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In Chapter 3, we will utilize the clearer picture obtained in the previous chapter and narrow down our 

target to a specific network-forming region. We will show that under this certain condition, the combined 

phase behavior of a triblock JBBCP is no longer simply the “cross product” of its separate components; 

rather, unprecedented networks phases emerge as the outcome of their collective behavior. Contrasting 

with the previous “grid-search” paradigm for new self-assembled phase discovery, this finding is driven 

by macromolecular design and carried out in a more manageable range of parameter space. A possible 

mechanism for this phenomenon will be discussed, providing guidance for future directions. 

In Chapter 4, we will discuss the development of synthetic methods to further streamline and diversify 

the construction of such complex bottlebrush polymer systems. We will propose an iterative ROMP-of-

ROMP methodology that realizes high yields, accurate MW control, and broadened compositional and 

architectural scope of bottlebrush (co)polymers. The achievements include a hierarchically ordered 

diblock bottlebrush copolymer, an asymmetric LAM-forming diblock JBBCP, and the first synthesis of 

biomimetic brush-on-brush hyperbranched polymers with full grafting density and defined structures. 

In Chapter 5, ideas for future work will be proposed on the incorporation of functional groups into 

these bottlebrush copolymer systems for real-world applications in microelectronics and fuel cells. Finally, 

Chapter 6 will summarize this thesis. 
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Chapter 2 Synthesis, Self-Assembly, and Simulations of Multiblock Janus 
Bottlebrush Copolymers 

The work from Sections 2.1.1 and 2.2 were adapted and reproduced with permission from Liu, R. et al. 

Nano Letters 23, 177 (2023). Copyright © 2023, American Chemical Society. The work from Sections 

2.1.2 and 2.3 were adapted and reproduced with permission from Liang, R. et al. Nat. Mater. 21, 1434 

(2022). Copyright © 2022, Liang, R. et al., under exclusive license to Springer Nature Limited. 

2.1 Introduction 

2.1.1 Diblock Janus bottlebrush copolymers 
The potential of using BCPs in e.g., nanolithography has been discussed in Section 1.1. In 

conventional linear diblock BCPs, the periodicity of the microdomains L0 scales with the Flory–Huggins 

interaction parameter χ and the degree of polymerization N as L0 ∝ χ1/6N2/3 in the strong segregation 

regime,62 and the diffusivity scales with exp(−χN).63 However, to drive microphase separation and 

produce sharp interfaces between microdomains, it is necessary to maintain a high value of χN during 

self-assembly. These competing constraints make the fabrication of well-ordered microdomains with sub-

10 nm period challenging.64,65 Furthermore, linear diblock BCPs produce a limited number of 

microdomain geometries which do not provide all the features required for applications such as 

microelectronic devices.66 

These considerations have motivated the design of various molecular architectures, as discussed in 

Section 1.2, to increase the range of available geometries and modify the scaling behavior. Recently, an 

novel “A-branch-B” diblock JBBCP, with a pseudo-alternating organization of sidechains (Figure 2-1a) 

rather than the conventional blocky arrangements along the backbone, has exhibited useful properties 

such as reduced entanglement, improved phase separation and dense functionality.46 

The synthesis of “real” alternating copolymers typically places strict requirements on the 

polymerization kinetics of the two constituting monomers,59,67 thus greatly limiting the achievable 

compositions of the resultant copolymer materials. To mimic the alternating sequence while allowing 

replaceable functionality of the two blocks, the synthesis of diblock JBBCPs was designed such that 

branched MMs, which feature a polymerizable norbornene group at the center of two dissimilar polymer 

chains, undergo graft-through ROMP to form a pseudo-alternating backbone (Figure 2-1a),46 enabling 

modular synthesis of functional copolymer materials with various functional sidechain compositions. 

Despite a few publications exploring the synthesis and applications of such copolymers, including 

self-assembly into ultrasmall (sub-10 nm or even sub 5-nm) domain sizes and decoupled processibility 

and thermomechanical properties,41,65 no systematic study has been conducted to answer the intriguing 
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Chapter 3 Emergence of Layered Nanomesh networks through Intrinsic 
Molecular Confinement Self-Assembly 

The work was adapted and reproduced with permission from Sun, Z. et al. Nat. Nanotechnol. 18, 273 

(2023). Copyright © 2023, Sun, Z. et al., under exclusive license to Springer Nature Limited. 

3.1 Introduction 

The grand promise of BCP self-assembly is the creation of target nanostructures through 

spontaneous (macro)molecular organization. However, as discussed in Chapter 1, the spontaneous 

nature of this process, dictated by thermodynamic laws such as surface area minimization and symmetry 

maximization, renders the most readily-accessible structures quite limited and simple. For example, 

single- and multilayer mesh nanostructures, which are defined as overlaid parallel lines with different 

orientations (Figure 3-1f),  are of particular interest in a range of technologies, such as photonic materials, 

superhydrophobic coatings, flexible electronics, and cross-point devices;104–108 their fabrication, however, 

has been a long-standing challenge. For single-layer nanomeshes, state-of-the-art techniques include 

successive shear or laser alignment of two CYL layers109,110 as well as directed self-assembly of CYL or 

LAM layers on topographically-patterned substrates with post arrays or trenches;93,105,106,111 for multilayer 

nanomeshes, all current techniques require repetitive layer-by-layer overlay steps.105,112,113 Thus far, a 

simple, straightforward fabrication process through “bottom-up” macromolecular design rather than “top-

down” pre- or post-treatments has not been demonstrated. 

Addressing this challenge is no easy task: Conventional block copolymer phase diagrams offer few 

opportunities for the formation of ordered 3D continuous network phases. Without constraints in any 

direction in space, unconfined microphase separation tends to give cubic-symmetric networks, among 

which GYR is most frequently observed, though rarer diamond and primitive cubic have also been 

reported.114,115 The only exception among the reported equilibrium network phases is O70 (orthorhombic 

Fddd, space group 70) as a single-network of relatively low symmetry (Figure S7a),116–118 but its phase 

region is narrow because its formation is associated with the instability of the GYR phase at the GYR/CYL 

boundary in the weak segregation limit.119 Its derivative structure, O52 (Pnna), was reported as a non-

equilibrium phase stabilized by shear.120,121 

Given that mesh structures are anisotropic networks, their formation requires symmetry breaking. We 

gained inspiration from our previous studies on directed self-assembly, where nanoscale topographical 

constraints yield emergent symmetries (the “top-down” approach),106,122 and considered whether 

analogous confinement could be achieved intrinsically via (macro)molecular design (the “bottom-up” 

approach), noting that the study of low-symmetry network phases under confinement at the molecular 
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level remains unexplored. Although non-network, comparatively simple nesting X-in-Y (X, Y = LAM, CYL, 

etc.) morphologies have long been predicted and observed for linear ABC terpolymers,15,123 the inability 

to decouple the substructure (X) and superstructure (Y) formation greatly complicates the exploration of 

a large parameter space. Therefore, we envisage that the multiblock JBBCP architecture developed in 

Chapter 2 could be utilized as a suitable tool for this study here (Figure 3-1a), as its hierarchical sub- (X) 

and super- (Y) structures can be independently tuned. 

 

Figure 3-1 Overview of this work. (a) Schematic of the synthesis of triblock JBBCPs by sequential ROMP. 
(b) Ball-and-stick model and (c) mathematical space-filling model for the unit cell of an M15 substructure 
network; its formation is driven by the IMC from (d) the LAM superstructure. (e) The M15-in-LAM 
hierarchical structure formed by the combination of super- and sub-structures from the self-assembled 
triblock JBBCP. (f) Schematic of the fabrication procedures for multilayer nanomeshes. Reproduced with 
permission.80 Copyright © 2023, Sun, Z. et al., under exclusive license to Springer Nature Limited. 
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Here in this chapter, we introduce a new “intrinsic molecular confinement” (IMC) self-assembly 

strategy that overcomes these challenges. Using the triblock JBBCP system, we achieve multilayer 

nanomesh structures with tunable in-plane and through-plane dimensions. Using a suite of experimental 

characterization methods and dissipative particle dynamics (DPD) simulations, we show that roughly in 

the same phase region as the GYR structure produced by unconfined self-assembly, IMC provides 

access to a mesh-like low-symmetry network with a 54° included angle that proved to be an 

unprecedented M15 phase at equilibrium (monoclinic C2/c, space group 15, Figure 3-1b–c) not reported 

before in soft materials. Moreover, the IMC self-assembly approach (Figure 3-1c–e) can produce large-

scale, highly-ordered single- or multilayer M15-in-LAM patterns with a sub-10 nm half-pitch on bare silicon 

substrates through a simple solvent annealing step, without the need for specialized substrates110 or low-

throughput templating techniques such as electron-beam lithography.124,125 Finally, a metastable network 

substructure, which is yet another mesh-like network but with a 90° included angle and tetragonal 

symmetry, was achieved experimentally using IMC; it was predicted to be thermodynamically stable only 

in the strong segregation regime by DPD simulations and identified as T131 (tetragonal P42/mmc, space 

group 131). These results pioneer IMC self-assembly as a new concept for the fabrication of complex 

soft materials. 
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4.2 Results and discussion 
4.2.1 Synthesis of macromonomers and bottlebrush homopolymers. 

To demonstrate the ROMP-of-ROMP concept, we targeted MMs based on a methoxyethyl (MOE) 

norbornene imide monomer (Figure 4-1d), which was chosen such that the 1H NMR signals of the 

pendant group would minimally overlap with those of the end-groups following ROMP. Boc-amine enyne 

 
Figure 4-2 Characterization of MOE-based ROMP-derived MM and its resultant bottlebrush 
homopolymers (R = MOE as an example). (a) 1H NMR, (b) DOSY, and (c) mass spectrum of MOE10–Nb 
MM. (d) Representative SEC (dimethylformamide) traces and (e) SEC characterization results of the 
MOE10–Nb MM and the corresponding bottlebrush polymers [MOE10]N with varying backbone DPs. (f) 
SEC (THF) traces of differently sized MOEn–Nb MMs and the corresponding bottlebrush homopolymers 
[MOEn]20 with varying sidechain DPs. (g) SEC (dimethylformamide) traces, (h) calculated conversions, 
and (i) MWs and dispersity evolution overtime for ROMP of a MOE30–Nb MM. 





70 
 

Table 4-1. MW, dispersity, and conversion of MM (or MMM) and bottlebrush (or BoB) homopolymers 
calculated from MALLS-SEC. 

Polymer Mn Đ conv./%  Polymer Mn Đ conv./% 

MOE10–Nb 2.3×103 1.08 /  PEO1k–Nb 1.3×103 1.04 / 

[MOE10]10 2.5×104 1.11 96  [PEO1k]10–Nb 1.5×104 1.03 / 

[MOE10]20 4.4×104 1.12 95  [[PEO1k]10]10 1.2×105 1.17 93 

[MOE10]30 6.5×104 1.10 95  [[PEO1k]10]20 2.4×105 1.16 93 

[MOE10]40 8.8×104 1.15 95  [[PEO1k]10]40 5.9×105 1.28 90 

[MOE10]60 1.2×105 1.13 94  PEO2k–Nb 1.9×103 1.03 / 

[MOE10]80 1.6×105 1.17 95  [PEO2k]10–Nb 2.4×104 1.04 / 

[MOE10]100 2.3×105 1.19 94  [[PEO2k]10]8 2.3×105 1.26 92 

[MOE10]150 3.9×105 1.27 95  [[PEO2k]10]10 3.8×105 1.30 91 

MOE30–Nb 6.2×103 1.06 /  [[PEO2k]10]16 6.1×105 1.37 85 

[MOE30]20 1.2×105 1.06 90  PS1k–Nb 1.6×103 1.06 / 

[MOE30]60 3.9×105 1.16 89  [PS1k]10–Nb 1.4×104 1.05 / 

     [[PS1k]10]10 1.2×105 1.16 83 

     [[PS1k]10]20 2.2×105 1.31 76 

 

reactions reached high conversions ~95% within an hour, consistent with the high end-group 

functionalization ratio determined by 1H NMR. The complete disappearance of the diagnostic peak at 

6.28 ppm marked the full consumption of MMs with the end-functionalized norbornene (Figure S51). 

When a larger backbone DP of 150 was targeted, we again observed accurate control in MW and high 

MM conversion as in previous cases, although its SEC showed slightly broadened dispersity of 1.27 

(Table 4-1 and Figure S68a). These low dispersities are a good indicator of minimal secondary 

metathesis162,169 despite the presence of abundant C=C double bonds in the bottlebrush polymers, likely 

due to the large steric hindrance as well as low reactivity in the substituted PNI chains.170 Furthermore, 

we intentionally subjected the ROMP system to prolonged reaction times (Figure S48a) or excess 

amounts of a chain transfer agent (Figure S48b).169,171 In both cases, no notable change to the SEC 

traces was observed, further confirming the absence of secondary metathesis.  

We moved on to the synthesis of bottlebrush homopolymers with different sidechain DPs, i.e., made 

from MOE-based MMs of varying sizes, n = 10, 30, and 45 (Table S1, Figure 4-2f and Figure S69a). 

Figure 4-2f shows SEC traces for samples with fixed backbone DP, N = 20. With longer sidechains, the 
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spectroscopy suggested nearly quantitative end-group functionalization (i.e., greater than the NMR 

technique limit, 95%). When compared to single-component MMs, the ability of preparative SEC to 

remove unfunctionalized MOEn species according to their smaller size than the functionalized MOEn–

Nb–PDMSm enables even higher purity of the branched MMs. ROMP of these MMs gave Janus 

bottlebrush copolymers [MOEn–br–PDMSm]N.; SEC showed <2% residual branched MM (Figure 4-4b), 

confirming the very high efficiency of this synthetic route. 

 

 
Figure 4-4 Synthesis and characterization of diblock JBBCPs with MOEn sidechains. (a) Synthesis and 
1H NMR characterization of the branched MM MOEn–Nb–PDMSm. (b) SEC (chloroform) characterization 
of the diblock JBBCP [MOEn–br–PDMSm]20 and the starting materials. In (a–b), the case where m = 40 
(3.0k) and n = 20 (5.0k) is shown as an example. (c) SAXS patterns of thermally annealed JBBCP 
samples with MOEn sidechains. (d–f) LAM layer thickness analysis of the [MOE30–br–PDMS3.0k]20 sample, 
revealing an asymmetric LAM morphology. (d) Calculation of spatial correlation function from the SAXS 
curve in (c). (e) TEM image of a FIB-sectioned sample. (f) Intensity profile plot of the region in (e). (g) 
Top-view SEM image of the [MOE45–br–PDMS3.0k]20 sample, showing a poorly-ordered cylindrical pattern. 
(h–i) DPD simulated LAM and CYL morphologies corresponding to the (e) and (g) case, respectively. 
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Table 4-2 The morphologies and spacings (L0; measured from SAXS) of self-assembled diblock JBBCPs 
with either rigid MOE sidechains or coiled PS sidechains. 

One block is rigid sidechains  Both blocks are coiled sidechains 

Sample fPDMS Phase L0/nm 

 

Sample fPDMS Phase L0/nm 

[MOE45–br–PDMS3.0k]20 0.2 CYL 18.8 – 

[MOE45–br–PDMS5.0k]20 
0.3 LAM 

25.3 [PS10.3k–br–PDMS5.0k]20 
0.3 CYL 

20.7 

[MOE30–br–PDMS3.0k]20 21.0 [PS6.9k–br–PDMS3.0k]20 14.8 

[MOE20–br–PDMS3.0k]20 0.4 LAM 17.8 [PS5.0k–br–PDMS3.0k]20 0.4 LAM 14.7 

[MOE20–br–PDMS5.0k]20 0.5 LAM 19.3 [PS4.6k–br–PDMS5.0k]20 0.5 LAM 17.1 

 

JBBCPs with varying PDMS and MOE sidechain lengths were synthesized (Table S3 and Figure 

S69–Figure S70). Their assembly in bulk was investigated by thermal annealing and SAXS (Figure 4-4c; 

also summarized in Table 4-2). An ordered morphology was obtained within a short annealing time to 

reach equilibrium (130 °C for 1 hour; Figure S62b–f) due to the preorganized interface of Janus 

copolymers, highlighting their rapid self-assembly kinetics.41,46 For example, [MOE30–br–PDMS3.0k]20 (Mn 

of its MOE sidechains can be calculated to be 7.2k) showed a LAM morphology with even its seventh-

order scattering peak visible (green line in Figure 4-4c). This sample would have formed a CYL 

morphology given its asymmetric composition with a low PDMS volume fraction fPDMS = 0.3, if it followed 

the phase diagram of normal Janus diblock bottlebrush copolymers;75 however, it instead formed 

“asymmetric” LAM, i.e., with different layer thicknesses for the two blocks. The relative ratio of the two 

thicknesses was calculated to be ~3:7 by evaluating the autocorrelation function (Figure 4-4d) from the 

SAXS profile (see Section 4.3.6 for theoretical details).181–183 The calculation was further supported by 

direct TEM imaging of an annealed, FIB-cross-sectioned sample (Figure 4-4e). In the bright-field image, 

it was clear that the darker stripes formed by the silicon-containing PDMS block appeared thinner than 

the brighter, MOE stripes. The quantitative calculation from their full widths at half maximum (FWHM) 

revealed a similar thickness ratio of 3:7 (Figure 4-4f). These calculated ratios were well in line with the 

PDMS:MOE volume ratio, assuming similar packing densities. The slight deviation of the TEM domain 

size (19.3 nm) from SAXS measurement (21.0 nm) might be due to the TEM specimen being sliced at 

an oblique angle and shear-deformed during sample preparation.47 The same asymmetric LAM 

morphology was also observed for another sample with fPDMS = 0.3 but larger sidechain MWs, [MOE45–

br–PDMS5.0k]20 (orange line in Figure 4-4c). The only CYL sample, [MOE45–br–PDMS3.0k]20, was achieved 

by further enlarging the compositional asymmetry to an fPDMS being as low as 0.2, confirmed by SAXS 

with scattering vector q ratios of 1:√3:√7:√19 (blue line in Figure 4-4c) and SEM imaging (Figure 4-4g, 
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where the irregular void regions are attributed to a plasma etching artifact46). The preference for these 

ROMP-derived Janus copolymers for forming LAM over CYL is explained below. 

4.2.4 Impact of sidechain rigidity 
As comparison, we synthesized and characterized “normal” Janus diblock bottlebrush copolymers 

where the only difference was that the ROMP-derived MOE sidechains were replaced by coil PS chains 

of similar MW (Table 4-2; see Section 4.3.2 for syntheses and characterization). Not surprisingly, they 

could form CYL at a relatively high fPDMS of 0.3, aligning with phase diagram predictions in Chapter 2. In 

addition, their domain spacings were consistently smaller than their PNI counterparts with MOE 

sidechains. We hypothesize that these differences, i.e., expansion of the LAM phase region and the 

increase of the domain spacings, were due to the introduction of more rigid PNI sidechains: The 

outstretched sidechain conformation led to larger sizes,184,185 and their reluctance to bend destabilized 

the more curved phases (such as CYL) like in the case of diblock bottlebrush copolymers.96 Unlike 

previous strategies where rigid sidechains in bottlebrushes were achieved by introducing bulky pendant 

groups,186,187 in our cases here, the rigidity of sidechains is endowed by the PNI skeleton.188   

To verify this conjecture, we carried out DPD simulations where we qualitatively mimicked the PNI 

rigidity by introducing a quadratic angle penalty potential term to sidechain beads.75,80 As expected, 

without the additional angle potential, the model gave a CYL phase at f = 0.3 (Figure S55). In contrast, 

the rigid-sidechain case exhibited the asymmetric LAM phase (Figure 4-4h), where the simulated layer 

thickness ratio was also found to be 3:7 (Figure S58), close to experimental observations. The simulation 

was also successful in reproducing the relatively poorly-ordered CYL morphology at f = 0.2 (Figure 4-4i). 

The poor order might be because the system was frustrated by the rigid sidechains being forced to bend 

to accommodate the curved CYL interface. 

The sidechain rigidity introduced by ROMP-derived PNI MMs is interesting from both fundamental 

and applied aspects. In block copolymer self-assembly, the energetic balance of interfacial area and 

chain stretching lead to strong coupling between the morphology and volume fraction and, by extension, 

block size ratio.189 The nanopatterns transferred from those conventional copolymer assemblies are 

therefore typified by almost identical line and space widths, restricting their applications in logic integrated 

circuit patterning (which requires line spacing greater than line width to avoid cross-talk between 

interconnects190) as well as in double patterning lithography (which requires unequal line-space patterns 

to produce uniform frequency-doubled features191 while avoiding extra trimming steps192 that can degrade 

pattern fidelity and roughness193). Our strategy overcomes the limitation, yielding asymmetric LAM 

instead of CYL at f = 0.3 which can be useful in nanolithography194–196. Considering other advantages of 

the JBBCP architecture, such as fast assembly kinetics and improved micro-phase separation,44,46 we 

expect that these ROMP-of-ROMP Janus copolymers could provide useful options for nanofabrication. 
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4.2.5 Brush-on-brush hyperbranched polymers 
We sought to further push the limits of the ROMP-of-ROMP method by exploring the synthesis of a 

more complex, challenging BoB architecture. This architecture is interesting for its densely packed 

branches, but the corresponding steric bulkiness obscures its synthetic accessibility. These polymers 

have therefore been commonly made by grafting-from methods with a less-defined structure, and to our 

knowledge, graft-through synthesis of BoB polymers with full grafting density and uniform sidechains 

remain elusive.197,198 

 

 
Figure 4-5 1H NMR spectra of (a) BoB [[PEO2.0k]10]10 and (b) MMM [PEO2.0k]10–Nb and (c) SEC 
(dimethylformamide) traces of them and the PEO2.0k MM. (d) SEC (dimethylformamide) traces of a 
smaller PEO1.0k MM, MMM [PEO1.0k]10–Nb, and BoBs [[PEO1.0k]10]N (N = 10, 20, and 40). The inset shows 
the calculated Mn, dispersity, and conversions of BoBs from SEC. 
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Given that the [C12n]N bottlebrushes synthesized above can, in a sense, be viewed as BoBs with 

short “comb-like” sidechains, we wondered how far we could push this macromolecular design and target 

BoB polymers with longer “bottlebrush-like” polyethylene oxide (PEO) pendants on PNI sidechains of PNI 

bottlebrushes. Thus, the pendant R group in the norbornene MM was replaced by polyethylene oxide 

(PEO, DP = 45, Mn = 2.0k). The resulting PEO MM was subjected to the same ROMP and end-

functionalized procedures above to give a “macro-macromonomer” (MMM) with a number-average DP 

of 10 (Figure 4-5b). The polymerizable norbornene group in the MMM is greatly sterically hindered by its 

polymer chains, and its diffusion and effective collision rates are further slowed down by the “dilution 

effect” of the large MW of the MMM (Its Mn = 25k, the largest norbornene-based macromonomer reported, 

to our knowledge).80 As a result, the ROMP conversion of an MMM prepared using the same enyne 

terminator 1a above was only ~65% (Figure S66). However, when we instead used terminator 1b with 

an extended (CH2)x spacer, a high MMM conversion ~90% was achieved, likely through the mitigated 

steric hindrance.199 Figure 4-5a,c shows the 1H NMR and SEC characterization of the BoB polymer with 

a backbone DP of 10, [[PEO2.0k]10]10. The disappearance of the norbornenyl olefin NMR signal (indicated 

by arrows) and the shifted SEC peak indicated the successful polymerization of the MMM. As supporting 

evidence, another experiment with a theoretical backbone DP of 8 was carried out (Figure S67a), and 

the two resultant BoB polymers were also characterized by SEC in chloroform (Figure S67b) to confirm 

the high conversions ~90%. However, the control over polymerization began to deteriorate when 

increasing the targeted backbone DP to 16, indicated by the broadened dispersity and a lower conversion 

of 85% (Figure S67a), likely due to the enhanced steric effects at higher DP values.61 We also note that 

in all cases, SEC revealed a non-negligible higher-MW shoulder peak (Figure 4-5c) as well as a 

significantly higher MW than expected (Table 4-1), which might be ascribed to the presence of a small 

amount of dinorbornenyl species serving as crosslinkers.154 Nevertheless, the ability to synthesis BoBs 

via graft-through ROMP demonstrates the power of this method for enabling access to unprecedented 

macromolecular architectures. 

The challenges discussed above limited the maximum backbone DP that a BoB polymer can go to, 

which is comparable to that of the sidechain DP (10); consequently, the samples’ topology is more 

“spherical,” resembling a star-like polymer.42,61 To prepare more “cylindrical” BoBs with larger backbone 

DP, we intentionally shortened the PEO pendants to 1.0k. The pendant size was chosen such that on 

one hand it considerably relieves the steric crowdedness, but on the other hand, it is not so small as to 

significantly alter its physical properties. For example, while graft polymers with too short, “comb-like” 

PEO sidechains will behave like linear coil polymers with significant hydrophobicity, it was demonstrated 

that PEO oligomers with more than ~10 repeat units (MW ~ 0.5k) could endow significant rigidity to the 

bottlebrush backbone200 as well as provide good stabilization and biocompatibility for bottlebrush drug 
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applications.201 We therefore synthesized the [PEO1.0k]10–Nb MMM (DP = 24) following a similar synthetic 

procedure (see Section 4.3.2 for its synthesis) and tested their ROMP into [[PEO1.0k]10]N BoBs with varying 

backbone DPs, N = 10, 20, and up to 40 (Table 4-1). Their SEC characterization exhibited good control 

over graft-through ROMP of the MMM (Figure 4-5d), deduced from their predetermined MWs, narrow 

dispersities (< 1.3), and high conversions (≥ 90%) (Figure 4-5d inset). 

As a last demonstration of the substrate applicability of our BoB synthetic route, we replaced the 

pendants from PEO to more sterically bulk PS. While the protruding phenyl groups pose a larger synthetic 

challenge due to their hindrance to end-functionalization and the subsequent ROMP, we were able to 

achieve moderately high conversions (75%–85%; Table 4-1 and Figure S68). 

In the future, the dense functionality of BoBs, particularly with PEO sidechains, may enable 

applications as unimolecular micelles with improved stability against aggregation to incorporate small 

molecules for imaging and drug delivery,202 where the micellar interfacial curvature can be systematically 

engineered by tunable manipulation of the pendant, sidechain, and backbone DPs in a hierarchical 

manner.152 The tunable compositions and dimensions of the BoB architecture as a synthetic mimic of 

proteoglycan aggregates203,204 could also help researchers rationalize how the structure is contributed to 

their central functions in biological systems, which is essential in better design of bioinspired and 

biomimetic materials.  
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4.3 Methods 

4.3.1 Experimental methods 
4.3.1.1 General remarks 

All reagents were purchased from commercial suppliers and used without further purification. 

Monohydroxy-terminated 5k PDMS and amine-terminated 5k PS were purchased from Sigma-Aldrich; 

monohydroxy terminated 3k PDMS was purchased from Shin-Etsu Silicones of America, Inc; α-methoxy-

ω-amine 2k PEO was purchased from Xiamen SINOPEG Biotech Co., Ltd.; α-methoxy-ω-amine 1k PEO 

was purchased from BroadPharm®; these polymer samples were used as received. Column 

chromatography was performed using SiliaFlash® F60 silica gel (pore size 60 Å, particle size 40–63 μm) 

on a Biotage® Isolera Prime™ flash purification system. 

NMR spectra were recorded on a 400 or 500 MHz Bruker Avance Neo spectrometer and calibrated 

using residual solvent signal as an internal reference (1H: CDCl3 at 7.26 ppm, CD2Cl2 at 5.32 ppm, 

(CD3)2CO at 2.05; 13C: CD2Cl2 at 53.84 ppm). 

High resolution mass spectroscopy (MS) was performed on a JEOL AccuTOF 4G LC-plus equipped 

with an ionSense DART (direct analysis in real-time) source, operated in positive ion mode at 300 °C. 

MALDI–TOF–MS was performed on a Bruker Autoflex LRF Speed mass spectrometer, calibrated by 

ProteoMass™ Insulin MALDI–MS standard (purchased from Sigma-Aldrich), using a trans-2-(3-(4-tert-

butylphenyl)-2-methylallylidene)malononitrile (DCTB) matrix and silver trifluoroacetate ionizing agent. 

Analytical SEC measurements were performed by one of the following chromatographs: an Agilent 

1260 Infinity system with three columns in series (Agilent Technolgies PLgel 5µm 10E5A, 10E4A, and 

10E3A) eluting THF at a flow rate of 1.0 mL min−1 at 40 °C, calibrated with PS standards; a Tosoh EcoSEC 

HLC-8320 system with dual TSKgel SuperH3000 columns eluting ethanol-stabilized chloroform at a flow 

rate of 0.60 mL min−1 at 40 °C, calibrated with PS standards; and an Agilent 1260 Infinity setup with a 

Wyatt Optilab T-rEX differential refractive index detector, a Wyatt DAWN EOS 18-angle laser light 

scattering (MALLS) detector, and two Shodex KD-806M columns in tandem eluting N,N-

dimethylformamide (DMF) containing 25 mM lithium bromide at a flow rate of 1.0 mL min−1 at 60 °C. For 

molecular weight measurements by MALLS, dn/dc values were obtained assuming 100% mass elution 

from the columns: PS = 0.17 mL g−1, PEO = 0.065 mL g−1, poly(MOE) = 0.15 mL g−1. 

Preparative SEC separation was performed on a LaboACE LC-5060 recycling preparative HPLC 

equipped with two sets of columns from Japan Analytical Industry Co., Ltd.: a JAIGEL-2.5HR column and 

a JAIGEL-2HR column in series operating at a flow rate of 10 mL/min; and a JAIGEL-2.5H column and 

a JAIGEL-2H column in series operating at a flow rate of 10 mL/min, both sets operated at RT. The former, 

“small” columns were used to purify PDMSm–Nb–COOH (m = 3.0k / 5.0k) and MMM [PEO2.0k]10–Nb, and 

the latter, “big” columns were used to purify all other samples (e.g., branched MMs). 
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4.3.1.2 SAXS sample preparation 

The copolymer samples were solution-cast in the hole of circular washers (Ø2 mm, 1 mm thick) as 

the sample holder. For samples that were too soft to form freestanding solid chunks, Kapton tapes were 

put on one side of the washers to support the samples. These sample-loaded washers were placed in a 

vacuum oven, evacuated, heated to 130 °C, and annealed for 0.5–24 hours. The oven was then allowed 

to cool and vented to the atmosphere. 

4.3.1.3 SEM sample preparation 

The bulk or thin-film samples were made by drop-casting a 2 wt% copolymer sample solution in 

chloroform or spin-coating a 0.2 wt% copolymer sample solution in chloroform, respectively, onto a silicon 

substrate.  The samples were placed in a vacuum oven, evacuated, heated to 130 °C, and annealed for 

3–5 days. The oven was then allowed to cool overnight and vented to the atmosphere. 

4.3.1.4 TEM sample preparation 

The sample was first processed as described above, and was then sputter-coated with a carbon 

protection layer of ~40 nm. The thin section specimens were prepared on Raith VELION FIB-SEM using 

the lift-out method with a focused Au+ beam operating at 35 kV and then welded on a copper grid. 

4.3.1.5 SAXS measurements 

Transmission SAXS was performed on a SAXSLAB system using Cu Kα radiation at a wavelength of 

λ = 0.154 nm. The working voltage and current were 45 kV and 0.66 mA, respectively. The DECTRIS 

PILATUS 300K detector was placed at a distance of 350 mm or 950 mm from the sample to collect the 

medium-angle or small-angle scattering data, respectively. The 2D scattering patterns were azimuthally 

integrated into 1D profiles of the intensity I against the magnitude of scattering vector q = 4π sinθ / λ (2θ 

is the scattering angle), and the domain size was calculated to be L0 = 2π / q0, where q0 is the principal 

peak position. For each sample, the medium-angle scattering profile and the small-angle scattering profile 

were pieced together at ~0.06 Å−1 to cover a wide q range of 0.005–0.7 Å−1, and a Savitzky–Golay filter 

was applied to suppress the high-frequency noise. 

4.3.1.6 SEM imaging 

Selective RIE was used to improve SEM imaging contrast between different blocks, where a SAMCO 

RIE-230iP inductively coupled plasma (ICP) etcher was involved. The silicon substrates with copolymer 

sample films were first cracked in liquid nitrogen. The cracked edge of one half and the top surface of the 

other half were etched by a 20-second CF4 plasma (2 Pa pressure, 25 sccm flow, 50 W bias) to remove 

the PDMS wetting surface layer and then a 90-second O2 plasma (3 Pa pressure, 50 sccm flow, 150 W 

power) to remove the PS / MOE / C12 block and oxidize the PDMS microdomains into silica. The etched 

sample was then imaged using SEM (Zeiss Gemini 450) at 5 kV. The cross-sectional view was imaged 

by tilting the sample by 75°. 
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4.3.1.7 TEM imaging 

TEM imaging was performed on an FEI Tecnai (G2 Spirit TWIN) TEM operated at 120 kV. 

4.3.2 Synthetic procedures 
The 5.0k PDMS MM205 (5.0k is the number-average MW, excluding the norbornene end-group, same 

below);  6.3k PLA MM;133 and branched MMs46 PS10.3k–Nb–PDMS5.0k and PS4.6k–Nb–PDMS5.0k used here 

were synthesized and reported in previous work. Compounds G3163, 2,206 S1,159 S2,207 and S3;208 

monomers MOE–Nb,209 Bn–Nb,210 C12–Nb,162 and C16–Nb;205 and azide-terminated polymers PS1.1k–

N3, PS6.9k–N3,46 PDMS3.0k–N3, and PDMS5.0k–N3
69 were synthesized according to literature procedures. 

4.3.2.1 Synthesis of enyne terminators 1 

 
To a solution of N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl, 100 mg, 

0.52 mmol, 1.3 eq), 4-(dimethylamino)pyridine (DMAP, 10 mg, 0.080 mmol, 0.2 eq), and N-Boc-6-amino-

hexanoic acid (102 mg, 0.44 mmol, 1.1 eq) or N-Boc-11-aminoundecanoic acid (133 mg, 0.44 mmol, 1.1 

eq) in dichloromethane (DCM, 2 mL) was added enyne amine S1 (150 mg, 0.40 mmol, 1.0 eq). The 

reaction was stirred at RT for 12 hours. The volatiles were removed under reduced pressure, and the 

residue was purified by silica gel column chromatography using ethyl acetate/hexanes as an eluent to 

give enyne terminator 1a (233 mg, 99%) or 1b (262 mg, 99%) as a white solid. 1a was initially a colorless 

oil but would slowly solidify when stored at −20 °C for several months. 
1a: MS (m/z): calcd for C35H57N2O3S, [M+H]+, 585.4090; found 585.4085. 

  1H NMR (400 MHz, CD2Cl2): δ 7.49–7.41 (m, 1H), 7.35 (dd, J = 7.6, 1.6 Hz, 1H), 7.27–7.12 (m, 
2H), 7.02 (d, J = 15.7 Hz, 1H), 6.13–5.99 (m, 1H), 4.71–4.49 (br s, 1H), 4.30–4.13 (m, 3.2H), 4.07 (d, 
J = 2.5 Hz, 0.8H), 3.15–3.01 (m, 2H), 2.86 (t, J = 7.4 Hz, 2H), 2.48–2.32 (m, 2.4H), 2.26 (t, J = 2.4 
Hz, 0.6H), 1.74–1.55 (m, 4H), 1.55–1.45 (m, 2H), 1.45–1.33 (m, 13H), 1.33–1.22 (m, 16H), 0.88 (t, J 
= 6.7 Hz, 3H). Full spectrum is shown in Figure S74a. 

  (400 MHz, (CD3)2CO): δ 7.59–7.50 (m, 1H), 7.42 (dd, J = 7.4, 1.6 Hz, 1H), 7.30–7.16 (m, 2H), 
7.11–7.01 (m, 1H), 6.26 (dt, J = 15.8, 5.7 Hz, 0.6H), 6.13 (dt, J = 15.7, 6.3 Hz, 0.4H), 6.00–5.76 (br 
m, 1H), 4.35–4.20 (m, 4H), 3.11–3.01 (m, 2H), 2.95–2.87 (m, 2H), 2.86 (t, J = 2.4 Hz, 0.4H), 2.69 (t, 
J = 2.5 Hz, 0.6H), 2.55–2.43 (m, 2H), 1.73–1.56 (m, 4H), 1.50 (p, J = 8.0 Hz, 2H), 1.45–1.35 (m, 13H), 
1.34–1.24 (s, 16H), 0.88 (t, J = 6.8 Hz, 3H). Full spectrum is shown in Figure S74b. 

  13C NMR (101 MHz, CD2Cl2): Major rotamer: δ 172.72, 156.16, 137.32, 135.96, 130.63, 129.98, 
128.53, 126.76, 126.56, 126.47, 80.05, 79.38, 71.49, 49.47, 40.74, 34.46, 34.34, 33.33, 32.33, 30.29, 
30.06, 30.04, 30.00, 29.92, 29.76, 29.58, 29.52, 29.27, 28.53, 26.88, 25.12, 23.10, 14.29. 

  Minor rotamer: δ 172.63, 156.16, 137.69, 135.66, 130.98, 130.23, 128.30, 126.99, 126.72, 126.62, 
80.05, 78.94, 72.50, 47.76, 40.74, 36.90, 34.43, 33.50, 32.33, 30.29, 30.06, 30.04, 30.00, 29.92, 
29.76, 29.58, 29.52, 29.27, 28.53, 26.88, 25.08, 23.10, 14.29. Full spectrum is shown in Figure S76a. 

The underlined chemical shifts indicate peaks common to both rotamers. 
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1b: MS (m/z): calcd for C40H67N2O3S, [M+H]+, 655.4872; found 655.4858. 
  1H NMR (400 MHz, CD2Cl2): 7.49–7.40 (m, 1H), 7.35 (dd, J = 7.7, 1.5 Hz, 1H), 7.27–7.12 (m, 2H), 

7.02 (d, J = 15.8 Hz, 1H), 6.13–5.99 (m, 1H), 4.67–4.43  (br s, 1H), 4.27–4.18 (m, 3.2H), 4.07 (d, J = 
2.4 Hz, 0.8H), 3.10–2.99 (m, 2H), 2.85 (t, J = 7.4 Hz, 2H), 2.46–2.32 (m, 2.4H), 2.25 (t, J = 2.5 Hz, 
0.6H), 1.69–1.54 (m, 4H), 1.48–1.37 (m, 13H), 1.37–1.20 (m, 28H), 0.88 (t, J = 6.7 Hz, 3H). Full 
spectrum is shown in Figure S75a. 

  (400 MHz, (CD3)2CO): δ 7.58–7.51 (m, 1H), 7.42 (d, J = 7.6 Hz, 1H), 7.29–7.17 (m, 2H), 7.10–
7.00 (m, 1H), 6.26 (dt, J = 15.8, 5.5 Hz, 0.6H), 6.13 (dt, J = 15.8, 6.2 Hz, 0.4H), 5.99–5.76 (br s, 1H), 
4.35–4.20 (m, 4H), 3.09–3.00 (m, 2H), 2.96–2.88 (m, 2H), 2.86 (t, J = 2.3 Hz, 0.4H), 2.70 (t, J = 2.3 
Hz, 0.6H), 2.54–2.41 (m, 2H), 1.71–1.54 (m, 4H), 1.49–1.37 (m, 13H), 1.37–1.24  (m, 28H), 0.88 (t, 
J = 6.8 Hz, 3H). Full spectrum is shown in Figure S75b. 

  13C NMR (101 MHz, CD2Cl2): Major rotamer: δ 172.97, 156.16, 137.41, 135.97, 130.60, 130.07, 
128.52, 126.75, 126.58, 126.56, 80.12, 79.43, 71.44, 49.49, 40.98, 34.45, 34.40, 33.52, 32.33, 30.49, 
30.07, 30.05, 30.01, 29.93, 29.87, 29.80, 29.76, 29.71, 29.59, 29.53, 29.27, 28.54, 27.20, 25.60, 
23.10, 14.30. 

  Minor rotamer: δ 172.86, 156.16, 137.74, 135.67, 130.87, 130.28, 128.29, 127.04, 126.71, 126.63, 
80.12, 78.92, 72.44, 47.67, 40.98, 36.94, 34.45, 33.69, 32.33, 30.49, 30.07, 30.05, 30.01, 29.93, 
29.87, 29.80, 29.76, 29.71, 29.59, 29.53, 29.27, 28.54, 27.20, 25.60, 23.10, 14.30. Full spectrum is 
shown in Figure S76b. 

The underlined chemical shifts indicate peaks common to both rotamers. 
 

4.3.2.2 ROMP termination general procedure (Rn–NH2) 

 
G3 was dissolved in the requisite amount of anhydrous DCM in a glovebox to produce a 10.0 mM 

stock solution. In a separate 8 mL glass vial equipped with a Teflon stir bar, monomer R–Nb (R = MOE, 

Bn, C12, or C16; 10.0n μmol, n eq; n = 10, 15, 20, 30, 40, or 45) was dissolved in anhydrous DCM (3 

mL) in the glovebox. These solutions were kept at −10 °C for 10 minutes, and then the G3 solution (1.00 

mL, 10.0 μmol, 1.00 eq) was rapidly transferred to the stirred monomer solution using a microsyringe. 

The low temperature could let the chain propagate in a more controlled manner and slow down the 

degradation of the reactive Ru end.211 The reaction was allowed to warm to RT and react for 15 minutes, 

followed by addition of enyne terminator 1a (7.60 mg, 13.0 μmol, 1.3 eq, which was typically transferred 

using a small amount of DCM solvent for 4 times). The reaction solution immediately changed color from 

brownish yellow to bright green and was stirred for an additional hour. 
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For characterization purposes, this mixture could be precipitated in a non-solvent (diethyl ether when 

R = MOE or Bn; cold methanol when R = C12 or C16) for 3 times to give Rn–NHBoc as an off-white solid 

in nearly quantitative yield. Representative 1H NMR spectra are shown in Figure S49a and Figure S50a. 

Typically, Rn–NHBoc were directly used in the subsequent deprotection reaction without purification. 

The reaction mixture from the last step was concentrated under dry nitrogen flow to 0.5 mL, and 0.5–1.0 

mL trifluoroacetic acid (TFA) was added while stirring. 1H NMR monitoring revealed that when TFA:DCM 

= 1:1, the deprotection was complete in 5 hours; when TFA:DCM = 2:1, the completion time was 

shortened to 3 hours. The volatiles were then removed under dry nitrogen flow, and the residue was 

purified by precipitation in a non-solvent (diethyl ether when R = MOE or Bn; cold methanol when R = 

C12 or C16) for 3 times to give Rn–NH2·TFA as an off-white solid in quantitative yield. Their 1H NMR 

spectra are shown in Figure S49b, Figure S50b, Figure S77a–Figure S80a, and Figure S81. 

 

4.3.2.3 Rn–Nb MM synthesis general procedure 

 
To a solution of Rn–NH2·TFA (R = MOE, Bn, C12, or C16; 10 μmol, 1.0 eq; n = 10, 15, 30, 40, or 45) 

and norbornene NHS ester 2 (19 mg, 50 μmol, 5.0 eq) in DCM (0.2–0.4 mL) was added N,N-

diisopropylethylamine (DIPEA, 0.742 g/mL, 4 μL, 23 μmol, 2.3 eq). It was found by SEC and 1H NMR 

that Rn–NH2 could slowly degrade under basic conditions, so it is critical to add DIPEA last. The reaction 

was stirred at RT for 5 hours. The mixture was precipitated in a non-solvent (diethyl ether when R = MOE 

or Bn; cold methanol when R = C12 or C16) for 4 times to give Rn–Nb as an off-white solid in nearly 

quantitative yield. 1H NMR monitoring revealed that precipitation 4 times was necessary to completely 

remove excess 2 in the mixture. Their SEC traces are shown in Figure 4-2d,f and Figure S64–Figure S65, 

and their 1H NMR spectra are shown in Figure S49c, Figure S50c, and Figure S77b–Figure S80b. 

 

4.3.2.4 Synthesis of bifunctional precursors PDMSm–Nb–COOH (m = 3.0k / 5.0k) 
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CuBr was purified as follows: Commercial CuBr (gray powder, 500 mg) was washed with 3 mL acetic 

acid 3 times to remove most Cu(II) impurities. Then, L-ascorbic acid (500 mg) was added to its suspension 

in 3 mL acetic acid. After vortex mixing for 5 minutes, the mixture was further washed with acetic acid 

twice and sequentially with diethyl ether twice. The resultant white powder was dried under vacuum, and 

then stored in a vial in the dark under −20 °C. 

To a mixture of compound S2 (100 mg, 0.25 mmol, 1.0 eq), CuBr (21.5 mg, 0.15 mmol, 0.60 eq), and 

azide terminated PDMS (PDMSm–N3, 0.30 mmol, 1.2 eq, m = 3.0k: 0.90 g; m = 5.0k: 1.5 g) was added 

anhydrous THF (2.5 mL) and tris(2-dimethylaminoethyl)amine (Me6Tren, 0.90 g/mL, 53 μL, 0.20 mmol, 

0.80 eq) under nitrogen. The reaction was stirred under nitrogen at RT for 3 days. The reaction was 

quenched by stirring in air for 15 minutes to fully oxidize the remaining CuBr activator. The mixture was 

concentrated under vacuum to remove solvent and purified by silica gel column chromatography with a 

solvent gradient of 0–7% methanol/DCM to give PDMS3.0k–Nb–COOH (0.63 g, 74%) or PDMS5.0k–Nb–
COOH (0.70 g, 52%) as a pale-yellow gel. Their 1H NMR spectra are shown in Figure S82a and Figure 

S83a. 

The carboxylic acid could strongly bind to alumina, so the product should not be purified by a neutral 

alumina plug. As a result, there was a small amount of Cu ion impurities that could not be removed from 

the samples. Especially, Cu2+ is paramagnetic and caused peak broadening in the samples’ 1H NMR 

spectra. After exposed to the air for several days, PDMS3.0k–Nb–COOH turned into a green color, likely 

due to the oxidation of Cu(I) into Cu(II). However, the inability to remove Cu species did not affect 

subsequent reactions. 

 

4.3.2.5 Synthesis of bifunctional precursors PDMSm–Nb–CONHS (m = 3.0k / 5.0k) 

 
Bifunctional precursor PDMSm–Nb–COOH (25 μmol, 1.0 eq, m = 3.0k: 85 mg; m = 5.0k: 135 mg), N-

hydroxysuccinimide (NHS, 14 mg, 125 μmol, 5.0 eq), EDC·HCl (24 mg, 125 μmol, 5.0 eq), and DMAP 

(1.5 mg, 12.5 μmol, 0.5 eq) were dissolved in 1.5 mL DCM. The reaction was stirred at RT for 3 days. 

As a simple workup, the mixture was precipitated in methanol 3 times to give PDMS3.0k–Nb–CONHS 

(39 mg, 44%) or PDMS5.0k–Nb–CONHS (78 mg, 57%) as a white translucent gel. The low yields were 

due to absence of a clear solvent-PDMS phase interface. Alternatively, preparative SEC was used for 

purification instead. In the case of 3k PDMS, the yield was as high as 96% (84 mg). Their 1H NMR spectra 

40%–60% (by precipitation)
95% (by preparative SEC)
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At given time points, 1.5, 4.0, 7.0, 11, 16, and 60 minutes, ~3 μL aliquots were removed from the 

reaction mixture and “soft-quenched” by injecting them into 150 μL DCM, which were then rapidly 

transferred out of the glovebox and “hard-quenched” by 10 μL EVE. These samples were analyzed by 

MALLS-SEC (Figure 4-2g–i). Apparent conversion c was calculated via relative integration of the 

bottlebrush peak to the MM peak. The terminal conversion, c∞, could not reach 100% due to the presence 

of unfunctionalized MOE30 species, which could be calculated either from the SEC trace at 60 min directly 

or by exponential fitting, elaborated below. By taking this factor into account, we consider the real 

conversion, c' = c / c∞. The pseudo-first order kinetics of ROMP dictates 

𝑐𝑐′ = 1 − exp�−𝑘𝑘p[G3]0 𝑡𝑡� ,  or 𝑐𝑐 = 𝑐𝑐∞�1 − exp�−𝑘𝑘obs𝑡𝑡�� (4-1) 

Where kp is the polymerization rate constant, kobs is the apparent first-order rate constant, [G3]0 is the 

reactive center concentration, and t is the reaction time.  Fitting the c-t plot shown in Figure S47a gave 

kobs = (0.18±0.02) min−1 and c∞ = 0.87±0.03 with good R2 = 0.992. The fitted c∞ was in close agreement 

with the calculated value from the SEC trace at 60 min, 0.89. 

Alternatively, linear regression was performed by fitting −ln(1−c/0.89) against t, which gave kobs = 0.15 

min−1 with good R2 = 0.996, as shown in Figure S47b. 

4.3.4 Evidence against secondary metathesis 
In a 2 mL glass vial equipped with a Teflon stir bar, a G3 solution (in anhydrous DCM; 2.0 mM, 20 μL, 

40 nmol, 1.0 eq) was added to a solution of MM MOE10–Nb (8.6 mg, 3.2 μmol, 80 eq) in 30 μL anhydrous 

DCM by a micropipette in a glovebox. After stirring at RT for 1 hour, an aliquot of the reaction mixture 

was removed from the glovebox and quenched with 10 μL EVE. SEC analysis of this aliquot of sample 

showed complete polymerization in 1 hour (conversion = 95%, the residual 5% “MM peak” was likely due 

to incomplete end-functionalization). The remaining mixture was allowed to further react for an additional 

day. By comparing the two [MOE10]80 samples’ SEC traces, we found that the total relative peak area 

difference was less than 5% (Figure S48a), confirming little secondary metathesis even after a prolonged 

reaction time. 

In a parallel experiment, [MOE10]80 was synthesized as described above and quenched with 10 μL 

EVE in 1 hour. To further prove absence of secondary metathesis, an effective chain transfer agent (CTA), 

cis-4-octene, was added to the sample similar to previous reports,169,171 described below. In a 2 mL glass 

vial equipped with a Teflon stir bar, a Grubbs’ 2nd generation catalyst (G2) solution (in anhydrous DCM; 1 

mM, 10 μL, 10 nmol, 1 eq) was added to a solution of [MOE10]80 (2 mg, Mn ~ 2×105, 10 nmol, 1 eq) in 20 

μL anhydrous DCM by a micropipette in a glovebox. The vial was sealed with a vial cap with septa and 

transferred out of the glovebox. Into the mixture was injected cis-4-octene (2 μL, ~103 eq) by a 

microsyringe, and the mixture was allowed to stir for 3 hours at RT. No noticeable change to the SEC 
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trace of the polymer was observed. Neither increasing the equivalence of G2 added (10 mM, 10 μL, 10 

eq) nor replacing G2 with G3 led to noticeable changes (Figure S48b). 

4.3.5 DPD simulations 
Similar to Section 2.2.5.2, each diblock JBBCP was modelled as a series of beads representing the 

sidechains and backbone in the general formula of [ANA-br-BNB]n, connected by linear harmonic bonds 

(Figure S55a). We fixed the number of backbone beads n = 10 and the total bead number per sidechain 

NA + NB = 20, and we varied the number of A- and B-branch beads ((NA, NB) = (4, 16), (6, 14), (8, 12), or 

(10, 10)) to quantitatively tune the volume fractions (fA = 20%, 30%, 40% or 50%, respectively). To 

qualitatively mimic the immiscibility between different types of monomers in this system, we set DPD 

repulsive interaction parameters aAB = 22. No interaction was set between the backbone beads and 

sidechain beads; thus, the backbone beads were not included in the calculation of volume fractions. To 

qualitatively mimic the stiffness of bonds in the backbone, a quadratic angle potential between two 

adjacent bonds was applied. To model ROMP-derived, rigid B sidechains, a similar quadratic angle 

potential was also applied to adjacent B sidechain beads, which we denote as B' below. Since the 

stiffness is dependent on the grafting density, we set K1
A = 0.5 for B' sidechains and K2

A = 2 for backbones. 

For coil B sidechains, no angle potential between sidechain beads was applied, i.e., K1
A = 0. 

The noise parameter σ was set to be 0.1 throughout the 6×106 simulation steps to find the stable 

morphology. A cubic simulation box with periodic boundary conditions and dimensions of 

Lx = Ly = Lz = 13.3 was used for all simulations. The simulation results revealed a larger LAM phase region 

with B sidechain rigidity (Figure S55b). 

4.3.6 Calculation of LAM layer thickness 
The LAM thickness information can be probed in both reciprocal space and direct space. In the first 

case, it was done by calculating the density autocorrelation function 𝛤𝛤(𝐫𝐫) ≔ ∫ 𝜌𝜌(𝐫𝐫′)𝜌𝜌(𝐫𝐫′ − 𝐫𝐫) d 𝐫𝐫′
ℝ3

, where ρ is 

electron density (a real-valued function).181,183 For isotropically scattering samples, the spectrum is 

usually azimuthally integrated. After being reduced to 1D and normalized, we will then get the 

characteristic function: 

𝛾𝛾(𝑟𝑟) ≔
𝛤𝛤(𝑟𝑟)
𝛤𝛤(0)

=
∫ 𝐼𝐼(𝑞𝑞)𝑞𝑞2 cos(𝑞𝑞𝑞𝑞) d 𝑞𝑞∞
0

∫ 𝐼𝐼(𝑞𝑞)𝑞𝑞2 d𝑞𝑞∞
0

(4-2) 

A real SAXS experiment lacks knowledge as q→0 or q→∞. However, in previous reports, no 

detectable influence was observed without interpolation or extrapolation (due to diminishing Iq2 values 

approaching these two limits), so the integration can be truncated as a good approximation.212,213 In 

addition, background subtraction was performed for the Lorentz-corrected SAXS profile (i.e., Iq2–q plot) 
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by subtracting a blank sample’s signal.213,214 Finally, in the calculated γ(r) plot, e.g., Figure 4-4d, the “self-

correlation triangle” around r = 0 is found by linear fitting (orange dots and orange line; same below), 

whose intersection with the “baseline” (green dots and green horizontal line; same below) gives the 

smaller thickness value of the two periodic LAM layers, L1, and the next maximum point (red dot; same 

below) gives the total domain spacing, L0.183,212–214 Given the periodicity of the plot (though with a 

generally decaying trend), the same treatment above can be repeated for the curve starting from r = 0, 

L0, 2L0, etc. Typically, the first three periods of correlation function plots are analyzed and averaged to 

get accurate L0 and L1 values. 

Two additional notes: 1) Even without background subtraction, the results were not too different 

despite the lower R2 value in linear fitting; 2) the calculated γ(r) shows good signal-to-noise, without need 

of any smoothing for the Lorentz-corrected SAXS profile beforehand. 

The same analysis was also applied to other LAM samples in Figure 4-4c, as shown in Figure S56. 

The calculated L1/L0 values (0.32 for [MOE45–br–PDMS5.0k]20 and 0.41 for [MOE20–br–PDMS3.0k]20) are 

well in line with fPDMS (0.32 for [MOE45–br–PDMS5.0k]20 and 0.38 for [MOE20–br–PDMS3.0k]20), assuming 

similar packing densities of the two blocks. However, this analysis failed for the symmetric sample, 

[MOE20–br–PDMS5.0k]20 (fPDMS = 0.5): As can be seen in Figure S56c, there is no clear baseline; therefore, 

the value of L1 cannot be accurately determined without the knowledge of other data.212 

The calculation of L1/L0 was also performed in real space by TEM imaging. The intensity profile was 

integrated over a given area along the LAM normal direction (as indicated in Figure 4-4e) using ImageJ.137 

The raw profile (blue line in Figure 4-4f and Figure S57) was then smoothed by a Savitzky–Golay filter 

(orange line in Figure S57), and the half-maximum positions were found (indicated by red dots), whose 

distance with neighboring points define L1 and L0−L1. Not surprisingly, the calculated L1/L0 for [MOE30–

br–PDMS3.0k]20, 32%, is close to the value calculated above in reciprocal space, 31%. 

Similarly, the calculations were done for simulations. The box size a0 is normalized to 1 below for 

simplicity. In the real-space analysis, the distance of each A (minority block) bead from the origin is 

calculated. The normalized distance of any point (x, y, z) (𝑥𝑥, 𝑦𝑦, 𝑧𝑧 ∈ [0,1)) along the LAM normal (h, k, ℓ) is 

(x, y, z)·(h, k, ℓ), and after taking the periodic boundary condition of the simulation box into account: 

𝑟𝑟/𝐿𝐿0 = {(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) ⋅ (ℎ, 𝑘𝑘, ℓ)} (4-3) 

where {•} means the fractional part of a number. In the case of [A6-br-B'14]10 (Figure 4-4h), the normal 

vector is (1, 0, 1̅ ), and the period L0 = 1/√2̅ . Then, the count of occurrences of the distance values at each 

percentile is plotted (green line in Figure S58a). Finally, the density distribution plot is smoothed by a 

Savitzky–Golay filter (blue line), and the FWHM (indicated by the red dots and orange line) is calculated 

to be 0.29. 
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For the reciprocal space analysis, the simulation box is uniformly voxelized into a 64×64×64 grid, and 

the number of A (minority block) beads in each voxel is counted. 3D FFT of the 64×64×64 3D array is 

calculation by Python using the numpy.fft.fftn function. The modulus squared of the Fourier transform 

is the power spectrum I(q̃), where q̃ is the reciprocal vector without 2π factors (i.e., “spectroscopic 

wavenumber”), q̃ = q/2π. The 3D correlation function is calculated by: 

𝛤𝛤(𝐫𝐫) = � 𝐼𝐼(𝐪̃𝐪) cos(2π𝐪̃𝐪 ⋅ 𝐫𝐫) d 𝐪̃𝐪
ℝ3

≐ � 𝐼𝐼(𝑞̃𝑞) cos(2π𝑞̃𝑞𝑟𝑟)
𝑞̃𝑞𝑥𝑥,𝑞̃𝑞𝑦𝑦,𝑞̃𝑞𝑧𝑧

 

𝛾𝛾(𝑟𝑟) = � 𝐼𝐼(𝑞̃𝑞) cos(2π𝑞̃𝑞𝑟𝑟)
𝐪̃𝐪

/� 𝐼𝐼(𝑞̃𝑞)
𝐪̃𝐪

(4-4) 

The summation is truncated to |qmax| = 8, which is enough for a good signal-to-noise in the resultant γ(r) 

curve (Figure S58b). Following similar analysis as above yields L1/L0 = 0.31. 

Both values calculated for [A6-br-B'14]10 from Figure S58 are consistent with the volume fraction of A 

beads, fA = 0.30, as well as experimental observations. 
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of PEMs stand in the way of their wide commercial application. The first challenge is the high fuel 

permeability. The current benchmark PEM for DMFCs, Nafion, suffers from severe methanol crossover 

(i.e., permeation through PEM), which limits the DMFC overall efficiencies to <25% and feed 

concentrations to ~1–2 M methanol.238,239 Moreover, most PEMs, including Nafion, are perfluorinated 

sulfonic acid (PFSA) ionomers. Despite their high proton conductivity as well as excellent stability 

(chemical, electrochemical, and mechanical),240 PFSAs have recently aroused significant environmental 

concerns, and their restricted use was proposed by the European Chemicals Agency.241 

To design alternative PEM materials, we first note that Nafion and its analogues are linear polymers 

and exist in coiled configurations that can stretch significantly upon hydration or swelling. In contrast, due 

to the high local packing of sidechains along a backbone, the backbone of bottlebrush polymers is already 

extended to a large extent in non-hydrated conditions,42 limiting the amount of swelling that can occur 

(Figure 5-2a). In addition, we envisioned that incorporation of more than one chemical components, i.e., 

formation of BCPs, can further improve the ionic transport selectivity against solvent diffusion. As shown 

in Figure 5-2b, the ionic and hydrophobic domains can self-assemble into well-defined ionic conducting 

channels whereas the hydrophobic matrix serves as physic crosslinks and minimizes solvent swelling 

and crossover.242 

By combining these two strategies, bottlebrush copolymers with an ionic conducting block (e.g., 

poly(sulfonic acid)) and a hydrophobic block (e.g., PS) are proposed to be a promising PEM material that 

can potentially outperform conventional PFSA ionomers (Figure 5-2c). Furthermore, the hierarchical 

assemblies in Chapter 2, including the “mesh”-in-LAM structure in Chapter 3, may hypothetically further 

mitigate solvent swelling while not compromising the ionic conductivity, since the functional domain is 

more confined by the surrounding matrix but still interconnected to allow proton transportation. 
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Chapter 6 Summary 

The work in this thesis shows several examples that answer the questions raised in Chapter 1 in the 

field of BCP self-assembly: 1) how to design a system with enough complexity but also with manageable 

control to allow a systematic and mechanistic study, 2) what new opportunity the complexity leads to, and 

3) how to efficiently build such complex systems using synthetic tools. The major findings could be 

summarized as follows: 

2-a) Modular syntheses of multiblock JBBCPs with varying compositions, chain lengths, and numbers 

of blocks were developed by graft-through ROMP. 

2-b) A DPD model was demonstrated to accurately describe the self-assembly of a diblock JBBCP 

system featuring bulk stable LAM, GYR, CYL, and PL phases, in good agreement with experimental 

observations. The DPD model also predicted the formation of unusual spheric phases under high χ and 

low backbone stiffness conditions, including A15 and HCP arrangements, guiding future experimental 

discoveries. 

2-d) The subtle effect of the backbone was revealed in experiments, and the DPD model provided 

mechanistic insights into the order-order transition and thermodynamic stabilization of a PL phase. 

2-e) Guided by the phase diagram established in diblock JBBCPs as well as the understanding of the 

backbone effects, a more complex triblock JBBCP system was explored in an efficient manner. We 

presented its hierarchical self-assembly behavior, where the superstructure and substructure can be 

independently tuned. 

3-a) With a clear design and target, two low-symmetry network phases, M15 and T131, were discovered 

experimentally in the substructure of triblock JBBCPs with wide phase regions. 

3-b) DPD simulations revealed the spatial constraints exerted on the polymer backbone as a possible 

mechanism for the new phases to emerge. 

3-c) Technologically relevant multilayer nanomesh patterns were fabricated with long-range order and 

a sub-10 nm half-pitch by a simple solvent annealing step. 

4-a) A synthetic method to incorporate functional groups in bottlebrush sidechains was designed, 

diversifying the compositional scope of self-assembled bottlebrush polymer materials. 

4-b) The method was shown to exhibit multiple advantages, including predetermined MWs, narrow 

dispersity, rapid and mild reactions. 

4-c) A range of complex architectures were accessible, including diblock JBBCPs that form 

asymmetric LAM and the first example of fully grafted BoB hyperbranched polymers. 

Finally, some perspectives are provided on how our design and findings can better benefit multiple 

technical fields beyond fundamental research.  
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Table S2. MW, dispersity, and MM conversion of bottlebrush homopolymers calculated from SEC (THF). 

Homopolymer Mn (w.r.t. PS) Đ conv./%  Homopolymer Mn (w.r.t. PS) Đ conv./% 
[MOE10]20 3.3×104 1.10 96  [MOE30]20 5.4×104 1.07 90 
[MOE45]20 8.1×104 1.16 88 / 86*  [MOE30]40 9.6×104 1.09 90 
[Bn30]20 6.1×104 1.06 93  [MOE30]60 1.3×105 1.10 89 
[C1215]20 7.3×104 1.07 90  [C1640]20 1.4×105 1.19 87 / 90* 

* = calculated separately from another SEC (chloroform). 

 

Table S3. MW, dispersity, and MM conversion of JBBCPs calculated from SEC (chloroform or THF). 

Janus bottlebrush copolymer 
Mn 

(relative to PS) 
Đ 

Conversion / % 
SEC (chloroform) SEC (THF) 

[MOE20–Nb–PDMS3k]20 4.1×104 1.11 98 96 
[MOE20–Nb–PDMS5k]20 6.2×104 1.06 96 93 
[MOE30–Nb–PDMS3k]20 5.5×104 1.06 92 93 
[MOE45–Nb–PDMS3k]20 8.3×104 1.12 88 96 
[MOE45–Nb–PDMS5k]20 8.8×104 1.17 87 94 
[PS5k–Nb–PDMS3k]20 6.0×104 1.08 98 / 
[PS5k–Nb–PDMS5k]20 7.2×104 1.05 97 98 
[PS7k–Nb–PDMS3k]20 6.8×104 1.09 96 95 
[PS10k–Nb–PDMS5k]20 9.6×104 1.05 - 95 

 “-” = not tested; “/” = no visible remaining MM peak. 
Conversion was calculated from both SECs, but MW and dispersity were calculated only from THF SEC, 

as the MW of bottlebrush polymers exceed the calibration range. 
 

Table S4. MW, dispersity, and MM conversion of other bottlebrush copolymers calculated from SEC 
(chloroform or THF). 

Block or statistical 
bottlebrush copolymer 

Mn 
(relative to PS) 

Đ 
Conversion / % 

SEC (chloroform) SEC (THF) 
[PDMS5k]20–b–[Bn30]20 1.4×105 1.12 90 88 
[PLA6k]20–b–[Bn30]20 1.3×105 1.10 91 87 

[PDMS5k]20–stat–[C1215]20 7.9×104 1.05 93 92 
[PDMS5k]20–b–[C1215]20 8.9×104 1.09 93 92 
[PDMS5k]25–b–[C1215]25 1.1×105 1.18 91 90 

Conversion was calculated from both SECs, but MW and dispersity were calculated only from THF SEC, 
as the MW of bottlebrush polymers exceed the calibration range. 
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Figure S47. Kinetics plot of ROMP of MOE30–Nb at a concentration of 20 mM and a targeted backbone 
DP of 60. (a) Exponential fitting; (b) linear fitting. 
 

  

Figure S48. SEC traces of [MOE10]80 when subjected to (a) prolonged reaction times and (b) excess 
amounts of Grubbs’ catalyst and CTA. 
 

When G3 was added, the mixture appeared light green at first and then turned yellow upon injection 

of the CTA. 

 

 

 

Representative 1H NMR spectra of MMs and precursors are shown below in Figure S49–Figure S54. 

Other NMR spectra are shown starting from Figure S74.  

0 10 20 30 40 50 60
0.0

0.2

0.4

0.6

0.8

1.0

C
on

ve
rs

io
n 

[c
 /%

]

Time [t /min]

Model BoxLucas1
Equation y=a(1−e−bx)
a 0.87±0.03
b 0.18±0.02
R2 0.992

0 5 10 15
0

1

2

3

−l
n(

1−
c′

)

Time [t /min]

Equation y=a+bx
Slope 0.152±0.004
R2 0.996

8 10 12 14 16 18
Retention Time (min)

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

ize
d 

R
es

po
ns

e 
(a

.u
.) 1 h

1 d

8 10 12 14 16 18
Retention Time (min)

0.0

0.2

0.4

0.6

0.8

1.0
N

or
m

al
ize

d 
R

es
po

ns
e 

(a
.u

.) original
CTA+1 eq G2
CTA+10 eq G2
CTA+10 eq G3

    a.      b. 

a.           b. 



138 
 

 

 

 
Figure S49. 1H NMR spectra of (a) MOE10–NHBoc (500 MHz), (b) MOE10–NH2·TFA (400 MHz), and (c) 
MOE10–Nb (400 MHz) in CD2Cl2. 
 

The blue dashed lines, as a guide to the eye, indicate the disappeared H21 signal from (a) to (b) and 
H19 from (b) to (c); shifted H19 from (a) to (b); and emerged H20 from (b) to (c). The labels with a prime 
sign, e.g., 1', stand for atoms in repeat units. Signal assignments are marked alongside the peaks based 
on 2D NMR analysis. 
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Figure S50. 1H NMR spectra (400 MHz, CD2Cl2) of (a) MOE30–NHBoc and (b) MOE30–NH2·TFA. Like 
Figure S49, the blue dashed lines indicate the disappeared H21 and shifted H19 peaks. 
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Figure S50 (cont’d) 1H NMR spectrum (400 MHz, CD2Cl2) of (c) MOE30–Nb. 

 
Figure S51. 1H NMR spectrum (400 MHz, CDCl3) of [MOE10]20, showing no 6.28 ppm norbornene peak 
when compared to its MM shown in Figure S49.  
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Figure S54. 1H NMR spectra (400 MHz, CD2Cl2) of (a) the branched MM MOE20–Nb–PDMS3.0k, same as 
Figure 4-4a, and (b) the corresponding diblock JBBCP, [MOE20–br–PDMS3.0k]20. The disappearance of 
H20 in (b) (indicated by arrows) shows complete ring-opening of the norbornene moiety in branched MMs. 

In the 1H NMR spectra of branched MMs, H22 and H23 typically exhibit two signals each, with varying 
relative intensity (e.g. in (a)), likely because each branched MM is a mixture of amide rotamers.207 This 
feature is also observed in their precursors (e.g. in Figure S82b) and the resultant JBBCPs (e.g., in (b)). 

Other NMR spectra are shown starting from Figure S74.   
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Figure S61. Cross-sectional SEM view of plasma-etched thin-films of (a) [MOE20–br–PDMS3.0k]20 and (b) 
[MOE30–br–PDMS3.0k]20 after thermally annealed at 130 °C for 3 days. The MOE blocks were etched away, 
and the PDMS was converted to SiOx and appears bright. Scale bars are 100 nm. 

Both spacings measured from SEM imaging here (12 nm and 16 nm respectively) are ~5 nm smaller 
than those measure by SAXS (17.8 nm and 21.0 nm respectively); especially, the MOE layers are thinner 
than expected, which should have been 1.5 and 2.3 times as thick as the PDMS layers according to the 
volume ratios of the two blocks. These observations are likely because the plasma etching collapsed the 
MOE domains and reduced their dimensions.132 Therefore, an unetched sample was directly imaged by 
TEM as shown in Figure 4-4e. 

 
Figure S62. Evolution of SAXS patterns of (a) diblock bottlebrush and (b–f) JBBCPs over time. 

All samples showed scattering peaks even in the as-cast state (green lines), where the structures 
formed during the evaporation of the solvent, DCM, and were then trapped under vacuum in the SAXS 
chamber. After thermal annealing, all samples reached equilibrium morphology and spacing within 1 hour 
(by comparing the orange and blue lines). 
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Figure S66. SEC (THF) traces of the PEO2k MMM and BoB when terminator 1a was used. 

 
Figure S67. (a) SEC (DMF) and (b) SEC (chloroform) traces of the PEO2k MMM and BoBs when 
terminator 1b was used. The SEC traces of the PEO1k MMM and BoBs are shown in Figure 4-5d. 

 
Figure S68. SEC (DMF) traces of the PS1k MM, MMM and BoBs. 
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Figure S69. SEC (THF) traces of MOE-br-PDMS branched MMs and JBBCPs. 

 
Figure S70. SEC (chloroform) traces of MOE-br-PDMS branched MMs and JBBCPs. Traces for MOE20-
br-PDMS3k are shown in Figure 4-4b. 
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Figure S71. SEC (THF) traces of PS-br-PDMS branched MMs and JBBCPs. 

 
Figure S72. SEC (chloroform) traces of PS-br-PDMS branched MMs and JBBCPs. 

 
Figure S73. SEC (THF) traces of block and statistical bottlebrush copolymers. The corresponding SEC 
(chloroform) traces are shown in Figure 4-3a–b. 
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Figure S74. 1H NMR spectra (400 MHz) of enyne terminator 1a in (a) CD2Cl2 and (b) deuterated acetone. 
Peaks from the major and minor rotamers are indicated by blue and red arrows, respectively. 
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Figure S75. 1H NMR spectra (400 MHz) of enyne terminator 1b in (a) CD2Cl2 and (b) deuterated acetone. 
Peaks from the major and minor rotamers are indicated by blue and red arrows, respectively. 
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Figure S76. 13C NMR spectra (101 MHz, CD2Cl2) of enyne terminators (a) 1a and (a) 1b. Chemical shifts 
are marked only for the major rotamer peaks. Red arrows indicate the minor rotamer peaks. 
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Figure S77. 1H NMR spectra (400 MHz, CDCl3) of (a) Bn30–NH2·TFA and (b) Bn30–Nb. 
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Figure S83. 1H NMR spectra (400 MHz, CDCl3) of (a) Nb–PDMS5k–COOH and (b) Nb–PDMS5k–CONHS.  

Broadening of H8–13 peaks in (a) might be due to a trace amount of paramagnetic Cu2+ introduced 
in the previous step, CuAAC reaction. Splitting of H8, H11, and H12 peaks has been discussed in Figure 
S54. 
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Figure S84. 1H NMR spectrum (400 MHz, CD2Cl2) of branched MM MOE20–Nb–PDMS5k. 

 
Figure S85. 1H NMR spectrum (400 MHz, CD2Cl2) of branched MM MOE30–Nb–PDMS3k. 
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Figure S86. 1H NMR spectrum (400 MHz, CD2Cl2) of branched MM MOE45–Nb–PDMS3k. 

 
Figure S87. 1H NMR spectrum (400 MHz, CD2Cl2) of branched MM MOE45–Nb–PDMS5k. 
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Figure S88. 1H NMR spectrum (400 MHz, CD2Cl2+10% CD3OD) of MMM [PEO1k]10–Nb. 

 
Figure S89. 1H NMR spectra (400 MHz, CD2Cl2) of (a) MMM [PS1k]10–Nb and (b) BoB [[PS1k]10]10. 
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Figure S90. 1H NMR spectrum (400 MHz, CDCl3) of branched MM PS7k–Nb–PDMS3k. 
 

 
Figure S91. 1H NMR spectrum (400 MHz, CDCl3) of branched MM PS5k–Nb–PDMS3k.  
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Figure S92. 1H NMR spectrum (400 MHz, CDCl3) of bifunctional polymer precursor PS7k–Nb–COOH. 

 
Figure S93. 1H NMR spectrum (400 MHz, CDCl3) of 2k PEO MM PEO2k–Nb. 
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Figure S94. 1H NMR spectrum (400 MHz, CDCl3) of 1k PEO MM PEO1k–Nb. 
 

 
Figure S95. 1H NMR spectrum (400 MHz, CDCl3) of 1k PS MM PS1k–Nb.  

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
f1 (ppm)

1.032.191.081.962.362.211.982.073.34106.872.001.00

1.
19

1
1.

19
6

1.
32

1
1.

49
5

1.
56

1
1.

65
1

2.
16

8

2.
66

2
2.

66
5

3.
26

1
3.

37
5

3.
63

9

6.
27

9
6.

37
0

7.
26

0

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0
f1 (ppm)

2.042.002.021.550.832.1860.49

2.
65

9

3.
26

1
3.

42
9

4.
41

6

5.
11

0

6.
27

1

6.
66

5

7.
13

9
7.

26
0

CHCl3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                  H2O 

           amide NH 
 

N 

O 

O 

O 

5 N 
H 

O 
23 O 

N

O

O
N
H

O

5

N
N

OEt

O

Ph

10
N



166 
 

References 

1. Laughlin, R. B. & Pines, D. The Theory of Everything. Proc. Natl. Acad. Sci. 97, 28–31 (2000). 
2. Anderson, P. W. More Is Different. Science 177, 393–396 (1972). 
3. Tokura, Y., Kawasaki, M. & Nagaosa, N. Emergent functions of quantum materials. Nat. Phys. 13, 1056–1068 

(2017). 
4. Park, M., Harrison, C., Chaikin, P. M., Register, R. A. & Adamson, D. H. Block Copolymer Lithography: Periodic 

Arrays of ~10^11 Holes in 1 Square Centimeter. Science 276, 1401–1404 (1997). 
5. Cheng, J. Y., Ross, C. A., Smith, H. I. & Thomas, E. L. Templated Self-Assembly of Block Copolymers: Top-

Down Helps Bottom-Up. Adv. Mater. 18, 2505–2521 (2006). 
6. Luo, M. & Epps, T. H. Directed Block Copolymer Thin Film Self-Assembly: Emerging Trends in Nanopattern 

Fabrication. Macromolecules 46, 7567–7579 (2013). 
7. Bates, F. S. & Fredrickson, G. H. Block Copolymers—Designer Soft Materials. Phys. Today 52, 32–38 (1999). 
8. Darling, S. B. Directing the self-assembly of block copolymers. Prog. Polym. Sci. 32, 1152–1204 (2007). 
9. Matsen, M. W. Effect of Architecture on the Phase Behavior of AB-Type Block Copolymer Melts. 

Macromolecules 45, 2161–2165 (2012). 
10. Hamley, I. W. Nanostructure fabrication using block copolymers. Nanotechnology 14, R39–R54 (2003). 
11. Segalman, R. A. Patterning with block copolymer thin films. Mater. Sci. Eng. R Rep. 48, 191–226 (2005). 
12. Takenaka, M. & Hasegawa, H. Directed self-assembly of block copolymers. Curr. Opin. Chem. Eng. 2, 88–94 

(2013). 
13. Nunns, A., Gwyther, J. & Manners, I. Inorganic block copolymer lithography. Polymer 54, 1269–1284 (2013). 
14. Ross, C. A., Berggren, K. K., Cheng, J. Y., Jung, Y. S. & Chang, J.-B. Three-Dimensional Nanofabrication by 

Block Copolymer Self-Assembly. Adv. Mater. 26, 4386–4396 (2014). 
15. Zheng, W. & Wang, Z.-G. Morphology of ABC Triblock Copolymers. Macromolecules 28, 7215–7223 (1995). 
16. Hadjichristidis, N., Iatrou, H., Pitsikalis, M., Pispas, S. & Avgeropoulos, A. Linear and non-linear triblock 

terpolymers. Synthesis, self-assembly in selective solvents and in bulk. Prog. Polym. Sci. 30, 725–782 (2005). 
17. Ludwigs, S. et al. Combinatorial Mapping of the Phase Behavior of ABC Triblock Terpolymers in Thin Films:  

Experiments. Macromolecules 38, 1850–1858 (2005). 
18. Bates, F. S. et al. Multiblock Polymers: Panacea or Pandora’s Box? Science 336, 434–440 (2012). 
19. Yamauchi, K., Hasegawa, H., Hashimoto, T. & Nagao, M. Complex microphase separation and microdomain 

structures in polyisoprene-block-poly(D8-styrene)-block-poly(vinyl methyl ether) triblock terpolymer. J. Appl. 
Crystallogr. 36, 708–712 (2003). 

20. Maniadis, P., Rasmussen, K. Ø., Thompson, R. B. & Kober, E. M. Ordering and Reverse Ordering Mechanisms 
of Triblock Copolymers in the Presence of Solvent. Int. J. Mol. Sci. 10, 805–816 (2009). 

21. Cao, X., Zhang, L., Wang, L. & Lin, J. Insights into ordered microstructures and ordering mechanisms of ABC 
star terpolymers by integrating dynamic self-consistent field theory and variable cell shape methods. Soft 
Matter 10, 5916–5927 (2014). 

22. Chuang, V. P., Gwyther, J., Mickiewicz, R. A., Manners, I. & Ross, C. A. Templated Self-Assembly of Square 
Symmetry Arrays from an ABC Triblock Terpolymer. Nano Lett. 9, 4364–4369 (2009). 

23. Chuang, V. P., Ross, C. A., Gwyther, J. & Manners, I. Self-Assembled Nanoscale Ring Arrays from a 
Polystyrene-b-polyferrocenylsilane-b-poly(2-vinylpyridine)Triblock Terpolymer Thin Film. Adv. Mater. 21, 
3789–3793 (2009). 

24. Sioula, S., Hadjichristidis, N. & Thomas, E. L. Direct Evidence for Confinement of Junctions to Lines in an 3 
Miktoarm Star Terpolymer Microdomain Structure. Macromolecules 31, 8429–8432 (1998). 

25. Aissou, K., Nunns, A., Manners, I. & Ross, C. A. Square and Rectangular Symmetry Tiles from Bulk and Thin 
Film 3-Miktoarm Star Terpolymers. Small 9, 4077–4084 (2013). 

26. Choi, H. K., Nunns, A., Sun, X. Y., Manners, I. & Ross, C. A. Thin Film Knitting Pattern Morphology from a 
Miktoarm Star Terpolymer. Adv. Mater. 26, 2474–2479 (2014). 

27. Gemma, T., Hatano, A. & Dotera, T. Monte Carlo Simulations of the Morphology of ABC Star Polymers Using 
the Diagonal Bond Method. Macromolecules 35, 3225–3237 (2002). 

28. Han, W. et al. Self-Assembly of Star ABC Triblock Copolymer Thin Films: Self-Consistent Field Theory. J. 
Phys. Chem. B 112, 13738–13748 (2008). 

29. Matsushita, Y., Hayashida, K., Dotera, T. & Takano, A. Kaleidoscopic morphologies from ABC star-shaped 
terpolymers. J. Phys. Condens. Matter 23, 284111 (2011). 



167 
 

30. Hayashida, K., Dotera, T., Takano, A. & Matsushita, Y. Polymeric Quasicrystal: Mesoscopic Quasicrystalline 
Tiling in ABC Star Polymers. Phys. Rev. Lett. 98, 195502 (2007). 

31. Aissou, K. et al. Archimedean Tilings and Hierarchical Lamellar Morphology Formed by Semicrystalline 
Miktoarm Star Terpolymer Thin Films. ACS Nano 10, 4055–4061 (2016). 

32. Nunns, A., Ross, C. A. & Manners, I. Synthesis and Bulk Self-Assembly of ABC Star Terpolymers with a 
Polyferrocenylsilane Metalloblock. Macromolecules 46, 2628–2635 (2013). 

33. Patten, T. E., Xia, J., Abernathy, T. & Matyjaszewski, K. Polymers with Very Low Polydispersities from Atom 
Transfer Radical Polymerization. Science 272, 866–868 (1996). 

34. Matyjaszewski, K. & Xia, J. Atom Transfer Radical Polymerization. Chem. Rev. 101, 2921–2990 (2001). 
35. Xia, Y., Kornfield, J. A. & Grubbs, R. H. Efficient Synthesis of Narrowly Dispersed Brush Polymers via Living 

Ring-Opening Metathesis Polymerization of Macromonomers. Macromolecules 42, 3761–3766 (2009). 
36. Xia, Y., Olsen, B. D., Kornfield, J. A. & Grubbs, R. H. Efficient Synthesis of Narrowly Dispersed Brush 

Copolymers and Study of Their Assemblies: The Importance of Side Chain Arrangement. J. Am. Chem. Soc. 
131, 18525–18532 (2009). 

37. Xie, G., Martinez, M. R., Olszewski, M., Sheiko, S. S. & Matyjaszewski, K. Molecular Bottlebrushes as Novel 
Materials. Biomacromolecules 20, 27–54 (2019). 

38. Shi, Y., Hou, W., Li, Z. & Chen, Y. Tailoring the Architecture of Molecular Bottlebrushes via Click Grafting-Onto 
Strategy. Macromol. Rapid Commun. 44, 2300362 (2023). 

39. Miyake, G. M., Piunova, V. A., Weitekamp, R. A. & Grubbs, R. H. Precisely Tunable Photonic Crystals From 
Rapidly Self-Assembling Brush Block Copolymer Blends. Angew. Chem. Int. Ed. 51, 11246–11248 (2012). 

40. Rzayev, J. Synthesis of Polystyrene−Polylactide Bottlebrush Block Copolymers and Their Melt Self-Assembly 
into Large Domain Nanostructures. Macromolecules 42, 2135–2141 (2009). 

41. Guo, Z.-H. et al. Janus Graft Block Copolymers: Design of a Polymer Architecture for Independently Tuned 
Nanostructures and Polymer Properties. Angew. Chem. Int. Ed. 57, 8493–8497 (2018). 

42. Dalsin, S. J. et al. Bottlebrush Block Polymers: Quantitative Theory and Experiments. ACS Nano 9, 12233–
12245 (2015). 

43. Cui, S., Zhang, B., Shen, L., Bates, F. S. & Lodge, T. P. Core–Shell Gyroid in ABC Bottlebrush Block 
Terpolymers. J. Am. Chem. Soc. 144, 21719–21727 (2022). 

44. Cheng, L.-C. et al. Templated Self-Assembly of a PS-Branch-PDMS Bottlebrush Copolymer. Nano Lett. 18, 
4360–4369 (2018). 

45. Mumtaz, M., Merino, D. H., Solano, E., Chen, W.-C. & Borsali, R. Simple Approach to Synthesize 
Carbohydrate-based Janus-Type Bottlebrush Copolymers and Their Self-Assemblies in Sub-5 nm Features in 
Thin Films. Macromolecules 57, 9595–9605 (2024). 

46. Kawamoto, K. et al. Graft-through Synthesis and Assembly of Janus Bottlebrush Polymers from A-Branch-B 
Diblock Macromonomers. J. Am. Chem. Soc. 138, 11501–11504 (2016). 

47. Cui, S. et al. Cylinders-in-Undulating-Lamellae Morphology from ABC Bottlebrush Block Terpolymers. J. Am. 
Chem. Soc. ASAP, (2024). 

48. Maher, M. J. et al. The Order–Disorder Transition in Graft Block Copolymers. Macromolecules 51, 232–241 
(2018). 

49. Karavolias, M. G., Elder, J. B., Ness, E. M. & Mahanthappa, M. K. Order-to-Disorder Transitions in Lamellar 
Melt Self-Assembled Core–Shell Bottlebrush Polymers. ACS Macro Lett. 8, 1617–1622 (2019). 

50. Djalali, R., Hugenberg, N., Fischer, K. & Schmidt, M. Amphipolar core-shell cylindrical brushes. Macromol. 
Rapid Commun. 20, 444–449 (1999). 

51. Detappe, A. et al. Molecular bottlebrush prodrugs as mono- and triplex combination therapies for multiple 
myeloma. Nat. Nanotechnol. 18, 184–192 (2023). 

52. Müllner, M., Lunkenbein, T., Breu, J., Caruso, F. & Müller, A. H. E. Template-Directed Synthesis of Silica 
Nanowires and Nanotubes from Cylindrical Core–Shell Polymer Brushes. Chem. Mater. 24, 1802–1810 
(2012). 

53. Kolb, H. C., Finn, M. G. & Sharpless, K. B. Click Chemistry: Diverse Chemical Function from a Few Good 
Reactions. Angew. Chem. Int. Ed. 40, 2004–2021 (2001). 

54. Insua, I. & Montenegro, J. Synthetic Supramolecular Systems in Life-like Materials and Protocell Models. Chem 
6, 1652–1682 (2020). 

55. Szwarc, M. ‘Living’ Polymers. Nature 178, 1168–1169 (1956). 
56. Darling, T. R. et al. Living polymerization: Rationale for uniform terminology. J. Polym. Sci. Part Polym. Chem. 

38, 1706–1708 (2000). 
57. Chauvin, Y. Olefin Metathesis: The Early Days (Nobel Lecture). Angew. Chem. Int. Ed. 45, 3740–3747 (2006). 



168 
 

58. Pariya, C., Jayaprakash, K. N. & Sarkar, A. Alkene metathesis: new developments in catalyst design and 
application. Coord. Chem. Rev. 168, 1–48 (1998). 

59. Sutthasupa, S., Shiotsuki, M. & Sanda, F. Recent advances in ring-opening metathesis polymerization, and 
application to synthesis of functional materials. Polym. J. 42, 905–915 (2010). 

60. Bielawski, C. W. & Grubbs, R. H. Living ring-opening metathesis polymerization. Prog. Polym. Sci. 32, 1–29 
(2007). 

61. Li, Z. et al. Bottlebrush polymers: From controlled synthesis, self-assembly, properties to applications. Prog. 
Polym. Sci. 116, 101387 (2021). 

62. Semenov, A. N. Contribution to the theory of microphase layering in block-copolymer melts. Sov. Phys. JETP 
61, 1242–1256 (1985). 

63. Cavicchi, K. A. & Lodge, T. P. Self-Diffusion and Tracer Diffusion in Sphere-Forming Block Copolymers. 
Macromolecules 36, 7158–7164 (2003). 

64. Bates, F. S. & Fredrickson, G. H. Block Copolymer Thermodynamics: Theory and Experiment. Annu. Rev. 
Phys. Chem. 41, 525–557 (1990). 

65. Cheng, L.-C. et al. Templated Self-Assembly of a PS- Branch -PDMS Bottlebrush Copolymer. Nano Lett. 18, 
4360–4369 (2018). 

66. Ross, C. A., Berggren, K. K., Cheng, J. Y., Jung, Y. S. & Chang, J.-B. Three-Dimensional Nanofabrication by 
Block Copolymer Self-Assembly. Adv. Mater. 26, 4386–4396 (2014). 

67. An, T., Ryu, H. & Choi, T.-L. Living Alternating Ring-Opening Metathesis Copolymerization of 2,3-Dihydrofuran 
to Provide Completely Degradable Polymers. Angew. Chem. Int. Ed. 62, e202309632 (2023). 

68. Bates, F. S. et al. Multiblock Polymers: Panacea or Pandora’s Box? Science 336, 434–440 (2012). 
69. Liang, R. et al. Hierarchically engineered nanostructures from compositionally anisotropic molecular building 

blocks. Nat. Mater. 21, 1434–1440 (2022). 
70. Bockstaller, M. R., Mickiewicz, R. A. & Thomas, E. L. Block Copolymer Nanocomposites: Perspectives for 

Tailored Functional Materials. Adv. Mater. 17, 1331–1349 (2005). 
71. Aldaye, F. A., Palmer, A. L. & Sleiman, H. F. Assembling Materials with DNA as the Guide. Science 321, 1795–

1799 (2008). 
72. Zhao, Y. et al. Small-molecule-directed nanoparticle assembly towards stimuli-responsive nanocomposites. 

Nat. Mater. 8, 979–985 (2009). 
73. Jung, Y. S. & Ross, C. A. Orientation-Controlled Self-Assembled Nanolithography Using a 

Polystyrene−Polydimethylsiloxane Block Copolymer. Nano Lett. 7, 2046–2050 (2007). 
74. Hannon, A. F., Bai, W., Alexander-Katz, A. & Ross, C. A. Simulation methods for solvent vapor annealing of 

block copolymer thin films. Soft Matter 11, 3794–3805 (2015). 
75. Liu, R. et al. Experimental and computational evaluation of self-assembled morphologies in diblock Janus 

bottlebrush copolymers. Nano Lett. 23, 177–182 (2023). 
76. Groot, R. D. & Warren, P. B. Dissipative particle dynamics: Bridging the gap between atomistic and mesoscopic 

simulation. J. Chem. Phys. 107, 4423–4435 (1997). 
77. Groot, R. D. & Madden, T. J. Dynamic simulation of diblock copolymer microphase separation. J. Chem. Phys. 

108, 8713–8724 (1998). 
78. Huang, H. & Alexander-Katz, A. Dissipative particle dynamics for directed self-assembly of block copolymers. 

J. Chem. Phys. 151, 154905 (2019). 
79. Huang, H. Designing and Fabricating 3D Nanostructures through Directed Self-Assembly of Block 

Copolymers. (Massachusetts Institute of Technology, 2021). 
80. Sun, Z. et al. Emergence of layered nanoscale mesh networks through intrinsic molecular confinement self-

assembly. Nat. Nanotechnol. 18, 273–280 (2023). 
81. Qi, S. & Wang, Z.-G. Kinetics of phase transitions in weakly segregated block copolymers: Pseudostable and 

transient states. Phys. Rev. E 55, 1682–1697 (1997). 
82. Hajduk, D. A. et al. Stability of the Perforated Layer (PL) Phase in Diblock Copolymer Melts. Macromolecules 

30, 3788–3795 (1997). 
83. Bai, W. et al. Thin Film Morphologies of Bulk-Gyroid Polystyrene- block -polydimethylsiloxane under Solvent 

Vapor Annealing. Macromolecules 47, 6000–6008 (2014). 
84. Lee, S. et al. Double-Layer Morphologies from a Silicon-Containing ABA Triblock Copolymer. ACS Nano 12, 

6193–6202 (2018). 
85. Martínez-Veracoechea, F. J. & Escobedo, F. A. Simulation of the gyroid phase in off-lattice models of pure 

diblock copolymer melts. J. Chem. Phys. 125, 104907 (2006). 



169 
 

86. Bates, C. M. & Bates, F. S. 50th Anniversary Perspective : Block Polymers—Pure Potential. Macromolecules 
50, 3–22 (2017). 

87. Padmanabhan, P., Martinez-Veracoechea, F. J., Araque, J. C. & Escobedo, F. A. A theoretical and simulation 
study of the self-assembly of a binary blend of diblock copolymers. J. Chem. Phys. 136, 234905 (2012). 

88. Zhang, C. et al. Emergence of Hexagonally Close-Packed Spheres in Linear Block Copolymer Melts. J. Am. 
Chem. Soc. 143, 14106–14114 (2021). 

89. Bates, M. W. et al. Stability of the A15 phase in diblock copolymer melts. Proc. Natl. Acad. Sci. 116, 13194–
13199 (2019). 

90. Thompson, A. P. et al. LAMMPS - a flexible simulation tool for particle-based materials modeling at the atomic, 
meso, and continuum scales. Comput. Phys. Commun. 271, 108171 (2022). 

91. Brown, W. M., Wang, P., Plimpton, S. J. & Tharrington, A. N. Implementing molecular dynamics on hybrid high 
performance computers – short range forces. Comput. Phys. Commun. 182, 898–911 (2011). 

92. Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO–the Open Visualization Tool. 
Model. Simul. Mater. Sci. Eng. 18, 015012 (2009). 

93. Liu, R., Huang, H., Sun, Z., Alexander-Katz, A. & Ross, C. A. Metallic Nanomeshes Fabricated by 
Multimechanism Directed Self-Assembly. ACS Nano 15, 16266–16276 (2021). 

94. Bershteĭn, V. A. & Egorov, V. M. Differential Scanning Calorimetry of Polymers: Physics, Chemistry, Analysis, 
Technology. (Ellis Horwood, 1994). 

95. Levin, B. D. A. et al. Tutorial on the Visualization of Volumetric Data Using tomviz. Microsc. Today 26, 12–17 
(2018). 

96. Bolton, J., Bailey, T. S. & Rzayev, J. Large Pore Size Nanoporous Materials from the Self-Assembly of 
Asymmetric Bottlebrush Block Copolymers. Nano Lett. 11, 998–1001 (2011). 

97. Mansky, P., Liu, Y., Huang, E., Russell, T. P. & Hawker, C. Controlling Polymer-Surface Interactions with 
Random Copolymer Brushes. Science 275, 1458–1460 (1997). 

98. Masuda, J. et al. Composition-Dependent Morphological Transition of Hierarchically-Ordered Structures 
Formed by Multiblock Terpolymers. Macromolecules 40, 4023–4027 (2007). 

99. Markov, V., Kriksin, Y., Erukhimovich, I. & ten Brinke, G. Perpendicular lamellar-in-lamellar and other planar 
morphologies in A-b-(B-b-A)2-b-C and (B-b-A)2-b-C ternary multiblock copolymer melts. J. Chem. Phys. 139, 
084906 (2013). 

100. Hayashida, K. et al. Hierarchical Morphologies Formed by ABC Star-Shaped Terpolymers. Macromolecules 
40, 3695–3699 (2007). 

101. Zhang, Z.-K. et al. Hierarchical Structures with Double Lower Disorder-to-Order Transition and Closed-Loop 
Phase Behaviors in Charged Block Copolymers Bearing Long Alkyl Side Groups. Macromolecules 53, 8714–
8724 (2020). 

102. Ruokolainen, J., Brinke, G. ten & Ikkala, O. Supramolecular Polymeric Materials with Hierarchical Structure-
Within-Structure Morphologies. Adv. Mater. 11, 777–780 (1999). 

103. Hofman, A. H., Terzic, I., Stuart, M. C. A., ten Brinke, G. & Loos, K. Hierarchical Self-Assembly of 
Supramolecular Double-Comb Triblock Terpolymers. ACS Macro Lett. 7, 1168–1173 (2018). 

104. Cheng, L.-C. et al. Imparting Superhydrophobicity with a Hierarchical Block Copolymer Coating. Small 16, 
1905509 (2020). 

105. Tavakkoli K. G., A. et al. Multilayer block copolymer meshes by orthogonal self-assembly. Nat. Commun. 7, 
10518 (2016). 

106. Tavakkoli K. G., A. et al. Templating Three-Dimensional Self-Assembled Structures in Bilayer Block Copolymer 
Films. Science 336, 1294–1298 (2012). 

107. Zhang, L. et al. A nanomesh scaffold for supramolecular nanowire optoelectronic devices. Nat. Nanotechnol. 
11, 900–906 (2016). 

108. Bai, X. et al. Room-temperature processing of silver submicron fiber mesh for flexible electronics. Npj Flex. 
Electron. 2, 3 (2018). 

109. Kim, S. Y. et al. Large-Area Nanosquare Arrays from Shear-Aligned Block Copolymer Thin Films. Nano Lett. 
14, 5698–5705 (2014). 

110. Majewski, P. W., Rahman, A., Black, C. T. & Yager, K. G. Arbitrary lattice symmetries via block copolymer 
nanomeshes. Nat. Commun. 6, 7448 (2015). 

111. Cha, S. K. et al. Nanopatterns with a Square Symmetry from an Orthogonal Lamellar Assembly of Block 
Copolymers. ACS Appl. Mater. Interfaces 11, 20265–20271 (2019). 



170 
 

112. Subramanian, A., Tiwale, N., Doerk, G., Kisslinger, K. & Nam, C.-Y. Enhanced Hybridization and 
Nanopatterning via Heated Liquid-Phase Infiltration into Self-Assembled Block Copolymer Thin Films. ACS 
Appl. Mater. Interfaces 12, 1444–1453 (2020). 

113. Jeong, J. W. et al. High-resolution nanotransfer printing applicable to diverse surfaces via interface-targeted 
adhesion switching. Nat. Commun. 5, 5387 (2014). 

114. Chu, C. Y. et al. Real-space evidence of the equilibrium ordered bicontinuous double diamond structure of a 
diblock copolymer. Soft Matter 11, 1871–1876 (2015). 

115. Chang, C.-Y. et al. Mesoscale networks and corresponding transitions from self-assembly of block copolymers. 
Proc. Natl. Acad. Sci. 118, e2022275118 (2021). 

116. Bailey, T. S., Hardy, C. M., Epps, T. H. & Bates, F. S. A Noncubic Triply Periodic Network Morphology in 
Poly(isoprene-b-styrene-b-ethylene oxide) Triblock Copolymers. Macromolecules 35, 7007–7017 (2002). 

117. Takenaka, M. et al. Orthorhombic Fddd Network in Diblock Copolymer Melts. Macromolecules 40, 4399–4402 
(2007). 

118. Epps, T. H. et al. Ordered Network Phases in Linear Poly(isoprene-b-styrene-b-ethylene oxide) Triblock 
Copolymers. Macromolecules 37, 8325–8341 (2004). 

119. Tyler, C. A. & Morse, D. C. Orthorhombic Fddd Network in Triblock and Diblock Copolymer Melts. Phys. Rev. 
Lett. 94, 208302 (2005). 

120. Meuler, A. J., Hillmyer, M. A. & Bates, F. S. Ordered Network Mesostructures in Block Polymer Materials. 
Macromolecules 42, 7221–7250 (2009). 

121. Bluemle, M. J., Fleury, G., Lodge, T. P. & Bates, F. S. The O52 network by molecular design: CECD tetrablock 
terpolymers. Soft Matter 5, 1587–1590 (2009). 

122. Ding, Y. et al. Emergent symmetries in block copolymer epitaxy. Nat. Commun. 10, 2974 (2019). 
123. Mogi, Y. et al. Superlattice Structures in Morphologies of the ABC Triblock Copolymers. Macromolecules 27, 

6755–6760 (1994). 
124. Chen, Y. Nanofabrication by electron beam lithography and its applications: A review. Microelectron. Eng. 135, 

57–72 (2015). 
125. Li, K. et al. High speed e-beam writing for large area photonic nanostructures — a choice of parameters. Sci. 

Rep. 6, 32945 (2016). 
126. Sinturel, C., Bates, F. S. & Hillmyer, M. A. High χ–Low N Block Polymers: How Far Can We Go? ACS Macro 

Lett. 4, 1044–1050 (2015). 
127. Gu, W., Hong, S. W. & Russell, T. P. Orienting Block Copolymer Microdomains with Block Copolymer Brushes. 

ACS Nano 6, 10250–10257 (2012). 
128. Gotrik, K. W. et al. Morphology Control in Block Copolymer Films Using Mixed Solvent Vapors. ACS Nano 6, 

8052–8059 (2012). 
129. Gu, X., Gunkel, I., Hexemer, A., Gu, W. & Russell, T. P. An In Situ Grazing Incidence X-Ray Scattering Study 

of Block Copolymer Thin Films During Solvent Vapor Annealing. Adv. Mater. 26, 273–281 (2014). 
130. Lee, S. et al. Resolving Triblock Terpolymer Morphologies by Vapor-Phase Infiltration. Chem. Mater. 32, 5309–

5316 (2020). 
131. Son, J. G., Gotrik, K. W. & Ross, C. A. High-Aspect-Ratio Perpendicular Orientation of PS-b-PDMS Thin Films 

under Solvent Annealing. ACS Macro Lett. 1, 1279–1284 (2012). 
132. Gotrik, K. W. et al. 3D TEM Tomography of Templated Bilayer Films of Block Copolymers. Adv. Funct. Mater. 

24, 7689–7697 (2014). 
133. Vohidov, F. et al. ABC triblock bottlebrush copolymer-based injectable hydrogels: design, synthesis, and 

application to expanding the therapeutic index of cancer immunochemotherapy. Chem. Sci. 11, 5974–5986 
(2020). 

134. Sanford, M. S., Love, J. A. & Grubbs, R. H. A Versatile Precursor for the Synthesis of New Ruthenium Olefin 
Metathesis Catalysts. Organometallics 20, 5314–5318 (2001). 

135. Edwards, E. W., Montague, M. F., Solak, H. H., Hawker, C. J. & Nealey, P. F. Precise Control over Molecular 
Dimensions of Block-Copolymer Domains Using the Interfacial Energy of Chemically Nanopatterned 
Substrates. Adv. Mater. 16, 1315–1319 (2004). 

136. MessaoudiI, C., Boudier, T., Sorzano, C. O. S. & Marco, S. TomoJ: tomography software for three-dimensional 
reconstruction in transmission electron microscopy. BMC Bioinformatics 8, 288 (2007). 

137. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years of image analysis. Nat. 
Methods 9, 671–675 (2012). 

138. Levin, B. D. A. et al. Tutorial on the Visualization of Volumetric Data Using tomviz. Microsc. Today 26, 12–17 
(2018). 



171 
 

139. Feng, X. et al. Thin Polymer Films with Continuous Vertically Aligned 1 nm Pores Fabricated by Soft 
Confinement. ACS Nano 10, 150–158 (2016). 

140. Wohlgemuth, M., Yufa, N., Hoffman, J. & Thomas, E. L. Triply Periodic Bicontinuous Cubic Microdomain 
Morphologies by Symmetries. Macromolecules 34, 6083–6089 (2001). 

141. The 230 space groups. in International Tables for Crystallography 193–687 (John Wiley & Sons, Ltd, 2016). 
doi:10.1107/97809553602060000928. 

142. Schwarz, H. A. Bestimmung einer speciellen Minimalfläche. in Gesammelte Mathematische Abhandlungen: 
Erster Band (ed. Schwarz, H. A.) 6–91 (Springer, Berlin, Heidelberg, 1890). doi:10.1007/978-3-642-50665-
9_2. 

143. Schwarz CLP-Surfaces. Minimal Surfaces https://minimalsurfaces.blog/home/repository/triply-
periodic/schwarz-clp-surfaces/ (2018). 

144. Cvijović, D. & Klinowski, J. The T and CLP families of triply periodic minimal surfaces. Part 3. The properties 
and computation of CLP surfaces. J. Phys. I 2, 2207–2220 (1992). 

145. Lidin, S. & Hyde, S. T. A construction algorithm for minimal surfaces. J. Phys. 48, 1585–1590 (1987). 
146. Barton, A. F. M. Handbook of Polymer-Liquid Interaction Parameters and Solubility Parameters. (CRC Press, 

1990). doi:10.1201/9780203752616. 
147. Huang, H., Liu, R., Ross, C. A. & Alexander-Katz, A. Self-Directed Self-Assembly of 3D Tailored Block 

Copolymer Nanostructures. ACS Nano 14, 15182–15192 (2020). 
148. Lutz, J.-F., Lehn, J.-M., Meijer, E. W. & Matyjaszewski, K. From precision polymers to complex materials and 

systems. Nat. Rev. Mater. 1, 16024 (2016). 
149. Fréchet, J. M. J. Functional Polymers and Dendrimers: Reactivity, Molecular Architecture, and Interfacial 

Energy. Science 263, 1710–1715 (1994). 
150. Hawker, C. J. & Wooley, K. L. The Convergence of Synthetic Organic and Polymer Chemistries. Science 309, 

1200–1205 (2005). 
151. Sveinbjörnsson, B. R. et al. Rapid self-assembly of brush block copolymers to photonic crystals. Proc. Natl. 

Acad. Sci. 109, 14332–14336 (2012). 
152. Fenyves, R., Schmutz, M., Horner, I. J., Bright, F. V. & Rzayev, J. Aqueous Self-Assembly of Giant Bottlebrush 

Block Copolymer Surfactants as Shape-Tunable Building Blocks. J. Am. Chem. Soc. 136, 7762–7770 (2014). 
153. Blosch, S. E., Scannelli, S. J., Alaboalirat, M. & Matson, J. B. Complex Polymer Architectures Using Ring-

Opening Metathesis Polymerization: Synthesis, Applications, and Practical Considerations. Macromolecules 
55, 4200–4227 (2022). 

154. Teo, Y. C. & Xia, Y. Importance of Macromonomer Quality in the Ring-Opening Metathesis Polymerization of 
Macromonomers. Macromolecules 48, 5656–5662 (2015). 

155. Choi, C. et al. Light-Mediated Synthesis and Reprocessing of Dynamic Bottlebrush Elastomers under Ambient 
Conditions. J. Am. Chem. Soc. 143, 9866–9871 (2021). 

156. Park, H. & Choi, T.-L. Fast Tandem Ring-Opening/Ring-Closing Metathesis Polymerization from a Monomer 
Containing Cyclohexene and Terminal Alkyne. J. Am. Chem. Soc. 134, 7270–7273 (2012). 

157. Kang, E.-H., Lee, I. S. & Choi, T.-L. Ultrafast Cyclopolymerization for Polyene Synthesis: Living Polymerization 
to Dendronized Polymers. J. Am. Chem. Soc. 133, 11904–11907 (2011). 

158. Shin, S. et al. Living Light-Induced Crystallization-Driven Self-Assembly for Rapid Preparation of 
Semiconducting Nanofibers. J. Am. Chem. Soc. 140, 6088–6094 (2018). 

159. Fu, L., Zhang, T., Fu, G. & Gutekunst, W. R. Relay Conjugation of Living Metathesis Polymers. J. Am. Chem. 
Soc. 140, 12181–12188 (2018). 

160. Levi, A. E. et al. Efficient Synthesis of Asymmetric Miktoarm Star Polymers. Macromolecules 53, 702–710 
(2020). 

161. Zhang, T., Sui, X. & Gutekunst, W. R. Convergent Synthesis of Branched Metathesis Polymers with Enyne 
Reagents. Macromolecules 54, 8435–8442 (2021). 

162. Hilf, S. & Kilbinger, A. F. M. An All-ROMP Route to Graft Copolymers. Macromol. Rapid Commun. 28, 1225–
1230 (2007). 

163. Love, J. A., Morgan, J. P., Trnka, T. M. & Grubbs, R. H. A Practical and Highly Active Ruthenium-Based 
Catalyst that Effects the Cross Metathesis of Acrylonitrile. Angew. Chem. Int. Ed. 41, 4035–4037 (2002). 

164. Matson, J. B. & Grubbs, R. H. Monotelechelic Poly(oxa)norbornenes by Ring-Opening Metathesis 
Polymerization Using Direct End-Capping and Cross-Metathesis. Macromolecules 43, 213–221 (2010). 

165. Hilf, S. & Kilbinger, A. F. M. Sacrificial Synthesis of Hydroxy-Telechelic Metathesis Polymers via Multiblock-
Copolymers. Macromolecules 42, 1099–1106 (2009). 



172 
 

166. Elling, B. R. & Xia, Y. Efficient and Facile End Group Control of Living Ring-Opening Metathesis Polymers via 
Single Addition of Functional Cyclopropenes. ACS Macro Lett. 7, 656–661 (2018). 

167. Wang, X., Sun, Y., Yao, X.-Q., Xu, Y. & Wang, J. Diazoacetates as Terminating Agents in Living Ring-Opening 
Metathesis Polymerization: Synthesis of Chain-End-Functionalized Polymers. Macromolecules 55, 8866–8874 
(2022). 

168. Liu, B. et al. An organometallic swap strategy for bottlebrush polymer–protein conjugate synthesis. Chem. 
Commun. 60, 4238–4241 (2024). 

169. Elling, B. R. & Xia, Y. Living Alternating Ring-Opening Metathesis Polymerization Based on Single Monomer 
Additions. J. Am. Chem. Soc. 137, 9922–9926 (2015). 

170. Matson, J. B., Virgil, S. C. & Grubbs, R. H. Pulsed-Addition Ring-Opening Metathesis Polymerization: Catalyst-
Economical Syntheses of Homopolymers and Block Copolymers. J. Am. Chem. Soc. 131, 3355–3362 (2009). 

171. Shieh, P., Nguyen, H. V.-T. & Johnson, J. A. Tailored silyl ether monomers enable backbone-degradable 
polynorbornene-based linear, bottlebrush and star copolymers through ROMP. Nat. Chem. 11, 1124–1132 
(2019). 

172. Radzinski, S. C., Foster, J. C., Chapleski, R. C. Jr., Troya, D. & Matson, J. B. Bottlebrush Polymer Synthesis 
by Ring-Opening Metathesis Polymerization: The Significance of the Anchor Group. J. Am. Chem. Soc. 138, 
6998–7004 (2016). 

173. Li, Z., Zhang, K., Ma, J., Cheng, C. & Wooley, K. L. Facile syntheses of cylindrical molecular brushes by a 
sequential RAFT and ROMP “grafting-through” methodology. J. Polym. Sci. Part Polym. Chem. 47, 5557–5563 
(2009). 

174. Jiang, Y. et al. Iterative Exponential Growth Synthesis and Assembly of Uniform Diblock Copolymers. J. Am. 
Chem. Soc. 138, 9369–9372 (2016). 

175. Andersen, T. H., Tougaard, S., Larsen, N. B., Almdal, K. & Johannsen, I. Surface morphology of PS–PDMS 
diblock copolymer films. J. Electron Spectrosc. Relat. Phenom. 121, 93–110 (2001). 

176. Berlin, J. M., Goldberg, S. D. & Grubbs, R. H. Highly Active Chiral Ruthenium Catalysts for Asymmetric Cross- 
and Ring-Opening Cross-Metathesis. Angew. Chem. Int. Ed. 45, 7591–7595 (2006). 

177. Hartung, J. & Grubbs, R. H. Highly Z-Selective and Enantioselective Ring-Opening/Cross-Metathesis 
Catalyzed by a Resolved Stereogenic-at-Ru Complex. J. Am. Chem. Soc. 135, 10183–10185 (2013). 

178. Gu, W. et al. Self-Assembly of Symmetric Brush Diblock Copolymers. ACS Nano 7, 2551–2558 (2013). 
179. Liang, R. et al. Rapid Access to Diverse Multicomponent Hierarchical Nanostructures from Mixed-Graft Block 

Copolymers. Angew. Chem. Int. Ed. 61, e202210067 (2022). 
180. Jiang, L., Nykypanchuk, D., Pastore, V. J. & Rzayev, J. Morphological Behavior of Compositionally Gradient 

Polystyrene–Polylactide Bottlebrush Copolymers. Macromolecules 52, 8217–8226 (2019). 
181. Debye, P., Anderson, H. R., Jr. & Brumberger, H. Scattering by an Inhomogeneous Solid. II. The Correlation 

Function and Its Application. J. Appl. Phys. 28, 679–683 (1957). 
182. Vonk, C. G. & Kortleve, G. X-ray small-angle scattering of bulk polyethylene. Kolloid Z. Z. Polym. 220, 19–24 

(1967). 
183. Zu, L. et al. Self-Assembly of Ir-Based Nanosheets with Ordered Interlayer Space for Enhanced 

Electrocatalytic Water Oxidation. J. Am. Chem. Soc. 144, 2208–2217 (2022). 
184. Piunova, V. A., Miyake, G. M., Daeffler, C. S., Weitekamp, R. A. & Grubbs, R. H. Highly Ordered Dielectric 

Mirrors via the Self-Assembly of Dendronized Block Copolymers. J. Am. Chem. Soc. 135, 15609–15616 
(2013). 

185. He, Q., Ku, K. H., Vijayamohanan, H., Kim, B. J. & Swager, T. M. Switchable Full-Color Reflective Photonic 
Ellipsoidal Particles. J. Am. Chem. Soc. 142, 10424–10430 (2020). 

186. Ping, J. et al. Solid Polymer Electrolytes with Excellent High-Temperature Properties Based on Brush Block 
Copolymers Having Rigid Side Chains. ACS Appl. Mater. Interfaces 9, 6130–6137 (2017). 

187. Tonge, C. M., Sauvé, E. R., Cheng, S., Howard, T. A. & Hudson, Z. M. Multiblock Bottlebrush Nanofibers from 
Organic Electronic Materials. J. Am. Chem. Soc. 140, 11599–11603 (2018). 

188. Boyle, B. M., Heinz, O., Miyake, G. M. & Ding, Y. Impact of the Pendant Group on the Chain Conformation 
and Bulk Properties of Norbornene Imide-Based Polymers. Macromolecules 52, 3426–3434 (2019). 

189. Matsen, M. W. & Bates, F. S. Unifying Weak- and Strong-Segregation Block Copolymer Theories. 
Macromolecules 29, 1091–1098 (1996). 

190. Bogatin, E. Cross Talk in Transmission Lines. in Signal and Power Integrity—Simplified, 2nd Ed. 439–441 
(Pearson, NJ, 2009). 

191. Finders, J. M. et al. Double patterning lithography for 32 nm: critical dimensions uniformity and overlay control 
considerations. J. MicroNanolithography MEMS MOEMS 8, 011002 (2009). 



173 
 

192. Doerk, G. S. et al. Transfer of self-aligned spacer patterns for single-digit nanofabrication. Nanotechnology 26, 
085304 (2015). 

193. Zhou, C. et al. Combining double patterning with self-assembled block copolymer lamellae to fabricate 10.5 
nm full-pitch line/space patterns. Nanotechnology 30, 455302 (2019). 

194. Doerk, G. S., Kulkarni, A. A. & Li, R. Engineering Self-Assembled Domain Asymmetry in Solvent Vapor 
Annealed Block Copolymer–Homopolymer Blend Films. Macromolecules 57, 181–190 (2024). 

195. Watanabe, K. et al. Highly asymmetric lamellar nanostructures from nanoparticle–linear hybrid block 
copolymers. Nanoscale 12, 16526–16534 (2020). 

196. Shi, L.-Y. et al. Vertical Lamellae Formed by Two-Step Annealing of a Rod–Coil Liquid Crystalline Block 
Copolymer Thin Film. ACS Nano 14, 4289–4297 (2020). 

197. Chen, Y. et al. Molecular Bottlebrushes Featuring Brush-on-Brush Architecture. ACS Macro Lett. 8, 749–753 
(2019). 

198. Fu, X., Guo, Z.-H., Le, A. N., Lei, J. & Zhong, M. Synthesis and visualization of molecular brush-on-brush 
based hierarchically branched structures. Polym. Chem. 11, 270–274 (2020). 

199. Nguyen, H. V.-T. et al. Scalable Synthesis of Multivalent Macromonomers for ROMP. ACS Macro Lett. 7, 472–
476 (2018). 

200. Sánchez-Leija, R. J., Mysona, J. A., de Pablo, J. J. & Nealey, P. F. Phase Behavior and Conformational 
Asymmetry near the Comb-to-Bottlebrush Transition in Linear-Brush Block Copolymers. Macromolecules 57, 
2019–2029 (2024). 

201. Qi, Y. et al. A brush-polymer/exendin-4 conjugate reduces blood glucose levels for up to five days and 
eliminates poly(ethylene glycol) antigenicity. Nat. Biomed. Eng. 1, 0002 (2016). 

202. Chen, Y. et al. Shell of amphiphilic molecular bottlebrush matters as unimolecular micelle. Polymer 149, 316–
324 (2018). 

203. Bhagavan, N. V. CHAPTER 11 - Heteropolysaccharides II: Proteoglycans and Peptidoglycans. in Medical 
Biochemistry (Fourth Edition) (ed. Bhagavan, N. V.) 173–195 (Academic Press, San Diego, 2002). 
doi:10.1016/B978-012095440-7/50013-5. 

204. Kiani, C., Chen, L., Wu, Y. J., Yee, A. J. & Yang, B. B. Structure and function of aggrecan. Cell Res. 12, 19–
32 (2002). 

205. Husted, K. E. L. et al. Pendant Group Modifications Provide Graft Copolymer Silicones with Exceptionally 
Broad Thermomechanical Properties. ACS Cent. Sci. 9, 36–47 (2023). 

206. Liu, J. et al. “Brush-First” Method for the Parallel Synthesis of Photocleavable, Nitroxide-Labeled Poly(ethylene 
glycol) Star Polymers. J. Am. Chem. Soc. 134, 16337–16344 (2012). 

207. Johnson, J. A. et al. Drug-Loaded, Bivalent-Bottle-Brush Polymers by Graft-through ROMP. Macromolecules 
43, 10326–10335 (2010). 

208. Nguyen, H. V.-T. et al. Bottlebrush polymers with flexible enantiomeric side chains display differential biological 
properties. Nat. Chem. 14, 85–93 (2022). 

209. Foster, J. C. et al. It is Better with Salt: Aqueous Ring-Opening Metathesis Polymerization at Neutral pH. J. 
Am. Chem. Soc. 142, 13878–13885 (2020). 

210. Wang, T.-W., Huang, P.-R., Chow, J. L., Kaminsky, W. & Golder, M. R. A Cyclic Ruthenium Benzylidene 
Initiator Platform Enhances Reactivity for Ring-Expansion Metathesis Polymerization. J. Am. Chem. Soc. 143, 
7314–7319 (2021). 

211. Wang, B. et al. Synthesis of Multiblock Bottlebrush Copolymers with Well-Defined Arbitrary Monomer 
Sequences: Key Factors Influencing Catalytic Stability. Macromolecules 57, 1770–1778 (2024). 

212. Strobl, G. R. & Schneider, M. Direct evaluation of the electron density correlation function of partially crystalline 
polymers. J. Polym. Sci. Polym. Phys. Ed. 18, 1343–1359 (1980). 

213. Díez-Rodríguez, T. M., Blázquez-Blázquez, E., Martínez, J. C., Cerrada, M. L. & Pérez, E. A synchrotron SAXS 
study of PLLA crystallized at different temperatures: One-dimensional correlation functions. Polymer 256, 
125232 (2022). 

214. Ślusarczyk, C. Time-resolved SAXS investigations of morphological changes in a blend of linear and branched 
polyethylenes during crystallization and subsequent melting. J. Alloys Compd. 382, 68–74 (2004). 

215. Green, J. E. et al. A 160-kilobit molecular electronic memory patterned at 10^11 bits per square centimetre. 
Nature 445, 414–417 (2007). 

216. Ruiz, R., Dobisz, E. & Albrecht, T. R. Rectangular Patterns Using Block Copolymer Directed Assembly for High 
Bit Aspect Ratio Patterned Media. ACS Nano 5, 79–84 (2011). 



174 
 

217. Jang, H. Y., Kim, S. K. & Park, S. Electromagnetic Field Enhancement in the Multilayer of Metallic Nanomesh 
Films: Synthesis and Application as Surface-Enhanced Raman Scattering Substrates. J. Phys. Chem. C 119, 
10585–10591 (2015). 

218. Ma, M., Liu, R., Su, T., Sun, Z. & Ross, C. A. Reversible Morphology Locking via Metal Infiltration in a Block 
Copolymer. ACS Nano 17, 12225–12233 (2023). 

219. Chai, J., Wang, D., Fan, X. & Buriak, J. M. Assembly of aligned linear metallic patterns on silicon. Nat. 
Nanotechnol. 2, 500–506 (2007). 

220. Lee, W. et al. Platinum Infiltration of a Block Copolymer for Interconnected Three-Dimensional Metal 
Nanostructures. ACS Appl. Nano Mater. 4, 793–801 (2021). 

221. Hancock, S. N., Yuntawattana, N., Valdez, S. M. & Michaudel, Q. Expedient synthesis and ring-opening 
metathesis polymerization of pyridinonorbornenes. Polym. Chem. 13, 5530–5535 (2022). 

222. Kim, E. J. et al. Synthesis and Self-Assembly of Poly(vinylpyridine)-Containing Brush Block Copolymers: 
Combined Synthesis of Grafting-Through and Grafting-to Approaches. Macromolecules 55, 1590–1599 
(2022). 

223. Zhukhovitskiy, A. V., Mavros, M. G., Van Voorhis, T. & Johnson, J. A. Addressable Carbene Anchors for Gold 
Surfaces. J. Am. Chem. Soc. 135, 7418–7421 (2013). 

224. MacLeod, M. J. & Johnson, J. A. PEGylated N-Heterocyclic Carbene Anchors Designed To Stabilize Gold 
Nanoparticles in Biologically Relevant Media. J. Am. Chem. Soc. 137, 7974–7977 (2015). 

225. MacLeod, M. J. et al. Robust gold nanorods stabilized by bidentate N-heterocyclic-carbene–thiolate ligands. 
Nat. Chem. 11, 57–63 (2019). 

226. Ferry, A. et al. Negatively Charged N-Heterocyclic Carbene-Stabilized Pd and Au Nanoparticles and Efficient 
Catalysis in Water. ACS Catal. 5, 5414–5420 (2015). 

227. Patil, S. et al. Novel benzyl-substituted N-heterocyclic carbene–silver acetate complexes: synthesis, 
cytotoxicity and antibacterial studies. Metallomics 3, 74–88 (2011). 

228. Su, H.-L. et al. Studies of Ligand Exchange in N-Heterocyclic Carbene Silver(I) Complexes. Organometallics 
31, 4063–4071 (2012). 

229. Santoro, O., Collado, A., Slawin, A. M. Z., Nolan, S. P. & Cazin, C. S. J. A general synthetic route to 
[Cu(X)(NHC)] (NHC = N-heterocyclic carbene, X = Cl, Br, I) complexes. Chem. Commun. 49, 10483–10485 
(2013). 

230. Newman, C. P., Deeth, R. J., Clarkson, G. J. & Rourke, J. P. Synthesis of Mixed NHC/L Platinum(II) 
Complexes:  Restricted Rotation of the NHC Group. Organometallics 26, 6225–6233 (2007). 

231. Astakhov, A. V. et al. A New Mode of Operation of Pd-NHC Systems Studied in a Catalytic Mizoroki–Heck 
Reaction. Organometallics 36, 1981–1992 (2017). 

232. Hackenberg, F. et al. Novel Ruthenium(II) and Gold(I) NHC Complexes: Synthesis, Characterization, and 
Evaluation of Their Anticancer Properties. Organometallics 32, 5551–5560 (2013). 

233. Prakasham, A. P. & Ghosh, P. Nickel N-heterocyclic carbene complexes and their utility in homogeneous 
catalysis. Inorganica Chim. Acta 431, 61–100 (2015). 

234. Landers, B. & Navarro, O. Microwave-assisted synthesis of (N-heterocyclic carbene)Ni(Cp)Cl complexes. 
Inorganica Chim. Acta 380, 350–353 (2012). 

235. Tu, K.-H. et al. Machine Learning Predictions of Block Copolymer Self-Assembly. Adv. Mater. 32, 2005713 
(2020). 

236. Smitha, B., Sridhar, S. & Khan, A. A. Solid polymer electrolyte membranes for fuel cell applications—a review. 
J. Membr. Sci. 259, 10–26 (2005). 

237. Jiao, K. et al. Designing the next generation of proton-exchange membrane fuel cells. Nature 595, 361–369 
(2021). 

238. Ravikumar, M. K. & Shukla, A. K. Effect of Methanol Crossover in a Liquid Feed Polymer Electrolyte Direct 
Methanol Fuel Cell. J. Electrochem. Soc. 143, 2601–2606 (1996). 

239. Awang, N. et al. Functionalization of polymeric materials as a high performance membrane for direct methanol 
fuel cell: A review. React. Funct. Polym. 86, 248–258 (2015). 

240. Kusoglu, A. & Weber, A. Z. New Insights into Perfluorinated Sulfonic-Acid Ionomers. Chem. Rev. 117, 987–
1104 (2017). 

241. Lim, X. Could the world go PFAS-free? Proposal to ban ‘forever chemicals’ fuels debate. Nature 620, 24–27 
(2023). 

242. Chen, X. C. et al. Effect of morphology of nanoscale hydrated channels on proton conductivity in block 
copolymer electrolyte membranes. Nano Lett. 14, 4058–4064 (2014). 



175 
 

243. Sepe, A. et al. Toward an equilibrium structure in lamellar diblock copolymer thin films using solvent vapor 
annealing – An in-situ time-resolved GISAXS study. Eur. Polym. J. 81, 607–620 (2016). 

244. Lee, K. et al. UV-solvent annealing of PDMS-majority and PS-majority PS-b-PDMS block copolymer films. 
Nanotechnology 27, 465301 (2016). 

245. Khosravi, E. & Al-Hajaji, A. A. Ring opening metathesis polymerisation of n-alkyl norbornene dicarboxyimides 
using well-defined initiators. Polymer 39, 5619–5625 (1998). 

 


