 

S3-21 73 53 1.23 0.48 21 14.4 

S3-41 140 65 1.32 0.47 41 14.3 

S3-140 490 120 1.40 0.48 140 14.1 

S3-380 1300 140 1.37 0.48 380 14.1 

aIn units of kg mol−1. bAbsolute values measured using size-exclusion chromatography with 
light scattering and differential refractive index detectors. cRelative to polystyrene standards. 
dMeasured with 1H NMR using a density of 1.03 g/cm3 for P4MCL and 1.25 g/cm3 for PLA.23 
eAbsolute backbone chemical degree of polymerization (measured with light scattering) as 
calculated using a repeat molar mass of 72 g mol−1 (PLA) and 128 g mol−1 (P4MCL). 
fCalculated from the primary SAXS peak position (q*) using d* = 2π/q*. 

 

Table 2.5. Characterization of S12-XX statistical copolymers synthesized from PLA-MM-12 
and P4MCL-MM-11, where XX is the backbone degree of polymerization. 

Sample ID Mn
a,b Mn

a,c Đc fPLA
d NBB

e d* (nm)f 

S12-3 38 55 1.25 0.49 3.3 35.3 

S12-5 63 86 1.14 0.49 5.4 32.0 

S12-8 97 110 1.13 0.48 8.4 30.8 

S12-10 120 120 1.13 0.48 10 30.3 

S12-16 180 150 1.14 0.48 16 30.2 

S12-26 300 190 1.18 0.47 26 30.2 

aIn units of kg mol−1. bAbsolute values measured using size-exclusion chromatography with 
light scattering and differential refractive index detectors. cRelative to polystyrene standards. 
dMeasured with 1H NMR using a density of 1.03 g/cm3 for P4MCL and 1.25 g/cm3 for PLA.23 
eAbsolute backbone chemical degree of polymerization (measured with light scattering) as 
calculated using a repeat molar mass of 72 g mol−1 (PLA) and 128 g mol−1 (P4MCL). 
fCalculated from the primary SAXS peak position (q*) using d* = 2π/q*. 
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2.4 Self-Consistent Field Theory Model  

The bottlebrush model employed here represents both the side-chains and backbone by 

continuous Gaussian chains. Previous work has represented the backbone by the more 

sophisticated worm-like chain model, which was necessary to capture the backbone stiffening 

that occurs in the large NBB limit.24 Whereas the worm-like chain model is a defensible 

assumption when NBB is large, it is less certain that the worm-like chain model is necessary or 

appropriate when NBB is small because the side-chains will have less stiffening effect on the 

backbone. Since the behavior of bottlebrushes in the low NBB limit is the emphasis of this 

paper, the choice was made of continuous Gaussian chains to represent the backbone.  

The model was idealized to represent PLA and P4MCL side-chains as Gaussian chains 

with equivalent degrees of polymerization � ! ≡ �#$� = �#%&!$, and the statistical segment 

lengths of the side-chains and backbone were set to be identical: ' ≡ '#$� = '#%&!$ = '��. 

Interactions between PLA and P4MCL side-chains were set to �� !
( )*+ = 10, whereas the 

backbone was considered to be athermal and did not interact enthalpically with either type of 

side-chain. These simplifications were made so that our computational analysis of the star-to-

bottlebrush transition would be as general as possible and could extend beyond the details of 

the specific chemistries employed. However, in order to compare the domain spacing between 

simulations and experiments, we use bPLA = 8 ℃ (calculated at 30 °C from a polyolefin 

reference volume of 118 Å3) as measured by Anderson and Hillmyer.25 

2.4.1 Self-Consistent Field Theory Bottlebrush Polymer Model 

This model consists of three species, A and B which correspond to PLA or P4MCL 

side-chains, and species C which represents the backbone (Figure 2.9a). In our model, the A 
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and B side-chains are parameterized to have the same degree of polymerization, 

, and all chains are parameterized to have the same statistical segment 

length, . The number of A and B side-chains are given by  and , and the 

total number of side-chains by . The density of side-chain grafts along the 

backbone is set by d, which is the contour distance along the backbone between adjacent side-

chain grafting sites. In our model, d is defined relative to NSC of the 3 kDa side-chains such 

that 
,

�-.
/012 = 0.05. This ratio approximates the experimental ratio of distance between grafting 

sites and the length of the 3 kDa side-chains (see Figure 2.9a). The larger 6 kDa and 12 kDa 

side-chains were modeled by increasing NSC such that � !
34)*+ = 2� !

6)*+ = 4� !
()*+. The 

backbone degree of polymerization in the model is then . Note that because 

the backbone is represented by a continuous Gaussian chain and was assumed to have the same 

statistical segment as the side-chains, the model  is related to the experimental  

through the relationship . 

The partition function is given by the strictly incompressible Multi-species Exchange 

model, which is a generalization of the two-component exchange model to an arbitrary number 

of species,26 where the single chain partition function, , is now that of a bottlebrush 

copolymer. Interactions between A and B side-chains are given by . The backbone is 

considered to be athermal and does not interact with the A or B side-chains (i.e. 

).  

Dispersity is incorporated into the model by explicitly simulating an ensemble of 

bottlebrush chains, with the volume fraction of each chain chosen from a specified probability 

distribution. Here we assume that the side-chain length  is fixed, and only incorporate 
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dispersity in the number of A and B side-chains included in the bottlebrush,  and , 

respectively. Since ROMP is a living polymerization, the distribution resulting of molecular 

weights should ideally follow a Poisson distribution. In the Poisson distribution, the variance 

is equal to the mean and so the dispersity is fixed at Đ = 1 + 1/Mn. In practice, non-idealities in 

the polymerization lead to dispersities exceeding this ideal value. To incorporate these non-

idealities into the simulated distribution, we use instead use a Gaussian distribution which 

closely approximates the Poisson distribution, but permits the mean and variance to be treated 

as independent parameters. Specifically, we assume that the probability distribution is a 

discrete Gaussian distribution 

  Eq. 2.1 

where  is the experimentally targeted number of A and B side-chains, and  

is obtained from the experimental dispersity, , through the relationship . 

Since  increases with , explicitly representing the entire  distribution can be 

challenging when  is large. Instead, we Monte-Carlo sample a fixed number chains from 

 and then simulate the subset of chains explicitly. The number of samples is chosen 

to be 25 for the block bottlebrushes and 81 for the statistical bottlebrushes, which was found 

to result in low sampling errors for all  examined. For block bottlebrushes, all A and B side-

chains were placed contiguously along the backbone, regardless of the specific values of  

and . For statistical bottlebrushes with polydispersity,  and  side-chains were ordered 

randomly along the backbone. The necessity of sampling this ensemble of different random 

bottlebrushes is why additional chains were needed to reduce sampling error. In the absence 

of dispersity, statistical brushes were approximated as alternating brushes, with A and B side-
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chains alternating along the polymer backbone. Error bars in Figure 4b indicate the errors due 

to this statistical sampling of different dispersities.   

The quantities that characterize the bottlebrush backbone,   and  are 

obtained by first defining a conditional probability , the probability that the backbone 

end is at position , given that the center of the backbone is at position . The location of  is 

chosen to be at the center of the A−B lamellar interface.  is obtained by modifying the 

backbone propagator,  to have a non-uniform initial condition such that 

. This type of analysis has been employed previously to compute 

bridging fractions in multi-block linear chains27,28 and backbone statistics of bottlebrushes.29 

Additional details of this calculation as well as plots of  are given later. 

            Once  is obtained the probability of finding the backbone end at the interface, 

 is then 

  Eq. 2.2 

where  is the interfacial region centered at  with width . Similarly, the 

backbone dimension, , is defined as the root-mean difference of , 

  Eq. 2.3 

where the pre-factor accounts for the fact that  only includes the extension of half the 

backbone. The side-chain dimension, , is defined as twice the unperturbed radius of 

gyration of the side-chains, 

 . Eq. 2.4 
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Similarly, the units length in our SCFT calculations are normalized relative to the unperturbed 

radius of gyration of a 3 kDa side-chain, . To convert lengths from simulation 

units to nanometers, we use statistical segment length of bPLA = 8 ℃, as measured by Anderson 

and Hillmyer,25 and NPLA = 42, which gives a side-chain radius of gyration of 2.6 nm. 

Figure 2.9. (a) Parameterization of the bottlebrush model. NBB and NSC denote the degree of 
polymerization of backbone and side-chains, respectively. The spacing between side-chain 
grafts along the backbone is given by d. (b) Illustration of single chain propagator notation for 
bottlebrush side-chains and backbone. Mathematical definitions of each variable are given in 
the text. 
 

2.4.2 Numerical Bottlebrush Implementation 

 The large molecular weight associated with bottlebrush polymers can result in much 

more expensive simulations than those with linear polymer chains. In a typical SCFT 

implementation, the computational expense scales linearly with the total contour length of the 

polymer chain. In bottlebrush polymers with many side-chains, the large number of side-chains 
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results in a very long contour length and consequently, very expensive simulations. Here we 

outline an efficient numerical bottlebrush implementation that avoids this undesirable linear 

scaling and introduce an algorithm that scales almost independently of the number of side-

chains. 

The bottlebrush model is defined according to Figure 2.9 with A and B side-chains 

grafted to a C backbone. The number of A and B side-chains are given by  and  with 

. The th side-chain is specified to intersect the backbone at contour position 

, where 

  Eq. 2.5 

The forward propagators of the side-chains satisfy the modified diffusion equation 

  Eq. 2.6 

with initial condition , K = A or B, and  ranges from 0 to . Note that this 

equation does not contain an arm index dependence and so Equation 6 is only solved once per 

arm species. The forward propagator of the backbone is obtained by dividing the backbone 

into  segments, with contour variable . Each of segment satisfies the 

modified diffusion equation 

  Eq. 2.7 

with the initial condition of each segment  

  Eq. 2.8 

where K = A or B depending on the type of side-chain grafted at .   
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The backwards propagator of the backbone is obtained by again dividing the backbone 

into segments, where  is the backwards propagator for the segment from 

 to . Each segment satisfies the diffusion Equation 2.7 

with the following initial conditions  

  Eq. 2.9 

where K = A or B depending on the type of side-chain grafted at .  The backwards 

propagator of the th side-chain satisfies Equation 2.6 with the initial condition 

 . Eq. 2.10 

The density of the K-type side-chains is given by 

  Eq. 2.11 

where K = A or B and the sum runs over all backbone positions grafted to an A or B side-

chain.    Similarly, the backbone density is given by 

 . Eq. 2.12 

A schematic diagram of these propagators is shown in Figure 2.9b. Note that the sum in 

Equation 11 runs over all side-chains, and so solving for each  independently 

would result in an undesirable computational expense that increases linearly with the number 

of side-chains. However, since the entire sum satisfies the modified diffusion equation, we can 

instead sum over the initial conditions   for each side-chain and then solve the modified 

diffusion equation once for each side-chain type. This feature allows the computational time 
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of our algorithm to scale almost independently of the total number of side-arms, and permits 

the efficient simulation of bottlebrush polymers with SCFT. 

2.4.3 Bottlebrush Backbone Characterization from SCFT  

In order to describe the conditional probability  invoked in the main text, we 

first identify the interface position  by finding the maximum of . In the lamellar 

phases examined here this maximum is degenerate and is a plane parallel to the lamellar 

domains. For simplicity, we choose   as the midpoint of the simulation cell in these 

degenerate dimensions. A modified propagator is then defined as 

  Eq. 2.13 

which has the effect of constraining the midpoint of the backbone to position . This modified 

propagator is used to solve Equation 2.7, to obtain  which is used to obtain the 

conditional density  

  Eq. 2.14 

which gives the density of the bottlebrush end, given that the midpoint is constrained to the 

interface. Finally, normalizing  gives .  

2.5 Bottlebrush Copolymer Scaling Trends 

Characteristic domain spacings d* = 2π/q* were extracted from principal scattering 

peaks (q*) and plotted against NBB (Figure 2.10a). Three qualitatively distinct scaling regimes 

are evident in each experimental dataset: (I) a shallow but significant decrease in d* 

(approximately 3 to 4 nm) as NBB increases at small NBB (circa ≤ 6), (II) an intermediate 
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transition with a weak dependence (6 < NBB ≤ 15), and (III) a region of constant slope (either 

increasing or flat) at large NBB (roughly > 15). The last limit (regime III, NBB → ∞) is consistent 

with previous experiments24,30,31 that rationalize the dissimilar dependence of d* ~ ���
∝  for 

statistical (� ≈ 0) and block (0 << � < 1) sequences by different orientations of the bottlebrush 

backbone ― approximately parallel or perpendicular to the lamellar interface, respectively. 

The remainder of this chapter focuses on the behavior at smaller NBB that is less well-

understood.  

 
Figure 2.10. Log−log plot of lamellar domain spacing versus NBB for bottlebrush copolymers 
comprising statistical (open symbols) and blocky (closed symbols) sequences. (a) 
Experimental SAXS data for B3/S3 (green) and B12/S12 (blue). (b) SCFT-predicted domain 
spacing with composition and arm number dispersity for MSC = 3 kg mol−1. The scaling 
exponent � in region III is 0.4 and 0.6 for the experimental and SCFT data, respectively. 
 

For the shortest backbone lengths (regime I), we attribute the decrease in d* with 

increasing NBB (� < 0) to dispersity effects that arise from the unavoidable distribution in 

composition and number of arms inherent to the ROMP copolymerization of two 

homopolymer macromonomers. SCFT calculations (Equations 2.1−−−−2.14) of block 

bottlebrushes in the absence of dispersity fail to capture the experimental trend and instead 
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predict a monotonic increase in d* with NBB (Figure 2.11). In contrast, simulations conducted 

with a variety of different chains varying in their number of arms and composition reveals 

qualitatively similar curves (Figure 2.10b) as experiments (Figure 2.10a) at all NBB for ≈ 3 kg 

mol−1 side-chains with statistical and blocky sequences. While the best agreement between 

simulation and experiment is obtained by including both types of dispersity, compositional 

dispersity is the most significant (Figure 2.11).  

 
Figure 2.11. (a) Illustration of compositional (fA) and NBB dispersity, where nA* and nB* are 
the average degree of polymerization of macromonomers A and B and σ is the standard 
deviation in n based off of Ð. (b) Effects of the different types of dispersity on domain spacing. 
 
The signature of each experimental scaling regime is recovered, in particular the negative slope 

for small NBB. This effect appears to originate from an appreciable concentration of 

homopolymer bottlebrushes that form due to compositional dispersity, which swell the 

lamellae and dilate domain periodicity. Since probability biases more homopolymer at short 

average backbone degrees of polymerization, as NBB reaches 20 repeat units, the 

aforementioned scaling (regime III) is essentially unaffected by such dispersity and � 

asymptotes. Together, these results indicate that dispersity, and especially compositional 
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dispersity, play an important role in the self-assembly of short bottlebrush polymers 

synthesized via grafting-through copolymerization. 

One might anticipate that regime II, the region of intermediate scaling, is indicative of 

a transition from star-like to bottlebrush-like conformations as NBB grows. The approximate 

plateau in d* (which is readily apparent in the B12 block sequence) would then be consistent 

with two competing effects: (1) fewer homopolymers and less swelling, which together 

decrease domain spacing with increasing NBB, and (2) the star-to-bottlebrush transition that 

results from an amplification of steric congestion surrounding the elongating backbone, 

extending chain configurations and raising d*. 

Figure 2.12 illustrates the key characteristics of regimes I, II, and III. We are 

particularly interested in understanding the transition region (II) in more detail since it 

distinguishes well-established bottlebrush behavior from the miktoarm star materials of 

interest. Because this is difficult with experiments, we instead develop a more detailed SCFT 

analysis to clarify the location of the miktoarm star-to-bottlebrush crossover. 
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Figure 2.12 Illustrations describing the factors that control scaling (d* ~ ���

∝ ) in the three 
regimes observed with two-component bottlebrush copolymers. (a) Small NBB: dispersity in 
the number of arms and composition results in � < 0. (b) Moderate NBB: chain conformations 
transition from miktoarm star to bottlebrush when backbone (���) and side-chain extensions 
(� !) become comparable as the concentration of homopolymers tapers off; � ≳ 0. (c) Large 
NBB: backbone orientation depends on sequence (consistent with prior experiments30 and the 
SCFT simulations reported herein.) 

2.6 Miktoarm Star-to-Bottlebrush Transition 

 To elucidate the details of the miktoarm star-to-bottlebrush transition using SCFT, we 

begin by examining the effect of backbone length on the domain spacing of block bottlebrush 

copolymers in the absence of dispersity, which allows us to decouple the competing effects of 

homopolymer-induced swelling and backbone elongation that characterize the intermediate 

scaling regime II. When dispersity is removed from our SCFT calculations (Figure 2.13), only 

two regimes are observed: one at large NBB corresponding to rapidly increasing domain spacing 

(III′) and another at low NBB corresponding to slower domain spacing growth (II′). As noted 
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previously by Dalsin et al.,24 this decrease in � is attributed to the onset of miktoarm-star-like 

behavior. We denote the crossover between regimes II′ and III′ by NBB*, e.g., NBB* ≈ 12 for 3 

kg mol−1 side-chains. This value corresponds well with the experimentally observed transition 

from the large NBB regime III to the intermediate NBB regime II that falls somewhere around 

NBB = 12 (Figure 2.10a). 

 
Figure 2.13. SCFT calculations of block bottlebrush copolymer domain spacing as a function 
of backbone length NBB. Different colors denote side-chain lengths of MSC = 3, 6, and 12 kg 
mol−1. The change in slope occurs at NBB*, which is nearly constant for all simulated side-
chain lengths. 
 
 For larger 6 and 12 kg mol−1 side-chains, the bottlebrushes exhibit a weaker dependence 

of domain spacing on NBB as indicated by lower values of � across the whole range (regimes 

II′ and III′). This is consistent with our experimental results comparing 3 and 12 kg mol−1 side-

chains (Figure 2.10a) and suggests that larger side-chains lead to slightly more flexible 

backbones at the values of NBB probed. Nevertheless, despite their lower values of �, the 

bottlebrushes with MSC = 6 and 12 kg mol−1 also exhibit two scaling regimes at low and high 

NBB, again with a crossover at NBB*. Remarkably, the value of NBB* is approximately constant 
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for all side-chain lengths commensurate with experiments, MSC = 3, 6, and 12 kg mol−1 (Figure 

2.13). Evidently, even for relatively short 3 kg mol−1 side-chains, the backbone stiffening due 

to steric repulsion is essentially saturated, thereby leading to a conserved star-to-bottlebrush 

transition at NBB* = 12. Additional simulations indicate that NBB* will decrease with shorter 

1.5 kg mol−1 side-chains (Figure 2.14a), and it is also very slightly dependent on the 

segregation strength χNSC (Figure 2.14b).  

 
Figure 2.14. Location of NBB* as a function of side-chain length and segregation strength 
(calculated using SCFT). (a) NBB* decreases as side-chain length changes from MSC = 3 to 1.5 
kg mol−1. Recall that NBB* becomes invariant for MSC ≥ 3 kg mol−1 (main text, Figure 6). Note 
that these simulations set χ� !

()*+ = 20 instead of χ� !
()*+ = 10 as used elsewhere in this work 

so that microphase separation could be achieved at NBB = 2. (b) NBB* is slightly affected by 
χN; increasing χ� !

()*+ from 10 to 20 produces a small decrease in NBB*. 
 

The independence of NBB* with most MSC predicted by SCFT is consistent with our 

experimental data; although it is difficult to precisely pinpoint NBB* in Figure 2.10a due to the 

effects of dispersity, NBB* = 12 nonetheless appears to be the approximate location of the 

change in � scaling for both 3 and 12 kg/mol side-chains. As demonstrated, SCFT predictions 

of domain spacing are useful for identifying NBB* with block bottlebrushes and comparing 

model predictions with experiments, but this analysis does little to explain the molecular origin 
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of the shift in � at NBB = NBB*. We next turn to different SCFT calculations to assess this aspect 

of the star-to-bottlebrush transition.  

2.6.1 Molecular Explanation of the Miktoarm Star-to-Bottlebrush Transition 

One molecular signature of the star-to-bottlebrush transition is a change in backbone 

conformation as a function of NBB with the block sequence. Figure 2.15a shows simulated 

backbone density profiles for monodisperse samples with NBB = 6, 12 and 30 and MSC = 3 kg 

mol−1. When NBB is large (regime III, e.g., NBB = 30), the backbone conformations of statistical 

and block bottlebrushes exhibit large differences. Statistical brushes orient their backbones 

parallel to the lamellar interface, which leads to a density profile that is strongly peaked at x/L0 

= 0.5, where x is the position within a unit cell and L0 is the natural periodicity. In contrast, 

block bottlebrush backbones preferentially orient perpendicular to the interface, thereby 

smearing out the density profile across a lamellar unit cell. (These data are consistent with the 

illustrations in Figure 2.12c and prior experimental literature.24,30,31) However, such sequence 

effects become nearly indistinguishable as NBB decreases. For a short bottlebrush with NBB = 

6, block and statistical backbone distributions are essentially identical, with both density 

profiles strongly peaked at the lamellar interface (Figures 2.15–2.16). The independence of 

backbone distribution on side-chain arrangement at low NBB indicates that the backbone has 

no preferred orientation within the lamellar interface. Intermediate backbone lengths 

corresponding to NBB = NBB* = 12 exhibit a density profile that is mixed between these two 

extremes; the density is peaked at the interface, but there is still appreciable backbone density 

within the interior of lamellar domains. This finding suggests that the configuration of a block 

bottlebrush backbone can be used as a hallmark of the star-to-bottlebrush transition: when the 
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backbone of a block bottlebrush begins to localize near the domain interface, it starts to behave 

like a star. 

 
Figure 2.15. (a)  SCFT calculations of backbone segment distribution, ���, across a lamellar 
period with statistical and block macromonomer sequences (MSC = 3 kDa) for NBB = 6, NBB = 
12 (= NBB*), and NBB = 30. The red, blue, and white shading indicates PLA-rich domains, 
P4MCL-rich domains, and the interface, respectively. x denotes the position within a lamellar 
unit cell and L0 is the domain periodicity. (b) Probability of backbone localization at the 
interface, Pinterface, for different NBB and MSC. 
 

To quantify this transition in greater detail, we examine the probability of finding a 

bottlebrush backbone at the domain interface, Pinterface, as a function of NBB (Figures 2.15b). 

For statistical bottlebrushes, this probability is approximately constant for NBB > NBB* before 

increasing at small backbone lengths. Note that this implies the statistical sequence does 

undergo a small change in backbone distribution as a function of NBB, but the effect is rather 
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minimal. In contrast, the probability for block sequences is highly variable; it is approximately 

zero when NBB > 20, before increasing for smaller NBB. Notably, what we have previously 

defined as NBB* = 12 corresponds roughly to the onset of this dramatic backbone redistribution. 

Consistent with our observation in Figure 2.13, changing MSC from 3 to 12 kg mol−1 has little 

effect on backbone localization to the interface as measured by Pinterface.  

 
Figure 2.16. Values of P(r|r0) for different bottlebrushes. (a) Block bottlebrush with NBB = 30. 
(b) Statistical bottlebrush with NBB = 30. (c) Block bottlebrush with NBB = 4. (d) Statistical 
bottlebrush with NBB = 4. 
 

 Taken together, these results offer a molecular explanation for the scaling regimes II 
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and III observed in Figures 2.10 and 2.13. For NBB > NBB*, the backbone extension is large 

relative to the interface, and domain spacing scales strongly with NBB. In contrast when NBB < 

NBB*, the backbone extension is comparable to the interface width, leading to localization of 

the backbone at the interface and signaling increasingly miktoarm-star-like behavior. 

Experimental measurements of domain-spacing versus NBB thus provide an excellent metric 

for identifying this molecular transition, specifically with block bottlebrush copolymers. 

2.6.2 Miktoarm Star-to-Bottlebrush Transition in Statistical Copolymers 

Since statistical bottlebrushes undergo a comparably modest backbone redistribution 

as a function of NBB, the analysis described in Figure 2.15 cannot similarly be used as a proxy 

to interrogate their star-to-bottlebrush crossover. Clear signatures of the star-to-bottlebrush 

transition with the statistical sequence are also absent from the experimental data in Figure 

2.10a, so the analysis presented up to now cannot examine the role that macromonomer 

sequence (i.e., block vs. statistical) plays in the star-to-bottlebrush transition. In order to probe 

sequence effects in more detail, it was necessary to compute the relative extension of the 

bottlebrush backbone (���) and side-chains (� !). Once these lengths were determined, we 

define a dimensionless quantity ��� � !⁄  that describes the aspect ratio of a given bottlebrush 

polymer. For ��� � !⁄ ≫ 1, a bottlebrush is highly elongated and the molecules are expected 

to adopt more cylindrical-like configurations. In contrast, for ��� � !⁄ ≪ 1, the backbone is 

vanishingly small and bottlebrush polymers should instead mimic spherical or star-like objects. 

The star-to-bottlebrush transition is then expected to occur circa ��� � !⁄ ≈ 1. If our prior 

analysis is robust, this crossover will correspond with NBB* as identified above.  

 We therefore used SCFT simulations to compute ��� � !⁄  for both sequences 
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(statistical and block) with varying NBB and identified the value at which ��� � !⁄ = 1 (Figure 

2.17). In both cases, ��� � !⁄ = 1 at similar values of NBB (8 for block, 14 for statistical). For 

block bottlebrushes, the previously identified value of NBB* = 12 correlates quite well with 

��� � !⁄ ≈ 1, indicating that ��� � !⁄  is a suitable metric for establishing the location of a 

star-to-bottlebrush transition. This result has two important consequences. First, the 

correspondence between NBB* and ��� � !⁄ = 1 provides an additional physical explanation 

for the star-to-bottlebrush transition — it suggests that the change in slope at NBB* can be 

correctly thought of as the point when a bottlebrush molecule transitions from a cylindrical-

like to a spherical object. Second, the consistent picture that emerges from our different 

analyses of the block sequence, coupled with similar values of NBB for 9��� � !⁄ :;<=>) = 1 

and 9��� � !⁄ :?@+@A?@A>+< = 1, allows us to posit that the star-to-bottlebrush transition is largely 

independent of sequence. Both block and statistical copolymers seem to transition at almost 

equivalent backbone lengths. There may be a slightly earlier transition for the block sequence 

due to a small bias for stiffer backbones, but this effect is modest. 
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Figure 2.17. Calculated bottlebrush aspect ratio (��� � !⁄ ) for block and statistical 
macromonomer sequences with MSC = 3 kg mol−1. The value of NBB where ��� � !⁄ ≈ 1  

2.7 Discussion 

The virtues of ring-opening metathesis polymerization are now well-known and have 

ushered in an era of synthetic simplicity that has changed the accessibility of cutting-edge 

materials for numerous applications.8–16 Major efforts by Bowden,32,33 Wooley,34,35 and 

Grubbs36–38  have adapted ROMP to construct bottlebrush polymers (NBB >> NSC) with 

amazing control over molar mass and dispersity. Less attention has been devoted to exploiting 

this versatile chemistry in the opposite limit, NBB < NSC. In the context of bulk phase behavior, 

although a few reports24,29 include samples with NBB < NSC, efforts have not focused heavily 

on this regime. Here, we have demonstrated that the sequential or statistical grafting-through 

copolymerization of two macromonomers with NBB < NSC results in materials that self-

assemble into well-ordered lamellar structures. While we have not yet attempted to do so, there 

are no fundamental limitations that prevent the extension of this approach to other, more 

complex, design targets ― for example, ≥ 3 distinct chemistries and multiblock side-chains34,35 
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or sequences.10 Synthesizing miktoarm star polymers with the present technique affords a 

number of advantages that revolve around versatility. The average number of arms and 

composition are easily manipulated by stoichiometry, but of course, the price paid is dispersity 

in both. (Since ring-opening transesterification polymerization and ROMP are controlled, the 

unavoidable dispersity in molar mass is similar to other miktoarm star polymerization 

strategies.) These distributions could be either a benefit39 or burden40 depending on 

perspective. Either way, we have systematically studied their effect in the context of self-

assembly and chain conformations. Finally, as a tangential observation, the dispersity 

accompanying our approach seems to counteract the phase boundary deflection that is 

characteristic of asymmetric (in connectivity) miktoarm star polymers.41 For example, Grason 

has previously predicted42 and Tselikas observed43 hexagonally-packed cylinder phases at 

roughly symmetric volume fractions fA ≈ 0.5 in an AB3 miktoarm star polymer. Herein, 

samples synthesized near this composition with a 1:3 ratio of A:B side-chains are decidedly 

lamellar (Figure 2.18). 
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Figure 2.18. (a) SECs (normalized differential refractive index signal) of an AB3 copolymer 
with asymmetric architecture (on average). A = P4MCL-MM-22 and B = PLA-MM-12 at 
roughly symmetric volume fraction (fPLA = 0.48). SEC-MALS: Mn = 59 kg mol−1, Đ = 1.17. 
(b) SAXS of the AB3 copolymer consistent with a lamellar morphology (q/q* = 1, 2, 3, 4, 5, 
…) as indicated by the triangular markers. Inset: illustration of the asymmetric copolymer. 
 

Johnson and coworkers have pioneered the use of ROMP to construct “core-

crosslinked” molecules termed “mikto-brush-arm star polymers”44–46 that bear some 

similarities to the materials described herein. Their synthetic method also leverages the benefits 

of ROMP to build arms via macromonomer copolymerization. The key distinction is a final 

step involving the addition of multi-functional norbornene crosslinker, which forms a compact 

core that polymerized macromonomers protrude from. Such core-crosslinking has undoubtedly 

proven useful in a variety of applications46–53 but the molecular connectivity is fundamentally 

different compared to low-NBB statistical and block bottlebrush polymers. No crosslinking step 

is involved in our approach and the core of each star polymer is precisely the well-defined 

poly(norbornene) backbone that is formed during ROMP in the absence multi-functional 

additives. 

The star-to-bottlebrush transition has been investigated in other material systems, many 
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of which employed just one type of side-chain chemistry. A recent report analyzed atactic 

poly(propylene) bottlebrush polymer melts with varying degrees of polymerization and 

concluded, based on zero-shear viscosity data, that the star-to-bottlebrush change in chain 

conformation likely occurs over the range NBB = 26–74.54 Small angle neutron scattering 

measurements of polystyrene bottlebrush side-chains in a good solvent place the transition 

somewhere around NBB = 120.55 We speculate that these numbers are larger than those 

ascertained here due to differences in the free energy of two- and one-component polymers. 

As previously discussed, the transition from bottlebrush-to-star conformations for bottlebrush 

copolymers occurs when NBB decreases towards 12. With the block sequence, this value marks 

the beginning of backbone unalignment so that it resides at the lamellar interface with no 

favored orientation. However, this transformation is presumably quite difficult if the backbone 

cannot occupy a tight region of space around the interface; otherwise, the system would be 

forced to create enthalpically-unfavorable contacts between the two different types of side-

chains. From the present analysis, ≲12 repeat units is apparently sufficient to overcome this 

energetic dichotomy, but the thermodynamic landscape would undoubtedly change without 

such constraints (e.g., homopolymer bottlebrushes). 

A transition reminiscent of the star-to-bottlebrush crossover has also been observed in 

polymers produced from branched macromonomers containing both poly(styrene) and 

poly(dimethylsiloxane) (PDMS) side-chains.29 Note that the composition dispersity inherent 

to statistical ROMP copolymerization can be suppressed using this approach, but the 

homopolymerization of diblock macromonomers eliminates control over the average number 

of each arm type — the resulting star or bottlebrush materials are necessarily AnBn. 

Nevertheless, in this case, the monotonic increase in domain spacing observed for samples 
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with increasing NBB (≲ 10) is believed to originate from chain stretching effects that saturate 

at modest backbone lengths. These data support our conclusion that compositional dispersity 

dominates the d* vs. NBB scaling (α < 0) observed in Figure 2.10 (regime I). In analogy to 

recent work from Zhong,56 the impact of compositional dispersity on additional physical 

properties would also be interesting to probe, for example the glass transition temperature, 

order−disorder temperature, and storage modulus.  

Finally, we draw comparisons to another paper by Dalsin et al.24 that studied 

bottlebrush block polymers comprising atactic poly(propylene) and poly(styrene) side-chains. 

They identified a decrease in the scaling exponent (� = 0.26) between NBB = 10−15 and 

attributed it to “starlike” molecules. These samples lie beyond the NBB boundary (II−III) that 

we observe as the onset of star-like behavior. By extending the scaling analysis to even smaller 

NBB, we have uncovered the limiting behavior of �, which further transforms d* into a 

minimum and then dips negative. A second key conclusion from their paper is the assertion 

that bottlebrush backbones are actually significantly more flexible than commonly believed. 

Our evidence also seems to support this notion. As shown in Figure 2.10a, the domain spacing 

of PLA−P4MCL bottlebrush block copolymers expands by a factor of 1.5−2 when side-chain 

molar mass increases from 3 to 12 kg mol−1. This result is inconsistent with the traditional 

interpretation of block bottlebrushes as rigid cylindrical objects always oriented perpendicular 

to the domain interface. If side-chains only extended parallel to the interface, domain spacing 

would not (or only weakly) depend on their length. Instead, our data is consistent with the 

conclusion that a backbone is strongly oriented near the interface, but this order decays with 

distance, eventually allowing side-chains to influence domain spacing.24 
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2.8 Conclusion 

The grafting-through ring-opening metathesis polymerization of two macromonomers 

with a statistical or blocky sequence generates miktoarm star polymers in the low backbone 

degree of polymerization limit (NBB < NSC). A series of symmetric volume fraction (fPLA ≈ 0.5) 

materials with poly(lactide) and poly(4-methyl-ε-caprolactone) side-chains (≈3 or 12 kg mol−1) 

self-assemble into lamellar structures with a characteristic domain spacing that strongly 

depends on NBB. Using these trends in conjunction with self-consistent field theoretic 

simulations, three scaling regimes were identified that are distinguished as: (I) dispersity-

dominated, (II) a star-to-bottlebrush transition, and (III) bottlebrush. SCFT calculations have 

revealed that the miktoarm star-to-bottlebrush transition can be captured by analyzing the 

redistribution of backbone segments within a lamellar unit cell as a function of NBB for the 

block sequence. The location of this transition occurs at approximately NBB* = 12 and is largely 

independent of side-chain length and macromonomer sequence. The synthetic strategy 

disclosed herein significantly simplifies access to discrete miktoarm star polymers that 

organize into well-ordered mesostructures when dispersity in composition and the number of 

arms can be tolerated. These materials have provided insights into the interplay between 

dispersity, molecular conformations, and self-assembly. 

2.9 Experimental 

2.9.1 Chemicals 

 
Tin(II) 2-ethylhexanoate (Sn(Oct)2, Aldrich, 92.5−100%) was fractionally distilled 3x 

under reduced pressure (50 mtorr, 150 ℃) and stored in a nitrogen filled glovebox before use. 
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4-Methylcaprolactone (4MCL) was prepared according to literature,1 purified by fractional 

distillation 3x from calcium hydride (CaH2, Fisher Scientific, 93%), 3x from Sn(Oct)2 under 

reduced pressure (50 mtorr, 50 ℃), and stored in a nitrogen filled glovebox before use. D,L-

Lactide was generously provided by Corbion (PURASORB DL) and recrystallized once from 

anhydrous ethyl acetate (Fisher Scientific, 99.9%) and twice from anhydrous toluene. N-

(hydroxyethyl)-cis-5-norbornene-exo-2,3-dicarboximide (NbOH) was prepared according to 

literature2 and recrystallized from chloroform. Grubbs’ second-generation metathesis catalyst 

[(H2IMes)(PCy3)2(Cl)2Ru=CHPh] was generously provided by Materia. Grubbs’ third-

generation metathesis catalyst [(H2IMes)(pyr)2(Cl)2Ru=CHPh] (G3) was prepared according 

to literature.3 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, Alfa Aesar, 99%) was distilled from 

CaH2, diluted with anhydrous THF to 1.5 M, and transferred to glass ampoules that were then 

flame sealed. CH2Cl2, toluene, and THF were dried by passing through an activated alumina 

column (PureSolv, Innovative Technology Inc.). CH2Cl2 used for the synthesis of poly(D,L-

lactide) was subsequently distilled from CaH2. Methanol (MeOH, Fisher Scientific, 99%), n-

hexanes (Fisher Scientific, 99%), ethyl vinyl ether (EVE, Fisher Scientific, 99%), and 

trifluoroacetic acid (TFA, Fisher Scientific, 97%) were used as received. Deuterated solvents 

were purchased from Cambridge Isotope Laboratories and used as received. 

2.9.2 Characterization  

Multi-angle light scattering size-exclusive chromatography (SEC-MALS) was 

performed using two Agilent PLgel MIXED-B 300 × 7.5 mm columns with 10 μm beads, 

connected to an Agilent 1260 Series pump, a Wyatt 18-angle DAWN HELEOS light scattering 

detector, and Optilab rEX differential refractive index detector using THF as the mobile phase. 

Online determination of dn/dc assumed 100% mass elution under the peak of interest. Size-
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exclusion chromatography was also performed on a Waters instrument using a refractive index 

detector (dRI) and Agilent PL gel 5 μm MiniMIX-D column. THF at 35 °C was used as the 

mobile phase with a flow rate of 1.0 mL min−1. Molar mass dispersity (Đ) was determined 

against narrow PS standards (Agilent). 1H NMR spectra were collected on a 600 MHz Varian 

VNMRS. Spectra of macromonomers and bottlebrushes were collected in CDCl3 and CD2Cl2, 

respectively, at a polymer concentration of 50 − 70 mg mL−1 with 128 scans and a pulse delay 

time of 10 s. 

 SAXS measurements were performed at beamline 5-ID-D DND-CAT at the Advanced 

Photon Source (APS) at Argonne National Laboratory (Argonne, Illinois). The beamline was 

configured with an X-ray wavelength of 0.729 Å. A silver behenate standard was used to 

calibrate the sample-to-detector distance to 8510 mm. 2D data were reduced by azimuthal 

averaging to give I(q), where I is intensity in arbitrary units, q = |q| = 4πλ–1 sin(θ/2) is the 

magnitude of the scattering wave vector, λ is the wavelength of incident beam, and θ is the 

scattering angle. 

2.9.3 Macromonomers 

Scheme 2.1. Representative Procedure for the Synthesis of Norbornene-poly(D,L-lactide) 
(PLA-MM-12) 
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In a nitrogen filled glovebox, 10.00 g D,L-lactide (69.4 mmol, 108 equiv), 133 mg 

NbOH (0.64 mmol, 1 equiv) were combined in an oven-dried flask with a stir bar, followed by 

the addition of 110 mL CH2Cl2. The mixture was stirred for 10 min to ensure complete 

dissolution. Then 0.43 mL of DBU (1.5 M in THF, 0.64 mmol, 1 equiv) was added. After 25 

minutes, the reaction was quenched with 300 mg benzoic acid (2.45 mmol, 3.8 equiv). An 

aliquot was pulled to determine the monomer conversion by 1H NMR (83%). The solvent 

volume was reduced by one half in vacuo, 0.1 mL of trifluoroacetic acid (1.28 mmol, 2 equiv) 

was added with stirring, and the solution then immediately precipitated into 800 mL of cold 

MeOH. The MeOH was then decanted. The solid product was redissolved in DCM and the 

precipitation repeated two more times. The resulting PLA was dried in vacuo. 1H NMR (600 

MHz, CDCl3): δ (ppm) 6.28 (br t, 2H), 5.25−5.02 (m, 175H), 4.40−4.21 (m, 3H), 3.84−3.68 

(m, 2H) 3.27 (s, 2H), 2.70 (m, 2H), 1.73−1.39 (m, 533H). Mn (1H NMR) = 13 kg mol−1. SEC 

(dRI, PS standards): Mn = 19 kg mol−1, Mw/Mn = 1.06. 

 
Scheme 2.2. Representative Procedure for the Synthesis of Norbornene-poly(4-
methylcaprolactone) (P4MCL-MM-11) 

 
 

In a nitrogen filled glovebox, 20.00 g 4MCL (156.0 mmol, 218.5 equiv), 148 mg NbOH 

(0.71 mmol, 1 equiv) and 25 µL of Sn(Oct)2 (0.078 mmol, 0.11 equiv) were combined in an 

oven-dried heavy wall pressure vessel with a stir bar. The vessel was sealed with a threaded 
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PTFE bushing using a perfluoro O-ring and removed from the glovebox. The vessel was placed 

in an oil bath at 100 °C and stirred for 4.5 h. After removal from the oil bath, the vessel was 

immediately quenched in an ice water bath. An aliquot was pulled to determine the monomer 

conversion by 1H NMR (42%). The reaction mixture was diluted with CH2Cl2 and precipitated 

into 800 mL of MeOH at −78 °C. The MeOH was decanted. The solid product was redissolved 

in DCM and the precipitation repeated two more times in MeOH and once more in n-hexanes. 

The resulting P4MCL was dried in vacuo. 1H NMR (600 MHz, CDCl3) δ = 6.28 (br t, 2H), 

4.17−4.00 (m, 174H), 3.76−3.60 (m, 4H), 3.29−3.22 (s, 2H), 2.70 (s, 2H), 2.47−2.07 (m, 

180H), 1.74−1.61 (m, 180H), 1.61−1.37 (m, 271H), 1.06−0.76 (m, 271H), 4.40−4.21 (m, 4H), 

3.84−3.68 (m, 2H) 3.27 (s, 2H), 2.70 (m, 2H), 1.73−1.39 (m, 533H). Mn (1H NMR) = 11 kg 

mol−1. SEC (dRI, polystyrene standards): Mn = 19 kg mol−1, Mw/Mn = 1.09. 

 

2.9.4 Block Bottlebrushes 

General Procedure for the ROMP of Block Bottlebrush Copolymers 

 
Scheme 2.3. Synthesis of block bottlebrush copolymers. 

 
 

In a nitrogen filled glovebox, stock solutions of the macromonomers were prepared in 

CH2Cl2 (200 mg/mL). In another vial a stock solution of the G3 catalyst was prepared in 

CH2Cl2 (3.5 mg/mL). A 20 mL vial was charged with a stir bar and 0.46 mL of the PLA stock 
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solution. While stirring vigorously, an appropriate amount of the G3 stock solution was then 

added. After 30 min, 0.37 mL of the P4MCL stock solution was added. After 30 min, several 

drops of ethyl vinyl ether were added and the solution was stirred for 30 min. Cold MeOH was 

added until solid bottlebrush polymer precipitated. The MeOH was decanted and the resulting 

product dried in vacuo. 

2.9.5 Statistical Bottlebrushes 

General Procedure for the ROMP of Statistical Bottlebrush Copolymers 

 
Scheme 2.4. Synthesis of statistical bottlebrush copolymers. 

 
 

In a nitrogen filled glovebox, stock solutions of the macromonomers were prepared in 

CH2Cl2 (200 mg/mL). In another vial, a stock solution of the G3 catalyst was prepared in 

CH2Cl2 (3.5 mg/mL). A 20 mL vial was charged with a stir bar, 0.46 mL of the PLA stock 

solution, and 0.37 mL of the P4MCL stock solution. While stirring vigorously, an appropriate 

amount of the G3 stock solution was then added. After 30 min, several drops of ethyl vinyl 

ether were added and the solution was stirred for 30 min. Cold MeOH was added until solid 

bottlebrush polymer precipitated. The MeOH was decanted and the resulting product dried in 

vacuo. 
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Chapter 3. Efficient Synthesis of Asymmetric Miktoarm Star 

Polymers1 

3.1 Background 

 Block copolymers (BCPs) are important in a variety of emerging and established 

applications due to their self-assembly into well-ordered structures on the nanometer length 

scale.1 The phase behavior of linear BCPs with two chemically-distinct blocks arrayed in 

simple sequences (AB, ABA, …) is now well-understood from both experiments2–4 and 

theory5–8 to depend on the Flory–Huggins interaction parameter (χ), volumetric degree of 

polymerization (N), block volume fractions (fi, i = A, B), and conformational asymmetry (ε). 

These molecular design parameters dictate the self-assembly of two-component BCPs into a 

handful of classical phases4 (body-centered cubic spheres, hexagonally close-packed cylinders, 

a gyroid network, lamellae) and more exotic sphere packings9–11 (e.g., σ, C14, C15, and A15). 

While the utility of many such mesophases is indisputable, linear chain connectivity imposes 

structure–property constraints that are not always desirable. For example, the number of known 

morphologies remains small,12 domain periodicities are fairly restricted (typically within a 

range circa 5–100 nm),13,14 and the coupling between volume fraction (f) and morphology 

favors the majority block on the convex side of curved block–block interfaces.5,15 These (and 

other) limitations have motivated the search for new molecular design tools that broaden the 

utility of BCP self-assembly in contemporary applications. 

                                                 
1 This chapter was originally published in Macromolecules. Reproduced with permission 
from Macromolecules 2020, 53, 702-710. Copyright 2020, American Chemical Society. 
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 An exciting opportunity that expands the confines of traditional polymer phase 

behavior16 lies in the controlled synthesis of BCPs with branched architectures.17,18 The 

introduction of branching imparts useful thermodynamic,19 photonic,20,21 and mechanical22 

properties that are otherwise inaccessible with linear analogues. One archetypal example is 

miktoarm star polymers,23–32 which are defined33 as two or more chemically-distinct blocks 

connected to a common junction (e.g., AmBn, m + n > 2). The miktoarm star architecture is 

known or predicted to stabilize new phases,9,15,34 reduce domain spacing,35 and manipulate 

melt25,26,36,37 or solution38–40 properties, making them attractive for applications such as 

lithography and drug delivery. A further subset of miktoarm star polymers that accentuates the 

role of architecture in self-assembly involves asymmetry in arm number (m ≠ n); here, we 

focus on the limit m = 1, e.g., ABn. As result of arm asymmetry, bulk phase boundaries are 

significantly deflected towards larger values of the A-block volume fraction (fA).5,15 This effect 

has been beautifully exploited by Lynd41 and Shi42 to design new thermoplastic elastomers 

(A(BA′)n) that are stronger, stiffer, and tougher than commercial ABA linear triblock 

copolymers.  

Despite the importance of miktoarm star polymers in contemporary polymer science, 

their synthesis still remains a major challenge. The standard approach to generate precise 

connectivity at a common junction uses some combination of “grafting-from” and “grafting-

to” multi-step reaction schemes.43 The need for orthogonal reactivity, high yields, and designer 

core molecules requires tedious synthetic routes that often include time-consuming coupling, 

polymerization, (de)protection, and purification steps such as fractional precipitation and high 

performance liquid chromatography.36,44,45 For example, the materials studied by Shi and 

coworkers42 necessitated reaction times in excess of 30 days to push coupling to high 
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conversion and still required purification via fractionation.45–47 Moreover, changing the 

number of arms is non-trivial since a new core starting material must be selected each time. 

Motivated by the difficulty of traditional miktoarm star polymer syntheses, we recently 

exploited the versatility, speed, and efficiency of Grubbs-type ring-opening metathesis 

polymerization (ROMP)48–57 to synthesize miktoarm star polymers via the grafting-through 

copolymerization of two different macromonomers at low backbone degrees of polymerization 

(NBB).58 This type of statistical copolymerization is remarkably well controlled and the short 

backbone behaves physically like the core of a star polymer at NBB ≲ 12 as evidenced by 

experiments and theory. However, simple copolymerization trades molecular precision for 

synthetic versatility since the reaction stoichiometry can only control the average number of 

arms and molecular composition. As a result, bulk phase behavior is dominated by dispersity 

effects that counteract phase boundary deflection, even in the case of nominally asymmetric 

architectures. Copolymerization therefore cannot generate the unique phase behavior that 

distinguishes asymmetric miktoarm stars from traditional block copolymers. 

 Here, we introduce a new synthetic method termed μSTAR (Table 3.1, top) — 

Miktoarm Synthesis by Termination After Ring-opening metathesis polymerization — that 

efficiently generates asymmetric miktoarm star polymers using ruthenium-catalyzed 

macromonomer polymerization (B → Bn) followed by in-situ enyne-mediated termination59 to 

install the single A arm (Bn → ABn). μSTAR sits at an optimal synthetic intersection, 

combining the versatility and speed of a macromonomer approach using ROMP with the 

precision of a highly efficient coupling step. Using a handful of macromonomers and 

macroterminators as building blocks, a diverse library of miktoarm stars can be easily prepared 

with different numbers of arms and block chemistries. We highlight this modularity by 
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synthesizing ABn and A(BA′)n miktoarm star polymers comprising six different permutations 

of A and B block chemistry selected from poly(siloxane), poly(acrylate), poly(methacrylate), 

poly(ether), poly(ester), and poly(styrene). The average number of B arms (n) is easily 

controlled by the equivalents of Grubbs catalyst to macromonomer in the initial polymerization 

step. Importantly, the phase behavior of these polymers with disperse n exhibits significant 

phase boundary deflection, in agreement with self-consistent field theory (SCFT) simulations 

performed on precise (monodisperse n) analogues. A major implication of this finding is that 

the dispersity in n produced by μSTAR is advantageous from the perspective of significantly 

simplifying the synthesis of miktoarm star polymers while retaining the characteristic phase 

behavior that produces interesting bulk properties. The speed, efficiency, and broad scope of 

μSTAR establishes a compelling new synthetic platform for asymmetric miktoarm star 

polymers and supports the notion that low dispersity is not always better in block copolymer 

self-assembly.60,61 

3.2 Synthesis of Macromonomers, Macroterminators, and Star Polymers 

Two types of simple linear precursors are needed in the μSTAR process to create 

miktoarm polymers: a macromonomer with a single polymerizable end-group and a 

macroterminator that will irreversibly couple exactly once to the active chain ends. We focus 

on using Grubbs-type ring-opening metathesis polymerization (ROMP) to construct the 

junction due to its well-established functional group tolerance, fast reaction rates, and high 

yields.65 Norbornene was therefore selected as the polymerizable group on the macromonomer 

because it undergoes efficient ROMP;66 both homopolymer (B) and diblocks (BA′) will be 

discussed with norbornene installed on the B terminus. For the macroterminator, we exploit 
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enyne-mediated termination chemistry recently developed by Gutekunst and coworkers59 to 

perform macromolecular coupling of living metathesis polymers.67,68 While enyne 

macroterminators were previously shown to efficiently prepare diblocks, the sterics involved 

in coupling to the core of a star polymer present a unique challenge.69 Nevertheless, the high 

reactivity of enynes makes them suitable for macromolecular couplings that would otherwise 

not be possible with traditional ROMP termination methods employing substituted vinyl ethers 

or symmetrical cis-olefins.70–74 The generic end-groups used in μSTAR are illustrated in Table 

3.1 (top). 
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Table 3.1. (top) Generic μSTAR synthesis of miktoarm star polymers using norbornene-
functionalized macromonomers and enyne macroterminators. (bottom) Macromonomers, 
macroterminators, and miktoarm star polymers synthesized in this work.  

 
 

Macromonomers with different B chemistry were synthesized by polymerization from 

functional norbornene initiators or coupling reactions between a norbornene acid and 

commercially available monotelechelic polymers. In summary, six different macromonomers 

were synthesized that span various classes of polymer chemistry: poly(lactide) (PLA), 
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poly(dimethylsiloxane) (PDMS), poly(4-methylcaprolactone–block–lactide) (PMCL-PLA), 

poly(styrene) (PS), poly(2-trifluoroethyl acrylate) (PTFEA), and poly(methyl methacrylate) 

(PMMA) (Table 3.2). Similarly, six macroterminators (A) were prepared by coupling to or 

directly growing from the enyne terminator molecule (Table 3.3). PDMS, PLA, poly(ethylene 

oxide) (PEO), poly(n-butyl acrylate) (PnBA), and poly(tert-butyl acrylate) (PtBA) were 

chosen as the A block. The methyl ester enyne small molecule can be prepared in four high 

yielding steps and is further derivatized into the terminator of choice by one or two additional 

reactions.59 Table 3.1 (bottom) summarizes these materials; full synthetic details are provided 

in the experimental section (Schemes 3.1–3.13).  

Table 3.2. Summary of macromonomer characterization data. 

Macromonomer Mn,NMR
a Mn,SEC-MALS

a,b Đb 

PLA-MM-5 5.2 4.3 1.01 

PDMS-MM-6 5.6 6.3 1.01 

PS-MM-2 2.1 2.1 1.03 

P4MCL-MM-4 4.0 4.3 1.07 

P4MCL-PLA-MM-4-3 6.6 6.2 1.02 

PMMA-MM-4 3.7 4.3 1.05 

PTFEA-MM-6 6.9 4.9* 1.16* 

aIn units of kg mol–1. bMeasured using size-exclusion chromatography with light scattering and 
differential refractive index detectors. *Determined using dRI detection in CHCl3 relative to 
polystyrene standards. 
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Table 3.3. Summary of macroterminator characterization data. 

Macroterminator Mn,NMR
a Mn,SEC-MALS

a,b Đb 

PLA-MT-4 5.7 5.1 1.01 

PLA-MT-24 23 24 1.02 

PDMS-MT-6 5.9 6.3 1.02 

PEO-MT-5 6.5 5.8 1.13 

PnBA-MT-6 7.3 6.7 1.01 

PtBA-MT-5 6.3 5.7 1.07 

aIn units of kg mol–1. bMeasured using size-exclusion chromatography with light scattering and 
differential refractive index detectors. 

 

 
Figure 3.1. Size-exclusion chromatograms (normalized differential refractive index signal, 
dRI) of the miktoarm star polymers (solid black lines) listed in Table 1: (a) PLA4-PDMS, (b) 
PDMS4-PLA, (c) PS4-PEO, (d) PMMA4-PAA, (e) PTFEA4-PnBA, and (f) (PLA-PMCL)3-
PLA. Macromonomers and macroterminators are depicted with dashed lines. See the 
experimental section (Figures 3.11–3.19) for traces of the poly(macromonomers), which were 
omitted here for clarity. In (d), the macroterminator trace represents poly(tert-butyl acrylate) 
before deprotection, while the final miktoarm star curve comprises poly(acrylic acid) after 
deprotection. Also note that the small bump near 14 min is small molecule elution. In (e), the 
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PTFEA macromonomer and PTFEA4-PnBA samples have negative dn/dc values in THF; the 
dRI data were multiplied by –1 for the purpose of consistent presentation. 
 

The efficacy of μSTAR at synthesizing asymmetric miktoarm star polymers is evident 

in Figure 3.1, which summarizes size-exclusion chromatograms (SECs) of the 

macromonomers (dashed lines), macroterminators (dashed lines), and resultant miktoarm star 

polymers (solid lines) for the combinations described in Table 3.1. The general process 

involves two steps that occur in one pot. (1) Polymerization of the macromonomer creates a 

short bottlebrush (NBB < 12)  with star-like physical properties58 (vide infra); after complete 

conversion, an aliquot of the poly(macromonomer) is extracted. (2) In situ termination by the 

addition of macroterminator efficiently couples a single A arm to the living star polymer, 

resulting in ABn or A(BA′)n chain connectivity. SEC traces of the poly(macromonomers) are 

omitted from Figure 3.1 for clarity but can be found in the experimental section (Figures 3.11–

3.19). Note that with the exception of Figure 3.1f, n = 4 was targeted in this initial set of 

examples. Kinetic experiments performed with a model 5 kDa PLA macroterminator indicate 

the coupling process is finished in about 2 hours at room temperature (Figure 3.2). 

 

Figure 3.2. SECs (normalized differential refractive index signal) of (PDMS-MM-5)4-PLA-
MT-5 coupling kinetics. Time of 0 minutes corresponds to when the PLA-MT-5 was added. 
No change is observed after 2 hours. 
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After termination, the increase in poly(macromonomer) absolute molecular weight as 

measured with multi-angle light scattering (MALS) is consistent with the macroterminator size 

(Table 3.4–3.5). A single precipitation into methanol, diethyl ether, or hexanes is sufficient to 

isolate the final miktoarm star polymers, which have low molar mass dispersities (Ð < 1.2, 

Table 3.5) and monomodal SEC traces (Figure 3.1). 1H nuclear magnetic resonance (NMR) 

measurements further confirmed the stoichiometric coupling of macroterminator and 

poly(macromonomer) (Figure 3.20–3.30) and were also used to calculate compositions as 

tabulated in Table 3.5. Diffusion-ordered spectroscopy (DOSY) analysis as described in the 

experimental section revealed that these miktoarm star polymers lack homopolymer 

contamination within measurement error (Tables 3.6–3.7, Figure 3.31–3.32)75 as attempts to 

determine the percent of homopolymer contamination with multi-component fits yielded 

inconsistent results and non-physical diffusion coefficients, which is evidence of data 

overfitting.76 

Table 3.4. Summary of poly(macromonomer) characterization data.   

Poly(macromonomers)  Mn,SEC-MALS
a,b Đb nc 

(PLA-MM-4)4 21 1.14 4.1 

(PDMS-MM-5)4 24 1.16 3.8 

(PMMA-MM-4)4 18 1.21 4.2 

(PTFEA-MM-6)4 14* 1.18 - 

(PS-MM-2)4 8.4 1.16 3.9 

(P4MCL-PLA-MM-4-3)3 17 1.32 2.9 

(P4MCL-PLA-MM-4-3)5 27 1.19 4.5 

(P4MCL-PLA-MM-4-3)7 42 1.16 7.1 

(P4MCL-PLA-MM-4-3)9 54 1.18 9.1 

aIn units of kg mol–1. bMeasured using size-exclusion chromatography with light scattering and 
differential refractive index detectors. cDetermined from Mn,SEC-MALS of the corresponding 
macromonomer. *Determined using dRI detection in CHCl3 relative to polystyrene standards. 
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Table 3.5. Summary of miktoarm star polymer characterization data. 

Miktoarm Star Polymer Mn,NMR
a Mn,SEC-MALS

a,b Đb fA
c 

(PLA-MM-5)4-PDMS-MT-5 33 24 1.03 0.20 

(PDMS-MM-5)4-PLA-MT-4 30 28 1.06 0.14 

(PMMA-MM-4)4-PtBA-MT-5 29 22 1.13 0.25 

(PMMA-MM-4)4-PAA-MT-5 27 N/A** 1.17 0.13 

(PTFEA-MM-6)4-PnBA-MT-6 45 19* 1.11* 0.18 

(PS-MM-2)4-PEO-MT-5 14 15 1.15 0.33 

(P4MCL-PLA-MM-4-3)3-PLA-MT-24 50 39 1.09 0.71 

(P4MCL-PLA-MM-4-3)5-PLA-MT-24 55 46 1.05 0.68 

(P4MCL-PLA-MM-4-3)7-PLA-MT-24 66 54 1.09 0.62 

(P4MCL-PLA-MM-4-3)9-PLA-MT-24 75 64 1.14 0.58 

aIn units of kg mol–1. bMeasured using size-exclusion chromatography with light scattering and 
differential refractive index detectors. cVolume fraction of the macroterminator (A block) 
determined by NMR. *Determined using dRI detection in CHCl3 relative to polystyrene 
standards. **Accurate molecular weight could not be determined from MALS. 

 
Another advantage of μSTAR is the ability to easily vary the average number of B or 

BA′ arms by changing the equivalents of macromonomer to Grubbs initiator. A series of four 

A(BA′)n asymmetric miktoarm star polymers (A = PLA, BA′ = PMCL–block–PLA) with n = 

3, 5, 7, or 9 arms was prepared simultaneously in separate reaction vessels using the same 

macromonomer and macroterminator precursors (Figure 3.3). SEC traces smoothly decrease 

in elution time as n increases, and absolute molecular weight measurements are consistent with 

increasing the average number of poly(macromonomer) arms across the range n = 3 – 9 (Table 

3.4). This ability to easily vary the number of arms stands in stark contrast to all previous 

synthetic strategies where a different initiator or core must be synthesized whenever the 

number of arms is varied.29,45,77 These materials also highlight the tolerance of μSTAR 

chemistry to high molecular weights; for n = 9, a 54 kDa poly(macromonomer) cleanly couples 

to a 24 kDa PLA macroterminator using only 1.1 equivalents of the latter.  
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Figure 3.3. μSTAR can easily vary the average number of arms n in an asymmetric miktoarm 
star polymer. (a) Chemical structure of (PLA-PMCL)n-PLA with n = 3 – 9. (b) Normalized 
differential refractive index signal from SEC analysis of the isolated miktoarm star polymers. 
See Table 3.5 for a summary of molecular weights and dispersities. 

3.3 Self-Assembly 

 A key question that remains is whether asymmetric miktoarm star polymers 

synthesized via μSTAR (with dispersity in n) self-assemble as predicted by theory for precise 

analogues. We have opted to study in detail the phase behavior of the (PLA-PMCL)n-PLA 

samples described in Figures 3.1 and 3.3 since the addition of a short A′ block flanking B is 
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predicted to further accentuate the phase boundary deflections that are characteristic of 

asymmetric ABn miktoarm star polymers.41 

 
Figure 3.4. The phase behavior of (PLA-PMCL)n-PLA miktoarm star polymers containing 
dispersity in n is consistent with simulations of precise analogues. Left: Small-angle X-ray 
scattering data with triangles demarcating the expected location of Bragg reflections for 
lamellar (LAM, n = 3), gyroid (GYR, n = 5), and hexagonally close-packed cylinder (HEX, n 
= 7) morphologies. Right: SCFT simulations at τ ≡ NA/(NA + NA′) = 0.91 relating morphology, 
PLA volume fraction (fPLA), and the number of PMCL-PLA (BA′) diblock arms (n) at χN = 36, 
which corresponds to the segregation strength at 298 K.79 Superposed symbols represent the 
four experimental samples from part (a). 
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 The left half of Figure 3.4 reports synchrotron small angle X-ray scattering (SAXS) patterns 

collected at room temperature after annealing (PLA-PMCL)n-PLA with a varying number of 

PLA-PMCL diblock arms (n = 3 – 9) at 140 °C for 18 hours. Note that the volume fraction of 

PLA (fPLA) changes with n such that these samples span fPLA = 0.58 – 0.71. The SAXS traces 

for n = 3 (fPLA = 0.71), n = 5 (fPLA = 0.68), and n = 7 (fPLA = 0.62) can be cleanly indexed as 

indicated by triangles that demarcate the expected location of scattering reflections for lamellar 

(LAM), gyroid (GYR), and hexagonally close-packed cylinders (HEX), respectively. The n = 

9 material shows broader peaks that are less well-defined, but their intensity maxima roughly 

coincide with those expected for a spherical form factor and Percus–Yevick structure factor78 

(Figure 3.5); we tentatively ascribe this morphology as disordered spheres that possibly fail to 

order on a well-defined lattice due to kinetic limitations.  
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Figure 3.5. SAXS data of (P4MCL-PLA-MM-4-3)9-PLA-MT-24 (black line) is roughly 
consistent with a disordered spherical micelle model (red line).9 
 

Collectively, these data are consistent with a remarkable deflection of order–order 

phase boundaries towards larger fA relative to linear AB diblock or ABA triblock copolymers. 

For example, the HEX–GYR transition occurs near fA = 0.3 with linear diblocks versus in the 

vicinity of fA = 0.62 – 0.68 that we measure for (PLA-PMCL)n-PLA mikto polymers. We are 

confident that the PLA block resides in the interior of the cylinders since GYR (fPLA = 0.68) 

and LAM (fPLA = 0.71) occur at even larger volume fractions. Perhaps stronger direct proof is 

the HEX sample exhibits recoverable elasticity in cyclic tensile tests, the details of which will 

be described in a forthcoming report. These experimental data relating morphology and volume 

fraction are in agreement with SCFT simulations performed on A(BA′)n asymmetric miktoarm 

star polymers using the literature-reported79 value of χPLA–PMCL and the degrees of 
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polymerization measured experimentally for A = PLA and BA′ = PMCL-PLA (Figure 3.4: 

right). We conclude that asymmetric miktoarm star polymers synthesized via μSTAR — which 

necessarily have dispersity in n — can self-assemble into structures that mimic precise 

molecular analogues. 

3.4 Discussion 

 Historically, anionic polymerization has been the workhorse synthetic technique used 

to construct miktoarm star polymers, including ABn
32,69,77,80,81 and A(BA′)n

42,45 asymmetric 

variants. While effective, rigorous purification requirements, a limited monomer scope, 

sequence constraints, sluggish coupling kinetics47 (that can take months to reach full 

conversion), and the need for additional purification by fractional precipitation32,45,77 are 

inconvenient from both practical and design perspectives. μSTAR overcomes all of these 

challenges, assuming that dispersity in n can be tolerated, by exploiting the well-established 

functional group compatibility and speed of ROMP. We note that a conceptually similar 

approach has been attempted with anionic polymerization in the past, namely the grafting-

through polymerization of a polystyrene (polyisoprene) macromonomer to construct the Bn 

core, either preceded or followed by the polymerization of polyisoprene (polystyrene) to grow 

a single A block.82 The result was rather broad and multimodal SEC traces, particularly for the 

poly(macromonomers). Despite improvement after repeated fractional precipitation, even a 

further optimized anionic methodology would lack the versatility of a ROMP-based approach.  

 The examples in Figures 3.1 and 3.3 were selected to accentuate different types of 

chemistry that are of contemporary importance and challenging to link together using 

traditional miktoarm star syntheses. For example, PLAn-PDMS (Figure 3.1a) and PDMSn-
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PLA (Figure 3.1b) may be useful as lithographic materials with higher resolution than linear 

analogues due to architecture effects while maintaining good etch contrast.13,19,35,37,83,84 In the 

field of electrochemical energy storage, miktoarm star polymers containing PEO blocks are of 

interest as safe battery electrolytes, yet their reported synthesis is involved.36 We have 

demonstrated that PSn-PEO miktoarm stars are straightforward to synthesize with μSTAR 

(Figure 3.1c). μSTAR also provides access to amphiphilic miktoarm star polymers, e.g., by 

combining a PMMA macromonomer and PtBA terminator (Figure 3.1d) followed by acid-

catalyzed deprotection of the tert-butyl ester to poly(acrylic acid) (PAA). The sulfonamide–

pyrroline linkage created during termination is robust enough withstand a concentrated 

solution of trifluoroacetic acid and yield the partially charged PMMAn-PAA star polymer 

(Scheme 3.14, Figure 3.33–3.36). Figure 3.1e further showcases a combination of acrylates 

(PTFEA4-PnBA) that would be especially difficult to access via a core-first approach since 

both monomers undergo polymerization with the same type of radical initiator; the 

incorporation of semi-fluorinated acrylates may also create opportunities in surface coatings 

and other advanced materials.85–88   

 As introduced earlier, the A(BA′)n architecture presents exciting opportunities for next-

generation thermoplastic elastomers.42 To date, this concept has only been explored using A, 

A′ = poly(styrene) (PS) and B = poly(isoprene) (PI) blocks synthesized by anionic 

polymerization and silyl chloride coupling.45 Inspired by the work of Hillmyer,79 here we have 

shown that renewable types of glassy (PLA) and rubbery (PMCL) polyesters can form A(BAʹ)n 

miktoarm stars with n = 3 – 9 using μSTAR (Figure 3.1f and 3.3), which are inaccessible via 

the established anionic route. The phase behavior of (PLA-PMCL)n-PLA asymmetric 

miktoarm star polymers synthesized with μSTAR is consistent with past experimental reports 
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on precise (PS-PI)3-PS42 and theory that anticipate significant deflection of order–order 

transitions towards larger volume fractions due to molecular architecture. We have not 

observed this effect in any simple ROMP copolymerizations involving A and B 

macromonomers,58 even at unequal feed compositions, which suggests that efficient 

termination chemistry (or some other method of installing a single A arm) is key to unlocking 

the unique self-assembly of asymmetric miktoarm star polymers. This result bolsters our 

previous finding that short bottlebrushes actually behave like miktoarm star polymers despite 

the inherent dispersity in n.58 Note that SCFT simulations reveal a large sensitivity to the 

relative lengths of A and A′ blocks as parameterized by τ = NA/(NA+NA′) (Figure 3.6). 

Although our experimental calculation of τ is based on molar masses measured by NMR (τ = 

0.896) and MALS (τ = 0.925) that are within reasonable experimental uncertainty, SCFT 

simulations match the data in Figure 3.4 (left) best with an intermediate τ = 0.91 shown in 

Figure 3.4 (right). SCFT also accurately captures the temperature-dependent phase behavior 

of these materials. By measuring the order–disorder transition temperature (TODT) with variable 

temperature SAXS (Figure 3.7) and calculating χ(TODT) from the relationship reported by 

Watts,79 (χN)ODT was compared to SCFT predictions. 
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Figure 3.6. SCFT phase diagrams of A(BA′)n miktoarm star polymers plotted as the number 
of BA′ arms (n) vs. A-block volume fraction (fA) at χNABA′ = 36, corresponding to the 
segregation strength of miktoarm star polymers at 298 K.1 Symbols indicate experimental 
phases measured by SAXS for (P4MCL-PLA-MM-4-3)n-PLA-MT-24 with (a) τ = 0.90 and (b) 
τ = 0.925. Neither value of τ perfectly captures the phase behavior observed in (P4MCL-PLA-
MM-4-3)n-PLA-MT-24 samples unlike when τ = 0.91 (see Figure 4 in the main text). This 
analysis highlights the sensitivity of A(BA′)n miktoarm star phase behavior to τ. 
 
Incredibly, for n = 3, the theoretical and experimental values differ by less than 1% (Figure 

3.8). As n increases, the deviation grows, but it never exceeds 12%. We hasten to note that not 

all miktoarm star samples produced with μSTAR show scattering reflections that are as well-

resolved as those in Figure 3.4. 
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Figure 3.7. Variable temperature SAXS experiments on (P4MCL-PLA-MM-4-3)n-PLA-MT-
24 for n = 3, 5, and 7. (a) n = 3: TODT,Exp = 130 ℃. (b) n = 5: TODT,Exp = 125 ℃. (c) n = 7: TODT,Exp 
= 137 ℃. 
 
This may be the result of thermodynamic or kinetic factors that are influenced by architecture, 

dispersity, high molecular weight, or a combination thereof. For example, with n = 9 and fA = 

0.58 (Figure 3.4, left), the thermodynamically stable phase might be A15,15,89 which is likely 

kinetically inaccessible above a certain threshold molecular weight.90 Another possibility is a 

complex free energy landscape; Grason and coworkers have previously argued that kinetic 

trapping could cause a similar glassy intermediate phase in AB2 miktoarm stars due to the near 

degeneracy of BCC and A15.15 Thus, it is not surprising that complex sphere phase formation 
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is suppressed.10,90 Nevertheless, we find it remarkable that μSTAR can produce clean self-

assembly given the dispersity in n. 

 
Figure 3.8. Comparison of simulated (red circles) and experimental (purple dashes) values of 
�N at the order–disorder transition (�N)ODT for A(BA′)n miktoarm star polymers. The 
experimental value of �(TODT) was calculated using the measured TODT (Figure S30) and the 
temperature-dependent equation for � reported by Hillmyer: χ = 51.6/T – 0.07.1 Error bars are 
derived from their reported error in �,1 which spans a +/– 25% range in �N. 
 
 Figure 3.9 illustrates the key differences in molecular composition and self-assembly 

that result from various miktoarm star synthesis techniques. Simple ROMP copolymerization 

with either a blocky or statistical sequence at low NBB generates composition and arm-number 

dispersity that together tend to favor a flat block–block interface (Figure 3.9a).58 At the same 

overall composition (i.e., fA = 0.5), asymmetric miktoarm star polymers with a precise number 

of arms (for example, AB3) bias interfacial curvature toward the A block (Figure 3.9b).15,26 

Samples synthesized using μSTAR sit somewhere in between — exactly one A arm and a 

distribution of B arms still results in self-assembly that favors interfacial curvature, the 

magnitude of which is evidently similar to precise analogues with the average μSTAR 
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composition (Figure 3.9c). One benefit of incorporating such dispersity lies in relaxing the 

synthetic burden without drastically impacting self-assembly. 

 
Figure 3.9. Illustration of molecular composition and self-assembly resulting from different 
miktoarm star synthesis techniques. (a) Simple ROMP copolymerization of two 
macromonomers generates dispersity in composition and the number of A and B arms, which 
promotes flat block–block interfaces.58 (b) Asymmetric miktoarm stars (e.g., AB3) created by 
a precise synthesis favor interfacial curvature toward the A block.15 (c) μSTAR produces 
miktoarm stars with a distribution of B arms and exactly one A arm, resulting in interfacial 
curvature that is equivalent to precise analogues comprising the average molecular 
composition. 

3.5 Conclusions 

In summary, we have introduced a new synthetic technique termed μSTAR that 

generates ABn and A(BA′)n asymmetric miktoarm star polymers using grafting-through 

polymerization and efficient enyne-mediated polymer–polymer coupling chemistry. This 

modular approach is compatible with a wide variety of polymer chemistries and can 

accommodate high molecular weight arms. The average number of B or BA′ arms (n) is easily 

varied by the ratio of Grubbs catalyst to macromonomer in the initial polymerization step. 

Miktoarm star polymers made via μSTAR exhibit large deflections in the block copolymer 
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phase diagram (relative to linear analogues) unlike stars produced by statistical grafting-

through copolymerization. Despite the dispersity in n, experimental phase behavior matches 

SCFT calculations performed with precise molecular connectivity. μSTAR significantly 

simplifies the synthesis of asymmetric miktoarm star polymers when dispersity in arm number 

can be tolerated. 

3.6 Experimental 

3.6.1 Chemicals 

Unless otherwise stated, all chemicals were purchased at the highest available purity 

and used as received. All reactions were carried out under a nitrogen atmosphere with dry 

solvents using anhydrous conditions unless otherwise stated. Dry, degassed dichloromethane 

(DCM), tetrahydrofuran (THF), and toluene were obtained from a JC Meyer solvent 

purification system. CH2Cl2 used for the synthesis of poly(d,l-lactide) was subsequently 

distilled from CaH2. Tin(II) 2-ethylhexanoate (Sn(Oct)2, Aldrich, 92.5–100%) was fractionally 

distilled 3× under reduced pressure (50 mtorr, 150 ℃) and stored in a nitrogen filled glovebox 

before use. 4-Methylcaprolactone (4MCL) was prepared according to literature,1 purified by 

fractional distillation 3× from calcium hydride (CaH2, Fisher Scientific, 93%), 3× from 

Sn(Oct)2 under reduced pressure (50 mtorr, 50 ℃), and stored in a nitrogen filled glovebox 

before use. d,l-Lactide was generously provided by Corbion (PURASORB DL) and 

recrystallized once from anhydrous ethyl acetate (Fisher Scientific, 99.9%) and twice from 

anhydrous toluene. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, Alfa Aesar, 99%) was distilled 

from CaH2, diluted with anhydrous THF to 1.5 M, and transferred to glass ampoules that were 

then flame sealed. Grubbs’ second-generation metathesis catalyst 
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[(H2IMes)(PCy3)2(Cl)2Ru=CHPh] was generously provided by Materia. Grubbs’ third-

generation metathesis catalyst [(H2IMes)(pyr)2(Cl)2Ru=CHPh] (G3) was prepared according 

to literature.2 When reported, yields refer to chromatographically and spectroscopically (1H-

NMR) homogeneous materials, unless otherwise stated. Reactions were monitored by thin 

layer chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) using 

UV light as the visualizing agent and basic aqueous potassium permanganate (KMnO4), and 

heat as developing agents. E. Merck silica gel (60, particle size 0.043–0.063 mm) was used for 

flash column chromatography.  

3.6.2 Characterization 

 1H and 13C NMR spectra of small molecules were recorded on Bruker Avance 400 or 

500 MHz instruments and calibrated using residual undeuterated solvent as an internal 

reference (CHCl3 @ 7.26 ppm 1H NMR, 77.16 ppm 13C NMR). 1H, 13C, and 19F NMR spectra 

of polymers were collected on a 600 MHz Varian VNMRS. The following abbreviations (or 

combinations thereof) were used to explain the multiplicities: s = singlet, d = doublet, t = triplet, 

q = quartet, m = multiplet, br = broad. Mass spectra (MS) were recorded on a LC/MS (Agilent 

Technologies 1260 Infinity II/6120 Quadrupole) by ESI. Melting points were measured on 

Bibby Scientific’s MEL-TEMP Digital Melting Point Apparatus. Infrared (IR) spectra were 

recorded on a Thermo Nicolet iS10 Fourier-transform infrared (FTIR) spectrometer with a 

Smart Diamond attenuated total reflectance (ATR) sampling accessory. Size-exclusion 

chromatography with multi-angle light scattering detection (SEC-MALS) was performed 

using two Agilent columns (PLgel, 5 µm MiniMIX-D, 250 × 4.6 mm) connected to a Waters 

Alliance HPLC System, 2690 Separation Module pump, a Wyatt 18-angle DAWN HELEOS-

II light scattering detector, and Wyatt REX differential refractive index detector using THF as 
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the mobile phase. Absolute molar mass was determined by light scattering using online 

determination of dn/dc by assuming 100% mass elution under the peak of interest. Size-

exclusion chromatography was also performed on a Waters instrument using a differential 

refractive index (dRI) detector and two Tosoh columns (TSKgel SuperHZM-N, 3 μm polymer, 

150 × 4.6mm) with chloroform at 35 °C as the mobile phase. In this case, molar masses and 

molar mass dispersity (Đ) were determined against narrow PS standards (Agilent). 1H and 19F 

diffusion-ordered spectroscopy (DOSY) experiments were performed on a Bruker Avance III 

300 MHz SWB Diffusion NMR Spectrometer equipped with a Diff50 z-Diffusion Probe using 

a stimulated echo sequence using bipolar gradients (SteBp) pulse sequence62 using 16 gradient 

steps and acquiring 16 scans at each step. All DOSY experiments were run in either 

chloroform-d or acetone-d6 at polymer concentrations of ≈25 mg/mL without spinning to avoid 

convection. DOSY data analysis was performed in Mathematica wherein the data were 

normalized and fit to a single exponential function. Room temperature SAXS measurements 

were performed at beamline 7.3.3 of the Advanced Light Source (ALS) at Lawrence Berkeley 

National Laboratory in Berkeley, CA. A sample-to-detector distance of 3815 mm was used 

with an X-ray wavelength of 1.24 ℃. Variable temperature SAXS measurements were 

performed at beamline 1-5 of Stanford Synchrotron Radiation Lightsource (SSRL) to 

determine order–disorder transition temperatures (TODT) using a sample-to-detector distance of 

2870 mm and a 1.03 ℃ X-ray wavelength. Heating was performed on a custom stage with 

temperatures measured at the sample position to ensure accuracy. Samples were equilibrated 

for 5 minutes at each temperature before collecting scattering images. For all SAXS 

experiments, a silver behenate standard was used to calibrate the scattering angles. 2D data 

were reduced by azimuthal averaging to give I(q), where I is intensity in arbitrary units, q = |q| 
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= 4πλ–1 sin(θ/2) is the magnitude of the scattering wave vector, λ is the wavelength of the 

incident beam, and θ is the scattering angle. 

3.6.3 Self-Consistent Field Theory 

 Self-consistent field theory (SCFT) simulations were performed using the standard 

model of an incompressible diblock copolymer melt (Model E in Ref. 63) using chain 

propagators suitably adjusted to account for the star architecture with all polymer arms 

extending from a single point.63 The modified diffusion equation was solved pseudo-spectrally 

in the field variables using the second-order operator splitting (SOS) algorithm for the contour 

variable with contour resolution of Δs = 0.001. Note that this relatively small value of Δs was 

necessary to sufficiently resolve the block bi-dispersity parameter τ.  Field updates were 

performed using the semi-implicit Siedel (SIS) scheme. Phase diagrams were constructed in 

the standard manner by computing the free energy of different candidate phases and then 

determining where the free energies of two phases are equal. Candidate phases considered (and 

corresponding spatial resolution) were BCC spheres (32×32×32), cylinders (32×32), double 

gyroid (32×32×32), lamellae (128), and the disordered phase. The ODT was determined using 

the experimentally relevant fA and adjusting χ until the free energy of the disordered and closest 

ordered phase were equal. The statistical segment length of the two blocks were assumed to be 

equal (bA/bB = 1). A more detailed computational study of the miktoarm architecture will be 

the topic of a forthcoming publication.64 

Scheme 3.1. Synthesis of enyne-functionalized ATRP initiator 
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 To a stirred suspension of the carboxylic acid3 (4.17 g, 7.50 mmol, 1.0 eq) in dry DCM 

(80 mL) was added 2-hydroxyethyl 2-bromoisobutyrate4 (1.58 g, 7.50 mmol, 1.0 eq), 4-

Dimethylaminopyridine (DMAP) (92 mg, 0.75 mmol, 0.1 eq), and  N,N'-

Dicyclohexylcarbodiimide (DCC) (1.86 g, 9.0 mmol, 1.2 eq) at room temperature. The reaction 

mixture was stirred for 24 hours at room temperature, during which time white solids 

precipitated. The white solids were filtered off and washed with 10 mL DCM. The filtrates 

were concentrated in vacuo and purified by column chromatography (hexanes: EtOAc = 5:1) 

to give the product as a colorless powder (5.35 g, 95%). m. p.: 62 – 64 ℃; 

MS (ESI) [M+Na]+ calcd. for C37H50BrNNaO6S2, 770.216, found, 770.214. 

1H NMR (500 MHz, CDCl3): δ. 8.21 (d, J = 8.6 Hz, 2H), 7.99 (d, J = 8.6 Hz, 2H), 7.42 (dd, J 

= 7.6, 1.4 Hz, 1H), 7.36 (dd, J = 7.8, 1.2 Hz, 1H), 7.24 (td, J = 7.6, 1.5 Hz, 1H), 7.19 (td, J = 

7.6, 1.2 Hz, 1H), 7.15 (d, J = 15.7 Hz, 1H), 6.02 (dt, J = 15.6, 6.9 Hz, 1H), 4.67 – 4.63 (m, 

2H), 4.59 – 4.55 (m, 2H), 4.20 (d, J = 2.4 Hz, 2H), 4.07 (dd, J = 6.9, 0.8 Hz,2H), 2.87 – 2.81 

(m, 2H), 2.06 (t, J = 2.5 Hz, 1H), 1.96 (s, 6H), 1.61 (dt, J = 15.0, 7.4 Hz, 2H), 1.39 (dd, J = 

14.4, 7.0 Hz, 2H), 1.28 (m, 16H), 0.90 (t, J = 7.0 Hz, 3H). 

13C NMR (126 MHz, CDCl3): δ. 171.41, 164.83, 143.13, 136.59, 135.47, 133.41, 133.25, 

130.19, 129.87, 128.34, 127.80, 126.44, 126.27, 124.18, 75.90, 74.28, 63.23, 62.81, 55.27, 
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48.86, 35.91, 34.09, 31.84, 30.59, 29.57, 29.56, 29.52, 29.43, 29.28, 29.10, 29.01, 28.80, 22.63, 

14.08. 

 
Scheme 3.2. Synthesis of PDMS-MM-6 

 

 To a solution of monocarbinol terminated polydimethylsiloxane (PDMS) (5 kDa, 18.00 

g, 3.6 mmol, Gelest) in dry DCM (250 mL) was added N-(hexanoic acid)-cis-5-norbornene-

exo-dicarboximide5 (2.58 g, 9.0 mmol, 2.5 eq), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) (2.41 g, 12.5 mmol, 3.5 eq), and 4-

dimethylaminopyridine (DMAP) (540 mg, 3.6 mmol, 1.0 eq) at room temperature. After 48 

hours, the reaction was washed with 3× 75 ml 1 M HCl, brine, dried over MgSO4, and then 

filtered through a plug of basic alumina. 

1H NMR (600 MHz, CDCl3) δ 6.28 (t, J = 1.9 Hz, 2H), 4.24 – 4.16 (m, 2H), 3.64 – 3.57 (m, 

2H), 3.44 (dt, J = 20.9, 7.2 Hz, 4H), 3.27 (p, J = 1.7 Hz, 2H), 2.66 (d, J = 1.4 Hz, 2H), 2.33 (t, 

J = 7.5 Hz, 2H), 1.69 – 1.46 (m, 11H), 1.36 – 1.27 (m, 6H), 1.23 – 1.19 (m, 1H), 0.88 (t, J = 

6.9 Hz, 3H), 0.58 – 0.47 (m, 4H), 0.07 (s, 436H). 

 
Scheme 3.3. Synthesis of PTFEA-MM-7 
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 In a 20 mL vial, 17.4 mg of CuBr2 (0.08 mmol, 0.05 eq) and 108 mg of Me6Tren (0.47 

mmol, 0.18 eq) were combined with 3.9 mL of trifluoroethanol (TFE) and sonicated for 15 

minutes. In another 20 mL vial charged with a stir bar, 277 mg of N-(ethyl 2-bromo-2-

methylpropanoate)-cis-5-norbornene-exo-dicarboximide6 (0.78 mmol, 1 eq) was added. Then 

5.6 mL of TFE and 7.8 g of trifluoroethyl acrylate (6.4 mL, 50.6 mmol, 64.9 eq) were added. 

Next, 0.78 mL of the CuBr2/Me6Tren stock solution was added. The vial was sparged with N2 

for 15 min. The reaction mixture was then placed into a commercial UV nail lamp system and 

irradiated with 360 nm light. After 1.5 hours the reaction mixture was precipitated into 0.1 M 

HCl in methanol. The polymer was dissolved in DCM, passed through a plug of basic alumina, 

and precipitated 3 more times in methanol.  

1H NMR (600 MHz, CD2Cl2) δ 6.35 – 6.24 (m, 2H), 4.73 – 4.31 (m, 88H), 4.15 (t, J = 5.0 Hz, 

2H), 3.73 (q, J = 4.8, 4.2 Hz, 2H), 3.24 (s, 2H), 2.69 (s, 2H), 2.66 – 2.25 (m, 44H), 2.25 – 1.94 

(m, 21H), 1.80 (p, J = 6.6 Hz, 44H), 1.63 (ddd, J = 31.3, 22.4, 14.7 Hz, 22H), 1.28 (d, J = 9.6 

Hz, 1H), 1.16 – 1.02 (m, 7H). 

19F NMR (564 MHz, CD2Cl2) δ –73.70 – –74.57 (m) 

 
Scheme 3.4. Synthesis of PMMA-MM-4 

 

 In a 100 mL flask, 31.5 mg of CuBr2 (0.14 mmol, 0.05 eq) and 117 mg of Me6Tren 

(0.51 mmol, 0.18 eq) were combined with 15 mL of isopropanol (IPA) and sonicated for 15 

minutes. Then, 1.00 g (2.82 mmol, 1 eq) of N-(ethyl 2-bromo-2-methylpropanoate)-cis-5-
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norbornene-exo-dicarboximide6 was added followed by 42 g (45 mL, 422.5 mmol, 150 eq) of 

methyl methacrylate. The flask was sealed with a septum and sparged with N2 for 10 minutes, 

after which a stir bar with copper wire wrapped around it was added, followed by sparging for 

5 more minutes. After 7 hours the reaction was quenched by precipitating the polymer into 

0.1M HCl in methanol. The reaction mixture was dissolved in DCM, passed through a plug of 

basic alumina and precipitated 3 more times in methanol. 

1H NMR (600 MHz, CDCl3) δ 6.28 (q, J = 2.2 Hz, 2H), 4.22 – 4.05 (m, 2H), 3.73 (q, J = 5.2 

Hz, 6H), 3.57 (q, J = 3.1, 2.6 Hz, 105H), 3.28 – 3.22 (m, 2H), 2.75 – 2.67 (m, 3H), 2.15 (s, 

4H), 1.97 – 1.71 (m, 68H), 1.53 – 1.34 (m, 7H), 1.27 – 1.16 (m, 3H), 1.08 (s, 3H), 1.06 – 0.89 

(m, 33H), 0.81 (t, J = 8.6 Hz, 74H). 

 
Scheme 3.5. Synthesis of PS-MM-2 

 

 In a 100 mL flask, 23 mg of CuBr2 (0.10 mmol, 0.05 eq) and 86 mg of Me6Tren (0.38 

mmol, 0.18 eq) were combined with 10 mL of isopropanol (IPA) and sonicated for 15 minutes. 

Then, 742 mg (2.08 mmol, 1 eq) of N-(ethyl 2-bromo-2-methylpropanoate)-cis-5-norbornene-

exo-dicarboximide6 was added followed by 45.3 g (50 mL, 435 mmol, 209 eq) of styrene. The 

flask was sealed with a septum and then sparged for 10 minutes, after which a stir bar with 

copper wire wrapped around it was added, followed by sparging with N2 for 5 more minutes. 

The reaction was placed in an oil bath and heated to 35 ℃. After 7 hours the reaction was 
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quenched by precipitating the polymer into acidic methanol. The reaction mixture was 

dissolved in DCM, passed through a plug of basic alumina, and precipitated 5 more times. 

1H NMR (600 MHz, CDCl3) δ 7.25 – 6.32 (m, 91H), 6.27 (s, 2H), 4.62 – 4.37 (m, 1H), 3.69 – 

3.31 (m, 4H), 3.24 (s, 2H), 2.66 – 2.58 (m, 2H), 2.21 – 1.31 (m, 55H), 1.20 (d, J = 8.9 Hz, 1H), 

1.02 – 0.77 (m, 6H). 

 
Scheme 3.6. Synthesis of P4MCL-MM-4 

 

In a nitrogen filled glovebox, 11.00 g of 4MCL (85.8 mmol, 218.5 eq), 532 mg of norbornene 

alcohol7 (2.57 mmol, 1 eq) and 17 mg of Sn(Oct)2 (0.043 mmol, 0.017 eq) were combined in 

an oven-dried heavy wall pressure vessel with a stir bar. The vessel was sealed with a threaded 

PTFE bushing using a perfluoro O-ring and removed from the glovebox. The vessel was placed 

in an oil bath at 115 ℃ and stirred for 70 minutes. After removal from the oil bath, the vessel 

was immediately quenched in an ice water bath. An aliquot was pulled to determine the 

monomer conversion by 1H NMR (80%). The reaction mixture was diluted with CH2Cl2 and 

precipitated into 800 mL of MeOH at –78 ℃. The MeOH was decanted. The solid product was 

redissolved in DCM and the precipitation repeated two more times in MeOH. The resulting 

P4MCL was dried in vacuo.  

1H NMR (600 MHz, CDCl3) δ 6.27 (t, J = 1.9 Hz, 2H), 4.23 – 4.20 (m, 2H), 4.14 – 4.01 (m, 

60H), 3.73 (t, J = 5.3 Hz, 2H), 3.71 – 3.59 (m, 2H), 3.26 (p, J = 1.7 Hz, 2H), 2.68 (d, J = 1.3 
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Hz, 2H), 2.37 – 2.18 (m, 62H), 1.71 – 1.60 (m, 62H), 1.60 – 1.50 (m, 33H), 1.50 – 1.36 (m, 

62H), 1.28 (dt, J = 9.9, 1.6 Hz, 1H), 0.90 (d, J = 6.6 Hz, 94H). 

 
Scheme 3.7. Synthesis of PLA-MM-5 

 

In a nitrogen filled glovebox, 6.00 g d,l-lactide (41.7 mmol, 38.6 eq), 224 mg alcohol7 (1.08 

mmol, 1 eq) were combined in an oven-dried flask with a stir bar, followed by the addition of 

70 mL CH2Cl2. The mixture was stirred for 10 min to ensure complete dissolution. Then 0.72 

mL of DBU solution (1.5 M in THF, 1.08 mmol, 1 eq) was added. After 6 minutes, the reaction 

was quenched with 525 mg benzoic acid (4.3 mmol, 4.0 eq). An aliquot was pulled to determine 

the monomer conversion by 1H NMR (87%). The solvent volume was reduced by one half in 

vacuo, 0.1 mL of trifluoroacetic acid (1.28 mmol, 2 equiv) was added with stirring, and the 

solution was immediately precipitated into 500 mL of cold MeOH. The MeOH was then 

decanted. The solid product was redissolved in DCM and the precipitation repeated two more 

times. The resulting PLA was dried in vacuo. 

1H NMR (600 MHz, CDCl3) δ 6.27 (d, J = 1.9 Hz, 2H), 5.31 – 5.10 (m, 69H), 4.39 – 4.29 (m, 

2H), 4.29 – 4.20 (m, 1H), 3.79 (ddd, J = 14.2, 7.6, 4.0 Hz, 1H), 3.70 (ddd, J = 14.3, 5.8, 3.9 

Hz, 1H), 3.25 (t, J = 1.8 Hz, 2H), 2.74 – 2.62 (m, 2H), 1.69 – 1.62 (m, 2H), 1.62 – 1.48 (m, 

210H), 1.23 (dd, J = 9.8, 1.7 Hz, 1H). 
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Scheme 3.8. Synthesis of P4MCL-PLA-MM

 
In a vial charged with a stir bar, 1.00 g P4MCL-MM-4 (0.24 mmol, 1 eq) was dried in vacuo 

for 3 days. In a nitrogen filled glovebox, 740 mg of d,l-lactide (5.1 mmol, 21.7 eq) was added, 

followed by the addition of 7.2 mL of CH2Cl2. The mixture was stirred for 10 min to ensure 

complete dissolution. Then 0.16 mL of DBU solution (1.5 M in THF, 0.24 mmol, 1 eq) was 

added. After 6 minutes, the reaction was quenched with 120 mg benzoic acid (1.0 mmol, 4.0 

eq). An aliquot was pulled to determine the monomer conversion by 1H NMR (98%). The 

solvent volume was reduced by one half in vacuo, 0.1 mL of trifluoroacetic acid (1.28 mmol, 

2 eq) was added with stirring, and the solution was immediately precipitated into 500 mL of 

cold MeOH. The MeOH was then decanted. The solid product was redissolved in DCM and 

the precipitation repeated two more times. The resulting diblock was dried in vacuo. 

1H NMR (600 MHz, CDCl3) δ 6.28 (t, J = 1.9 Hz, 2H), 5.17 (dq, J = 27.3, 7.2 Hz, 40H), 4.36 

(dq, J = 21.0, 7.0 Hz, 1H), 4.22 (t, J = 5.3 Hz, 2H), 4.14 – 4.01 (m, 62H), 3.74 (t, J = 5.3 Hz, 

2H), 3.27 (d, J = 2.1 Hz, 2H), 2.69 (s, 2H), 2.37 – 2.20 (m, 65H), 1.73 – 1.39 (m, 302H), 1.29 

(d, J = 10.1 Hz, 1H), 0.91 (d, J = 6.8 Hz, 97H). 
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Figure 3.10. SECs (normalized differential refractive index signal) of P4MCL-MM-4 (black) 
and the PLA-b-P4MCL diblock macromonomer (blue) denoted (P4MCL-PLA-MM-4-3). 
 
Scheme 3.9. Synthesis of PLA-MT 

 

In a nitrogen filled glovebox, 3.00 g of d,l-lactide (20.8 mmol, 204 eq) and 55 mg of alcohol3 

(0.1 mmol, 1 eq) were combined in an oven-dried flask with a stir bar, followed by the addition 

of 35 mL of CH2Cl2. The mixture was stirred for 10 min to ensure complete dissolution. Then 

0.07 mL of DBU solution (1.5 M in THF, 0.1 mmol, 1 eq) was added. After 90 minutes, the 

reaction was quenched with 50 mg benzoic acid (0.4 mmol, 4.0 eq). An aliquot was pulled to 

determine the monomer conversion by 1H NMR (85%). The solvent volume was reduced by 

one half in vacuo, 0.1 mL of trifluoroacetic acid (1.28 mmol, 2 eq) was added with stirring, 

and the solution was immediately precipitated into 300 mL of cold MeOH. The MeOH was 

then decanted. The solid product was redissolved in DCM and the precipitation repeated two 

more times. The resulting PLA was dried in vacuo. 1H NMR (600 MHz, CDCl3): δ (ppm) 6.28 
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(br t, 2H), 5.25–5.02 (m, 175H), 4.40–4.21 (m, 3H), 3.84–3.68 (m, 2H) 3.27 (s, 2H), 2.70 (m, 

2H), 1.73–1.39 (m, 533H). Mn (1H NMR) = 13 kg mol–1. 

1H NMR (600 MHz, CDCl3) δ 7.88 (dd, J = 8.3, 1.8 Hz, 2H), 7.46 (d, J = 8.2 Hz, 2H), 7.38 

(dd, J = 7.6, 1.6 Hz, 1H), 7.33 (dd, J = 7.8, 1.3 Hz, 1H), 7.20 (td, J = 7.6, 1.7 Hz, 1H), 7.16 

(td, J = 7.6, 1.3 Hz, 1H), 7.10 (d, J = 15.4 Hz, 1H), 5.99 (dt, J = 15.7, 6.9 Hz, 1H), 5.17 (dq, J 

= 20.9, 7.1 Hz, 432H), 4.35 (dq, J = 13.9, 7.1 Hz, 1H), 4.15 (d, J = 2.4 Hz, 2H), 2.84 (dt, J = 

28.3, 7.5 Hz, 2H), 1.70 – 1.42 (m, 1329H), 1.24 (d, J = 5.5 Hz, 22H), 0.87 (t, J = 7.0 Hz, 4H). 

 
Scheme 3.10. Synthesis of PDMS-MT-6 

 

 To a solution of monocarbinol terminated polydimethylsiloxane (PDMS) (5 kDa, 5.00 

g, 1.0 mmol, Gelest) in dry DCM (20 mL) was added the carboxylic acid (1.11 g, 2.0 mmol, 

2.0 eq), 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxide-

hexafluorophosphate (HATU) (1.15 g, 3.0 mmol) and 4-dimethylaminopyridine (DMAP) (134 

mg, 1.1 mmol, 1.1 eq) at room temperature. After 30 minutes, N,N-diisopropylethylamine 

(DIPEA) (647 mg, 0.87 mL, 5.0 mmol, 5.0 eq) was added. The reaction was stirred at room 

temperature for 48 hours, after which 1H NMR analysis showed full conversion of the starting 

PDMS. Then the reaction mixture was treated with excess MeOH and centrifuged. The 

supernatant was carefully decanted. This process was performed twice. The thick oil on the 

bottom was collected, combined and dried in vacuo. 
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1H NMR (600 MHz, CDCl3) δ 8.24 – 8.14 (m, 2H), 7.99 – 7.90 (m, 2H), 7.40 (dd, J = 7.7, 1.6 

Hz, 1H), 7.34 (dd, J = 7.8, 1.3 Hz, 1H), 7.22 (td, J = 7.5, 1.6 Hz, 1H), 7.17 (td, J = 7.5, 1.4 Hz, 

1H), 7.13 (d, J = 15.7 Hz, 1H), 6.00 (dt, J = 15.7, 6.9 Hz, 1H), 4.54 – 4.46 (m, 2H), 4.19 (d, J 

= 2.4 Hz, 2H), 4.05 (dd, J = 7.0, 1.4 Hz, 2H), 3.82 – 3.73 (m, 2H), 3.48 (t, J = 7.0 Hz, 2H), 

2.85 – 2.79 (m, 2H), 2.03 (t, J = 2.4 Hz, 1H), 1.68 – 1.55 (m, 4H), 1.37 (q, J = 6.8 Hz, 2H), 

1.35 – 1.19 (m, 21H), 0.88 (td, J = 7.1, 2.6 Hz, 6H), 0.57 – 0.51 (m, 4H), 0.07 (s, 432H). 

 
Scheme 3.11. Synthesis of PEO-MT-5 

 

 This compound was prepared according to a previously published procedure:3 To a 

stirred solution of the sulfonamide NHS ester (1.44 g, 2.2 mmol, 2.2 eq) and polyethylene 

oxide (PEO) amine hydrochloride (5 kDa, 5.00 g, 1.0 mmol, 1.0 eq, JenKem) in dry DCM (20 

mL) was added triethylamine (TEA) (222 mg, 2.2 mmol, 2.2 eq). The reaction was stirred at 

room temperature for 48 hours before it was precipitated into a mixture of hexanes/diethyl 

ether (1/1). The supernatant was decanted and the polymer was dried in vacuo to afford the 

product as a white solid. 

1H NMR (600 MHz, CDCl3) δ 7.99 – 7.83 (m, 4H), 7.35 (dd, J = 7.7, 1.6 Hz, 1H), 7.29 (dd, J 

= 7.8, 1.4 Hz, 1H), 7.19 – 7.03 (m, 4H), 5.95 (dt, J = 15.6, 6.9 Hz, 1H), 4.17 – 4.07 (m, 2H), 

3.99 (dd, J = 6.9, 1.3 Hz, 2H), 3.59 (s, 524H), 3.33 (s, 3H), 3.06 (q, J = 7.4 Hz, 7H), 2.78 (t, J 
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= 7.4 Hz, 2H), 2.63 (s, 2H), 2.05 (t, J = 2.4 Hz, 1H), 1.54 (p, J = 7.5 Hz, 2H), 1.37 (t, J = 7.3 

Hz, 12H), 1.20 (d, J = 5.1 Hz, 18H), 0.83 (t, J = 7.0 Hz, 3H). 

The characterization data matched literature.3 

 

Scheme 3.12. Synthesis of PtBA-MT-5 

 

 A stir bar with a copper wire was immersed in concentrated HCl. At the same time, a 

solution of CuBr2 (14.52 mg, 0.065 mmol, 0.05 eq) and Me6Tren (53.89 mg, 0.234 mmol, 0.18 

eq) in isopropanol (IPA) (8.9 mL) was prepared and was sonicated until all material was 

dissolved. 1 eq of the acrylate monomer was filtered through basic alumina prior to use. The 

enyne based ATRP initiator (973 mg, 1.30 mmol, 1 eq), 100 equivalents of the acrylate 

monomer (16.5 mL, 130.0 mmoL, 100 eq), the stock solution prepared above, and 10 mL of 

IPA (to reach equal total volume compared to monomer) were combined in a 100 mL RBF to 

ensure minimal headspace. The mixture was purged with nitrogen for 10 minutes. The stir bar 

with copper wire was thoroughly rinsed with deionized water, acetone, then dried with 

nitrogen. The stir bar was then suspended above the reaction mixture with a magnet. The flask 

was further purged with nitrogen for 5 minutes. Then the stir bar/Cu wire was dropped in to 

start the reaction. The reaction was stirred at 50 ℃ for c.a. 3 hours and reached ca. 35% 

conversion. The stir bar was removed from the flask and the reaction mixture was concentrated. 
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Purification was performed using column chromatography (hexanes:EtOAc = 3:1 to 1:2) to 

give the product as a colorless oil. 

1H NMR (600 MHz, CDCl3) δ 8.16 (dd, J = 8.5, 2.1 Hz, 2H), 7.96 (d, J = 8.4 Hz, 2H), 7.39 

(dd, J = 7.7, 1.5 Hz, 1H), 7.33 (d, J = 7.9 Hz, 1H), 7.21 (td, J = 7.6, 1.4 Hz, 1H), 7.16 (t, J = 

7.5 Hz, 1H), 7.12 (d, J = 15.7 Hz, 1H), 6.00 (dt, J = 15.7, 6.9 Hz, 1H), 4.57 (t, J = 4.8 Hz, 2H), 

4.40 (dq, J = 9.6, 5.1, 4.6 Hz, 2H), 4.18 (d, J = 2.5 Hz, 2H), 4.13 – 4.09 (m, 1H), 4.04 (d, J = 

6.9 Hz, 2H), 2.85 – 2.78 (m, 2H), 2.39 – 2.09 (m, 46H), 1.91 – 1.72 (m, 16H), 1.61 – 1.48 (m, 

59H), 1.44 (td, J = 6.1, 5.4, 2.5 Hz, 416H), 1.35 – 1.28 (m, 11H), 1.28 – 1.17 (m, 20H), 1.14 

(d, J = 5.4 Hz, 7H), 0.87 (t, J = 7.0 Hz, 3H). 

 

Scheme 3.13. Synthesis of PnBA-MT-6 

 

 A stir bar with a copper wire was immersed in concentrated HCl. At the same time, a 

solution of CuBr2 (14.52 mg, 0.065 mmol, 0.05 eq) and Me6Tren (53.89 mg, 0.234 mmol, 0.18 

eq) in isopropanol (IPA) (8.5 mL) was prepared and was sonicated until all material dissolved. 

1 eq of the acrylate monomer was filtered through basic alumina prior to use. The enyne 

functionalized ATRP initiator (973 mg, 1.30 mmol, 1 eq), 100 equivalent of the acrylate 

monomer (18.7 mL, 130.0 mmol, 100 eq), the stock solution prepared above, and 8 mL of IPA 

were combined in a 100 mL RBF to ensure minimal headspace. The mixture was purged with 
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nitrogen for 10 minutes. The stir bar with copper wire was thoroughly rinsed with deionized 

water, acetone, then dried with nitrogen. The stir bar was then suspended above the reaction 

mixture with a magnet. The flask was further purged with nitrogen for 5 minutes. Then the stir 

bar/Cu wire was dropped in to start the reaction. The reaction was stirred at room temperature 

for ca. 4 hours and reached ca. 50% conversion. The stir bar was removed from the flask and 

the reaction mixture was concentrated. Purification was performed using column 

chromatography (hexanes:EtOAc = 3:1 to 1:1) to give the product as a colorless oil. 

1H NMR (600 MHz, CDCl3) δ 8.14 (d, J = 8.0 Hz, 2H), 7.94 (d, J = 8.4 Hz, 2H), 7.37 (dd, J 

= 7.7, 1.5 Hz, 1H), 7.31 (d, J = 7.5 Hz, 1H), 7.19 (td, J = 7.6, 1.6 Hz, 1H), 7.13 (t, J = 7.5 Hz, 

1H), 7.10 (d, J = 15.7 Hz, 1H), 5.98 (dt, J = 15.8, 6.9 Hz, 1H), 4.59 – 4.49 (m, 2H), 4.36 (tdd, 

J = 12.1, 7.5, 4.7 Hz, 2H), 4.23 – 4.11 (m, 5H), 4.01 (ttd, J = 18.9, 10.2, 9.3, 6.7 Hz, 104H), 

2.87 – 2.75 (m, 2H), 2.63 (dtt, J = 19.1, 9.5, 4.1 Hz, 1H), 2.47 – 2.10 (m, 52H), 2.10 – 1.96 

(m, 4H), 1.87 (td, J = 21.7, 18.0, 10.7 Hz, 24H), 1.77 – 1.28 (m, 290H), 1.28 – 1.16 (m, 18H), 

1.16 – 1.06 (m, 7H), 0.91 (t, J = 7.5 Hz, 153H). 

3.6.4 Miktoarm Star Polymer Synthesis and Characterization 

μSTAR: General Synthetic Technique for ABn Miktoarm Stars 

 
 A 20 mL vial was charged with a stir bar and then the macromonomer was massed into 

the vial. The macroterminator was massed into a separate vial and then both vials were brought 

into a nitrogen filled glovebox. The macroterminator and macromonomer were dissolved in 

DCM at 100 mg/mL (20 mg/mL for PS and PDMS macromonomer). Then a stock solution of 

G3 was prepared in DCM. All stock solutions were prepared by mass. A given volume of G3 

catalyst stock solution (1.0 eq) was added quickly to a vigorously stirring solution of the 
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macromonomer (n eq). The vial was massed before and after G3 addition to accurately 

determine the amount of G3 catalyst that was added. The reaction was left to react for 30 

minutes after which an aliquot was extracted into a tared vial, brought outside the glovebox, 

and quenched with excess ethyl vinyl ether. The reaction vial was massed before and after 

taking the aliquot to determine the amount removed. Then 1.0 equivalent of the 

macroterminator was added (accounting for the amount of reaction volume that was removed 

for the aliquot). The reaction was left to stir overnight in the glovebox. The vial was then 

removed from the glovebox and ethyl vinyl ether was added to ensure the catalyst was 

completely quenched. 2,4,6-Trimercaptotriazine-functionalized silica gel was added (20 

equiv) and stirred for 30 minutes. The solution was then passed through a syringe filter, 

concentrated in vacuo, and precipitated into methanol, diethyl ether, or hexanes and then dried. 

 

Figure 3.11. SECs (normalized differential refractive index signal) of (PLA-MM-5)4-PDMS-
MT-6 (solid black line) and constituent materials: PLA-MM-5 (orange dashed lined), PDMS-
MT-6 (green dashed line), and (PLA-MM-5)4 (solid orange line). 
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Figure 3.12. SECs (normalized differential refractive index signal) of (PDMS-MM-6)4-PLA-
MT-4 (solid black line) and constituent materials: PDMS-MM-6 (green dashed line), PLA-
MT-4 (orange dashed line), and (PDMS-MM-6)4 (green solid line). 

 

Figure 3.13. SECs (normalized differential refractive index signal) of (PMMA-MM-4)4-
PAA-MT-5 (solid black line) and constituent materials: PMMA-MM-4 (pink dashed line), 
PtBA-MT-5 (dark dashed line), and (PMMA-MM-4)4 (solid pink line). 
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Figure 3.14. SECs (normalized differential refractive index signal) of (PTFEA-MM-6)4-
PnBA-MT-6 (solid black line) and constituent materials: PTFEA-MM-6 (purple dashed line), 
PnBA-MT-6 (blue dashed line), and (PTFEA-MM-6)4 (purple solid line). 

 

Figure 3.15. SECs (normalized differential refractive index signal) of (PS-MM-2)4-PEO-
MT-5 (solid black line) and constituent materials: PS-MM-2 (brown dashed line), PEO-MT-5 
(yellow dashed line), and (PS-MM-2)4 (brown solid line). 
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Figure 3.16. SECs (normalized differential refractive index signal) of (P4MCL-PLA-MM-4-
3)3-PLA-MT-24 (solid black line) and constituent materials: P4MCL-PLA-MM-4-3 (blue 
dashed line), PLA-MT-24 (orange dashed line), and (P4MCL-PLA-MM-4-3)3 (blue solid 
line). 

 

Figure 3.17. SECs (normalized differential refractive index signal) of (P4MCL-PLA-MM-4-
3)5-PLA-MT-24 (solid black line) and constituent materials: P4MCL-PLA-MM-4-3 (blue 
dashed line), PLA-MT-24 (orange dashed line), and (P4MCL-PLA-MM-4-3)5 (blue solid 
line). 
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Figure 3.18. SECs (normalized differential refractive index signal) of (P4MCL-PLA-MM-4-
3)7-PLA-MT-24 (solid black line) and constituent materials: P4MCL-PLA-MM-4-3 (blue 
dashed line), PLA-MT-24 (orange dashed line), and (P4MCL-PLA-MM-4-3)7 (blue solid 
line). 

 

Figure 3.19. SECs (normalized differential refractive index signal) of (P4MCL-PLA-MM-4-
3)9-PLA-MT-24 (solid black line) and constituent materials: P4MCL-PLA-MM-4-3 (blue 
dashed line), PLA-MT-24 (orange dashed line), and (P4MCL-PLA-MM-4-3)9 (blue solid 
line). 
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3.6.5 Miktoarm Star NMR Data 

 
Figure 3.20. 1H NMR spectrum of (PLA-MM-5)4-PDMS-MT-5 (CD2Cl2, 600 MHz). 

 
Figure 3.21. 1H NMR spectrum of (PDMS-MM-5)4-PLA-MT-4 (CD2Cl2, 600 MHz). 
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Figure 3.22. 1H NMR spectrum of (PMMA-MM-4)4-PtBA-MT-5 ((CD3)2CO, 600 MHz). 

 
Figure 3.23. 1H NMR spectrum of (PMMA-MM-4)4-PAA-MT-5 with added D2O 
((CD3)2CO, 600 MHz). 
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Figure 3.24. 1H NMR spectrum of (PS-MM-2)4-PEO-MT-5 (CD2Cl2, 600 MHz). 

 
Figure 3.25. 1H NMR spectrum of (P4MCL-PLA-MM-4-3)3-PLA-MT-24 (CD2Cl2, 600 
MHz). 
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Figure 3.26. 1H NMR spectrum of (P4MCL-PLA-MM-4-3)5-PLA-MT-24 (CD2Cl2, 600 
MHz). 

 
Figure 3.27. 1H NMR spectrum of (P4MCL-PLA-MM-4-3)7-PLA-MT-24 (CD2Cl2, 600 
MHz). 
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Figure 3.28. 1H NMR spectrum of (P4MCL-PLA-MM-4-3)9-PLA-MT-24 (CD2Cl2, 600 
MHz). 

 
Figure 3.29. 1H NMR spectrum of (PTFEA-MM-6)4-PnBA-MT-6 (CD2Cl2, 600 MHz). 
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Figure 3.30. 19F NMR spectrum of (a) PTFEA-MM-6 and (b) (PTFEA-MM-6)4-PnBA-MT-
6. 

3.6.6 DOSY Data Analysis 

 DOSY data analysis was performed in Mathematica. The data were normalized and, to 

determine the self-diffusion coefficient, fit to a single exponential function. C =

 CD expH−9JℊL:49∆ − ℊ/3:OP,8 where J is the magnetogyric ratio, L is the effective gradient 

duration, ℊ is the magnitude of the gradient pulse, ∆ is the diffusion time, and O is the self-

diffusion coefficient. In the same star polymer sample, diffusion coefficients where found to 

be consistent across all the peaks analyzed, indicating there is only one species diffusing. 

Additionally, R2 values > 0.999 were obtained for all fits. The data were also fit with a multiple-

exponential form 
Q

QR
 =  ∑ TU  expH−9JℊL:49∆ − ℊ/3:OUP in an attempt to analyze the purity of 

star polymers from the ratio of 
VW

∑ VW 
 =  XU. However, the presence of multiple components 
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failed to significantly improve the fit compared to a single exponential on the basis of R2 

values. More importantly, multi-component fits gave inconsistent results for the same sample 

at different chemical shifts and non-physical diffusion coefficient values for the assumed 

macromonomer and macroterminator components, which were often too large (on the order of 

small molecules). Thus, within measurement error, we conclude that these stars are diffusing 

as a single component without macromonomer or macroterminators impurities. A 

representative comparison between the single and multiple exponential fitting results is 

provided for the highest molecular weight species synthesized by μSTAR (P4MCL-PLA-MM-

4-3)9-PLA-MT-24 (Tables 3.6, 3.7). 

Table 3.6. Comparison of single and multi-component fits derived from 1H DOSY data for 
(P4MCL-PLA-MM-4-3)3-PLA-MT-24 at two different chemical shifts. The diffusion constant 
of solvent (CHCl3) is included for reference. The multi-component fits give physically 
unrealistic values of the macromonomer and macroterminator diffusion constants. We 
conclude that, within error, the (P4MCL-PLA-MM-4-3)3-PLA-MT-24 miktoarm star contains 
no homopolymer contaminants. 

 7.26 ppm 5.2 ppm 1.5 ppm 

  Single Multi Single Multi 

DStar
a - 30 29 30 29 

DMT
a - - 3150c - 3010c 

DMM
a - - 3150c - 3010c 

DSolvent 2000 - - - - 

XStar
b - 1 0.98 1 0.96 

R2 - 0.99993 0.99994 0.99980 0.99991 

aμm2/s. bMole fraction of miktoarm star polymer. cPhysically unrealistic (D > DSolvent). 
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Table 3.7. Comparison of single and multi-component fits derived from 1H DOSY data for 
(P4MCL-PLA-MM-4-3)9-PLA-MT-24 at two different chemical shifts. The diffusion constant 
of solvent (CHCl3) is included for reference. The multi-component fits give physically 
unrealistic values of the macromonomer and macroterminator diffusion constants. We 
conclude that, within error, the (P4MCL-PLA-MM-4-3)9-PLA-MT-24 miktoarm star contains 
no homopolymer contaminants. 

 7.26 ppm 5.2 ppm 1.5 ppm 

  Single Multi Single Multi 

DStar
a - 24 23 23 23 

DMT
a - - 3000c - 3000c 

DMM
a - - 3000c - 3000c 

DSolvent 2000 - - - - 

XStar
b - 1 0.97 1 0.96 

R2 - 0.99982 0.99989 0.99978 0.99991 

aμm2/s. bMole fraction of miktoarm star polymer. cPhysically unrealistic (D > DSolvent). 

 

 
Figure 3.31. Stimulated echo intensity attenuation intensities of the NMR signal at (a) 5.2 
ppm and (b) 1.5 ppm for (P4MCL-PLA-MM-4-3)3-PLA-MT-24. Raw data is displayed as 
red dots, single exponential fits as solid black lines, and multi-exponential fits are dashed 
black lines. 
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Figure 3.32. Stimulated echo intensity attenuation intensities of the NMR signal at (a) 5.2 ppm 
and (b) 1.5 ppm for (P4MCL-PLA-MM-4-3)9-PLA-MT-24. Raw data is displayed as red dots, 
single exponential fits as solid black lines, and multi-exponential fits as dashed black lines. 
 

Scheme 3.14. (PMMA-MM-4)4-PtBA-MT-5 Deprotection 

 

 A vial was charged with a stir bar and 100 mg of (PMMA-MM-4)4-PtBA-MT-5. It was 

dissolved in 1 mL of CHCl3 and then 1 mL of trifluoroacetic acid (TFA) was added. After 

stirring for 24 hours, the reaction was precipitated into hexanes and centrifuged. The hexanes 

was decanted and the polymer was dried in vacuo. 
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Figure 3.33. SECs (normalized differential refractive index signal) of (PMMA-MM-4)4-
PtBA-MT-5 (brown trace) and (PMMA-MM-4)4-PAA-MT-5 (black trace) before and after 
tert-butyl deprotection, respectively. 

 

 

Figure 3.34. 1H-NMR of (a) (PMMA-MM-4)4-PtBA-MT-5 and (b) (PMMA-MM-4)4-PAA-
MT-5 (before and after t-butyl deprotection). Absence of the t-butyl group is apparent at 1.5 
ppm after treatment with TFA. 
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Figure 3.35. 13C-NMR of (a) (PMMA-MM-4)4-PtBA-MT-5 and (b) (PMMA-MM-4)4-PAA-
MT-5 (before and after t-butyl deprotection). Absence of the t-butyl group is apparent at 28 
and 80 ppm after treatment with TFA. 
 

 
Figure 3.36. FTIR spectra of (PMMA-MM-4)4-PtBA-MT-5 (red trace) and (PMMA-MM-4)4-
PAA-MT-5 (black trace) (before and after t-butyl deprotection) normalized to the peak at 1140 
cm–1. 
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3.6.7 Additional NMR Spectra 

 
Figure 3.37. 1H NMR spectrum of enyne ATRP initiator (CDCl3, 500 MHz). 

 
Figure 3.38. 13C NMR spectrum of enyne ATRP initiator (CDCl3, 126 MHz). 
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Figure 3.39. 1H NMR spectrum of PLA-MM-5 (CDCl3, 600 MHz). 

 
Figure 3.40. 1H NMR spectrum of PDMS-MM-5 (CDCl3, 600 MHz). 
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Figure 3.41. 1H NMR spectrum of PS-MM-2 (CDCl3, 600 MHz). 

 
Figure 3.42. 1H NMR spectrum of P4MCL-MM-4 (CDCl3, 600 MHz). 
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Figure 3.43. 1H NMR spectrum of P4MCL-PLA-MM-4-3 (CDCl3, 600 MHz). 

 
Figure 3.44. 1H NMR spectrum of PMMA-MM-4 (CDCl3, 600 MHz). 
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Figure 3.45. 1H NMR spectrum of PTFEA-MM-6 (CD2Cl2, 600 MHz). 

 
Figure 3.46. 1H NMR spectrum of PLA-MT-4 (CDCl3, 600 MHz). 
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Figure 3.47. NMR spectrum of PLA-MT-24 (CDCl3, 600 MHz). 

 
Figure 3.48. 1H NMR spectrum of PDMS-MT-5 (CDCl3, 600 MHz). 



 

 130

 
Figure 3.49. 1H NMR spectrum of PEO-MT-5 (CDCl3, 600 MHz). 

 
Figure 3.50. 1H NMR spectrum of PnBA-MT-6 (CDCl3, 600 MHz). 
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Figure 3.51. 1H NMR spectrum of PtBA-MT-5 (CDCl3, 600 MHz). 
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Chapter 4. Design, Synthesis, and Characterization of Asymmetric 

Miktoarm Star Polymers Thermoplastic Elastomers 

4.1 Background 

Block polymer thermoplastic elastomers (TPEs) are industrially important materials 

due to their high Young’s modulus, elasticity, and processability, which make them suitable 

for a variety of applications in transportation, footwear, medical devices, and pressure sensitive 

adhesives.1 These TPEs typically comprise ABA triblock copolymers where the A blocks are 

high Tg and glassy while B is low Tg and amorphous. Due to their chemical incompatibility, 

these blocks microphase separate on the nanometer length scale. To ensure elasticity, there is 

a morphological requirement that the block polymer self-assembles into discrete domains of 

the A block embedded in a continuous matrix of the B block; spherical or cylindrical 

morphologies of the A blocks meet this requirement. Discrete domains of the hard A block 

serve as physical cross-links for the elastomeric matrix. However, the morphological 

requirement imposes an upper limit of fA ≈ 0.3 to retain elasticity — past this point a cylinder-

to-gyroid phase transition occurs, producing a morphology that is non-elastomeric.2 The 

mechanical performance improves with an increasing volume fraction of the A component up 

to this limit.1,3 Stabilizing cylindrical morphologies past this point should produce even tougher 

and stiffer elastomers.  

 Asymmetric miktoarm star polymers (A(BA′)n) can significantly deflect the cylinder-

to-gyroid phase boundary towards higher fA and lift this upper limit (Figure 4.1).4–7 The 

combination of block bidispersity and steric frustration at the domain interface induces domain 
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curvature with the A block on the concave side. Key to this approach is optimizing the block 

bidispersity defined as � ≡ 
��

�����ʹ
. Self-consistent field theory (SCFT) simulations predict that 

at an optimal value of � = 0.925, cylinders can be stabilized up to fA = 0.78.5 The cooperative 

effect of block bidispersity combined with multiple arms is evidenced by the substantially 

elevated phase boundary deflection at the optimal value of � compared to when � = 0, � = 0.5  

(ABn), or when n = 1 (ABA). 

 
Figure 4.1. a) Illustration of an A(BA′)3 miktoarm star polymer forming phases with curved 
interfaces. b) SCFT-generated cylinder–gyroid phase boundary of A(BA′)3 miktoarm star 
polymers at �N = 40 as a function of τ and volume fraction for stars with 1, 3, 5, 7, and 9 arms. 
Adapted with permission from Macromolecules. Copyright 2020 American Chemical 
Society.5 
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The high value of this optimal τ value means that a high degree of block asymmetry is required 

for these large phase boundary deflections: the A block should be approximately 10 times 

longer than the A′ block. 

The most prevalent examples of these TPEs are linear, petroleum-derived, styrenic-

based, non-biodegradable polymers. Almost 2 million metric tons of these materials are 

produced annually to supply a multi-billion dollar market.8 The development of biodegradable 

TPEs that can be produced from renewable feedstocks is a key to the development of next-

generation sustainable plastics. Recent efforts have been made to include biodegradable 

polymers in TPEs, such as polyester-containing polymers that can undergo enzymatic 

degradation in the natural environment.9 Poly(L-lactide) (PLLA) is an excellent sustainable 

polymer to replace polystyrene as the hard block as its semicrystalline nature makes it more 

thermally and solvent resistant than petroleum-derived alternatives.10 While a variety of 

poly(lactones) have been investigated for their performance in TPEs as the elastomeric 

midblock, recently Watts and coworkers reported impressive performance by pairing PLLA 

with poly(4-methylcaprolactone) (PMCL) in an ABA linear triblock polymer.9,11 Just like the 

PLLA hard block, PMCL is enzymatically degradable and can be produced from renewable 

feedstocks.12,13 Developing sustainable TPEs that outperform petroleum-derived analogues 

would facilitate their widespread adoption. Moving past the traditional linear ABA architecture 

to A(BA′)n asymmetric miktoarm star polymer architectures could unlock these higher levels 

of performance. 

Traditional approaches to synthesizing A(BA′)n asymmetric miktoarm star polymers 

employ anionic synthesis and thus are not compatible with the use of polyesters like PMCL 

and PLLA.14,15 Moreover, these traditional techniques are experimentally cumbersome, 
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making it challenging to produce many materials. While Shi and coworkers demonstrated they 

could make PS(PI-PS′)3 star polymers that were elastic at fPS = 0.5, the difficultly involved 

with the synthesis limited their study to just three miktoarm stars.7 The large number of 

parameters that define these complex stars necessitate efficient synthetic techniques to explore 

molecular design effects on mechanical performance. 

In light of these obstacles, we recently developed a technique known as µSTAR to 

efficiently generate asymmetric miktoarm star polymers by taking advantage of the high 

reactivity of the Grubbs third generation metathesis catalyst (G3). This one-pot synthesis is 

amenable to a wide range of chemistries including the PMCL and PLA.4 µSTAR utilizes 

grafting-through polymerization of macromonomers to couple multiple BA′ arms together 

followed by the additional of enyne-functionalized macroterminator16 to introduce a single A 

arm (Scheme 4.1). So long as there are less than 12 arms on average these materials will behave 

like stars.17 Despite dispersity in the number of BA′ arms, these asymmetric miktoarm star 

polymers retain similar phase behavior as their discrete counterparts. 

Scheme 4.1. Synthesis of A(BA′)n miktoarm stars via μSTAR employing macromonomers and 
macroterminators. 

 
 

This chapter discusses the synthesis and characterization of PLLA(PMCL-b-PLLA′)n 

asymmetric miktoarm star polymers that are stiff, tough, and elastic at unusually high volume 

fractions of PLLA (fPLLA). The high throughput nature of µSTAR generated a library of 
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A(BA′)n with a variety of molecular weights of each component, number of arms, fPLLA, and �. 

With this library of star polymers, structure–property relationships that govern mechanical 

performance were evaluated. 

4.2 Synthesis of High Molecular Weight Miktoarm Stars via μSTAR 

The synthetic challenge of accessing miktoarm stars for thermoplastic elastomers with 

μSTAR is two-fold. First, macromonomers and macroterminators need to be synthesized at 

high molecular weights (>50 kDa) with good chain-end fidelity to minimize linear polymer 

contamination. Second, μSTAR had previously only been shown to couple macroterminators 

and poly(macromonomers) up to 25 kDa and 50 kDa, respectively. Great care was taken in the 

purification of all starting materials in order to afford materials with high degree of chain-end 

functionalization. Importantly, stereopure L-lactide was employed as semi-crystalline PLLA 

thermoplastic elastomers are higher performing than their amorphous counterparts.9,18 

 
Figure 4.2. SECs (normalized refractive index signal) of a) PLLA macroterminators and b) 
PMCL-PLLA macromonomers. 
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Table 4.1. Summary of Physical Characterization of PLLA-PMCL Macromonomers and 
Macroterminators 

Star Mn,B
a Mn,A

a Đb 

MM-18-10 18 9.5 1.11 

MM-32-8 32 7.5 1.20 

MT-75 - 75 1.13 

MT-98 - 98 1.17 

aDetermined from 1H NMR chain-end analysis. bCalculated from SEC with PS standards. 
 

Two semicrystalline macromonomers and four semicrystalline macroterminators were 

synthesized via ring-opening transesterification polymerization from hydroxyl functionalized 

norbornene or an enyne (Figure 4.2). High molecular weights, up to 98 kDa, and low 

dispersity, Đ < 1.2, materials were synthesized (Table 4.1). With these four materials, six star 

polymers were synthesized (Table 4.2). Four structural parameters define each star: the 

molecular weight of each block (MA, MB, MA′) and the average number of arms (n); thus the 

stars are referred to as MA(MB-MA′)n and correspondingly the macromonomers are referred to 

as MB-MA′. The shift towards lower retention times from macromonomer (MM) to 

poly(macromonomer) (p(MM)) and terminated star in the SEC traces are indicative that the 

ROMP and termination chemistries work even at high molecular weights (Figure 4.3). Despite 

its high molecular weight, the macromonomer clearly polymerizes well given there is just a 

small bump from residual unreacted macromonomer at lower retention times. The high 

molecular weight of these materials makes it difficult to precisely determine important 

structural parameters such as n. Hindering these efforts is the limited solubility of PLLA, due 

to its crystallinity, in common SEC solvents such as THF. To circumvent these challenges, we 

have calculated n from a combination of molecular weights of the macromonomer and the 
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macroterminators determined by 1H NMR and fPLLA. The values of n determined this way were 

within 10% of what was synthetically targeted. 

 
Figure 4.3. Chemical structure of 75(18-10)7 star polymer (a) and corresponding SEC traces 
of the star and reactants (b). 
 
Table 4.2. Summary of Physical Characterization of PLLA-PMCL A(BA′)n Miktoarm Star 
Polymers 

Star fPLLA
a Mn,A

b Mn,B
b Mn,A′

b nc Đ � d 

75(18-10)7 0.50 75 18 9.5 6.5 1.38 0.89 

75(18-10)9 0.46 75 18 9.5 9.4 1.40 0.89 

98(18-10)7 0.53 98 18 9.5 7.2 1.40 0.91 

98(32-8)9 0.33 98 32 7.5 8.5 1.53 0.93 

98(32-8)6 0.40 98 32 7.5 5.6 1.46 0.93 

98(32-8)3 0.52 98 32 7.5 2.9 1.44 0.93 

aCalculated from 1H NMR using Y#$$�= 1.25 g cm–3 and Y#&!$= 1.03 g cm–3. bDetermined 
from 1H NMR chain-end analysis. cDetermined from the volume fraction and Mn. dCalculated 
from Mn,A/(Mn,A + Mn,A′). 
 

To further prove that the termination works at such high molecular weights, the 

poly(macromonomer) used in the synthesis of 75(18-10)7 was quenched with excess ethyl 

vinyl ether and then one equivalent of the macroterminator was added. The SEC trace of the 

blend overlaps the poly(MM) at high retention times and is a bit broader a lower retention 
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times (Figure 4.4). Importantly, the blend is shifted significantly toward higher retention time 

from the terminated star. The difference in these dRI traces indicate the termination chemistry 

works well even at such high molecular weights. 

 
Figure 4.4. Comparison of 75(18-10)7 terminated star to a stoichiometric blend of the 
poly(macromonomer) and macroterminator. 
 
 Of particular importance is the self-assembly of these materials. While small-angle X-

ray scattering experiments yielded inconclusive results, transmission electron microscopy 

(TEM) was more fruitful. Micrographs of 98(32-8)3 indicate this star forms discrete particles 

of PLLA in a continuous matrix of PMCL at fPLLA = 53% (Figure 4.5). Therefore, this star 

satisfies the morphological requirement for elasticity even at such high fPLLA. Additionally, we 

confirmed these star polymers are semi-crystalline with a melting transition at approximately 

180 ℃ as determined by differential scanning calorimetry (Figure 4.6). 
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Figure 4.5. Representative TEM micrograph of 98(32-8)3 revealing microphase separated 
particles of PLLA (light) and PMCL (dark). Scale bar corresponds to 2 μm. 
 

 
Figure 4.6. Differential scanning calorimetry of a 75(18-10)7 miktoarm star labeled with the 
glass transition temperatures for each block (Tg), crystallization temperature (Tc), and melting 
temperature (Tm). 
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4.3 Mechanical Properties 

4.3.1 Effect of A′ Block 

The main mode of block copolymer TPE failure is via chain pull out of the A block 

from the hard domain.19 Therefore, the length of the A block can have a large impact on TPE 

performance. Given the extreme block asymmetry that is required to achieve large phase 

boundary deflections, small A′ blocks could lead to failure at low stresses and strains. To 

investigate this, we chose to use amorphous PLA as the hard block rather than semi-crystalline 

PLLA to avoid the conflating effects of molecular weight and crystallinity, especially at the 

low molecular weights investigated.20 The same 12 kDa PMCL macromonomer was chain 

extended with PLA to 4 kDa and 5 kDa to form the A′ block. While there is only a one kDa 

difference, prior reports have suggested large changes in TPE performance with small 

increases in the hard block length.21,22 Both macromonomers were polymerized to form an 8-

arm poly(macromonomer) which was then terminated with a 33 kDa PLA macroterminator. 

The materials were then tensile tested, both monotonic extension to failure as well as in step-

cycle manner where the strain was incremented by 50% and brought back to zero load with 

each cycle (Figure 4.7).  

 
Figure 4.7. Stress-strain curves including step-cyclic tests of 33(12-4)8 (a), 33(12-5)8 (b), and 
step-cycle recovery (c). 
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By using μSTAR to make these two materials we can be sure that they are close to 

identical with the exception of the A′ block, so any performance enhancements can be 

attributed to this one key difference. The effects of A′ molecular weight are apparent: the 1 

kDa increase leads to higher stress and strain at break culminating in a more than 3 times higher 

fracture toughness. Given the large differences in mechanical properties, it is surprising that 

the recovery in step-cycle testing is so similar. This similarity may indicate other structural 

parameters dictate the recovery of the material much more so than the length of A′. Note that 

the significantly higher initial Young’s modulus of the larger A′ block material could indicate 

yielding due to an undesirable morphology. Indeed, this is one tradeoff of a larger A′ block: 

the material may be tougher, but it will also have a lower � and thus cannot remain elastic at 

nearly as high fA due to morphological constraints. This is an important consideration in the 

design of miktoarm star thermoplastic elastomers. In order to have both large A′ blocks and an 

optimally high �, a correspondingly longer A block must be employed with a higher molecular 

weight macroterminator. Going forward in our study of semi-crystalline TPEs, we focused on 

A blocks 75 kDa and higher and A′ blocks 7.5 kDa and higher. 

4.3.2 Effect of B Length 

Thermoplastic elastomers derive a significant amount of strength from trapped 

entanglements in the soft B block.23 With traditional styrenic thermoplastic elastomers, the 

requirements that the block copolymer must be microphase separated at fA < 30% means the B 

block is sufficiently long that, assuming constant fA, the properties of thermoplastic elastomer 

are considered to be independent of molecular weight.21,22 In the case of miktoarm stars, the B 

block will be smaller than a linear TPE at the same fA as the same number of total B monomers 

must be distributed over more chains per molecule. In the case of semi-crystalline 
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thermoplastic elastomers, where ideally TODT > TC > Tg,B, there is one more phenomenon to 

consider. In this case the crystalline A block is under “soft” confinement as at the 

crystallization temperature of the A block, the B block is above its Tg and thus it can be 

deformed by crystal breakout as the A block crystallizes.24 This can lead to the formation of a 

continuous crystalline domains of A block even if it is not the thermodynamic equilibrium 

morphology. However, the crystal breakout phenomenon can be suppressed at sufficiently high 

segregation strengths (�N) and with a sufficiently entangled soft B block.  

To investigate the effect of a PMCL B block on the performance of semi-crystalline 

miktoarm star TPEs, two materials were synthesized using the same macroterminators and a 

similar number of arms: 98(32-8)6 and 98(18-10)7. Tensile testing results revealed large 

differences in the performance of these materials (Figure 4.8). While 98(18-10)7 with the 

shorter B block breaks at significantly higher stress and is overall tougher, it is not very elastic 

as indicated by the recovery plot; instead, it yields at low strains. To be sure, the slightly longer 

A′ block coupled with the shorter B block implies a higher fPLLA material, so the higher 

toughness is not surprising. However, the inelasticity is surprising as at a � = 0.91 and fPLLA = 

53% the material should be well within the cylinder forming envelope predicted by SCFT. 

Instead, this behavior might be explained by crystal breakout occurring in the case of the 18 

kDa B block; the higher segregation strength and degree of entanglement of the longer B block 

may suppress crystal breakout. This is further evidenced by 98(32-8)3 and 75(18-10)9, which 

will be discussed in depth in the next section. 98(32-8)3 is elastic while 75(18-10)9 has an even 

lower fPLLA and yet still exhibits yielding and poor recovery. Further, 98(32-8)3 has nearly the 

same fPLLA as the inelastic 98(18-10)7. While these materials have different values of �, they 

are all within the cylinder forming area predicted by SCFT. To examine if crystal breakout is 
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occurring, real space images will be acquired and discussed in future work. Crystallization 

issues aside, both materials have very respectable toughness, especially compared to the lower 

molecular weight materials made for the A′ comparison. 

 
Figure 4.8. Mechanical testing data of 98(32-8)6 (black) and 98(18-10)7 (purple): monotonic 
extension to failure stress–strain curve (a) and recovery plot from step-cycle tensile testing (b). 
 

4.3.3 Effect of the Number of BA′ Diblock Arms 

μSTAR offers an excellent platform for examining the effect of arm number on 

mechanical properties of miktoarm star thermoplastic elastomers as the average number of 

arms can be tuned by adjusting the molar ratio of macromonomer to G3 catalyst. Thus, the 

molecular weight of A, B, and A′ can be held perfectly constant while n is varied, which 

reciprocally affects fPLLA. Two series of stars were synthesized, 98(32-8)n and 75(18-10)n. First, 

the 98(32-8)n materials were examined with three stars having n = 3, 6, and 9. Step cyclic 

testing shows all three samples are elastic, including 98(32-8)3 at fPLLA = 52% (Figure 4.9). 
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Figure 4.9. Stress–strain curves including step-cycle tests of 98(32-8)3 (a), 98(32-8)6 (b), and 
98(32-8)9 (c). 
 

Comparing the monotonic extension stress–strain curves and recovery plots of the three 

materials it is apparent that the strain at break and recovery increases with the n while the 

Young’s modulus across the range of strains decreases with n (Figure 4.10). This trend is 

expected for thermoplastic elastomers with decreasing fPLLA and may not be purely due to 

architectural effects.7,9 However, the trend of toughness deviates entirely from the typical 

paradigm wherein a larger fPLLA should increase toughness. Despite having the lowest fPLLA, 

98(32-8)9 was the toughest material while 98(32-8)3, with the highest fPLLA, was the least. In 

fact, 98(32-8)9 is more than 160% tougher than 98(32-8)3 and more than 25% tougher than 

98(32-8)6. Further, while n = 3 breaks at noticeably less stress than the large n materials, the 

stress at break of n = 6 and 9 are nearly identical (26.7 v.s. 26.8 MPa). This invariance suggests 

an increase and then saturation of the ultimate stress for stars with increasing n, which has 

previously been observed in (AB)n thermoplastic elastomers.25 Simulations of A(BA′)n stars 

have shown that n = 3 stars have almost a 20% probability of not bridging any domains and 

any stars that are not bridging domains do not structurally contribute to the strength of the 

material.26 The probability of higher n materials not structurally contributing decreases rapidly 

with increasing n. Likewise, the fraction of arms that bridge domains also increases markedly 

with increasing n. These findings raise interesting questions, suggesting that the ultimate stress 
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at break may be related to the percent of structurally enforcing molecules while the toughness 

may be related to the fraction of bridging arms. 

    
Figure 4.10. Mechanical testing data of 98(32-8)3 (green), 98(32-8)6 (purple) 98(32-8)9 
(black): stress–strain curves showing monotonic extension to failure (a) and recovery plot from 
step-cycle tensile testing (b). 
 
 Next we examined the lower molecular weight 75(18-10)n materials for n = 7 and 9 

(Figure 4.11). Similar to 98(18-10)7, these materials are not very elastic as evidenced by 

recovery step cyclic testing even though they are well within the cylinder forming envelope 

predicted by SCFT. However, similar trends to the 98(32-8)n series are observed. Increasing n 

from 7 to 9 increases the toughness and strain at break and decreases Young’s modulus, 

although the stress at break is nearly the same. This supports the idea that more arms increase 

toughness despite decreasing fPLLA, which is perhaps due to more domain bridging. The 

invariance of the stress at break observed here may be because there is a similar percent of 

stars that are not structurally contributing to the network. The effect of n on the melt rheology 
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will be studied in future work, which is important for processability. Prior investigations into 

stars with multiple diblock arms indicate that melt viscosity is independent of n.27 

    
Figure 4.11. Mechanical testing data of 75(18-10)9 (black) and 75(18-10)7 (purple): stress–
strain curve showing monotonic extension to failure (a) and recovery plot from step-cycle 
tensile testing (b). 
 

4.3.4 Comparison to Prior Work 

μSTAR offers an excellent platform to explore structure–property relationships with 

A(BA′)n miktoarm star polymers. However, it is important to consider how these materials 

perform relative to linear thermoplastic elastomers as well as other miktoarm star polymer 

thermoplastic elastomers synthesized via anionic polymerization. Watts and coworkers 

reported the stress–strain curves for several linear PLLA-b-PMCL-b-PLLA triblocks at various 

volume fractions of PLLA. Here, the stress–strain curves of our elastic PLLA-PMMCL 

miktoarm star polymers are compared to the triblocks from Watts et al. with demonstrated 

elasticity (Figure 4.12). While the highest performing linear triblock, 16-135-16, has a slightly 

higher stress at break with fPLLA = 17%, in all other ways the star polymers exhibit either 

comparable or superior performance. 
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Figure 4.12. Comparison of elastic miktoarm star polymers (solid traces) to elastic linear 
triblock polymers (dashed traces), both using PLLA as the hard block and PMCL as the soft 
block. Adapted with permission from Biomacromolecules. Copyright 2017 American 
Chemical Society.9 
 
The star polymers begin to strain harden at lower strains and thus the Young’s modulus across 

the range of strains is higher in the stars. Ultimately, they absorb more energy before failure 

and therefore are tougher than the linear materials. The higher stress at failure of the 16-135-

16 linear triblock may be related to the larger 16 kDa end blocks, more than twice as large as 

the A′ block of the star polymers, which we showed plays a key role in influencing mechanical 

properties. 

 Shi and coworkers reported tensile testing results of two anionically synthesized elastic 

A(BA′)3 miktoarm star polymers comprised of poly(styrene) (PS) instead of PLLA and 

poly(isoprene) (PI) instead of PMCL. PS and PI blocks are one of the most popular choices in 

mass produced TPEs and are widely used in commercial applications. The molecular weights 

of each component are comparable to those of our polyester stars, making this a reasonable 
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comparison (Figure 4.13). The mechanical performance of our sustainable star polymers 

synthesized via μSTAR are superior in most respects. The stress and strain at break and 

importantly, fracture toughness, are much higher in the polyester stars. Given the improvement 

in mechanical properties that we observe with increasing n, μSTAR offers a clear advantage 

over anionic synthesis as increasing n past n = 3 is simple compared to the anionic route. 

 Recovery and initial Young’s modulus are the two properties where the PS-PI stars 

perform comparably to the PLA-PMCL stars. While the recovery is slightly worse, the initial 

Young’s modulus of the fPLLA = 40% 98(32-8)6 PLLA-PMCL star is higher than that of the fPS 

= 41% of the 81(32-11)3 PS-PI star. It should be noted that this PLLA-PMCL star can be cycled 

to much higher strains than the PS-PI star (see Figure 4.9). In the case of the 98(32-8)9 fPLLA 

= 52% star, the recovery is noticeably better but the initial Young’s modulus is lower compared 

to the 81(56-11)3 PS-PI fPS = 52% star. Although select PS-PI stars have slightly better 

performance by some metrics, overall the PMCL-PLA stars presented here offer superior 

mechanical performance (see Tables 4.3 and 4.4). 
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Figure 4.13. Comparison of mechanical properties to Shi et al. (a) Stress–strain curves of 
elastic PLA-PMCL miktoarm star polymers (solid traces) and elastic PS-PI miktoarm star 
polymers (dashed traces). (b) Comparison of the recovery during step-cycle tensile testing of 
elastic PLA-PMCL miktoarm star polymers (circles) and elastic PS-PI miktoarm star polymers 
(triangles). The strain range is truncated to the point of failure of the PS-PI stars for clarity. 
Adapted with permission from Macromolecules. Copyright 2014 American Chemical 
Society.7 
 
Table 4.3. Summary of Mechanical Properties of PLLA-PMCL A(BA′)n Miktoarm Star 
Polymers 

Star fPLLA
a σ (MPa)b εB

b UT
c (MJ m-3) Ed (MPa) 

E @ 300%e 

(MPa) 

75(18-10)7 0.50 29.2 ± 1.7 6.3 ± 0.5 102.8 ± 10.1 67.1 ± 11.7 2.3 ± 0.5 

75(18-10)9 0.46 30.6 ± 5.4 7.6 ± 1.1 117.1 ± 32.1 44.3 ± 3.4 2.9 ± 0.4 

98(18-10)7 0.53 42.3 ± 1.8 6.8 ± 0.4 164.6 ± 16.8 77.2 ± 5.8 6.0 ± 0.1 

98(32-8)9 0.33 26.8 11.5 135.4 3.3 1.7 

98(32-8)6 0.40 26.7 9.3 107.2 4.4 2.8 

98(32-8)3 0.52 19.3 5.3 51.6 5.5 5.7 

aCalculated from 1H NMR using Y#$$�= 1.25 g cm–3 and Y#&!$= 1.03 g cm–3. bDetermined 
from tensile testing to the break point. cFracture toughness determined by integrating stress 
over strain from monotonic tensile tests. dDetermined from a linear fit of monotonic tensile test 
data at low strains (ε < 0.1). eDetermined from a linear fit of monotonic tensile test at ε = 3. 
Averages ± standard deviations are included for samples with at least three specimens tested. 
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Table 4.4. Summary of Mechanical Properties of Other Thermoplastic Elastomers 

TPE fA
a σb (MPa) εB

b UT
c (MJ m-3) Ed (MPa) 

E @ 300%e 

(MPa) 

8-127-8f  0.08 7.8 ± 0.5 11.9 ± 0.6 35.6 2.2 ± 0.1 0.2 

16-135-16 f  0.17 31 ± 4 12.0 ± 0.3 81.8 4.0 ± 0.3 0.7 

81(32-11)3
g 0.41 12.6 7.4 45.9 3.5 ± 0.5 4.6 ± 0.1 

81(56-11)3
g 0.52 11.3 5.0 33.1 12.3 ± 0.3 8.1 ± 0.2 

aCalculated from 1H NMR using Y#$$�= 1.25 g cm–3 and Y#&!$= 1.03 g cm–3. bDetermined 
from tensile testing to the break point. cFracture toughness determined by integrating stress 
over strain from monotonic tensile tests. dDetermined from a linear fit of monotonic tensile test 
data at low strains (ε < 0.1). eDetermined from a linear fit of monotonic tensile test at ε = 3. 
fData taken from ref. 9. gData taken from ref. 7. Averages ± standard deviations are included 
for samples with at least three specimens tested. 

4.4 Conclusions 

We have used a synthetic platform known as μSTAR to synthesize sustainable and high 

performing thermoplastic elastomers. These materials not only have more favorable 

mechanical properties compared to linear triblocks of the same chemistry but also compared 

to petroleum derived TPEs of the same miktoarm star architecture. Employing the modularity 

and versatility of μSTAR allowed us to determine preliminary insights into how the mechanical 

properties of A(BA′)n miktoarm star polymers depend on structural parameters such as n, MA′, 

and MB. These findings demonstrate that μSTAR is capable of producing materials with unique 

properties. Investigations continue into using μSTAR in other applications where miktoarm 

stars could provide improved properties, such as ion conduction28 and ultrafiltration 

membranes.29 



 

 162

4.5 Experimental 

4.5.1 Chemicals 

Unless otherwise stated, all chemicals were purchased at the highest available purity 

and used as received. All reactions were carried out under a nitrogen atmosphere with dry 

solvents using anhydrous conditions unless otherwise stated. Dry, degassed dichloromethane 

(DCM), tetrahydrofuran (THF), and toluene were obtained from a JC Meyer solvent 

purification system. Toluene used for the synthesis of poly(D,L-lactide) and poly(L-lactide) was 

distilled from Na/benzophenone. Chlorobenzene was distilled from P2O5. Tin(II) 2-

ethylhexanoate (Sn(Oct)2, Aldrich, 92.5–100%) was fractionally distilled 3× under reduced 

pressure (50 mtorr, 150 ℃) and stored in a nitrogen filled glovebox before use. 4-

Methylcaprolactone (MCL) was prepared according to literature,9 purified by fractional 

distillation 3× from calcium hydride (CaH2, Fisher Scientific, 93%), 3× from Sn(Oct)2 under 

reduced pressure (50 mtorr, 50 ℃), and stored in a nitrogen filled glovebox before use. D,L-

Lactide and L-lactide were generously provided by Corbion (PURASORB DL) and 

recrystallized six times from anhydrous toluene. Grubbs’ third-generation metathesis catalyst 

[(H2IMes)(pyr)2(Cl)2Ru=CHPh] (G3) was prepared according to literature.30 

4.5.2 Characterization 

NMR spectra were collected on a 600 MHz Varian VNMRS. Size-exclusion 

chromatography was performed on a Waters instrument using a differential refractive index 

detector and two Tosoh columns (TSKgel SuperHZM-N, 3 μm polymer, 150 × 4.6 mm) with 

chloroform at 35 °C as the mobile phase. In this case, molar masses and molar mass dispersity 

(Đ) were determined against narrow PS standards (Agilent). Differential scanning calorimetry 
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(DSC) data were collected on a liquid-nitrogen-cooled TA Instruments Q2000 Differential 

Scanning Calorimeter with an indium standard calibration. The samples were measured under 

a nitrogen environment and in a temperature range from −75 to 210 °C at a ramp rate of 10 °C 

per minute. Samples for mechanical testing and transmission electron microscopy (TEM) were 

compression molded using a Carver press (Wabash, IN). Samples were press in a 0.5 mm thick 

steel rectangular mold with 3000 lbf at 200 ℃ for 15 minutes and then quenched to room 

temperature. For TEM, polymers were cut to into ultrathin (~100 nm) sections by cryo-

ultramicrotomed at -100℃ and imaged without staining. For mechanical testing, a dog bone 

cutting die was used to punch out samples of the correct geometry. Monotonic and step-cyclic 

tensile mechanical tests were performed on these dog bone-shaped specimens (gauge width = 

1.5 mm, gauge length = 10 mm, 2.5 mm transition zone radius) using a custom-built setup with 

a vertical TwinRail positioning table (Lintech, CA) and a 10 N load cell (LSB2000 Miniature 

S-Beam, FUTEK, CA). A deformation rate of 10 mm/min was used for all test (strain rate = 1 

min–1). Step-cyclic tensile tests were brought to zero force between cycles by increasing the 

minimum applied strain as the specimens deformed. 

 
Scheme 4.2. Representative synthesis of PMCL-b-PLLA macromonomer (MM-32-8) 

 
 

In a Schlenk flask charged with a stir bar, 7.71 g PMCL macromonomer17 (32 kDa, 

0.240 mmol, 1 eq) was dried for 3 days at 50 ℃ in vacuo. The flask was brought into a nitrogen 

filled glovebox where 3.15 g L-lactide (21.8 mmol, 79.3 eq) was added, followed by 21 mL 
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chlorobenzene and 0.111 g Sn(Oct)2 (0.275 mmol, 1.0 eq). The reaction mixture was heated to 

105 ℃ for 36 minutes in an oil bath under nitrogen and then quenched in cold water. The 

mixture was diluted with DCM and an aliquot was extracted to determine the monomer 

conversion by 1H NMR (63%). The sample was precipitated 5 times into cold methanol, 

filtered, and dried in vacuo. 

 
Scheme 4.3. Representative synthesis of PLLA macroterminator (MT-98) 
 

 
 

In a nitrogen filled glovebox, 10.18 g L-lactide (70.6 mmol, 992 eq), 39.1 mg terminator 

alcohol16 (0.071 mmol, 1 eq), 28.6 mg Sn(Oct)2 (1.0 eq, 0.071 mmol), and 5.90 mL toluene 

were combined in an oven-dried heavy-wall pressure vessel with a stir bar. The vessel was 

sealed with a threaded PTFE bushing using a perfluoro O-ring and removed from the glovebox. 

The reaction mixture was heated to 110 ℃ in an oil bath for 28 minutes and then quenched in 

cold water. The mixture was diluted with DCM and an aliquot was extracted to determine the 

monomer conversion by 1H NMR (88%). The sample was precipitated 6 times into cold 

methanol, filtered, and dried in vacuo. 
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