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Abstract

Self-assembly of amphiphilic bottlebrush block copolymers (BCPs), which have backbones with two types of densely
grafted side chains, is less well understood compared to their linear counterparts. Specifically, the solution self-assembly of
tapered bottlebrush BCPs, which are approximately cone-shaped with specific cone directionality (hydrophilic or
hydrophobic tips), remains unexplored. This work describes a series of 8 tapered and 4 cylindrical bottlebrush BCPs with
varying ratios of hydrophobic polystyrene (PS) and hydrophilic poly(acrylic acid) (PAA) side chains, synthesized by the
sequential addition of macromonomers ring-opening metathesis polymerization (SAM-ROMP) method. The nanostructures
formed by these BCPs in water were evaluated using cryogenic transmission electron microscopy, small-angle neutron
scattering, and dynamic light scattering. Results showed that most BCPs formed multiple types of nanostructures, all with
surface protrusions, including spherical micelles, cylindrical micelles, and vesicles, with transitional structures between
each, such as ellipsoids and semi-vesicles. Coarse-grained molecular dynamics simulations aided interpretation of the
experimental data. Collectively, results revealed two distinct self-assembly pathways through which the BCPs evolved from
micelles into complex nanostructures. One pathway involved micelle fusion, resulting in elliptical and cylindrical aggregates
that in some cases fused further to form Y-junctions. The second pathway entailed micelle maturation into semivesicles,
which subsequently formed vesicles and, at times, large compound vesicles. This study provides the first experimental
evidence supporting vesicle formation via semivesicles in bottlebrush BCPs. Collectively, these findings highlight how
structural parameters such as cone directionality influence self-assembly in these large, cone-shaped polymeric amphiphiles.

INTRODUCTION

Aqueous self-assembly of amphiphilic block copolymers (BCPs) has been the subject of intense research
for several decades due to their wide-ranging applications, including as catalytic microreactors, templates
for the formation of inorganic nanoparticles, drug delivery vehicles, viscosity modifiers, and many others. !
3 Traditional self-assembled morphologies of linear amphiphilic BCPs include spheres, cylinders, and

vesicles, and in many cases the dominant morphology can be predicted based on guidelines defined by
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Israelachvili for small molecule surfactants* and adapted by Eisenberg for linear BCPs based on interfacial
curvature.’ These different morphologies influence the functions of these nanostructures; for example,
worm-like BCP nanostructures have extended circulation half-lives versus spherical structures,® and
various BCP nanostructures can template the formation of hard nanoparticles with control over size and
shape.” Decades of research have focused mainly on solution self-assembly of centrosymmetric linear
BCPs, with some effort devoted to self-assembly of more topologically complex but still largely symmetric
BCPs including star polymers, cyclic polymers, dendrimers, dendronized polymers, and bottlebrush

polymers.®°

Of these more complex polymer topologies, self-assembly studies on bottlebrush BCPs have recently
gained significant interest.!®!® Comprised of a polymer backbone with densely grafted polymeric side
chains, bottlebrush polymers can assume worm-like or rod-like conformations in solution. The dense
packing of the side chains causes extension of the backbone polymer and also drastically limits
entanglements or other interactions between individual bottlebrush macromolecule chains.!”!” When two
different types of side chains are attached to a single backbone, e.g., hydrophilic side chains on one end and
hydrophobic side chains on the other, amphiphilic bottlebrush BCPs can self-assemble with features that
differ from amphiphilic linear BCPs. For example, the critical micelle concentrations in bottlebrush BCPs
are typically lower and less sensitive to polymer molecular weight than in linear BCPs.?*? They also tend
to self-assemble with lower aggregation number (N,g) values than linear polymers. More complex
bottlebrush polymer structures, such as ABC triblock or ABCD tetrablock copolymers, also lead to
interesting self-assembled morphologies such as onion-like layered nanostructures.?* 2* A substantial body
of computational studies, relying primarily on coarse-grained molecular dynamics simulations, have helped
to explain and predict the evolution of bottlebrush BCP morphologies in solution.”*-** Linear-bottlebrush
BCPs, where only one component is a bottlebrush polymer, are just beginning to be explored (primarily in
the solid phase thus far), and a large study showed shifts in the phase boundaries for traditional solid-state

morphologies as well as significant phase coexistence.”

These examples highlight the rich self-assembled nanostructures accessible to bottlebrush BCPs and their
derivatives, but most examples focus on BCPs with a high degree of symmetry. A few research groups have
introduced side chains of variable lengths to self-assembled bottlebrush BCPs; for example, Rzayev,>" 3!
Alexander-Katz,*> Kim*® have all studied the solution self-assembly behavior of amphiphilic bottlebrush
BCPs with tunable side chain lengths. In all cases, they have found that side chain length impacts self-
assembled morphology. However, amphiphilic bottlebrush BCPs with a tunable cone-shape have never

been explored.
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Experimental studies on self-assembly of cone-shaped units have thus far focused primarily on gemini

35-37

surfactants,** small dendrimers, amphiphiles containing polyhedral oligomeric silsesquioxane (POSS)

3840 and micron-sized colloids.*"* ** The solid-state self-assembled morphologies of these disparate

units,
types of cone-shaped amphiphiles have revealed assembly modes not often observed with symmetrical
building blocks such as quasi-crystal phases; solution self-assembly studies of cone-shaped dendrimers
have also uncovered 2-dimensional aggregates such as toroids and other unusual morphologies.* These

experimental results are supported by computational work in this area,**+

including a finding by Glotzer
and coworkers that cone-shaped amphiphiles can self-assemble into more highly ordered and more
monodisperse aggregates than their symmetric (cylindrical) analogs.* These examples suggest a potentially

rich self-assembly landscape in cone-shaped (tapered) bottlebrush BCPs.

Tapered bottlebrush polymers take on a cone-shaped, three-dimensional structure because they contain
side chain polymers with systematically varied molecular weights (Figure 1). Recent advances have enabled
the synthesis of tapered bottlebrush homopolymers and BCPs,*! but their self-assembly has never been
evaluated. We began exploring the synthesis and self-assembly of this unusual polymer class because they
provide the ability to control not only hydrophilic/hydrophobic ratio, a critical factor in self-assembly of all
types of BCPs, but also cone directionality, i.e., the position of the two types of blocks along the cone, either
a hydrophilic tip or a hydrophobic tip. We envisioned that a systematic study of cone-shaped bottlebrush
BCP amphiphiles could begin to reveal the self-assembly landscape of these large, non-centrosymmetric
amphiphiles.

A

Figure 1. Schematic illustrations of tapered bottlebrush BCPs containing hydrophilic side chains (blue) and
hydrophobic side chains (red). A) A tapered bottlebrush BCP with a hydrophobic tip. B) A tapered
bottlebrush BCP with a hydrophilic tip. C) A cylindrical bottlebrush BCP.
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Here we set out to synthesize a systematic series of tapered bottlebrush BCPs, along with structurally
analogous cylindrical bottlebrush BCPs. Leveraging a synthetic method developed in our lab termed
sequential addition of macromonomers ring-opening metathesis polymerization (SAM-ROMP),*® which
allows for precise control of the size, shape, and placement of hydrophobic and hydrophilic side chains, we
aimed to study how these unique polymer amphiphiles self-assemble in solution. We hypothesized that
structural parameters influencing cone shape and directionality would influence the type and distribution
of self-assembled morphologies of these polymer amphiphiles. Using several characterization techniques,

we describe here our initial exploration into the self-assembly of this unusual class of polymer amphiphiles.

RESULTS AND DISCUSSION

Design and Synthesis of Amphiphilic Tapered Bottlebrush BCPs

We set out to synthesize a library of tapered bottlebrush BCPs using the SAM-ROMP method.*® In brief,
SAM-ROMP involves two steps: 1) Synthesis of a series of monotelechelic macromonomers (MMs) of
varying degrees of polymerization (i.e., molar mass) with a norbornene unit on one end; 2) Sequential
“grafting-through” ROMP of several macromonomers (we typically use five) with either increasing or
decreasing molar mass. This process generates a cone-shaped bottlebrush polymer. Guironnet has

30,51 hut we

developed elegant continuous addition approaches to make tapered bottlebrush polymers,
utilized the SAM-ROMP approach here because it enables purification and full characterization of each

MM before the SAM-ROMP process is carried out.

In this work, we prepared two sets of MMs, one based on polystyrene (PS) and one based on poly(zert-
butyl acrylate) (PtBA), each with target side chain molar masses of 1, 2, 3, 4, and 5 kg/mol (Scheme 1,
Table S1, and Figures S3-S14). The PS MMs, termed S'¥, S2X, S3K, S* "and S°X, with ‘S’ representing PS
and the superscript designating the approximate molar mass, served as the hydrophobic components. We
chose PtBA for the other set of MMs, T', T2 T3 T and T°%, with T representing PtBA, because the
tert-butyl esters could be hydrolyzed to form hydrophilic poly(acrylic acid) (PAA) side chains, enabling the
construction of tapered bottlebrush BCPs with varying amounts of hydrophilic and hydrophobic content.
All 10 MMs were synthesized using atom-transfer radical polymerization (ATRP) following a recently
described approach.>? A critical component was the choice of anchor group, which describes the atoms
linking the polymer side chain to the polymerizable norbornene unit.>* > Fast MM conversion is critical in
the SAM-ROMP synthesis of tapered bottlebrush BCPs because extended reaction periods result in catalyst

activity loss and, as a result, poor control over the final tapered bottlebrush BCP structure.
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Scheme 1. Synthesis of PtBA and PS MMs.?

Sk Lo,

PtBA MMs (target M, = 1, 2, 3, 4, 5 kg/mol)

PS MMs (target M, = 1, 2, 3, 4, 5 kg/mol)

®Conditions: (i) Cu(I)Br, Cu(Il)Br, PMDETA, acetone, 60 °C, 5 h. (ii)) Cu(I)Br, Cu(ll)Br, PMDETA,
DMF, 90 °C, 8 h. Target molecular weights (1, 2, 3, 4, and 5 kg/mol) for each correspond approximately to
target Ny (n) values of 10, 20, 30, 40, and 50.

After ATRP synthesis reached the target molar mass, each MM was extensively purified because
contaminants including residual vinyl monomer, ligand, Cu species, or their decomposition products can
affect the propagation rate and ultimate degree of polymerization in ROMP, both of which are critical for a
living polymerization. We purified the PS MMs using automated gradient chromatography, similar to
Lawrence and coworkers,” to remove unreacted monomer, residual Cu and ligand, and coupled MM
products. In a similar manner, we purified and isolated each of the PtBA MMs. Finally, to test each batch
of MM, we performed one-shot ROMP reactions on each using Grubbs 3™ generation catalyst (G3,
(Hz2IMes)(Cl)2(pyr).RuCHPh) as the ROMP initiator at a [MM]/[G3] ratio of 100. We then characterized
the bottlebrush polymer products by size exclusion chromatography with multi-angle light scattering (SEC-
MALS) to verify that each test polymerization reached the expected molar mass and exhibited a monomodal

and narrowly dispersed peak (Figures S15 and S16).

With this set of 10 MMs in hand, we performed SAM-ROMP to make eight different tapered bottlebrush
BCPs, each with five MM blocks with sequential side-chain molar masses of 1, 2, 3, 4, and 5 kg/mol
(Scheme 2). These molar mass values align approximately with side-chain degrees of polymerization (Ns)
values of 10, 20, 30, 40, and 50. All SAM-ROMP reactions were performed at rt in EtOAc due to its ability
to provide fast propagation rates.>® Preparatory ROMP kinetics experiments targeting backbone degrees of
polymerization (M) of 30 for each block were carried out for 5 kg/mol PS and PtBA macromonomers to
determine the best timing before injecting the next MM. Allowing too little or too much time is detrimental

to the topology of the bottlebrush BCPs due to incomplete conversion of the MMs and premature catalyst

5
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death, respectively. Kinetics experiments revealed a half-life of approximately 0.5 min for both 5 kg/mol
MMs, and we determined that polymerizing for approximately five half-lives (2.5 min) was sufficient for

clean chain extension.

SAM-ROMP reactions were performed from bigger to smaller molecular weight MMs. We targeted a
total My, for each tapered bottlebrush BCP of 150 (i.e., an Ny, of 30 for each block) in order to ensure that
we exceeded the globule-to-brush transition that Verduzco established to occur above DP ~120 in a set of
bottlebrush copolymers with PS side chains.’’” Removal of an aliquot of the reaction mixture before each
MM addition allowed us to follow molar mass evolution over time using SEC-MALS. Values generally
were within 10-20% of expected values, and the traces were all monomodal with small shoulders if any
and dispersity (D) values generally <1.1 (Figures S17-S20). Together, these results demonstrated the
successful synthesis of eight tapered bottlebrush BCPs with polynorbornene backbones and a mixture of
PS and P7BA side chains.

We also synthesized four cylindrical bottlebrush BCPs. These bottlebrush BCPs were prepared using
sequential ROMP of just two different MMs, S* and T3, varying the block ratio to cover most of the
hydrophobic weight percent range of the tapered BB BCPs. Molecular weight details and SEC traces are
shown in Table S4 and Figure S21, respectively. These four polymers served as controls that did not assume

a conical shape.

Scheme 2. SAM-ROMP synthesis of amphiphilic tapered bottlebrush BCPs with PS and PAA side

chains.?

fo) G3
D —— o
A}/A WBF E— WB
7 O R r
n _ (6]
R i, ii n

n=~10, ~20, ~30, ~40, ~50

“Conditions: (i) 1. EtOAc, rt; 2. Ethyl vinyl ether. (ii) HCI, HFIP, rt, 4 h.

Following isolation and characterization of the 12 bottlebrush BCPs (8 tapered, 4 cylindrical), we needed
to hydrolyze the fert-butyl ester groups to form amphiphilic tapered bottlebrush BCPs with PS and PAA
side chains. Removal of zert-butyl esters is often executed by using an excess of trifluoroacetic acid (TFA)
in CH,Cl,, but we opted instead to follow a recently published alternative procedure using HCI in

hexafluoroisopropanol (HFIP) because it demonstrated faster kinetics than the TFA and CH,Cl, procedure

6
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with quantitative removal of the zert-butyl group based on '"H NMR spectroscopy (Scheme 2, Figures S22—
S33).%® This procedure was done for all bottlebrush BCPs, affording the desired series of 12 amphiphilic
tapered bottlebrush BCPs (Table 1).

Table 1. Structural descriptions for each of the eight tapered bottlebrush BCPs (entries 1-8) and the
four cylindrical bottlebrush BCPs (entries 9-12).

Entry | Structure® wt% hydrophobic® | Estimated p value®
1 S30' " Az0™ Az Az Az | 9% 0.53
2 S30'%S5078 A30* % A30A°K | 20% 0.66
3 S30"S307 S50 A0 Az | 54% 0.40
4 S30'%8307K830°K S50 A37® 65% 0.43
5 A30'%S30% S50 S30"S30°¢ 96% 3.89
6 Az0'®A307KS30*%S30*KS3078 83% 2.16
7 A30™ A0 A3 S50 S50 | 71% 2.10
8 Az A07* A0 A0 S30°K | 53% 1.18
9 S A1 21% 0.98
10 Sas®®A K 42% 0.98
11 So3*KAsK 69% 0.98
12 S1217 A 90% 0.98

* Naming convention is based on the formula for each block of X,** where X = type of side chain (S = PS,
A = PAA), yK = target side chain molecular weight (in kg/mol), and n = target backbone degree of
polymerization (My,) for each individual block. Target side chain molecular weight and backbone Ny, values
are noted; actual values based on SEC-MALS analysis are shown in Table S5 and S6. ® Hydrophobic wt%
values were determined based on the molecular weights of the synthesized MMs and bottlebrush polymers
as determined using SEC-MALS (Table S2—S4); the polynorbornene backbone, which constitutes only a
small percentage of the mass of each polymer, was not considered in these calculations. ¢ Estimated p value
refers to the Israelachvili packing parameter (described in SI section Estimation of Packing Parameters).

Critical to this work, our SAM-ROMP approach allowed us to make tapered bottlebrush BCPs with either
hydrophobic tips (Figure 1A) or hydrophilic tips (Figure 1B). We envisioned that the cone-shaped nature
of these bottlebrush BCPs would create asymmetry in the structures such that polymers with similar

hydrophilic/hydrophobic ratios would assemble into different nanostructures or different distributions of
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nanostructures due to the different locations within the cone of the hydrophobic PS side chains (i.e., at the
tip or the base). This cone/tip designation is a key feature of tapered bottlebrush BCPs that cannot be
recapitulated in cylindrical bottlebrush BCPs (Figure 1C).

The polymers were named as follows: Each block is represented as X,*® where X = type of side chain
(S=PS, A=PAA, T=PtBA), yK = side chain molecular weight (in kg/mol), and » = backbone degree of
polymerization for each block. Here, n = 30 for all blocks. For example, the amphiphilic tapered bottlebrush
BCP with one hydrophobic tip block and four hydrophilic base blocks would be represented as:
S30"A 30X A30°K A3*€A30°%. Table 1 shows all 12 bottlebrush BCPs and includes the hydrophobic weight
fraction, determined through SEC-MALS analysis of aliquots of the reaction mixture at each stage in the
bottlebrush polymer synthesis (Tables S5 and S6).

Bottlebrush BCP self-assembly

Self-assembled nanostructures of the eight amphiphilic tapered bottlebrush BCPs and the four cylindrical
bottlebrush BCPs were prepared using the solvent exchange method from THF into phosphate buffer
solution (pH 7.4), similar to a previous publication (Figure S34).2° Buffer was viewed as a critical
component in order to avoid pH changes that could lead to changes in PAA protonation state among
different samples. We chose phosphate buffer due to its biological relevance and our intent to evaluate these
materials as drug delivery vehicles. Our method involved slow evaporation of THF, which should allow the
aggregates to reach an equilibrium morphology or near-equilibrium distribution of morphologies.’* The
final sample concentration was 1 mg/mL. The samples were stored as solutions and characterized directly

without additional modifications or treatments.

Application of Traditional Guidelines for Rationalizing Self-Assembled Nanostructures

We considered the amphiphilic BCP structures in the context of the Israelachvili packing parameter (p),
a common method to explain and predict equilibrium morphologies in surfactants and amphiphilic
polymers.* 3% 6061 Packing parameters have also been previously used for analysis of symmetric and non-
centrosymmetric bottlebrush BCP self-assembly. In brief, p values can be calculated by estimating the
hydrophobic volume (v), critical hydrophobic length (/.), and hydrophilic head group area (ao) for an
individual amphiphile according to the equation p = v/(la,). In traditional surfactants, p < 0.33 predicts
spherical structures, 0.33 < p < 0.5 predicts cylindrical morphologies, 0.5 < p < 1 predicts bilayer

vesicles, and p > 1 predicts inverted structures.
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In a previous study on asymmetric bottlebrush BCPs (i.e., those with different N values for the two types
of side chains, polylactide, PLA, and poly(ethylene glycol), PEG), Rzayev and coworkers applied an
Israelachvili packing parameter analysis.’® The authors found that asymmetric bottlebrush BCPs, prepared
by direct dissolution of the polymer amphiphiles, self-assembled into nanostructures that mostly lined up
with packing parameter predictions. They also rationalized the observed structures in terms of interfacial
curvature, ultimately determining that a larger hydrophilic PEG N, compared to the hydrophobic PLA N

resulted in a higher curvature and, therefore, a lower packing parameter.

Assuming an extended structure due to the generally stiff nature of bottlebrush polymer backbones, we
calculated p values for each of the 12 BCPs. In brief, values for /. were calculated using a value for a fully
extended polynorbornene repeating unit applied to a scaling law derived from our previous paper on
cylindrical and tapered bottlebrush homopolymers.*’ Values for ay were calculated using a similar analysis
based on a fully extended PAA repeating unit for the block with a PAA side chain at the hydrophobic—
hydrophilic interface. Finally, values for v were calculated for each individual block using calculated length
and area values, then summing the 1-4 cylindrical hydrophobic units to arrive at a volume of the

hydrophobic portion for each bottlebrush BCP (described in SI section Estimation of Packing Parameters).

We found that p values for the hydrophobic tip tapered BCPs (BCPs 1-4) hovered near 0.5, indicating
that cylindrical morphologies should be preferred. In the case of hydrophilic-tip bottlebrush BCPs 5-8, all
p values were > 1, suggesting that inverted structures should form. Finally, p values for cylindrical BCPs

9-12 all were 0.98, suggesting that all four bottlebrush BCPs in this set should form vesicles.

Some guidelines for BCP self-assembly suggest that the Israelachvili packing parameter is not useful in
many cases for rationalizing or predicting self-assembled morphologies for several reasons, including that
the effective head group area depends on the molecular volume of the hydrophilic block and solvent
quality.®* Another problem is that in surfactant micelles, the hydrophilic head group is small and contributes
little to the total volume of the assembly, but hydrophilic blocks in linear BCPs can be large, even larger
than the hydrophobic blocks in many cases. Instead, wt% is often a better predictor for linear BCPs of self-
assembled morphology in water, where BCPs with <~45 wt% hydrophobic content tend to assemble into
spheres, those with ~45-55% tend to assemble into cylinders, and BCPs with ~60—75 wt% hydrophobic
content assemble largely into vesicles to minimize contact of the hydrophobic components with water.

Based on these guidelines, we expected that tapered bottlebrush BCPs 1-2 would pack to form spheres
because both had <45 wt% hydrophobic content. Tapered bottlebrush BCPs 3 (54 wt% hydrophobic) and 4
(65 wt% hydrophobic) would then be expected to form cylinders and vesicles, respectively. For the
hydrophilic tip series (BCPs 5-8), all had >45 wt% hydrophobic content, suggesting cylinders and vesicles.
Finally, for the cylindrical BCP series (BCPs 9-12), BCPs 9 and 10 (21 wt% and 42 wt% hydrophobic,
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respectively) should form spherical micelles, while BCPs 11 and 12 (69% and 90% hydrophobic content,

respectively) should form vesicles and potentially other lamellar structures.

Cryo-TEM results

We analyzed the solution structure of the self-assembled aggregates using cryo-TEM. Images were
collected at several magnification levels, and nearly all nanostructures showed extended protrusions on
their surfaces, which we attribute to the polynorbornene backbone of the hydrophilic component (the PAA
side chain units are highly hydrated and, therefore, invisible by cryo-TEM). Interestingly, the self-
assembled BCPs rarely formed just one type of morphology. Therefore, we analyzed up to 700
nanostructures from several images of each to generate a plot of the nanostructure distributions for each

self-assembled bottlebrush BCP (Figure 2).

100 "‘d «h ﬂl

Percent (%)
3

1 2 3 4 5 6 7 8 9 10 1 12
Self-assembled Bottlebrush BCPs

Bl Spherical Micelles EM Larger Spheres WM Ellipsoids Cylinders HH Vesicles

Figure 2. Distribution of morphologies in cryo-TEM images of self-assembled BCPs 1-12. Morphology
distributions were determined across the five categories shown by counting up to 700 individual particles
for each bottlebrush BCP.

Hydrophobic tip tapered BCPs 1—4

Selected images of the ‘hydrophobic tip’ tapered bottlebrush BCPs (BCPs 1-4) at varying levels of
magnification are shown in Figure 3. BCP 1 self-assembled to form 100% spherical aggregates. Based on
an analysis of their diameters, 90% of aggregates were spherical micelles, with 10% larger spheres, i.e.,
spheres with core diameters beyond the maximally extended hydrophobic tip. These larger spheres may be
aggregates of individual bottlebrush BCPs with hydrophobic blocks larger than the average (due to molar

mass dispersity in the BCPs) or semivesicles, which are structures transitioning from spherical micelles to
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vesicles that have not yet developed a solvent-filled core.®* Images of BCP 2 showed 99% spherical
aggregates that were all spherical micelles (55%) and larger spheres (45%), which all resembled a micellar
morphology. We also observed 1% ellipsoids (aspect ratio > 1.3). BCP 3 showed a rich variety of
nanostructures where spherical micelles remained the dominant nanostructure but coexisted alongside
ellipsoids and vesicles with a few large spherical structures and cylindrical micelles (aspect ratio > 3). BCP
4 also exhibited a range of nanostructures with cylindrical micelles as the dominant structure followed by
spherical micelles and then ellipsoids. A small number of semivesicles and vesicles were also observed,
along with some large compound vesicles, sometimes called multigenus vesicles,®® and pearl necklace

structures (counted here simply as vesicles and spherical micelles, respectively).

A

Figure 3. Cryo-TEM images of self-assembled aggregates of tapered bottlebrush BCPs 1-4, each at three
different levels of magnification. BCPs 1 and 2 (columns A and B, respectively) showed almost exclusively
spherical nanostructures. BCP 3 (column C) showed a mixture of spheres, ellipsoids, and a few vesicles but
no cylindrical structures. BCP 4 (column D) showed spheres, ellipsoids (blue arrow) cylinders, and vesicles,
including several large compound vesicles (purple arrow) and semi-vesicles (green arrow). The middle
image in this column highlights spherical micelles, a cylindrical aggregate, and vesicles all in the same
frame.
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Qualitatively, the spherical micelles observed in assemblies of BCPs 1-4 followed the trend of linear
BCPs, where an increase in hydrophobic block length moving from BCPs 1 to 2 to 3 to 4 resulted in a
transition from “star-like” or “hairy” micelles with protrusions longer than the core to “crew-cut” micelles
with protrusions shorter than the core diameter. These images also demonstrated that increasing
hydrophobic content led to an increased variety of nanostructures and a smaller fraction of spherical

micelles.

The variety of nanostructures coupled with the images of transitional structures suggests that these
morphologies are either 1) kinetically trapped or ii) lie along an energy landscape with several types of
nanostructures of similar thermodynamic stability, as suggested by Eisenberg in studies on linear BCP
solution self-assembly.® Heating tapered bottlebrush BCP solutions 2 and 4 to 80 °C followed by slow
cooling to rt and subsequent cryo-TEM imaging showed similar types and distributions of nanostructures
(Figure S36). These results suggest that explanation ii, i.e., the nanostructures have similar thermodynamic

stability, is the more likely explanation for these self-assembled BCPs.

Hydrophilic tip tapered BCPs 5-8

Selected images of the self-assembled aggregates from BCPs 58 are shown in Figure 4. BCP 5, which
was 96 wt% hydrophobic, largely precipitated out during micelle formation. Analysis of the material that
remained in solution showed a small number of nanostructures consisting primarily of two types of
morphologies: spherical structures with no clearly defined protrusions (due to the very short hydrophilic
components) and a smaller number of vesicles; a very small number of ellipsoids and cylinders were also
observed. Images of BCP 6 revealed approximately equal numbers of spherical structures, larger spheres
(semivesicles), and vesicles. BCP 7 also formed a wide variety of nanostructures, dominated by spherical
micelles, semivesicles, and vesicles, some of which were budding, suggesting fusion or fission processes.
BCP 7 also formed ellipsoids and cylindrical micelles. BCP 8 self-assembled into only spherical hairy

micelles that were fairly uniform with a small fraction of larger spheres.

Heating and slow cooling BCPs 6 and 7, with subsequent cryo-TEM imaging, revealed sheets and other
very large, poorly defined aggregates (Figure S37). These results suggest that kinetically trapped

nanostructures are present in these self-assembled BCP solutions.
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Figure 4. Cryo-TEM images of self-assembled aggregates of tapered bottlebrush BCPs 5-8, each at three
different levels of magnification. BCP 5 (column A) showed spherical structures with no clearly defined
corona features, vesicles, and a few long cylindrical structures. BCP 6 (column B) showed approximately
equal numbers of spherical micelles, larger spheres (semivesicles), and vesicles. BCP 7 (column C) showed
a wide variety of nanostructures, including spherical micelles, cylindrical micelles, vesicles, semi-vesicles,
and transitional structures between these nanostructures. BCP 8 (column D) showed only spherical micelles.

Cylindrical BCPs 9—12
Images of the self-assembled cylindrical bottlebrush BCPs (BCPs 9-12) are shown in Figure 5. BCP 9

formed mostly larger spheres, ellipsoids that appeared to be fusing spherical micelles, along with a few
vesicles and spherical micelles. BCP 10 showed all classes of nanostructures described here, primarily
larger spheres, ellipsoids, and cylinders, along with a small number of spherical micelles and vesicles. BCP
11 showed all morphologies aside from spherical micelles, primarily including vesicles, but also larger
spheres (semivesicles), ellipsoids, and cylinders, as well as some large compound vesicles. BCP 12 largely
precipitated out during the self-assembly step due to its high hydrophobic content. Cryo-TEM images of

the remaining soluble portion of BCP 12 showed only vesicles and large compound vesicles.
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Figure 5. Cryo-TEM images of self-assembled aggregates of tapered bottlebrush BCPs 9-12, each at three
different levels of magnification. BCP 9 (column A) showed mostly larger spheres and a few vesicles. BCP
10 (column B) showed many types of aggregates and transitional structures. BCP 11 (column C) also
showed a wide variety of nanostructures and transitional structures. BCP 12 (column D) showed only
vesicles are large compound vesicles.

Because BCP 10 exhibited many different types of aggregates, we chose to explore these morphologies
more thoroughly in 3-dimensions using cryo-electron tomography. This method allows images to be
collected in a tilt series, which can then be reconstructed into 3D tomograms. Figure 6 shows four pairs of
images from the tomograms of BCP 10 with each including a whole particle thickness image (top row) and
a slab from the xy plane in the middle of the tomogram (bottom row). These experiments showed the various
morphologies with greater detail than the cryo-TEM images. For example, what initially appeared to be
similar spherical structures of different sizes (Figure 6A and E) are actually two different morphologies
(Figure 6B and F), several with filled cores (micelles) and several others with hollow cores (semi-vesicles).
Vesicles with clear bilayers are observed in Figures 6C and G. Finally, ellipsoidal and extended cylindrical
aggregates were observed in Figures 6D and H. A movie of the tomogram is available as supplementary

information.
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Figure 6. Cryo-electron tomography images of BCP 10, reconstructed from an aligned tilt series. The top
row shows whole particle thickness images, and the bottom row shows slabs from the xy plane in the middle
of the tomogram. Multiple self-assembly pathways appear to be active in this BCP. Scale bar = 100 nm.
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DLS, SANS, and Encapsulation Studies

In addition to cryo-TEM analysis, we also used dynamic light scattering (DLS) to characterize each of
the bottlebrush BCP solutions to ascertain the hydrodynamic diameter and distribution profile of the tapered
bottlebrush BCP nanostructures (Figure 7). DLS results are presented as the number-weighted average
diameter, and each sample showed a predominant size distribution with a polydispersity index (PDI) < 0.20,
suggesting a relatively narrow size distribution and good uniformity among the assemblies. Notably, the
intensity-weighted average diameter (Figure S35) was larger than the number-weighted average diameter,

suggesting the presence of larger particles in the solutions, as was revealed by cryo-TEM for most samples.

We also studied each self-assembled bottlebrush BCP using small-angle neutron scattering (SANS). In
these experiments, self-assembly was conducted using the same procedure as above but with DO instead
of water. SANS profiles from these measurements (Figure S38) all showed continually increasing scattering
intensity at low-¢g values, indicating the presence of elongated nanostructures and/or aggregates, likely
induced by phosphate buffer (chosen due to its biological relevance), as noted previously by Pochan.® The

mid-¢ to high-g regions showed scattering features of single scattering particles.

Fitting these SANS profiles to a single form factor was not possible. Therefore, we employed a
combination of a power-law (P) model to account for contributions of the elongated and aggregated
structures observed in the low-g region and a spheroid model to account for the scattering contribution from
the hydrophobic cores of the bottlebrush BCP assemblies. Due to the high solvation of the hydrophilic PAA
shell, there was not enough contrast to detect the shell, so only the hydrophobic core was observed in the
measurements. These fittings allowed us to determine an average core radius (Rcore) Value for each self-
assembled BCP nanostructure (Figure 7), except for bottlebrush BCPs 5§ and 12, which scattered weakly
because a substantial amount of material precipitated out during the self-assembly step in these highly
hydrophobic samples. We did not attempt to interpret the power laws observed at low-g because they likely
result from contributions across multiple length scales, which is consistent with many of the cryo-TEM

images. All fitting parameters are summarized in Table S9.

Comparing micelle Reore values between cryo-TEM measurements and SANS fittings showed that the
sizes of the hydrophobic cores estimated by SANS largely agreed with average sizes observed by cryo-
TEM (Table 1). The trends in Re.. size also generally matched expectations based on the size of the
hydrophobic component, where greater hydrophobic content showed larger Rcor. values among each of the
three sets (BCPs 1-4, 5-8, and 9-12). There was one exception to this trend, which was the Rcor values
measured by cryo-TEM for BCPs 3 and 4; this can likely be attributed to the tendency for micelles in BCP
4 to fuse to form elongated (cylindrical) structures while micelles formed from BCP 3 instead appeared to

grow into larger spheres. The radii obtained by DLS were naturally bigger than the radii obtained by SANS
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and TEM since DLS measures hydrodynamic radii based on the Stokes-Einstein equation, which includes

the shell and the solvation layer as well as the particle’s mobility in solution and not just the core structure.
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Figure 7. Core values based on cryo-TEM, SANS, and DLS for each BCP assembly. R values from cryo-
TEM were estimated using visual analysis with ImagelJ analyzing only the structures that were counted as
micelles and larger spheres. Rcore Values from SANS were estimated using a combination of spheroid and
unified fit models. Entries marked N/A did not show sufficient scattering signal to be fitted to the model.
Hydrodynamic radius (Ry) values from DLS were estimated using the CONTIN fitting routine; number-
average values are shown.

It is clear from the results presented thus far that both the packing parameter and hydrophobic content
guidelines failed to predict the dominant nanostructure in each of the self-assembled BCP solutions,
although the wt% hydrophobic guidelines provided a slightly better prediction. These insights are
highlighted by comparing the three bottlebrush BCPs with ~50 wt% hydrophobic content (BCPs 3, 8 and
10). Traditional guidelines suggest that 50 wt% hydrophobic polymer amphiphiles are on the border

17

https://doi.org/10.26434/chemrxiv-2024-0p5j1 ORCID: https://orcid.org/0000-0001-7984-5396 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0p5j1
https://orcid.org/0000-0001-7984-5396
https://creativecommons.org/licenses/by-nc-nd/4.0/

between spherical micelles and cylindrical micelles. However, they all showed different morphological
distributions (Figure 2). As discussed in detail above, BCP 3 (hydrophobic tip, 54 wt% hydrophobic)
formed mostly spherical micelles with some ellipsoids and vesicles, while BCP 8 (hydrophilic tip, 53 wt%
hydrophobic) formed almost exclusively spherical micelles and BCP 10 (cylindrical, 42 wt% hydrophobic)

formed predominantly large spheres, cylinders, and ellipsoids.

We tested the encapsulation potential for this series of ~50 wt% hydrophobic nanostructures using the
fluorescence of Nile red as a measure of how much of a model hydrophobic drug each type of nanostructure
could encapsulate. There was no correlation between encapsulation ability and nanostructure type, wt%
hydrophobic, or spherical core radius, with BCP 8 encapsulating the least and BCP 3 approximately 3-fold
more and BCP 10 in between these two extremes (Figure S39A). We performed a similar analysis and series
of encapsulation studies on the three samples with ~70 wt% hydrophobic content (BCPs 4, 7, and 11), all

of which showed multiple types of nanostructures, and we also found no correlations (Figure S39B).

Simulations of Bottlebrush BCP Self-Assembly

As detailed above, no methods for rationalizing linear BCP self-assembly fully explained the wide variety
of nanostructures, including transitional structures, observed in many of these bottlebrush BCP samples.
There are two primary causes for this type of behavior in BCP self-assembly. First, in many linear BCPs,
kinetic trapping is possible and even likely in many cases.> ¢ In the case of bottlebrush BCPs, multiple
groups have recently used computational methods suggesting that non-equilibrium aggregates are quite
common.?””* Second, the energy landscape for self-assembled nanostructures prepared from bottlebrush
BCPs may be flatter and more easily manipulated than that for linear BCPs.”! To shed further light on the
self-assembly of these bottlebrush BCPs, we turned to coarse-grained (CG) molecular dynamics (MD)

simulations.

We conducted implicit solvent CG MD simulations on the three BCPs with ~50 wt% hydrophobic content
(BCPs 3, 8, and 10). The hydrophobic interactions among the PS blocks were modeled using an attractive
shifted-truncated Lennard-Jones potential, while the hydrophilic blocks were represented by repulsive
Weeks-Chandler-Andersen beads. At pH 7, the hydrophilic blocks were deprotonated and carried a negative
charge, with explicit counterions introduced to neutralize this charge. The structural properties of the
individual bottlebrush macromolecules were characterized through the analysis of the average gyration
tensor. The final trajectory of each single bottlebrush macromolecule simulation was used to define the
initial state in each self-assembly simulation, packing the hydrophobic blocks of a fixed number of
bottlebrush macromolecules into a defined volume, followed by equilibration to allow the system to relax

and achieve a minimum energy configuration. The simulations were in a canonical ensemble, ensuring
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constant temperature through a Langevin thermostat, with time integration handled using the velocity-Verlet
algorithm. All simulations were performed using LAMMPS. The simulation results are presented in Figure
8 in which hydrophilic side chains are omitted for clarity in images from the simulation trajectories in order

to view the number of aggregates and shape of the cores.

For BCP 3, structures resembling hairy micelles formed at 5 bottlebrush macromolecules (Figure 8A). As
the number of bottlebrush macromolecules in the simulations increased, individual aggregates (spherical
micelles) continued to grow up to 30 bottlebrush macromolecules, with some forming ellipsoidal structures.
Above 30 bottlebrush macromolecules, simulations showed multiple smaller aggregates. Graphing
normalized energy versus number of bottlebrush macromolecules showed an initial drop from 5 to 10, then
a plateau region, followed by another drop to lower energy around 30 as multiple aggregates formed. The
results are consistent with the large size distribution of spherical and ellipsoidal aggregates that dominate
the cryo-TEM images for BCP 3. A few vesicles were also present in the cryo-TEM images, but the
simulations were limited in size and in the number of bottlebrush molecules, and therefore could not capture
these vesicles due to the long timescales and large number of bottlebrush macromolecules required for

vesicle formation.

Similar simulations of BCP 8 (Figure 8B) showed the formation of individual small aggregates of up to
50 bottlebrush macromolecules, with most favoring spherical shapes. These simulation results are
consistent with the cryo-TEM images, which showed almost exclusively spherical micelles along with a
few ellipsoids. The graph of energy versus bottlebrush macromolecules plateaued around 15 bottlebrush
macromolecules and stayed flat. These results suggest that spherical aggregates are the equilibrium

morphology for this bottlebrush BCP.
Finally, simulations on BCP 10 (Figure 8C) showed that this cylindrical bottlebrush BCP favored

formation of elongated structures (ellipsoids and short cylinders), forming a single cylindrical structure at
50 bottlebrush macromolecules. These simulations were also consistent with the cryo-TEM images, which
showed primarily larger spheres, ellipsoids, and cylinders. There was a gradual decline in the plot of energy

versus number of bottlebrush macromolecules.
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Figure 8. BCP self-assembly simulations, representative cryo-TEM images, and schematic structural
representations of BCPs 3 (A), 8 (B), and 10 (C).

Self-Assembly Pathways

In linear amphiphilic BCPs, two pathways toward more complex morphologies are typically
considered.””’ Both begin with self-assembly into spherical micelles, although recent experimental and
theoretical work from Sommerdijk, Patterson and coworkers indicates that a liquid-liquid phase separation
step precedes micelle formation, at least in some amphiphilic linear BCPs.” After the formation of
metastable micelles, one pathway that leads to more complex self-assembled morphologies is fusion of
spherical micelles into ellipsoids, which further fuse to form cylindrical nanostructures. In the other
proposed pathway toward more complex aggregates, spherical micelles transform into semi-vesicles, which
can take on either spherical or ellipsoidal shapes. Liquid—liquid separation may again play a role here, in
particular in defining the size of the semivesicles and eventual vesicles, as suggested by He and Schmid in
work on linear BCPs.”® Semivesicles mature through solvent diffusion, growing larger to become vesicles
with an identifiable solvent-filled core. In some cases, the vesicles then fuse to become large compound
vesicles. The pathways taken and even the sizes of the ultimate nanostructures are likely controlled through
interaction parameters between the two blocks and between each block and solvent, as well as polymer

parameters (e.g., molecular weight and weight fraction of the two blocks).”
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Our collective results suggest that evolution of self-assembled morphologies in these samples follows
similar pathways (Figure 9). As with most amphiphilic BCPs of any topology, spherical micelles appear to
be the first morphology to form for most of the 12 bottlebrush BCPs (all samples except BCP 11 showed at
least a few spherical micelles). Some samples never progressed beyond spherical micelles. BCPs 1 and 2
are good examples, where spherical micelles dominate in BCP 1, and a mixture of spherical micelles and
larger spheres appear in BCP 2 (these larger spheres all appear to have micellar structures). These structures
follow traditional guidelines for rationalizing self-assembly pathways as the bottlebrush BCPs have
relatively little hydrophobic content. In the hydrophilic tip series, BCP 8 also formed only spherical
micelles, likely because of the long hydrophilic component stabilizing the bulkier but much shorter

hydrophobic domain.
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Figure 9. Schematic illustrations and representative cryo-TEM images of self-assembly pathways of
bottlebrush BCPs.

The pathway leading toward cylindrical aggregates (Figure 9, top pathway) is best exhibited by BCP 10,
which clearly shows extended aggregates in both the cryo-TEM images and the simulations. BCP 4 also
exhibited several cylindrical nanostructures, and cryo-TEM images revealed fusing micelles and elliptical
aggregates along this pathway. The pathway toward vesicles and large compound vesicles (Figure 8, bottom
pathway) involves intermediate semivesicles. The evolution of nanostructures along this pathway is best

exhibited by BCPs 6 and 9, where semivesicles coexist with vesicles in the TEM images. The cryo-electron
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tomography images of BCP 10 (Figure 6) also highlight the semivesicle structures. To our knowledge, these
images represent the first experimental evidence of this pathway to vesicle formation in bottlebrush BCPs.
Taken together, the cryo-TEM images of these 12 bottlebrush BCPs suggest that, in many cases, micelles
mature into more complex nanostructures along one or sometimes both of these pathways, suggesting that
bottlebrush BCPs may be able to explore the self-assembly energy landscape more thoroughly than linear
BCPs. More studies on a wider variety of cylindrical and tapered bottlebrush BCPs are required to fully

describe the self-assembly landscape.

CONCLUSIONS

In summary, we synthesized a series of 12 tapered and cylindrical bottlebrush BCPs. Synthesis involved
the preparation and careful purification of five PS and five PtBA macromonomers, followed by SAM-
ROMP to prepare bottlebrush BCPs, and finally a hydrolysis step to form the target amphiphilic bottlebrush
BCPs. The polymers were designed as three groups of four—one group with a hydrophobic tip (1-4), one
group with a hydrophilic tip (5-8), and one group of cylindrical bottlebrush polymers (9—12). Within each
group the hydrophobic content varied. Self-assembly was induced in each bottlebrush BCP using the
solvent-switch method. Each solution was then characterized using cryo-TEM, DLS, and SANS, and these
techniques combined with CG MD simulations provided a comprehensive view of the various self-
assembled nanostructures formed by these large polymeric amphiphiles. Nearly all cryo-TEM images
revealed surface protrusions, a result of the bottlebrush structure. Overall, we found that BCP micelles
frequently evolve into more complex nanostructures via two pathways. One involves micelle fusion to form
cylindrical aggregates, which sometimes form Y-junctions. The other involves micelle maturation into
semivesicles, which eventually form vesicles and sometimes large compound vesicles. These studies
provide the first experimental evidence supporting the proposed pathway for vesicle formation via
semivesicles in bottlebrush BCPs. Collectively, these results imply that bottlebrush BCPs may explore the
self-assembly energy landscape more comprehensively than their linear counterparts. Due to the many
tunable structural parameters in bottlebrush BCPs, these 12 bottlebrush BCPs represent only a tiny fraction
of the possible chemical structures accessible using these synthetic techniques. We anticipate that further
experimental and computational studies on amphiphilic bottlebrush BCPs will continue to reveal interesting
self-assembled nanostructures and shed further light on the solution self-assembly pathways available to

these unusual polymeric amphiphiles.
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