








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 L, scales with the Flory—Huggins
interaction parameter x and the degree of polymerization N as Lo« x"®N?3 in the strong segregation
regime,®? and the diffusivity scales with exp(-xN).®® However, to drive microphase separation and
produce sharp interfaces between microdomains, it is necessary to maintain a high value of xN during
self-assembly. These competing constraints make the fabrication of well-ordered microdomains with sub-
10 nm period challenging.’4%® 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.®®

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.*®

The synthesis of “real” alternating copolymers typically places strict requirements on the
polymerization kinetics of the two constituting monomers,*®¢’” 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),¢ 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,*'%° 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; %1% 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 layers'® "% as well as directed self-assembly of CYL or
LAM layers on topographically-patterned substrates with post arrays or trenches;%1%51%6.111 for multilayer
nanomeshes, all current techniques require repetitive layer-by-layer overlay steps.'%5'12113 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.’*115 The only exception among the reported equilibrium network phases is O’ (orthorhombic
Fddd, space group 70) as a single-network of relatively low symmetry (Figure S7a),"'¢-""® 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.""® Its derivative structure, O% (Pnna), was reported as a non-
equilibrium phase stabilized by shear.'2%.12!

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),’®'2? 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,'®'23 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 M"® substructure
network; its formation is driven by the IMC from (d) the LAM superstructure. (e) The M™-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.® 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 M 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 M'*-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 substrates'® or low-
throughput templating techniques such as electron-beam lithography.'?#'2° 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 T'3' (tetragonal P4./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 '"H NMR signals of the

pendant group would minimally overlap with those of the end-groups following ROMP. Boc-amine enyne
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Figure 4-2 Characterization of MOE-based ROMP-derived MM and its resultant bottlebrush
homopolymers (R = MOE as an example). (a) '"H NMR, (b) DOSY, and (c) mass spectrum of MOE1o—Nb
MM. (d) Representative SEC (dimethylformamide) traces and (e) SEC characterization results of the
MOE+—Nb MM and the corresponding bottlebrush polymers [MOE 1o}y with varying backbone DPs. (f)
SEC (THF) traces of differently sized MOE,—~Nb MMs and the corresponding bottlebrush homopolymers
[MOE/]20 with varying sidechain DPs. (g) SEC (dimethylformamide) traces, (h) calculated conversions,
and (i) MWs and dispersity evolution overtime for ROMP of a MOE3z,—Nb MM.

68






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

Polymer M, D conv./% Polymer M, D conv./%
MOE1—Nb 2.3x10°  1.08 / PEO+—Nb 1.3x10° 1.04 /
[MOE0]10 2.5x10* 1.11 96 [PEO+«]io-Nb  1.5x10*  1.03 /
[MOE10]20 4.4x10* 1.12 95 [[PEO1«]10]10 1.2x105  1.17 93
[MOE0]30 6.5x10*  1.10 95 [[PEO1«]10]20 24x10°  1.16 93
[MOE0]40 8.8x10*  1.15 95 [[PEO1«]10]40 59x10° 1.28 90
[MOE0]e0 1.2x105  1.13 94 PEO2—Nb 1.9x10®  1.03 /
[MOE0]s0 1.6x105  1.17 95 [PEO2]i0-Nb  2.4x10*  1.04 /
[MOE:0]100 2.3x10° 1.19 94 [[PEO2«]10]s 2.3x10° 1.26 92
[MOE:0]1s0 3.9x10°  1.27 95 [[PEO2«]10]10 3.8x10°  1.30 91
MOE:—Nb 6.2x10°  1.06 / [[PEO2«]10]16 6.1x10°  1.37 85
[MOE:30]20 1.2x105  1.06 90 PS1—Nb 1.6x10®  1.06 /
[MOE:30]60 3.9x10°  1.16 89 [PS1k]l1o—Nb 1.4x10*  1.05 /
[[PS1k]10]10 1.2x10°  1.16 83
[[PS1k]10]20 2.2x10° 1.31 76

reactions reached high conversions ~95% within an hour, consistent with the high end-group
functionalization ratio determined by 'H 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
metathesis'%2%° 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.'”® Furthermore,
we intentionally subjected the ROMP system to prolonged reaction times (Figure S48a) or excess
amounts of a chain transfer agent (Figure S48b)." 7" 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 MOE, species according to their smaller size than the functionalized MOE, -
Nb—PDMS;, enables even higher purity of the branched MMs. ROMP of these MMs gave Janus
bottlebrush copolymers [MOE,—br—PDMS]n.; SEC showed <2% residual branched MM (Figure 4-4b),

confirming the very high efficiency of this synthetic route.
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Figure 4-4 Synthesis and characterization of diblock JBBCPs with MOE, sidechains. (a) Synthesis and
"H NMR characterization of the branched MM MOE,—~Nb—PDMS,. (b) SEC (chloroform) characterization
of the diblock JBBCP [MOE,—br—PDMS;]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 MOE, sidechains. (d—f) LAM layer thickness analysis of the [MOEz,—br—PDMS3 ok]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 [MOE.4s—br—PDMS3 ok]20 sSample, 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 (Lo; 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 fepms Phase Lo/nm Sample feoms Phase Lo/nm

[MOE45—bI'—PDM83,0k]20 0.2 CYL 18.8 -

[MOE45—bI'—PDM85,0k]20 25.3 [PS10,3k—bf—PDM85,0k]2o 20.7

0.3 LAM 0.3 CYL

[MOEso—bI’—PDMSs,OK]zo 21.0 [PSe,gk—bf'—PDMS&()k]zo 14.8
[MOE2-br-PDMS30]20 0.4 LAM 17.8 [PSs0—br-PDMSs o]0 0.4 LAM 14.7
[MOEzo—bI’—PDMSs,OK]zo 0.5 LAM 19.3 [PS4,6k—bf'—PDM85,0k]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.*'*¢ For example, [MOEzo—br—PDMS3 ok]20 (M
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 frpms = 0.3, if it followed
the phase diagram of normal Janus diblock bottlebrush copolymers;”® 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).'®'-'8 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.#’” The same asymmetric LAM
morphology was also observed for another sample with fepus = 0.3 but larger sidechain MWs, [MOE 45—
br—PDMSs ok]20 (orange line in Figure 4-4c¢). The only CYL sample, [MOE4s—br—PDMS3 ok]20, Was achieved
by further enlarging the compositional asymmetry to an froms being as low as 0.2, confirmed by SAXS

with scattering vector q ratios of 1:V3:\7:V19 (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 artifact*®). 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 froms 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,®*'8 and their reluctance to bend destabilized
the more curved phases (such as CYL) like in the case of diblock bottlebrush copolymers.®® Unlike
previous strategies where rigid sidechains in bottlebrushes were achieved by introducing bulky pendant
groups,'8187 in our cases here, the rigidity of sidechains is endowed by the PNI skeleton. 88

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.”>® 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.'® 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
interconnects'®) as well as in double patterning lithography (which requires unequal line-space patterns
to produce uniform frequency-doubled features'®! while avoiding extra trimming steps'%? that can degrade
pattern fidelity and roughness'®). Our strategy overcomes the limitation, yielding asymmetric LAM
instead of CYL at f= 0.3 which can be useful in nanolithography'%-'%_ Considering other advantages of
the JBBCP architecture, such as fast assembly kinetics and improved micro-phase separation,**4® 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
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Figure 4-5 '"H NMR spectra of (a) BoB [[PEO2u]10]10 and (b) MMM [PEO..o]io—Nb and (c) SEC
(dimethylformamide) traces of them and the PEO2o MM. (d) SEC (dimethylformamide) traces of a
smaller PEO1.0x MM, MMM [PEO1 ok]10—Nb, and BoBs [[PEO1 o]10]n (N = 10, 20, and 40). The inset shows

the calculated M, dispersity, and conversions of BoBs from SEC.
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Given that the [C12,]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, M, = 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 (lts M, = 25k, the largest norbornene-based macromonomer reported,
to our knowledge).®’ 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 (CH.)x spacer, a high MMM conversion ~90% was achieved, likely through the mitigated
steric hindrance.'®® Figure 4-5a,c shows the "H NMR and SEC characterization of the BoB polymer with
a backbone DP of 10, [[PEO:z.o]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.®' 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.’™* 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.*2¢' 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 backbone?® as well as provide good stabilization and biocompatibility for bottlebrush drug
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applications.?" We therefore synthesized the [PEO1.oc]10—Nb MMM (DP = 24) following a similar synthetic
procedure (see Section 4.3.2 for its synthesis) and tested their ROMP into [[PEO1.0]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,?°> where the micellar interfacial curvature can be systematically
engineered by tunable manipulation of the pendant, sidechain, and backbone DPs in a hierarchical
manner."®? The tunable compositions and dimensions of the BoB architecture as a synthetic mimic of
proteoglycan aggregates?®*?%* 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; a-methoxy-
w-amine 2k PEO was purchased from Xiamen SINOPEG Biotech Co., Ltd.; a-methoxy-w-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 A, particle size 40-63 ym)
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 ('H: CDCl; at 7.26 ppm, CD.Cl, at 5.32 ppm,
(CD3).CO at 2.05; "*C: CD.Cl; 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 5um 10E5A, 10E4A, and
10E3A) eluting THF at a flow rate of 1.0 mL min~" 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™" 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™" at 60 °C. For
molecular weight measurements by MALLS, dn/dc values were obtained assuming 100% mass elution
from the columns: PS =0.17 mLg™', PEO = 0.065 mL g™', poly(MOE) = 0.15 mL g™".

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 PDMS;,—~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 (92 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 Ka radiation at a wavelength of
A =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 / against the magnitude of scattering vector q = 41msin6/ A (26
is the scattering angle), and the domain size was calculated to be Lo = 211 / o, Where qo 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 A~" to cover a wide g range of 0.005-0.7 A™', 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 O; 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 (G? Spirit TWIN) TEM operated at 120 kV.

4.3.2 Synthetic procedures

The 5.0k PDMS MM?% (5.0k is the number-average MW, excluding the norbornene end-group, same
below); 6.3k PLA MM;*® and branched MMs*® PSo.3c—Nb—PDMSs.ok and PS4.s«—Nb—PDMSs ok used here
were synthesized and reported in previous work. Compounds G363 2296 §1 1% §2 207 gnd $3;208
monomers MOE—-NDb,?*® Bn—-Nb,?'® C12-Nb,'®? and C16—Nb;?% and azide-terminated polymers PS1 1

N3, PSe.9—N3,%¢ PDMS3 0k—N3s, and PDMSs o—N3® were synthesized according to literature procedures.

4.3.2.1 Synthesis of enyne terminators 1

n, (0] n
JCqoHos ZC12H25
S BocHN H)k oH s o
X X X )J\(\%,NHBOC
@MH\ )
EDC+HCI, DMAP / 1a (x=5)
s1 >05% 7 b (x=10)

To a solution of N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI, 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 C3sHs7N20sS, [M+H]", 585.4090; found 585.4085.

"H NMR (400 MHz, CD,Cl,): 6 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 =25 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).CO): 6 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=2.5Hz, 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.

3C NMR (101 MHz, CD.Cl,): Major rotamer: & 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: 6 172.63, 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 CsoHs7N203S, [M+H]*, 655.4872; found 655.4858.

"H NMR (400 MHz, CD,Cl,): 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).CO): 6 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.

3C NMR (101 MHz, CDCl,): Major rotamer: & 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: 6 172.86, 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)

I\
Mes—N__N—-Mes

AR §-"CioHs O 0
</_\:N_R.Li=‘ph N NJ\M?HBOC N—@
CIN / Ph A~NHBoc
@ G3 Z 1a
O ,I\l (6]
R R-Nb R,-NHBoc
O
N o R = CH,CH20CH3 (MOE)
Ph NH CH,Ph (Bn)
TFA 5 o CioHos-n (C12)
—_— C1gH33-n C16
>95% O ,I\l (0] CF3;CO0 ( )
over 3 steps R R,~NH,*TFA n =10/15/20/30/40/ 45

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 umol, 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 uymol, 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.?'" 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 ymol, 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 R,—NHBoc as an off-white solid
in nearly quantitative yield. Representative '"H NMR spectra are shown in Figure S49a and Figure S50a.

Typically, R-—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. '"H 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 R,—NH2-TFA as an off-white solid in quantitative yield. Their '"H NMR
spectra are shown in Figure S49b, Figure S50b, Figure S77a—Figure S80a, and Figure S81.

4.3.2.3 Ri—Nb MM synthesis general procedure
o]
N— 5 R=CH,CH,OCH; (MOE)
CH,Ph Bn)

Y O o} o}
‘/525 Q Ph (
N\M)J\ N CioH c12
HN .0 0 HN 12H25-n (C12)
N @ 5 2 O 0 4&7?:0 CieHaz-n (
3 CF3C00 ] - NS = 10/15/30/40/45
R"—NHZ’TFA D|PEA, >95% R"_Nb

To a solution of R.—NH2-TFA (R = MOE, Bn, C12, or C16; 10 ymol, 1.0 eq; n = 10, 15, 30, 40, or 45)
and norbornene NHS ester 2 (19 mg, 50 ymol, 5.0 eq) in DCM (0.2-0.4 mL) was added N,N-
diisopropylethylamine (DIPEA, 0.742 g/mL, 4 uL, 23 umol, 2.3 eq). It was found by SEC and '"H NMR

that R,—NH: 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 R,—Nb as an off-white solid in nearly
quantitative yield. '"H 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 '"H NMR spectra are shown in Figure S49c, Figure S50c, and Figure S77b—Figure S80b.

4.3.2.4 Synthesis of bifunctional precursors PDMS,—Nb—COOH (m = 3.0k / 5.0k)

| |
N”N‘N/\/O\/\/?i+o_s|i+R

yZ | ] o m
o = —olsi 0
% / R{'Sll oJ;slu\/\/o\/\N3 % ( PDMS; o,~Nb-COOH
Ny N COOH N _yN COOH :m=39,R="Bu
e I)(\/ e ll/\/ PDMS; o, —~Nb—COOH
s2

0o CuBr, MegTren, 50-75% o)
:m=67,R= Me
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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™ 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 (PDMS,—Ns, 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 (MegTren, 0.90 g/mL, 53 pL, 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 PDMS; 0—~Nb-COOH (0.63 g, 74%) or PDMSs o.—Nb—
COOH (0.70 g, 52%) as a pale-yellow gel. Their '"H 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, Cu?* is paramagnetic and caused peak broadening in the samples’ '"H NMR
spectra. After exposed to the air for several days, PDMS30—Nb—-COOH turned into a green color, likely
due to the oxidation of Cu® into Cu®™. However, the inability to remove Cu species did not affect

subsequent reactions.

4.3.2.5 Synthesis of bifunctional precursors PDMS,,—Nb—CONHS (m = 3.0k / 5.0k)

[,
N,,N\N/\/O\/\/Sifo-slsitR

0] — Q
NHS, EDC<HCI, DMAP le)
PDMS,,—~Nb—COOH Ny +N _N
m o \(\/)’6 \ﬂ/\)j\o
40%—-60% (by precipitation) 0 o

95% (by preparative SEC) ©

PDMS; o,~-Nb—CONHS: m = 39,R= "Bu
PDMSs g,—~Nb—-CONHS: m = 67,R = Me

Bifunctional precursor PDMS,,—~Nb-COOH (25 umol, 1.0 eq, m = 3.0k: 85 mg; m = 5.0k: 135 mg), N-
hydroxysuccinimide (NHS, 14 mg, 125 umol, 5.0 eq), EDC-HCI (24 mg, 125 umol, 5.0 eq), and DMAP
(1.5 mg, 12.5 ymol, 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 PDMS3,6k—Nb—CONHS
(39 mg, 44%) or PDMSs.0—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 '"H NMR spectra
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At given time points, 1.5, 4.0, 7.0, 11, 16, and 60 minutes, ~3 pL aliquots were removed from the
reaction mixture and “soft-quenched” by injecting them into 150 yL DCM, which were then rapidly
transferred out of the glovebox and “hard-quenched” by 10 uL EVE. These samples were analyzed by
MALLS-SEC (Figure 4-2g-i). Apparent conversion ¢ 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 MOE3, 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... The pseudo-first order kinetics of ROMP dictates
c=1- exp(—lzp[GB]0 t), orc=c_(1-exp(-k,t)) (4-1)

Where k; is the polymerization rate constant, kovs is the apparent first-order rate constant, [G3]o 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~" and c- = 0.87+0.03 with good R? = 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 —In(1-¢/0.89) against t, which gave kops = 0.15
min~" with good R? = 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 mwm, 20 L,
40 nmol, 1.0 eq) was added to a solution of MM MOE10—Nb (8.6 mg, 3.2 umol, 80 eq) in 30 uL 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 yL 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 [MOE1c]s0 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, [MOE1o]so was synthesized as described above and quenched with 10 uL
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,®®'"! described below. In a 2 mL glass
vial equipped with a Teflon stir bar, a Grubbs’ 2" generation catalyst (G2) solution (in anhydrous DCM; 1
mwm, 10 L, 10 nmol, 1 eq) was added to a solution of [MOE1o]so (2 mg, M, ~ 2x10°, 10 nmol, 1 eq) in 20
uL 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 pL, ~10% 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 L, 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 [An,-br-Bn,]», connected by linear harmonic bonds
(Figure S55a). We fixed the number of backbone beads n = 10 and the total bead number per sidechain
Na+ Ng = 20, and we varied the number of A- and B-branch beads ((Na, Ng) = (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 aag =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* = 0.5 for B’ sidechains and Kx* = 2 for backbones.

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

The noise parameter o was set to be 0.1 throughout the 6x108 simulation steps to find the stable
morphology. A cubic simulation box with periodic boundary conditions and dimensions of
Ly=L,=L,=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 r(r) := fR3 p(r)p(r' -r)dr’, where p is
electron density (a real-valued function).”®"'® For isotropically scattering samples, the spectrum is
usually azimuthally integrated. After being reduced to 1D and normalized, we will then get the
characteristic function:
r(r) Jo 1(@)q”cos(gr)dg
[0 J7lg)g?dq

y(r) = (4-2)

A real SAXS experiment lacks knowledge as gq—0 or g—«~. However, in previous reports, no
detectable influence was observed without interpolation or extrapolation (due to diminishing /g values
approaching these two limits), so the integration can be truncated as a good approximation.?'?2'3 In

addition, background subtraction was performed for the Lorentz-corrected SAXS profile (i.e., Ig?>—q plot)
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by subtracting a blank sample’s signal.?'*2'* Finally, in the calculated y(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, L,.'832'2-2'4 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,
Lo, 2L,, etc. Typically, the first three periods of correlation function plots are analyzed and averaged to
get accurate Lo and L1 values.

Two additional notes: 1) Even without background subtraction, the results were not too different
despite the lower R? value in linear fitting; 2) the calculated y(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/Lo values (0.32 for [MOE4s—br—PDMSs ok]20 and 0.41 for [MOE2o—br—PDMS3 ok]20) are
well in line with fepms (0.32 for [MOE4s—br—PDMSs ok]20 and 0.38 for [MOE20—br—PDMS3 ok]20), assuming
similar packing densities of the two blocks. However, this analysis failed for the symmetric sample,
[MOE20—br—PDMSs ok]20 (froms = 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.?'2

The calculation of Li/Lo 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."®’
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 Lo—L1. Not surprisingly, the calculated L+/Lo for [MOEzo—
br—-PDMS; ok]20, 32%, is close to the value calculated above in reciprocal space, 31%.

Similarly, the calculations were done for simulations. The box size ap 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) (x,y,z € [0,1)) along the LAM normal (h, k, {) is
(x, v, 2)(h, k, £), and after taking the periodic boundary condition of the simulation box into account:

riLy ={(x,y,2)-(h, R, £)} (4-3)
where {*} means the fractional part of a number. In the case of [As-br-B'is]10 (Figure 4-4h), the normal
vectoris (1, 0, 1), and the period Lo = 1/72. 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 64x64x64 grid, and
the number of A (minority block) beads in each voxel is counted. 3D FFT of the 64x64x64 3D array is
calculation by Python using the function. The modulus squared of the Fourier transform
is the power spectrum /(q), where q is the reciprocal vector without 21 factors (i.e., “spectroscopic

wavenumber”), § = g/21. The 3D correlation function is calculated by:

r(r) (@cos(2ng-rdg=>  1(g)cos(2ngr)

= | I
R3 qxrqyrqz
v(r) = Zﬁ I(g) cos(2mgr) / Z-, q) (4-4)
The summation is truncated to |gmax| = 8, which is enough for a good signal-to-noise in the resultant y(r)
curve (Figure S58b). Following similar analysis as above yields L1/Lo = 0.31.

Both values calculated for [As-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.?*¥23° Moreover, most PEMSs, including Nafion, are perfluorinated
sulfonic acid (PFSA) ionomers. Despite their high proton conductivity as well as excellent stability
(chemical, electrochemical, and mechanical),?** PFSAs have recently aroused significant environmental
concerns, and their restricted use was proposed by the European Chemicals Agency.?*!

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,*? 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.42

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 x 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, M' and T'3', 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 M .t ps) D conv./% Homopolymer M w.t.ps) D conv./%
[MOE 0]20 3.3x104 1.10 96 [MOE30]20 5.4x10* 1.07 90
[MOE.s]20 8.1x10* 1.16 88/86 [MOE30]40 9.6%x10* 1.09 90

[Bnao]20 6.1x10* 1.06 93 [MOE:3o]e0 1.3x10° 1.10 89
[C1245]20 7.3x104 1.07 90 [C1640]20 1.4x10° 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).

M, Conversion / %
Janus bottlebrush copolymer b
(relative to PS) SEC (chloroform) SEC (THF)

[MOE20—Nb—PDMS:]20 4.1x10* 1.11 98 96
[MOE20—Nb—PDMS:]20 6.2x10* 1.06 96 93
[MOE30—Nb—-PDMS:x]20 5.5x10% 1.06 92 93
[MOE4s—Nb—PDMSx]20 8.3x10* 1.12 88 96
[MOE4s—Nb—PDMS:s]20 8.8x10* 1.17 87 94

[PSs5i—Nb—PDMS3i]20 6.0x10* 1.08 98 /

[PSs5i—Nb—PDMSsi]20 7.2x10% 1.05 97 98

[PS7—Nb—PDMS3i]20 6.8x10* 1.09 96 95

[PS10k—Nb—PDMSsk]20 9.6x10* 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 M, Conversion / %
bottlebrush copolymer (relative to PS) D SEC (chloroform) SEC (THF)
[PDMSsk]20—b—[Bnao]20 1.4x10° 1.12 90 88
[PLAG6K]20—b—[Bnao]20 1.3x10° 1.10 91 87
[PDMSsi]20—stat—[C1215]20 7.9x10* 1.05 93 92
[PDMSsk]20—b—[C1215]20 8.9x10* 1.09 93 92
[PDMSsk]25—b—[C1215]25 1.1x10° 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 MOE3,—Nb at a concentration of 20 mm and a targeted backbone
DP of 60. (a) Exponential fitting; (b) linear fitting.
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Figure $48. SEC traces of [MOE1¢]so 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 '"H NMR spectra of MMs and precursors are shown below in Figure S49—Figure S54.
Other NMR spectra are shown starting from Figure S74.
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Figure S49. 'H NMR spectra of (a) MOE —NHBoc (500 MHz), (b) MOE;—NH2-TFA (400 MHz), and (c)
MOE,—Nb (400 MHz) in CD2Cls.

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. '"H NMR spectra (400 MHz, CD.Cl,) of (a) MOE3;—NHBoc and (b) MOE3—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) '"H NMR spectrum (400 MHz, CD.Cly) of (¢) MOE30—Nb.

20"

20"

7',8',20"

11—:3/N 9 17,18 b

i A e A= I e —— AN
450  1.001.06 11.65 10.32 3.70 20.55 23.29 29.77
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
1 (ppm)

Figure S51. "H NMR spectrum (400 MHz, CDCls) of [MOE+10]20, showing no 6.28 ppm norbornene peak
when compared to its MM shown in Figure S49.
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Figure S54. "H NMR spectra (400 MHz, CD.Cl,) of (a) the branched MM MOE2,—Nb—PDMS; ok, same as
Figure 4-4a, and (b) the corresponding diblock JBBCP, [MOE2—br—PDMS3 ok]20. The disappearance of
H20 in (b) (indicated by arrows) shows complete ring-opening of the norbornene moiety in branched MMs.

In the "H 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.?°” This
feature is also observed in their precursors (e.g. in Figure S82b) and the resultant JBBCPs (e.g., in (b)).
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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) [MOE2—br—PDMS3 ok]20 and (b)
[MOE30—br—PDMS3 o]0 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.'? Therefore, an unetched sample was directly imaged by
TEM as shown in Figure 4-4e.
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Figure $62. 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).

145









104 — [PEO,,—1a],,
— [[PEO,—~1al4ol4g
3
N 0.81
B
c
o
@ 0.6 1
Q
14
o Conversion = 65%
8 0.4-
N
©
E
2 0.21
0.0

15.0 175 20.0 225 250 275
RetentionTime / min

Figure S66. SEC (THF) traces of the PEO2« MMM and BoB when terminator 1a was used.
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Figure S67. (a) SEC (DMF) and (b) SEC (chloroform) traces of the PEOx MMM and BoBs when
terminator 1b was used. The SEC traces of the PEO+ MMM and BoBs are shown in Figure 4-5d.
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Figure $68. SEC (DMF) traces of the PS« MM, MMM and BoBs.
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Figure S69. SEC (THF) traces of MOE-br-PDMS branched MMs and JBBCPs.
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Figure S70. SEC (chloroform) traces of MOE-br-PDMS branched MMs and JBBCPs. Traces for MOE -
br-PDMS3i are shown in Figure 4-4b.
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Figure S71. SEC (THF) traces of PS-br-PDMS branched MMs and JBBCPs.
14a. 11b. 14C.

Normalized RI Response / a.u.
o

Normalized RI Response / a.u.
o

Normalized RI Response / a.u.
o

PDMS,,

— PSa —— PDMSy, —— PDMSg,
—— PS;~Nb-PDMS,, —— PS5 ~Nb-PDMS,, —— PS~Nb-PDMS;,
—1 4 —— [PS;—br-PDMS,, 15 —1 4 —— [PS5—br-PDMS,, 15 —1 4 —— [PS5—br-PDMSg, 15
6 8 10 12 6 8 10 12 6 8 10 12
Retention Time / min Retention Time / min Retention Time / min

Figure S72. SEC (chloroform) traces of PS-br-PDMS branched MMs and JBBCPs.
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Figure S74. '"H NMR spectra (400 MHz) of enyne terminator 1a in (a) CD.Cl. 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. '"H NMR spectra (400 MHz) of enyne terminator 1b in (a) CD.Cl. and (b) deuterated acetone.
Peaks from the major and minor rotamers are indicated by blue and red arrows, respectively.
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Figure S83. '"H NMR spectra (400 MHz, CDCls) of (a) No—PDMSs5—~COOH and (b) Nb—-PDMSs—CONHS.

Broadening of H8—13 peaks in (a) might be due to a trace amount of paramagnetic Cu?* 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 S85. 'H NMR spectrum (400 MHz, CD.Cl.) of branched MM MOE3,—Nb—PDMS3k.
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Figure S89. 'H NMR spectra (400 MHz, CD,Cl.) of (a) MMM [PS+]1c—Nb and (b) BoB [[PS1«]10]+o.
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