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ABSTRACT: Highly branched “bottlebrush” polymers are a class
of macromolecules characterized by side chains that are densely
grafted from a backbone that is typically linear. Their unique and
often-desirable properties stem from steric repulsion between side
chains, which stiffens the molecular contour and increases
interchain spacing. There has been a renaissance in both our
fundamental understanding, practical synthesis, and application of
these materials, due to synergistic advances in all branches of
polymer science. In this perspective, we outline how a wide variety
of new functional bottlebrush materials have emerged from the
convergence of insights from the entire materials design process;
the integration of synthesis, characterization, processing, and

Bottlebrush
Polymers

modeling has demonstrated the promise of these branched macromolecules as a versatile platform for molecular engineering. We
discuss how this platform may be further developed to exhibit novel material properties in and out of equilibrium and put into
practice due to the next generation of synthetic, analytical, processing, and computational tools in materials chemistry.

1. INTRODUCTION

Polymers are extremely versatile, finding use in applications
ranging from commodity plastics to advanced functional
materials, and are the foundation of entire classes of biological
macromolecules such as proteins or DNA. This versatility stems
from key physicochemical features of long-chain molecules; for
example, the ability to form copolymers with multiple chemical
building blocks distributed along the backbone is a powerful tool
for modulating macroscopic properties. Synthetic polymers use
this chemical variation to either combine the properties of two
separate chemical monomers or to imbue the material with
nanoscale structure."”” Biological polymers can be even more
precise, storing genetic information in monomer sequence. This
chemical variation has been extensively explored, revealing
emergent properties of copolymerization such as microphase
separation or information storage.‘z_5

Analogous to advances in the chemical features of polymers,
there has been a longstanding appreciation of the role physical
features play in dictating material properties. One physical
attribute that is central to polymer science is polymer
architecture. Polymer architecture is a broad term that refers to
the many ways that monomers are connected together, such as
the presence of branch points or cross-links, which can resultin a
rich array of macromolecular structures such as rings, branched
chains, networks, star polymers, or telechelic polymers. This
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plays a role in all polymer applications, for example, giving rise to
the dramatic range of properties exhibited by commodity
polymers such as polyethylene and also being a defining feature
in a number of biological macromolecules.”” "

Similar to chemical copolymerization, architectural modifica-
tions exhibit a range with respect to their precision, ranging from
random branching to precisely defined networks or regular
branches. One major goal of polymer science is to capitalize on
architecture as a tool to engineer materials at the molecular level,
by utilizing the emergent properties associated with branching
or network formation. In this perspective, we lay out the
significant progress made by the materials chemistry community
in pursuit of this goal for a class of branched macromolecules
known as bottlebrush polymers. These bottlebrush polymers are
characterized by a linear backbone that has been densely grafted
with long side chains. These branches interact strongly, leading
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to dramatically different properties compared with bare linear
counterparts.

The key feature that makes bottlebrushes so useful is the
introduction of another dimension in polymer design, where the
branches impart a molecular “width” that can be tuned
essentially independently from molecular “length”. The ability
to simultaneously control both the bottlebrush linear backbone
as well as the side chain lengths introduces a new parameter that
can affect polymer properties, both in terms of equilibrium
structure via the steric nature of bottlebrush—bottlebrush
repulsion’”'* as well as the dynamics via the suppression of
molecular entanglement.'® While we will discuss these points in
detail in this perspective, we note that this molecular “width”
makes these polymers a conceptually straightforward extension
of traditional linear chains, inspiring the adaptation of traditional
(linear) polymer physics and chemistries to this more elaborate
molecular structural motif.

This perspective will showcase the extent to which the
development and future innovation in bottlebrush polymers
relies on the synergistic efforts of the wide array of disciplines in
and adjacent to polymer science. We first note that several
reviews in the field of bottlebrush polymers have outlined this
literature, including older reviews that inspired the ongoing
flurry of research,’®'” and more recent efforts specifically
focusing on subdisciplines such as bottlebrush synthesis'® or
modeling."” In this perspective, our goal is to highlight some of
the most recent emerging areas in this very dynamic field and to
articulate how our understanding of bottlebrush polymers
benefits from a convergence of advances in polymer synthesis,
molecular modeling, and materials characterization (Figure 1).
These advances provide the tools necessary to bring bottlebrush
polymers from a synthetic curiosity to a material that has found
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Figure 1. Visual outline of this perspective, highlighting the core
subdisciplines of molecular design and synthesis, theory and computa-
tional modeling, and computation (central circle) that must work
synergistically to realize promising bottlebrush applications (gray
circle). This is enabled by an increasing array of methods (blue circle)
that measure, tune, and model bottlebrush polymers at the molecular
level.
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use in disparate applications such as photonic materials,

tunable elastomers,”>~>° pressure-sensitive adhesives,”” hydro-
phobic surfaces,”®*’ responsive materials,”” and drug delivery
vehicles.”"*” The structure of this perspective is as follows; first,
we will provide a brief glimpse into the foundational concepts
underlying bottlebrush polymer synthesis, characterization,
modeling, and application. We will then discuss how recent
efforts in these same areas have led to significant advances in
molecular engineering these materials. Finally, we highlight a
number of promising future areas that are just now starting to
bear scientific fruit.

2. THE BASICS OF BOTTLEBRUSH POLYMERS—A
HISTORICAL VIEW

The emergence of bottlebrush polymers as an interesting class of
soft materials relies on the interplay between polymer physics
and synthetic polymer chemistry. Advances in bottlebrush
physics are motivated by the need to understand the properties
of new chemical structures, while new bottlebrush chemistries
are conversely motivated by these same properties and the
promise of molecular-level control enabled by physical models.
Therefore, progress in engineering these macromolecules is
contingent on a broad understanding of concepts across both
fields, and recent efforts have built on foundational concepts
decades in the making. We start with this context, describing
both the synthesis and the physics enabling modern advances in
bottlebrush polymers.

2.1. Fundamentals of Bottlebrush Synthesis. Nonlinear
polymer architectures, such as bottlebrush polymers, have been
synthesized for decades going back to the 1950s.”*~* Synthesis
of these highly grafted polymers have evolved from using
naturally obtained macromolecules as backbones®****7**~* or
incorporating oligosaccharide side chains,™~*" to using
synthetic monomers entirely.'” Synthetic advances in con-
trolled/living polymerization techniques have simplified the
synthesis of advanced architectures like bottlebrush polymers.
Indeed, living/controlled polymerizations enable the synthesis
of end-functionalized (i.e., semitelechelic) polymers that are
essential in the synthesis of branched polymers and enable
grafting techniques. Furthermore, the molecular weight control
offered by controlled/living polymerization provides a predict-
able and precise control over polymer architecture. Strategies for
synthesis of bottlebrush polymers can be categorized into one of
three general methodologies: %raft-onto, graft-from, and graft-
through processes (Figure 2).'***** Each methodology offers
certain strengths and limitations, leading to a need for a variety
of techniques to enable versatile control over composition and
architecture of bottlebrush polymers.

The grafting-onto method relies on the separate synthesis of
polymeric backbones and semitelechelic side chains (Figure
2A). Complementary functional groups are embedded in both
the backbone and the side chains and can undergo grafting
reactions to form the bottlebrush architecture.’® "> The
reported graft-onto approaches rely on the implementation of
highly effective, robust, and high-yielding coupling reactions,
such as click chemistry,””**** nucleophilic substitutions,>*>°
Diels—Alder cycloaddition,”” or thiol—ene/yne reactions.”®
Uniquely, this methodology allows for the precise character-
ization of the backbone and side chains prior to the synthesis of
bottlebrush polymers. While this method is very effective for the
synthesis of polymers with low grafting density (e.g., comb-
polymers), it is limited in accessing polymers with high grafting
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Figure 2. Schematic of the three general methods for synthesizing bottlebrushes. (A) Graft-onto synthesis couples side chains directly to the backbone,
with each species synthesized separately. (B) Graft-from synthesis initiates side chain polymerization directly from a linear polymer backbone. (C)
Graft-through synthesis polymerizes existing side chains to form a linear backbone. Each method has advantages and disadvantages for the final
structural dispersity and precision, overall molecular weight, and ability to explore a range of different chemistries.

density due to the steric hindrance caused by the newly added
side chains on the backbone.">”

The grafting-from method also relies on synthesizing the
backbone first (Figure 2B). In this technique, side chains are
polymerized directly from the functionalized backbone (con-
taining initiating groups or chain transfer agents) using
controlled/living polymerizations.””~** The use of atom transfer
radical polymerization (ATRP) to polymerize the side chains
has become extremely popular.”® This success is in part due to
the simplicity of synthesizing a backbone decorated with ATRP
initiating groups and the vast number of vinyl monomers
compatible with these polymerization methods.”® The use of
reversible addition—fragmentation chain-transfer (RAFT) poly-
merization is less common due to the complexity of sgfnthesizing
a polymer backbone decorated with RAFT agents.’”*® Finally
the use of ring-opening polymerization (ROP) is rare due to the
difficulty of identifying a solvent for the polymeric backbone
(polyol) that is compatible with the polymerization. All in all, the
graft-from approach is a powerful technique to synthesize a large
variety of BB polymers. Unique to this method is its ability to
access a polymer with high grafting density and hiégh degree of
polymerization (DP) backbones and side chains.**>” The use of
controlled radical polymerization methods, however, sets
limitations on the synthetic precision; lower-than-expected
grafting density and dispersity in side chain molecular weight
distribution are difficult to prevent and assess.*”

The graft-through method has emerged as an effective way to
synthesize BB polymers with “perfect” grafting density, as it
relies on the polymerization of macromonomer (ie., a side
chain-first approach, Figure 2C).”°~”* This methodology is
compatible to only limited types of polymerization meth-
0ds."*”>7** The low reactivity of the macromonomer (caused
by the steric hindrance of the polymer chain), the low
concentration of reactive end-groups (resulting from the high
molecular weight of the macromonomer and the increased
viscosity of the reaction), and the need for high macromonomer

1992

conversion (resulting from the difficulty in separating residual
macromonomer from the targeted BB polymers) requires the
use of highly reactive polymerization methods.*® Over the years,
ring opening metathesis polymerization (ROMP) of norbor-
nenyl functionalized macromonomers initiated by Grubbs’ third
generation catalyst (G3) has emerged as one of the most
effective graft-though polymerization methods.””*” This dom-
inance is in part motivated by its excellent chemical
compatibility and molecular weight control at high macro-
monomer conversion. The drawback of this polymerization,
however, is the sensitivity of the catalyst. Slow catalyst
decomposition results in a broadening of the molecular weight
distribution and potentially incomplete macromonomer con-
version. This limitation has in part been addressed through the
implementation of a highly reactive norbornenyl linker,”® "> but
limitations on the degree of polymerization remain.

These techniques offer the opportunity to access a variety of
branched polymers, yet each methodology offers certain
strengths and limitations in comparison with the others. The
grafting-onto approach enables the precise characterization of
the backbones and the side chains; however, it is difficult to
achieve high grafting densities. The grafting-from approach is
compatible with a high degree of polymerizations for backbones
and side chains but suffers from deviation from target side chain
dispersity and graft density. The graft-through approach enables
high graft densities; however, it is limited in the achievable
degree of polymerizations. These limitations highlight how a
variety of synthetic routes must be considered to achieve the
chemical and structural features desired for a specific
bottlebrush application.

2.2. Foundational Theories of Bottlebrush Structure.
Concomitant with advances in bottlebrush synthesis, there have
been extensive efforts to understand the physical properties of
bottlebrush polymers. These efforts can be traced back to
theoretical studies on conformations of dense comb polymers
from the late 1980s.”"* The principal focus of these works was
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to relate the overall molecular size and flexibility to the
architectural parameters as well as environmental variables like
solvent quality and concentration. Physical predictions of these
branched molecules quickly converged on a standard set of three
architectural parameters for homopolymer bottlebrush mole-
cules—(i) the number of backbone segments N, (ii) the
number of segments on each side chain N, and (iii) the grafting
density f, as shown in Figure 1. Derived quantities such as the
number of segments between two graft points along the
backbone 1/f and the overall degree of polymerization N = Ny,
(1 + fN,) may also be considered as architectural parameters

(Figure 3).

- N .

sC

3

Figure 3. Schematic of a bottlebrush polymer, with the key variables
used in the simulation and theory literature to describe the bottlebrush
architecture.

Most initial theoretical predictions focused on scaling
arguments,” which seek to identify key length scales that govern
polymer conformations and structure. Two historic results are
still widely used to understand bottlebrushes in equilibrium; the
work of Birshtein et al.”* and the work of Fredrickson et al.”®
establish key theoretical ideas that play a central role in the
theory of bottlebrush structure.

2.2.1. Birshtein Superblob Theory. For sufficiently long and
dense combs in solution, such that Ny, >> N >> 1/f, Birshtein et
al.”? proposed that the local molecular structure, governed by the
repulsion between the densely grafted side chains, sets a
molecular thickness D and Kuhn length 27! (a measure of
flexibility, notation adapted from Yamakawa),”” and the large
scale global structure is similar to that of a uniform chain with
contour length L', thickness D, and Kuhn length A~'. For
individual bottlebrush molecules (i.e., dilute chains), conforma-
tional features are related to architectural parameters (i.e., N,
N, andf) in one of three regimes in the state space spanned by a
normalized temperature 7 = (T — 0)/T (where T is the
temperature and @ is the O-temperature) and per-backbone
monomer side chain length N, f:** (i) unstretched backbone/
unstretched side chains, (ii) unstretched backbone/stretched
side chains, and (iii) stretched backbone/stretched side chains.
For most realistic bottlebrush conditions,'” the second regime
dominates the phase space due to the significantly higher
concentration of side chain monomers compared to those of the
backbone within a cylindrical region of thickness D surrounding
the backbone. This thickness is predicted to be related to the
chain architecture and thickness by the relationship D ~
NS/TFH205/2193 which is notably described in this paper as
related to a structure called a superblob due to the prediction that
the Kuhn segment size A" ~ D. This is the key physical result of
this paper, which is that the bottlebrush could be considered as a
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Figure 4. (A) (i) Graft polymers in the low grafting density limit, f < N¥.°® Each polymer remains in a coiled, swollen conformation. (ii) High
grafting density limit, forming the so-called bottlebrush polymers, f 3> N2/°. In this case a transformation to a wormlike conformation with persistence
length I, has occurred. Reprinted (adapted) with permission from Fredrickson, G. H. Surfactant-induced lyotropic behavior of flexible polymer
solutions. Macromolecules 1993, 26, 2825. Copyright 1993 American Chemical Society. (B). Comparison between experimental data for polystyrene-g-
polystyrene bottlebrushes in toluene at 15 °C with fits from wormlike cylinder models. (i) Backbone length dependence of mean squared radius of

ation for N, = 15, 33, and 65."%7'%° (ii) Holtzer plots for four samples with N, = 33.1% (i) Molecular-weight dependence of intrinsic viscosity

[’7] 105,106

The solid and dashed lines in all three panels show fits to theoretical predictions for a wormlike cylinder with and without excluded-volume

effect, respectively. Reprinted with permission from Nakamura, Y.; Norisuye, T. Brush-like polymers. In Soft Matter Characterization; Borsali, R.,
Pecora, R,, Eds.; 2008; pp 236—286. Copyright 2008 Springer Nature Customer Service Centre GmbH.
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self-avoiding flexible chain of impenetrable spherical segments
of size D, giving rise to the prediction that the bottlebrush “size”
is given by the relationship R ~ N*/3(N, f)~%*5¢"/5.%3

These results were subsequently extended to semidilute
solutions by Borisov et al.”* In the phase space spanned by 7 and
concentration ¢, four regimes were identified based on the extent
that backbone or side chains are stretched.”* A dilute solution
regime is simply the single-chain case and is a swollen linear
chain of impenetrable superblobs.”””* The second regime
appears as c is increased above the overlap concentration, where
linear chains of unperturbed superblobs begin to interpenetrate
to form a standard semidilute polymer solution.”* The third
higher-c regime appears when interpenetration of bottlebrushes
leads to the perturbation of superblob structures, resulting in a
solution structure akin to a melt of linear superblob chains.”*
Finally, excluded volume screening increases until, at very high c,
a fourth regime appears where both backbone and side chains
behave as independent linear chains under semidilute
conditions.”* The molecular size for all nondilute regimes
shows a leading order scaling behavior R ~ N 172 with additional
power law dependence on N, f, 7, and ¢.”*

2.2.2. Fredrickson Theory. Fredrickson developed an
alternative theory,”® originally in the context of surfactant-
induced stiffening of linear flexible polymers, whose predictions
differ from those of Birshtein et al.”’> by not invoking the
“superblob” concept that A~ ~ D. This theory instead used a
free energy argument that predicted the conformational
perturbations that arise as the grafting density f increases. This
work started from a low-f (f < N**) limit, with a backbone that
behaves as a flexible coil (R ~ N}{°) (Figure 4A.i).”° Salient for
bottlebrush polymers, this work predicted the presence of a
wormlike conformation at the high-f (f < N ¥*) limit, with a
persistence length [, = A71/2 ~ 1,f78N/® and overall size R ~
If7/°N3/*N3;® that is related to the bond length 1,°° In direct
contrast with the Birshtein “superblob” model, ® the ratio of the
Kuhn segment to the molecular thickness A™'/D ~ fi%5N2/% is
much larger than unity and can even be sufficiently rigid to
induce rigid-rod conformations (Figure 4A.ii).”° The above
prediction allows the possibility that bottlebrush solutions may
exhibit lyotropic nematic ordering,”® as demonstrated in later
experimental works on synthetic”~'®" and DNA bottle-
brushes.'**

2.2.3. Finite Chain-Length Effects. Both the original
Birshtein and Fredrickson theories considered long backbone
systems; >’ however, some of the most common synthetic
approaches (e.g, graft-through) create polymers that are far
from this long-chain limit. In an early example of addressing this
limitation, Shiokawa'®” applied a Flory-type mean-field theory
to predict the existence of three conformational states for
bottlebrush polymers in good solvents—star, rod, and coil. The
rod and star conformations occur when the backbone and side
chains are similar in length (N, & Ny, rod) or the backbone is
much shorter (N, 3> N, star)."”” The latter case is limited to
the classical Daoud—Cotton model for star polymers with Ny,
arms.' % In the coiled state, when the backbone size Ry is much
larger than the size of the side chains R, Ry, ~ V/INYSN2SS,
where v is the excluded volume of a segment.'”” A similar
conclusion was reached by Denesyuk using a combination of
renormalized perturbation theory and scaling analysis,'*" "
who demonstrated a similar set of transitions from a star-like
molecule (short Nj,;) to a rod-like molecule (N, & N,,;) to a coil-
like molecule (large N,;). They determined a series of scaling
results'*”"''” for the molecular diameter D ~ N%/*, persistence
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length [, ~ N¥/* and end-to-end distance R ~ D"/ Sl;,/ SL¥S that
places the model as an intermediate between the Birshtein” and
the Fredrickson results.”®

2.3.Early Advances in the Solution Characterization of
the Bottlebrush Structure. Historical synthetic and theoreti-
cal results were followed by a flurry of experimental research
characterizing the dilute solution structure of bottlebrush
polymer molecules.'*~'*""'="1® A number of structural and
transport properties in dilute solutions, such as radius of gyration
(Figure 4B.i), hydrodynamic radius, form factor (Figure 4B.ii),
center-of-mass diffusivity, intrinsic viscosity (Figure 4B.iii),
Kuhn length, and molecular diameter, were extracted from
experimental data to the predictions from the Kratky—Porod"*’
wormlike chain (WLC) model and its finite width extension, the
wormlike cylinder (WLCy) model."*" The fits to the theoretical
predictions are very good across a variety of monomer
chemistries and solvents and provided insights into several key
geometric parameters as follows.

2.3.1. Kuhn/Persistence Length. A large set of early
experimental observations have shown that the stiffness of
bottlebrush polymer molecules, as reflected in the Kuhn length
27" or persistence length 1,, is several times more than that of the
bare backbone.'**"! 112-128 Early work by Winterman-
tel'°%'*>'%3 found the ratio A™!/D to be 10 or more, consistent
with lyotropic ordering in nondilute solutions.””'*” Concom-
itantly, Nemoto et al.'** reported A~ = 90 nm for poly(methyl
methacrylate)-g-poly(styrene) bottlebrushes in benzene, which
is much higher than 7' = 3.2 nm for bare poly(methyl
methacrylate); Gerle et al.'”® reported A™' = 120 nm for
poly(methyl methacrylate)-g-poly(methyl methacrylate), and
Lecommandoux et al.'*® reported l, = 11 nm for poly-
(chlorovinyl ether)-g-poly(styrene), in contrast to [, = 1.2 nm
for the bare backbone.

These observations motivated Nakamura and Norisuye
to develop a framework for improving the scaling picture of
bottlebrush rigidity and refining predictions for the molecular
origins of bottlebrush Kuhn lengths. They separated the overall
Kuhn length into two contributions, A" = 45" + 4, !, where A5 is
the Kuhn length of the bare backbone and 4 is induced by the
presence of the side chains. Denoting the size of each backbone
unit as [, and each side chain unit as [, first-order perturbation
theory assuming Gaussian side chains led to 4; ' = 0.02334(N,./
1.)*Bs/} in @ solvent and A;' = (N,/I.)*($,/8%) in good
solvents, where 3, and f§; are the binary and ternary cluster
integrals, respectively. These predictions agree with a limited set
of experimental data on polystyrene bottlebrushes in cyclo-
hexane (0 solvent) and toluene (good solvent) from Terao et
al, !0+ T ater self-consistent field theory predictions
by Subbotin et al."*" give 4;' = 0.047vN%/h? for good solvents,
in agreement with Nakamura and Norisuye’s good-solvent
prediction, where v is the excluded volume of each side chain
unit and h is the distance between two graft points.

2.3.2. Bottlebrush Contour. The contour length of
bottlebrushes, obtained from fitting to WLCy formulas'*"'**
or measured in SEM experiments,'*>"** was found to be shorter
than that of the fully stretched bare backbone and explained as
arising out of local crumpling of the backbone. Thus, the contour
length per backbone monomer was considered as a measure of
the side chain induced stretching of the backbone. It was found
to increase with increase of side chain length as well as solvent
quality, ultimately approaching the value corresponding to the
bare backbone for a fully stretched bottlebrush."*"'**#'>* Later
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Figure 5. Effect of long-chain branching on (A) the fracture point and (B) the extensibility of an LDPE system.'** Reprinted (adapted) with
permission from Sperati et al. The molecular structure of polythylene. V. The effect of chain branching and molecular weight on physical properties. J.
Am. Chem. Soc. 1953, 75, 6127—6133. Copyright 1953 American Chemical Society. Frequency dependent G’, G” master curves for (C) linear
polyisoprene (M,, = 5 X 10° Da) and (D) 4-arm star polyisoprene (M,, = 3.8 X 10° Da), two polymers with similar zero shear viscosities (17, = 10° P and
1o= 1.8 X 10°® P, respectively) that demonstrate the impact of branching on the relaxation spectra of a material.'>* Reprinted (adapted) with permission
from Fetters et al. Rheological behavior of star-shaped polymers. Macromolecules 1993, 26, 647—654. Copyright 1993 American Chemical Society. (E)
Stress vs strain responses during tensile deformation of three different branched LDPE materials at 150 °C at three different shear rates, highlighting
the impact of branching on nonlinear deformations.'*¢ Republished with permission from Meissner, J. Basic parameters, melt rheology, processing and
end-use properties of three similar low density polyethylene samples. Pure Appl. Chem. 1975, 42, 553. Copyright 1975 Walter de Gruyter and
Company; permission conveyed through Copyright Clearance Center, Inc. (F) A diagram depicting the withdrawing of outer branches during flow,
leading to sections of the molecule not contributing to the overall friction and viscosity of the material.'®” Reprinted with permission from Lentzakis et
al. Pom-pom-like constitutive equations for comb polymers. J. Rheol. 2014, $8, 1855—1875. Copyright 2014 The Society of Rheology. (G) Schematic
representing the hierarchical relaxation of a branched polymer. The outer branches will relax first at time ¢, followed by the shorter inner segments at
time t,, followed by the longer inner segment at time t,.'** Republished with permission from van Ruymbeke et al. Molecular rheology of branched
polymers: Decoding and exploring the role of architectural dispersity through a synergy of anionic synthesis, interaction chromatography, rheometry
and modeling, Soft Matter 2014, 10, 4762. Copyright 2014 Royal Society of Chemistry; permission conveyed through Copyright Clearance Center,
Inc.

simulation work'*® has also shown that to fit to the WLC
formula, the bottlebrush contour length must be shortened.
2.4. Early Computational Studies into Bottlebrush
Polymers. Synthesis and characterization are useful in
understanding the physical features of bottlebrushes but are
largely reliant on models to interpret these measurements and
provide context with respect to the backbone and side chain
features. While theory has a key role in these efforts, simulation
also emerged as an early way to provide this same insight;
assumptions that are convenient choices needed to make
progress in theory (e.g., invoking superblobs, the assumption of
asymptotic scaling regimes) are no longer necessary, leaving

1995

only assumptions standard in computation (e.g., the use of
coarse-grained potentials)."”

Initial computational efforts focused on chain stiffness,
typically determining A" from the backbone bond—bond
autocorrelation function. Key results include the observation
that 4! increases with both Ny, and N,.."*®"*” Saariaho et al."**
further showed that a bond—bond autocorrelation function in
simulation revealed the existence of two levels of stiffness—the
backbone remains flexible on smaller length scales comparable
to the size of the spacers but exhibits enhanced stiffness on
longer length scales, an idea originally put forward in the scaling
analysis of Birshtein et al.”> Computational efforts are further
capable of considering nonflexible bottlebrush components, and
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rigid rod-like side chains result in a higher persistence length for
bottlebrushes."'®"**"** This is consistent with static light and X-
ray scattering on bottlebrushes with a flexible polystyrene main
chain and poly(n-hexyl isocyanate) rod side chains,''® which
have shown that the Kuhn length 7! ~ N is larger than those of
brushes with flexible polystyrene side chains.

Chain stiffness is typically determined in the context of the
overall molecular size. In good solvent, several computational
studies'**"*”*%!*! predicted that the main chain extension on
R ~ Ny, follows a power-law with a scaling exponent of v = 0.6—
0.7 as long as N, is sufficiently smaller than Ny, suggesting that
its conformation is close to or slightly enlarged compared to self-
avoiding linear chain, though when N & N, the exponent can
be close to v 2,140 indicating an extended rod-like
conformation. Scaling exponents from the form factor over the
intermediate scattering vector, g, range have not conclusively
shown a rod-like regime."**"*”

While the abundance of early computational research focused
on a single-bottlebrush structure in good solvents, a few studies
considered the prospect of intramolecular bottlebrush assembly
due to solvophobic blocks or segments. For example,
bottlebrush side chains with attractive units were predicted to
exhibit an intramolecular microphase transition'** and could
lead to a first-order coil—globule transition induced by side
chain attraction as a function of Ny, N, and f.'** For low Ny,
this leads to a spherical globule with a side chain-enriched core
surrounded by a shell consisting primarily of the backbone
monomers. For high Ny, several spherical micellar aggregates
can be formed with side chain monomers bridged by the
backbone units. The resulting globule shape depends on the
position of the attractive units along the side chains,"*”'** and
the solvent quality y,5z needed to induce this transition is due to
the overall side chain length N,.'**'**

2.5. Traditional Role of Polymer Branching in Polymer
Engineering. The impact of polymer architecture on a
material’s physical properties has historically been an important
area of focus for the polymer community. Motivated by
applications in industry, early investigations into branched
polymers focused on the impact of long-chain branching in low
density polyethylene (LDPE) and the effects it has on the
dynamics and structure of the polymer."**~"** Sperati et al.'**
demonstrated that the degree of branching in LDPE leads to a
decrease in the overall strength (Figure SA) and melt
extensibility (Figure SB) of the material under tensile
conditions. Meissner further demonstrated that branching in
LDPE can also lead to vastly different melt fracture points,
swelling ratios, and stress responses during nonequilibrium
processing conditions.'*® This was despite similarities in the
measured shear modulus and viscosity in the linear re§ime as
well as the intrinsic viscosity and molecular weight.'** Long-
chain polymer branching also results in a reduction of the bulk
moduli (Figure SC,D) and an increase in melt strength and
strain hardening (Figure SE),"*® two properties that are integral
to manufacturing techniques such as thermoforming, blow
molding, and foaming.149 On the other hand, the presence of
short-chain branching can lead to a slight increase in the tensile
strength of the polymer when compared to a linear polymer of
equivalent molecular weight."* This type of branching does not
exhibit the same level of strain hardenin%_ and melt strength
observed in long-chain branching systems. "

The ability to suppress and control the moduli, viscosities, and
relaxation times by adjusting branching has led to widespread
interest in characterizing and modeling the size and shape of
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various branched polymers, including h-polymers,'>*">* star

polymers,'**'**715% and comb polymers;'** 7' all of these
architectures provide insights important for bottlebrush
polymers.zg”101 The combination of theoretical work, scattering,
and intrinsic viscosity measurements to determine the structure
of these complex molecules with rheological techniques such as
small amplitude oscillatory shear, steady shear, and time
temperature superposition to determine the frequency-depend-
ent shear moduli, zero shear viscosity, steady shear viscosity, and
relaxation spectrum has allowed for property—process relations
to be established between the architecture of a polymer and its
physical properties.””'*! %1271 Thjs concept of branching
and its impact on physical properties such as elasticity and
extensibility has been taken to what could be considered an
extreme limit in the form of highly functionalized star polymers
and dendritic polymers.'""®> The architecture of these
polymers results in core—shell structures and dynamics
reminiscent of micelles and soft particles and gives rise to bulk
polymers that have poor mechanical strength and a Newtonian-
like response during flow.'*” As a result, this has prompted a
discussion on the distinction between branched polymers and
particles.'®*

To better understand how branching and polymer topology
affect the dynamics and physical properties of a material, several
groups have worked to understand the relaxation mechanisms of
branched polymer systems that capture their rheological
behavior. Early studies applied modified versions of the Doi—
Edwards tube model that accounted for the retraction and
movement of branches in a confining tube to explain the
relaxation dynamics of simple branched polymers.'>>'>%1>>1%7
In work from 1988 on modeling H-polymers, McLeish notes
that the points where the polymer branches constrain the
motion of the polymer and require the branch to retrace its
contour back toward the branching point in order for the
molecule to fully relax.">* This phenomenon results in a slowing
down of the dynamics, with larger deformations appearing to
accelerate this process and thus the relaxation of the polymer.'>*
The relaxation of more complicated architectures such as star
polymers involves arms undergoing a breathing motion as they
retract toward a central branching point, resulting in a broader
relaxation spectrum than observed in equivalent linear
polymers.'>> More recently, Lentzakis et al. presented a
modified version of the pom-pom model in which they
incorporate equations to describe the stretching of interbranch
backbone segments and side arm retraction to capture the
dynamics of comb polymers (Figure SF)."®” Upon arm
retraction, the backbone is able to move with greater freedom,
which in turn can lead to a cascade effect as an arm’s outer
segments relax first, followed by inner segments.160 This work is
corroborated by van Ruymbeke et al.’s proposal of a hierarchical
relaxation scheme for branched polymers in which the polymer
segments furthest away from the center or backbone of a
complex branched polymer are the first to relax (Figure 5G).'**
As external segments relax, constraints on the internal segments
are released, allowing those portions of the molecule to move
and relax and eventually resulting in the relaxation of the entire
molecule.'®* This mechanism of hierarchical relaxation gives rise
to the broad spectrum of relaxation times observed in early
studies of branched systems.

In general, branching in polymers allows for the design and
control over the relaxation time and moduli simply by changing
the topology of the material. In the case of long-chain branching,
this can lead to a softening of the material while also increasing
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Figure 6. (A) (i) (top) Simulation snapshot of a bottlebrush polymer with Ny, = 387, N, =48, and f = 1, plotted adjacent one segment of the backbone
consisting of I, bonds.'”* (bottom) Persistence length I, of bottlebrush polymers increases with increase in backbone length Ny, and side chain length
N,.'”* Reprinted (adapted) with permission from Hsu et al. Characteristic length scales and radial monomer density profiles of molecular bottle-
brushes: Simulation and Experiment. Macromolecules 2010, 43, 1592—1601. Copyright 2010 American Chemical Society. (ii) Intrinsic viscosity [77] as
a function of bottlebrush molecular weight."”® Filled symbols denote experimental measurements on poly(norbornene)-g-poly(lactic acid) in
chlorobenzene at 30 °C and unfilled symbols denote simulation results.'”* Republished with permission from Dutta et al. Dilute solution structure of
bottlebrush polymers. Soft Matter 2019, 15, 2928—2941. Copyright 2019 Royal Society of Chemistry; permission conveyed through Copyright
Clearance Center, Inc. (B) (i) (top) Schematic representation of a test graft polymer (red) as a chain of blobs of size Ry, surrounded by other
macromolecules in the melt state (gray).13 (bottom) Schematic illustrating the value ® that quantifies bottlebrush behavior as situations where side
chains cannot “fit” into the blobs of size R, and thus must stretch."* Reprinted (adapted) with permission from Liang et al. Combs and bottlebrushes in
amelt, Macromolecules 2017, 50, 3430—3437. Copyright 2017 American Chemical Society. (ii) Diagram of states of comb and bottlebrush polymers in
amelt with 2;' > 47", where ;' and A;" are the Kuhn lengths of the bare backbone and side chain, respectively.'”® Black solid lines are boundaries
between comb and bottlebrush regimes, and red dashed lines show boundaries of different bottlebrush subregimes: (a) stretched backbone (SBB)
regime, (b) stretched side chain (SSC) regime, and (c) rod-like side chain (RSC) regime. The upper boundary of the accessible region is given by ¢~
< Pmax = 1+ Ny frnats/ vy, which is shown as the red solid line for f,,, = 1. (iii) Diagram of states for graft homopolymers with chemically identical
backbones and side chains.'”® Reprinted (adapted) with permission from Liang et al. Combs and bottlebrushes graft copolymers in a melt,
Macromolecules 2019, 52, 3942—3950. Copyright 2019 American Chemical Society. (C) (i) Simulation snapshot of a stretched explicit side chain (top)
and an implicit side chain (bottom) bottlebrush under a pulling force f.'”” (ii) Force—extension curves for bottlebrush polymers for different values of
side chain lengths, N..'”7 Markers denote results determined using an explicit side chain model, while dashed lines indicate data obtained using an
implicit side chain model. For all side chain lengths, the implicit and explicit model predictions deviate beyond a certain force f**, with estimates
denoted by vertical arrows. (iii) Schematic showing backbone conformations under low and high pulling forces relative to the implicit cylinder.'””
Reprinted (adapted) with permission from Dutta, S.; Sing, C .E. Two stretching regimes in the elasticity of bottlebrush polymers, Macromolecules 2020,
53, 6946—695S. Copyright 2020 American Chemical Society.
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the melt strength of the system.'**'** To overcome the strength
limitations that arise from long-chain branching, these polymers
are often mixed with linear or short-chain branched polymers,
resulting in an increase in the moduli while retaining the high
melt strength and strain hardening characteristics of long-chain
branched polymers,'>"'®* thus making these blends ideal for the
manufacturing of blown films. Higher degrees of repeated, dense
branching can also lead to brittle systems with low elasticity,
physical characteristics typically not associated with linear
polymers, as the branches inhibit the formation of entangle-
ments.'*"'9>1%® Bottlebrush polymers represent a natural
extension of these studies carried out on branched polymer
systems; these materials similarly exhibit the softening effect that
results from branches inhibiting backbone interactions while
simultaneously exhibiting a broad spectrum of relaxation
dynamics due to the hierarchical arm-backbone structure.*®

2.6. Questions Left Open in Early Work on Bottlebrush
Polymers. Extensive work on bottlebrush polymers had already
been performed by the mid-2000s, spanning synthesis,
modeling, theory, and characterization. Our brief review of
these prior efforts should highlight the extent to which there was
a broad understanding of the physicochemical attributes of these
molecules and the promise they held in engineering new
materials. Nevertheless, this body of work spurred a new wave of
research into bottlebrush polymers, due to some clear open
questions and opportunities that emerged from these original
efforts and foundational concepts:

e In what ways can synthesis further functionalize or vary
the base bottlebrush architecture, in order to develop
more advanced materials? Advances in controlled
polymer synthesis, flow chemistry, computer-guided
synthesis, and new monomer chemistries provide
opportunities to explore the vast chemical diversity
offered by bottlebrush polymers.
How far can we push the precision and characterization of
bottlebrush synthesis? Advances in controlled synthesis
are continuously pushing toward atomistic precision, but
concomitant advances in characterization methods are
needed to accurately assess this synthetic precision. Tools
and techniques developed to characterize linear polymers
will need to be reevaluated or modified to account for
bottlebrush architectures.

Is it possible to resolve disparities in the predictions made

by bottlebrush theories and leverage these predictions for

material design? There are a number of notable
differences between even the most foundational theories

(i.e., Birshtein versus Fredrickson),”*”® which limits their

utility as tools to predict material structure and function.

Can computation and characterization move beyond

individual bottlebrushes in dilute solution, to model

properties in bulk melts or concentrated solutions? Early
computational models were unable to simulate more than

a single bottlebrush of any length, and dilute solution was

the focus of early characterization anyway. However, this

is far from application in real functional materials.

e What are the molecular origins of bottlebrush material
properties? More specifically, the dynamics of bottle-
brushes is also integral to their practical use in materials,
and only a few early papers studied these dynamical
properties.

All these fundamental questions boil down to a single need in the
field, immediately prior to the most recent set of investigations

1998

(starting roughly 2010); advances in synthesis, modeling, and
characterization had yet to make a substantive impact on the
practical engineering of bottlebrush materials and realize the
promise of molecular design in this highly tunable class of
materials.

3. RECENT ADVANCES IN BOTTLEBRUSH
ENGINEERING

In the past decade, there has been a renaissance in our
understanding of bottlebrush materials, starting to bridge this
gap in the field between fundamental studies and practical
polymer engineering. This has been spurred by several synthetic,
theoretical, and characterization advances, which have benefit-
ted from efforts that combine expertise and insights in these
areas and thus make progress toward an increasingly
sophisticated view of this class of macromolecules. We highlight
a few notable areas of progress in the areas of bottlebrush
polymer science, ranging from a broader array of fundamental
tools in synthesis and modeling, to advances in bottlebrush
characterization, and to recent progress in bottlebrush materials
engineering.

3.1. New Fundamental Insights into Bottlebrush
Structure and Dynamics. Despite the development of
theories to understand the behavior of bottlebrush polymers
over the previous decades, starting in the late 2000s the advent of
more powerful computational tools has enabled these theories
to be both tested and then extended beyond the single-
bottlebrush scaling models that originally prevailed.

3.1.1. Simulation Insights into Single-Bottlebrush Struc-
ture. Computation has enabled many of the scaling arguments
developed by Birshtein,” Fredrickson,”® and follow-up papers
to be directly tested in coarse-grained models; this includes
models designed to access values of N, and N, typical in
synthesized bottlebrushes and even approach long-chain scales.
For example, Hsu et al.'*”'*® considered a simpler variant of
bottlebrush molecules consisting of an entirely rigid backbone
and flexible side chains. Using extensive Monte Carlo
simulations for molecules with varying side chain lengths
under good solvent condition, they found the side chains extend
only weakly beyond that of a 3D self-avoiding walk, even for N,
=2000 at grafting density f = 1, in contrast to a scaling prediction
of R, ~ N%, v~ 0.75.7>'971% They reported that the side chain
stretching as a function of N, is inconsistent with the
assumption of radial stretching of side chains, again in contrast
with scaling theories. Instead, they invoke the unconventional
notion of anisotropic blobs to maintain qualitative consistency
with observed trends.

They subsequently considered the persistence length from
simulation data (Figure 6A.i), using the backbone bond—bond
autocorrelation function; however, by simulating longer
bottlebrushes they revealed ambiguities in the calculation of ],
due to a strong dependence on Ny;,. Hsu et al."*™'"! traced this
issue back to the fundamental deficiency of the autocorrelation
method for topologically stift molecules. They instead proposed
extracting [, either from the q~" that marks the onset of the
plateau appearing in a Holtzer plot, i.e., a plot of P, vs q, where
Py, is the form factor, or more simply from the relation R}, =
zlpl,,Nif,, where v depends on the solvent quality.lég_171 To
further probe the effect of side chains on persistence length,
brush molecules with multiple side chains at each grafting
point'”* and dendritic side chains'’® were also studied
computationally and theoretically. This led to the insight that
lp is independent of the specific side chain topology; rather, the
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overall mass (or volume) corresponding to the grafted chain
governs the backbone stretching and persistence length.

In addition to providing fundamental insights into bottle-
brush structure, the relationship of these computational models
to synthesized bottlebrush molecules in experiment was
considered by Dutta et al.'”>'”® Extensive simulations on long
bottlebrushes were performed, varying Ny, N, and f within
experimentally accessible values assuming an athermal solvent
using a bead—spring model parametrized for poly(norbornene)-
gpoly(styrene) bottlebrushes. Excellent agreement was ob-
served with experimental measurements of intrinsic viscosity
(Figure 6A.i), highlighting the transition from a star-like
spherically symmetric conformation at low Ny, to a coil-like
conformation at high Nj,. The transition from sphere to coil was
also noted in asphericity data for the overall molecule as a
function of Nj,. Based on scaling exponents of molecular size
and form factor data,'”® they concluded that, in the range of N,
and f that can be synthesized, bottlebrush polymer molecules
remain considerably swollen but do not show a discernible rod-
like scaling. However, such a scaling was observed for extremely
high grafting density, f = S, which is beyond what is currently
accessible to synthesis.

3.1.2. Models of Bottlebrush Melts. Recent studies of
bottlebrush structure extend beyond the single-bottlebrush
limit, with particular attention on the opposite limit of
bottlebrush melts. Key insights into bottlebrush melt structure
have emerged from the computational and theoretical work by
Dobrynin and co-workers,'>'>'7%!7*~1%3 i close collaboration
with experiments by Sheiko et al.*»**'#*~'%® These papers used
scaling arguments to establish a theoretical basis for the
distinction between combs and bottlebrushes in a melt,"
comparing the pervaded volume of a chain of blobs with a side
chain random walk R, (V = N;,R3/N,,) and the overall volume
of monomers V,. The resulting crowding parameter
v, v NJ/N+1
R N
between grafting points) quantifies the extent that side chains
must distort (Figure 6B.i); when @ < 1, the monomers can “fit”
within the pervaded volume, maintain random walk statistics,
and thus exhibit comb-like behavior."> Conversely, for @ > 1,
side chains must stretch because they cannot fit within the
pervaded volume at a melt density p ~ v™".'”" The authors

N

)
N +N,

(N, = 1/fis the number of monomers

further introduced a composition parameter @' =

~

therefore transforming the crossover condition to ¢
(1,)¥*NY/2 for flexible side chains (N,, > b/I) and ¢~ =~ PN2
for rigid side chains."” The diagram of states can be mapped out
as a function of @' and N, (Figure 6B.i)."”'*" In the
bottlebrush regime denoted by the boundary ¢! ~ N2 three
subregimes were further identified. Below the boundary of ™" ~
N, is the stretched backbone (SBB) regime; between ¢~ ~ N,
and ¢! ~ N2 is the stretched side chain (SSC) regime; and
above ¢~ ~ N2 is the rod-like side chain (RSC) regime."”

This framework has been useful for understanding bottle-
brush properties. One straightforward application is determin-
ing bottlebrush molecular conformation. The scaling results
indicate that the effective Kuhn length of the bottlebrush should
be a function of Ny, N, and N, based on the subregime that the
macromolecule is in. Liang et al. showed that these predictions
are confirmed by MD simulations'>'”® and experiments,'®" and
the crossover criteria @ ~ 1 delineates the two scaling regimes of
the graft polymer.
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Bottlebrush surfaces have also been a topic of intense study,
with several recent efforts to understand the partitioning and
orientation of bottlebrushes to the surface.®’ ™" The large
number of per-molecule free ends has been shown to strongly
partition bottlebrushes to free surfaces, where it is more
entropically favorable to have free-ends than central chain
segments.”” This picture can be complicated, however, by
disparities between the relative length of linear chains when they
are blended with bottlebrush polymers as well as short-ranged y
interactions.'® Comprehensive mapping of these surface
properties has been developed in integrated experimental and
theoretical investigations, providing useful design rules for
bottlebrush films and coatings."*”"*'*°

3.1.3. Bottlebrush Mechanical Properties. Advances in
models for both melt and dilute bottlebrushes has prompted
the study of the consequent material properties, in particular
mechanical properties such as the modulus or the molecular
elasticity analogues at the single-bottlebrush level. For the
former, Liang et al'”® used a generalized expression of

pkgT
-1

~

, =
8 e pb

entanglement plateau modulus G, to account for

the swelling effect that comes from the compositional parameter
¢! and the total number densities of monomers p and DP of
polymer strands between entanglements nelbb.wg They found
two entanglement regimes, where one has only entangled
backbones and the other has both side chains and backbones
entangled. In the first regime, they found the relative
entanglement plateau modulus with respect to the linear
counterpart to be G,/ (gasGer,m) =~ @3, while in the second
regime the scaling becomes Gelg,/(qo3Ge'l,-n) = \/(Nsc)dlb’179
The universality of entanglement plateau modulus in bottle-
brush systems is confirmed with experiments.'> Similar
approaches are adopted toward bottlebrush network systems,
and the scaling analysis is also in agreement with MD
simulations and experimental data in terms of nonlinear
elasticity.' "%

Molecular elasticity is the counterpart to bulk elasticity at the
single-bottlebrush level and is determined via the molecular
extension in response to an applied force. For linear chains, this
is a well-understood, fundamental polymer physics concept;'”’
however, side chains play a major role in determining
bottlebrush elasticity. Experimental studies'> on force—
extension of dsDNA bottlebrushes showed evidence of at scale
dependent stiffness—at low pulling force the extension was well
described by the Marko—Siggia model'”” for a WLC, but the
persistence length [, required for a similar description at high

P
forces required a drastically smaller [,. Molecular manipulation
)19+

with magnetic tweezers on ssDNA-g-poly(ethylene glycol
and hyaluronan-g-aggrecan'® bottlebrushes provides further
evidence that a single value of , is not sufficient to describe the
molecular extension over the entire range of pulling forces. It was
hypothesized'”'** that the side chains induce internal tension
within the molecule, which disappears as the backbone gets
extended at high forces, leading to reduction of stiffness. Scaling
theory based on the superblob argument’'”” predicts that,
beyond the linear regime, two nonlinear regimes exist: (i) At low
force, f ~ D™!(R,/L*)¥? where R, is the extension and L* is an
effective contour length, showing a Pincus-like regimel% similar
to self-avoiding linear chains. (ii) At high force, f ~ (R,/L)*/17,
where L is the actual contour length of the backbone and v
depends on solvent quality. Simulation studies by Dutta and
Sing'”” using both explicit side chain and implicit side chain
models (Figure 6C.i) could resolve a low force linear regime

https://doi.org/10.1021/acs.chemmater.1c04030
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Figure 7. (A) Frequency dependent storage modulus master curves highlighting the segmental, arm, and terminal regimes for PLA bottlebrush
polymers with different arm and backbone lengths.**® Reprinted (adapted) with permission from Hu et al. Linear rheological response of a series of
densely branched brush polymers. Macromolecules 2011, 44, 6935—6943. Copyright 2011 American Chemical Society. The presence of plateaus (B) at
frequencies immediately above the terminal regime®® (reprinted (adapted) with permission from Lépez-Barron et al. Highly entangled a-olefin
molecular bottlebrushes: Melt structure, linear rheology, and interchain friction mechanism. Macromolecules 2018, 51, 6958—6966; copyright 2018
American Chemical Society) and (C) in the arm regime'®” indicates the possibility of entanglements at those length scales when backbone and arm
molecular weights, respectively, are sufficiently large, while (D) short arms and backbones lead to master curves without plateaus and indicate a lack of
entanglement. ** Reprinted (adapted) with permission from Dalsin et al. Linear rheology of polyolefin-based bottlebrush polymers. Macromolecules
2018, 48, 4680—4691. Copyright 2015 American Chemical Society. Scaling behaviors can be identified between the entanglement molecular weight of
the polymer and a graft polymer composition parameter ¢ = N,/(Ng + N,,), where N, is the length between grafts along the backbone and N, is the
length of a side chain for (E) graft polymers with unentangled side chains, (F) graft polymers with entangled side chains, and (G) as a function of the
crowding parameter (®)."> Reprinted (adapted) with permission from Liang et al. Universality of the entanglement plateau modulus of comb and
bottlebrush polymer melts. Macromolecules 2018, 51, 10028—10039. Copyright 2018 American Chemical Society.

described by WLC-type behavior and a nonlinear regime where bottlebrush polymers can be adjusted and manipulated simply
the WLC behavior breaks down (Figure 6C.ii); no Pincus-like by varying key parameters, such as the length of the side chains,

scaling was observed.'”” Backbone bond—bond autocorrelation length of the polymer backbone, and grafting density of side

functions exhibit significant deviation from WLC-type behav- chains along the backbone.
ior,'”” which was attributed to a stretching of the cylindrical Extensive work has been carried out to classify the impact of
bottlebrush geometry itself that supports the existence of these molecular parameters on shear moduli determined
multiple “levels” of bottlebrush stiffness (Figure 6C.iii). through small amplitude oscillatory measurements. Hu et al.
3.1.4. Bottlebrush Rheology and Dynamics. Steric demonstrated the impact of both backbone length and side
repulsions between side chains along the backbone are also chain length on the dynamic moduli master curves as a function
known to affect the dynamics and rheology of bottlebrush of frequency for a series of polylactic acid-g-norbornene
materials and have been shown to inhibit the formation of polymers.zoo In this work, segmental, arm, and terminal regimes
topological entanglements along the backbone contour. In are identified in the master curves of the dynamic moduli
bottlebrush melts and solutions, entangled dynamics thus only (Figure 7A). Plateaus in the dynamic moduli as a function of
emerge at molecular weights well beyond where entanglements frequency are observed in the segmental and arm regime for
are observed in linear chains of the same chemis- bottlebrushes with 4.4 and 8.7 kDa side chains. The separation
try,'OL179176180,1977200 The extent of this steric repulsive effect of these plateaus in frequency, corresponding to a hierarchical
is highly dependent on the length of the arms relative to their relaxation of the arms at short time scales, followed by the
spacing.*>”"'7?% As a result, rheological properties of a polymer backbone at longer time scales. Iwawaki et al.
2000 https://doi.org/10.1021/acs.chemmater.1c04030
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Figure 8. (A) (Top) Coarse-grained representation of the bottlebrush with an implicit side chain model. (Bottom) Structure factor from coarse-
grained simulations.'* (Right) Simulation snapshots show a disordered phase in the low concentration regime and an ordered, lamellar phase in the
concentrated regime.'* Reprinted (adapted) with permission from Pan et al. Implicit side chain model and experimental characterization of
bottlebrush block copolymer solution assembly. Macromolecules 2021, 54, 3620—3633. Copyright 2021 American Chemical Society. (B)
Computational workflow to compute photonic band structures for bottlebrush block polymers. Self-consistent field theory is used to capture phase
behaviors of a given bottlebrush architecture.”*> Reprinted (adapted) with permission from Lequieu et al. Complete photonic band gaps with
nonfrustrated ABC bottlebrush block polymers. ACS Macro Lett. 2020, 9, 1074—1080. Copyright 2020 American Chemical Society. (C) (Top-left)
Schematic of a bottlebrush with diblock copolymer grafts. (Bottom-left) Order parameter obtained from a pair of parallel tempering runs in field-
theoretic simulations, with snapshots showing disordered and lamellar morphologies.*'® (Right) Order—disorder transition result from field-theoretic
simulations in comparison with that from random phase approximation.”'® Reprinted from Spencer, R. K. W.; Matsen, M. W. Field-theoretic
simulations of bottlebrush copolymers. J. Chem. Phys. 2018, 149, 184901, with permission of AIP Publishing. (D) (Top) Schematic of solution
assembly of amphiphilic bottlebrush block copolymers. (Bottom) Intermolecular pair correlation function at differently volume fractions.**” The
results from PRISM theory (lines) are in quantitative agreement with those from molecular dynamic simulations (symbols).””” Reprinted (adapted)
with permission from Lyubimov et al. Molecular dynamics simulation and PRISM theory study of assembly in solutions of amphiphilic bottlebrush
block copolymers. Macromolecules 2018, 51, 7586—7599. Copyright 2018 American Chemical Society.

. . . . . 204,20 - .
corroborated these results with a series of rheo-optical studies varying backbone and arm lengths.”**** This hierarchical
that were carried out on polystyrene polymacromonomers with relaxation is similar to the phenomenon observed in other

2001 https://doi.org/10.1021/acs.chemmater.1c04030

Chem. Mater. 2022, 34, 1990—2024


https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04030?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04030?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04030?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04030?fig=fig8&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c04030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

branched architectures in which outer branches of the molecule
relax first, followed by inner portions of the molecule.'**

The impact of longer side chains on dynamic moduli has been
studied by Dalsin et al. in which a series of atactic polypropylene
(aPP) and poly(ethylene-alt-propylene) (PEP) bottlebrush
polymers were rheologically characterized.'” The molecular
weight of the side chains for the aPP bottlebrushes was
approximately half the linear entanglement molecular weight,
while the molecular weight of the side chains for the PEP
bottlebrush was 3.5 times the linear entanglement molecular
weight. In the arm regime of the dynamic moduli master curve, a
plateau in the dynamic moduli was observed for the PEP
bottlebrushes (Figure 7C) while no plateau was observed for the
aPP bottlebrushes (Figure 7D). The presence of a rubbery
plateau indicated an entanglement of the side chains for the PEP
bottlebrushes.'”” At lower frequencies, neither aPP nor PEP
bottlebrushes exhibited a rubbery plateau, indicating a lack of
entanglements between backbones despite the very high
molecular weights of the polymers.'”” On the opposite end of
the spectrum, Lopez-Barron et al. characterized the linear
rheology of a series of bottlebrush polymers with very short side
chains ranging from 4 to 16 carbons in length.** The dynamic
moduli master curves for these a-olefin bottlebrush polymers
exhibited well-defined rubbery plateaus at low frequency (Figure
7B). These plateaus were attributed to the entanglement of the
bottlebrush backbone as the side chains were far too short to
entangle themselves. The entanglement molecular weight for
each of these polymers was determined based on the observed
plateau modulus. This calculation allowed for scaling parameters
to be determined, relating the entanglement molecular weiég_ht to
the length of the side chains for short arm bottlebrushes.™

The density of the bottlebrush polymer arms along the
backbone has been shown to play a key role in the dynamics of
the polymer. Liang et al. characterized the scaling of the
entanglement modulus as a function of both the graft polymer
composition parameter ¢ = N,/(N, + N,.) (Figure 7E,F, where
n, is the length between grafts along the backbone and n,, is the
length of a side chain) and the crowding parameter (Figure 7G),
which is defined as the ratio between the volume fraction of
monomers of the graft polymer in the pervaded volume of the
side chains along the backbone."® The resulting model provided
insight into how the rubbery plateau modulus can be affected by
the relative crowding of the side chains along the backbone and
thus helped define the key difference between comb and
bottlebrush polymers."> Haugan et al. carried out an extensive
linear rheological characterization of a series of poly-
(norbornene)-graft-poly(lactide) bottlebrush polymers with
varying backbone length, side chain length, and density.”""
The resulting dynamic moduli master curves demonstrated the
impact of all three of these physical parameters on the linear
rheological properties of the polymer. By comparing the side
chain grafting density to the normalized plateau modulus, key
scaling regimes are identified, highlightin(g key differences
between comb and brush-like polymers.””" A loose brush
regime is not observed in the work carried out by Haugan et
al.”°" This is attributed to the transition between barely
overlapping and densely overlapping arms occurring over a
very narrow range of grafting densities, resulting in the loose
brushes not appearing in the experimental results.””' Haugan et
al. also considered the impact of these molecular parameters on
additional rheological parameters such as the zero-shear
viscosity. Bottlebrush polymers that exceed the entanglement
molecular weight exhibited zero-shear viscosity scaling as a

2002

function of molecular weight with a power-law scaling 77y ~ N,
Unentangled bottlebrush polymers had a Rouse-like scaling for
the zero-shear viscosity with molecular weight exhibiting a
power-law scaling of 77, ~ Nj,;. Departure from Rouse scaling for
dense bottlebrush polymers is interpreted as entanglement of
these polymers.””"

3.2. Computational Modeling of Bottlebrushes. Con-
comitant with advances in the theory and experimental studies
of fundamental bottlebrush polymer physics, there have been
significant advances in computational modeling of bottlebrush
polymers. While we discussed key simulation results in the
context of theory and experiment in the previous section, there
have been several advances in the modeling methods themselves
that have made computational tools more viable for studying
bottlebrush polymers. The principal challenge is that a
bottlebrush molecule consisting of a backbone
N, ~ 0(10* — 10%) and a side chain N, ~O(10 — 10%)
would result in a total degree of polymerization of
N ~ O(10° — 10°). Particle-based simulation methods such
as Monte Carlo (MC),"°®*'®’ molecular dynamics
(MD)," 7299729 and Brownian Dynamics (BD)'”® have been
used to study the effect of molecular parameters (N, N,

grafting density f, etc.) on single bottlebrush conformation.

These methods can easily handle O( 10® — 10°) number of
particles,'®%'9%171:206208 yot bottlebrush multichain systems are
much more computationally expensive to simulate if the number

of particles per chain remains O(10°> — 10°). To this end, state-

of-the-art particle-based simulations are limited to a modest

2 . . 176,181,182,186,209,209—214
O(10°) number of particles per chain.

However, there remains a strong need for modeling large
bottlebrush molecules to match synthetic polymers. There have
been two general approaches to address this problem. Following
the framework of particle-based simulations, one can develop
advanced coarse-grained models to reduce the computational
cost. Alternatively, one may choose to perform field-based
simulations which are often not sensitive to the molecular size.

3.2.1. Bottlebrush Coarse-Graining. To access larger length
and time scales, Dutta et al. further adopted the wormlike
cylinder model to develop an implicit side chain representation of
bottlebrush molecules by mapping them to a discretized version
of the continuous wormlike cylinder model."”>'”'”® The
parameters were obtained by fitting the explicit side chain
structural and transport property data to theoretical expressions
for a perturbed wormlike cylinder.'”' This model has four
parameters—(i) Kuhn length A7, (ii) contour length L,
assumed proportional to Ny, (iii) diameter D, and (iv) excluded
volume parameter B. Comparison with independent simulations
with explicit side chains showed excellent agreement for the
large-scale molecular properties,'”””'”® albeit at the expense of
losing intramolecular details, the latter being less important for
large scale self-assembly calculations.

Based on this initial effort, Pan et al. further investigated the
interbottlebrush interactions in solutions and extended the
implicit side chain model to study bottlebrush block copolymer
self-assembly (Figure 8A).'* The key ingredient of the implicit
side chain model is the pairwise potential between the coarse-
grained segments. Scaling arguments were invoked, where key
length scales associated with side chain packing are represented
as a series of thermal blobs around a straight backbone.'*%*'*2'¢
A potential of mean force was determined by interpolating
between the free energy of two nonoverlapping chains and that
of two chains with backbones that are immediately adjacent,

https://doi.org/10.1021/acs.chemmater.1c04030
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yielding the potential of mean force W(r)/kzT ~
hN3/A41ZB/8pS/8[(r/d)™ — 1].'* This interaction informed
pairwise potentials in MD simulations, using a phenomeno-
logical parameter € = NY4ZB/855/8 to tune the interaction
strength between different blocks. With this additional
ingredient, the implicit side chain model such as lamellar
spacing and phase transition concentrations is described."* This
coarse-graining strategy features a reduction of the number of

particles per chain from O(10° — 10°) to O(10"), while still
maintaining enough molecular details such that self-assembly
properties can be reproduced and matched with experiments
(Figure 8A).

3.2.2. Field-Based Simulations. Field-based simulations are
attractive as an alternative to particle-based simulations because
they use a particle-to-field transformation to replace the many-
chain interactions with the behavior of a single chain within a
field of its neighbors. This dramatically decreases the number of
degrees of freedom that must be modeled, especially (1) in
melts, where the large number of polymer—polymer interactions
simplifies the calculation because mean-field arguments can be
invoked, and (2) when side chains can be treated as identical,
because they can all be modeled with essentially a single
calculation (Figure 8B). Matsen and co-workers used self-
consistent field theory (SCFT)*'” and field-theoretic simu-
lations (FTS)*'® to investigate bottlebrush copolymer systems
(Figure 8C). SCFT has been widely used for modeling block
copolymer systems.”'” SCFT invokes a number of approx-
imations, such as a mean-field approximation for the polymer
field theory and an assumption that chains have Gaussian
conformational statistics;*'” however, it is possible to predict
assembly of bottlebrush diblock copolymers of different lengths
L, showing that a lamellar structure is formed with lamellar
spacing dy ~ L".”'”7*'® The exponent in this scaling relation
ranges from y < 0.3 at small L to y = 1 at large L, which can be
attributed to the transition from starlike to brushlike molecules
as the backbone becomes long relative to the length of the side
chains.”'”*'®*** These observations are also in line with
experiments that have corresponding bottlebrush molecular
parameters. SCFT has also been used to understand the
behavior of bottlebrush polymers at surfaces, accompanying and
contextualizin§ experimental studies of surface assembly and
partitioning.18 190

Spencer et al.”'® demonstrated via a FTS approach that high
grafting densities also affect the order—disorder transition when
the side chains themselves are copolymers. FT'S approaches have
the advantage that they relax the mean-field approximation,
however, at the cost of a more complicated calculation.
Panagiotou et al.”*" also used FTS to study the isotropic to
nematic phase transition in bottlebrush homopolymer melts.
Their results suggested that, even for fully flexible chains, an
isotropic to nematic phase transition can still occur.”*' SCFT
was also used to confirm experimental observations by
Macfarlane et al. that linear polymer additives can improve the
ordering in self-assembled morphology of bottlebrush block
copolymers.”’ Overall, SCFT and FTS methods can overcome
the computational expense of simulating bottlebrush polymers
with large length scale and time scale.

An alternative theoretical formalism that has been used to
understand bottlebrush self-assembly is the Polymer Reference
Interaction Site Model (PRISM).*??**72*5 PRISM relates
intermolecular pair correlations, intramolecular pair correla-
tions, and direct pair correlations in liquid state systems through
the Ornstein—Zernike equation and judiciously chosen closure

2003

relationships.”*> In general, the molecules within the system
would be modeled as a series of interaction sites. Lyubimov et al.
applied this theory in bottlebrush block copolymer solution
assembly.””” They consider two types of interaction sites
representing solvophilic and solvophobic blocks.””” The self-
assembly properties (e.g,, structure factor, pair correlations)
they found with PRISM were in agreement with MD simulations
in the disordered state, upon approach to the order—disorder
transition (Figure 8D).2%**1? The advantage of PRISM is that it
significantly reduces the computational cost, thus enabling an
early stage exploration of a larger design space; however, this is at
the expense of only being able to simulate nonhomogeneous
morphologies. This information can guide more computation-
ally expensive approaches such as MD simulations, to expedite
the study of ordered morphologies.

3.3. Advances in Bottlebrush Synthesis. Progress in
understanding bottlebrush physical properties has relied on—
and inspired—further development of bottlebrush synthesis.
We broadly classify these developments into four categories:
simplification of synthetic procedures, accessing bottlebrush
polymers with unique compositions or architectures, and
formation of bottlebrush polymer networks.

3.3.1. Synthetic Simplification. Grafting-to, grafting-from, or
grafting-through methods rely on at least two polymerizations
performed consecutively and isolation of the intermediate
polymers (backbone for grafting-to/grafting-from and macro-
monomer for grafting-through). New one-pot polymerization
protocols have been developed to bypass the need for isolation
of the intermediate polymers.®”***~*** Two key requirements
for the implementation of a one-pot synthesis are the
orthogonality and compatibility of the two polymerization
methods employed:

Orthogonality: The reactive functionality involved in one
polymerization should be inert toward the other polymer-
ization.

Compatibility: The chemical components used to perform
one polymerization should not negatively react with the
components of the other polymerization.””**¢~>*%

For example, the cascade ring opening polymerization (ROP,
of cyclic esters and siloxanes), ROMP of norbornenyl
macromonomer initiated with Grubbs 3rd generation catalyst
in a graftthrough manner and the cascade ROMP/ATRP in a
graft-from manner have been successfully performed.”**™>*!
Most recently, a tandem ROP and ROMP was reported where
the macromonomers and the backbones were synthesized
simultaneously.”*” Such tandem synthesis protocols require the
simultaneous compatibility of the two polymerizations
employed.

3.3.2. Accessing New Bottlebrush Architectures. Several
methodologies have been developed for accessing more refined
control over bottlebrush compositions and architectures.
Bottlebrushes with extremely high grafting density have been
reported with polymeric brushes on every backbone atom.******
Programmable control over the branching density (including
gradation of densities along the backbone) was achieved by
copolymerizing macromonomers and short monomers with
unique copolymerization parameters.””***~**° Such a technique
has allowed the synthesis of copolymers with identical bulk
composition but different architectures. This concept of
controlling the polymer architecture through the use of
copolymerization parameters has been further expanded to the
synthesis of bottlebrush block copolymers.”*”*** The (stereo)-

https://doi.org/10.1021/acs.chemmater.1c04030
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Figure 9. (A) Graft-through synthesis of architecture-controlled bottlebrush polymers utilizing ring opening polymerization of lactide to produce the
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229231 (B) Design workflow for the synthesis

of the bottlebrush. The upper route implements the targeted design directly to the architecture, while the bottom route implements an inverse design
protocol to determine the architecture needed to produce a targeted molecular geometry.”*' (C) Targeted bottlebrush architectures with
corresponding mathematical functions describing the architectures synthesized in the work of Walsh et al.”*' Reprinted (adapted) with permission
from Walsh et al. Engineering of molecular geometry in bottlebrush polymers. Macromolecules 2019, 52 (13), 4847—4857. Copyright 2019 American

Chemical Society.

chemical structure of norbornene linkers (Figure 9A) has been
demonstrated to greatly impact the rates of grafting-through
ROMP,”9%%3* 5o fast-reacting PS macromonomers have been
copolymerized with slow-reacting PLA macromonomers to
yield a blocky bottlebrush copolymer.**”***

Sequential graft-through techniques have the drawback that
they are tedious due to the synthesis of multiple batches of
macromonomers, and this limits architectural control to blocky
structures.”*”~>*' Walsh et al. have pioneered an alternative
protocol to synthesize bottlebrush polymers with programmable
and tunable architecture.”*”**" This methodology consists of
performing the synthesis of macromonomers in a flow reactor
and slow feeding the macromonomer of a specific length into a
second vessel where graft-through polymerization occurs. By
ensuring that the rate of macromonomer addition remains
slower than the rate of graft-through polymerizations,
instantaneous incorporation of the macromonomers along the
bottlebrush backbone results in sequence-controlled bottle-
brush synthesis. A model considering both polymerization
kinetics and reactor design equations was developed to
predictably convert any architectural design into a flow rate of
the macromonomers (Figure 9B), enabling the synthesis of
polymeric architectures inaccessible to traditional sequential
polymerization (Figure 9C). The success of the synthesis was
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confirmed by quantifying the instantaneous conversion of
macromonomers and the narrow dispersity of the bottlebrush
polymers (P < 1.1) and from microscopic imaging (AFM).
Furthermore, predictions from coarse-grained simulation were
consistent with intrinsic viscosity measurements of different
architectures,”" which also allowed us to develop a computer
guided synthesis with simulations protocol for predicting the
architecture required to yield a desired bottlebrush molecular
shape.

3.3.3. Accessing New Bottlebrush Compositions. Advances
in bottlebrush polymer synthesis have expanded the palette of
chemical features that can be incorporated into the brush
structure in several different ways beyond just the architectural
attributes. A broad synthetic parameter space facilitates the
molecular design of bottlebrush chemistry with specific
applications in mind. For example, bottlebrush polymers have
been considered for several biomedical applications such as drug
delivery carriers,®***™** in vivo 1ma ing,”*”*** antimicrobial
polymers,”*” and antifouling agents.”* In these applications, a
key synthetic challenge for the implementation of bottlebrush
polymers is the need for water solubility and biocompatibility.*>°
A remaining hurdle is the nontrivial synthesis of PEG-based
bottlebrush polymers, due to the ubiquity of PEG as a water-
soluble polymer. So far, this direction relies on a select few

https://doi.org/10.1021/acs.chemmater.1c04030
Chem. Mater. 2022, 34, 1990-2024


https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04030?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04030?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04030?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04030?fig=fig9&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c04030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

commercial semitelechelic PEG precursors, limiting the
chemical diversity of the corresponding bottlebrush poly-
mers.” Alternative water-soluble polymers are being inves-
tigated, but their synthesis is often tedious and/or insufficiently
precise for functional bottlebrush materials.******"

This expanded design space for bottlebrush chemistry also
allows for copolymers where the side chains and/or backbone
are composed of more than one monomer species. Recent work
in bottlebrush copolymers is motivated by their tendency to
undergo molecular self-assembly into large microphase
separated domains and enabled by advances in bottlebrush
synthetic methods.”>”~>>* Grafting-through and grafting-from
techniques provide orthogonal advantages when synthesizing
bottlebrush copolymers. For compositional variation along the
side chains (core—shell type BB copolymer (Figure 10A),
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Figure 10. Various types of bottlebrush copolymers: (A) core—shell,
(B) random, (C) diblock, and (D) Janus BB copolymers.

sequential grafting—from polymerization of different monomers
is advantageous.” ~**° For compositional variation alon% the
backbone (random (Figure 10B),*** block (Figure 10C),>*" %
or Janus BB copolymers (Figure 10D)**®), the sequential
grafting-through method proves to be more useful. In contrast to
random or block BB copolymer where each repeat unit consists
of distinct side chains, Janus BB copolymers consist of a
repeating unit of the backbone with two different macro-
monomers.”**™*’> This “A-branch-B” type macromonomer
results in phase separation along the backbone (instead of
across) of the bottlebrush polymers which has been shown to
yield extremely small domain sizes of ~7 nm.”*”*’° The
increasing robustness of these polymerizations and consequent
chemical versatility that enables functionalization with, for
example, cross-linkable'**'**7% or liquid crystalline
units,””"*”* opens up bottlebrush polymers to new applications
beyond widely established nanomedicine and block copolymer
self-assembly.

3.3.4. Chemical Cross-Linking of Bottlebrush Polymers. In
the past decade, there has been an increasing interest in cross-
linking bottlebrush polymers into networks. This interest stems
from the extremely high entanglement molecular weight of
bottlebrush polymers, which imbues material with unique
elastomeric properties.””> Similar to linear polymers, three
synthetic methodologies have emerged to cross-link bottlebrush
polymers into networks: (1) thermal curing of the system and
the addition of a cross-linkin a§ent that reacts with the
bottlebrush polymer directly,”’°~>* (2) incorporating light-
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triggered cross-linking reactions that can be spatially or
temporally controlled,”*”>*"*#**'=2% and (3) incorporating
dynamic covalent cross-linking units that can be thermally
reprocessable.””*** 7% Each of these routes has advantages and
disadvantages and for the latter two can be designed with an
application in mind where spatial, temporal, or dynamic control
of the cross-linking behavior is desired.

3.4. Advanced Bottlebrush Materials. 3.4.1. Bottlebrush
Elastomers. Recent advances in bottlebrush synthesis and the
theory of bottlebrush elasticity and entanglement have
motivated the development of elastomers—one way in which
the community has begun to bridge the previous gap between
fundamental study and practical materials. Cross-linked
bottlebrush polymer elastomers have received significant
attention due to the elastomer’s low modulus (G ~ 1 to 10
kPa) and ability to undergo large deformations relative to linear
polymers of equivalent molecular weight.****7*** These
unique characteristics, along with the ability to tune the physical
properties by adjusting the molecular parameters such as side
chain length, side chain density, and backbone length between
cross-links, has prompted consideration of bottlebrush networks
in a wide range of applications such as mimicking biological
systems,24’291’ 93-296 supersoft actuators,”” %3 self-healing
polymers,””” % and 3D printing.’*"*"* The suppression of
entanglements by side chains is the central feature of these
networks, with the side chains conceptualized as a “solvent” that
dilutes the backbone of the bottlebrush.”® The ability to
artificially swell a network by increasing the side chain length in
addition to the inhibition of entanglements allows for the
physical properties of bottlebrush elastomers to be tuned over a
broader range than their linear counterparts.”*’

Various polymer architectures have been explored as an
avenue to tune the bulk properties of bottlebrush polymer
elastomers. Specifically, linear-brush-linear triblock copolymers
with linear segments that cross-link to one another (Figure 11A)
have garnered significant interest due to the relative elongation
of the bottlebrush polymer between the densely cross-linked
linear polymers.””*~*?*?9**%* The inherent elongation of the
bottlebrush leads to unique stress—strain behavior that has been
taken advantage of by Keith et al. and Vatankhah-Varnosfader-
ani et al. to replicate the characteristics of various biological
materials, such as with structural color (Fi§ure 11B) or
biomechanical properties (Figure 11C).*”***> The unique
hierarchical structure that results from these bottlebrush
elastomers leads to an initial unfolding of the bottlebrush at
very small strains, followed by a stretching of the backbone at
larger strains.”®* As a result, these bottlebrush elastomers
exhibited a low modulus at small deformation, followed by a
rapid strain stiffening with increasing strain (Figure lID).294
The impact of changing molecular parameters on the physical
properties of these bottlebrush elastomers was explored by
Daniel et al."®* In their study, the ratio of side chain length to
block length was varied to identify the impact of the aspect ratio
on the assembly, and the resulting bulk characteristics of these
linear-brush-linear copolymer elastomers.””> When the side
chain lengths were well below the backbone length, percolated
crystals form from the linear blocks. Increasing the backbone
length inhibited the formation of these crystalline structures,
resulting in supersoft elastomeric properties. Increasing the side
chain length such that it is comparable to the backbone length
prevented the cross-linking of linear blocks, resulting in a
bottlebrush melt.*”
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Figure 11. (A) Schematic of linear—bottlebrush—linear (PMMA—bbPDMS—PMMA) triblock copolymers and their self-assembly into physically
cross-linked networks that exhibit (B) strain-adaptive coloration upon uniaxial stretching.295 (C) Differential modulus of various biological and
conventional and pure-bottlebrush synthetic materials, where bb represents bottlebrush and PU/AM represents polyurethane/acrylamide
hydrogel.”” The comparison highlights the sigmoidal strain-stiffening response of biological tissue that is difficult to capture with synthetic elastomers.
(D) Stress—strain and differential modulus—strain curves showing strain-stiffening behavior in linear—bottlebrush—linear triblock copolymer
networks with fixed bottlebrush size and varying linear block fraction, ¢,.*> Reprinted with permission from Vatankhah-Varnosfaderani et al.
Chameleon-like elastomers with molecularly encoded strain-adaptive stiffening and coloration. Science 2018, 359, 1509. Copyright 2018 AAAS. (E)
Schematic of the light-mediated synthesis of bottlebrush networks from PDMS-a-lipoic acid and bis-PDMS-a-lipoic acid monomers to form a
transparent elastomer.””* (F) Self-healing upon exposure to ultraviolet light allows for full recovery of elastic properties.””* Reprinted (adapted) with
permission from Choi et al. Light-mediated synthesis and reprocessing of dynamic bottlebrush elastomers under ambient conditions. J. Am. Chem. Soc.
2021, 143, 9866—9871. Copyright 2021 American Chemical Society.

Bottlebrush polymers have also been identified for stress—strain behavior was measured through tensile testing for
applications in self-healing networks (Figure 11E). By selecting both pristine samples and samples that were cut and allowed to
specific cross-linkers, bottlebrush polymers have been cross- heal for varying lengths of time at room temperature. As the
linked to form covalent adaptable networks (CANs), self- healing time increased, the stress—strain behavior approached
healing networks that can reform form after mechanical the initial tensile response of the pristine material, demonstrat-
failure.””” These bottlebrush networks broadened the spectrum ing self-healing behavior.”””
of physical properties exhibited by CANS to include supersoft 3.4.2. Photonic Crystals. The same suppression of entangle-
elastomers. Self et al. demonstrated the ability to synthesize ments that makes elastomers viable applications of bottlebrush
these cross-linked bottlebrush networks and the impact polymers, combined with advances in copolymerization
backbone and side chain length have on the elastic properties chemistries, have prompted interest in using bottlebrush self-
of the elastomer.””” Upon failure, the material was reconstructed assembly for photonic materials. Bottlebrush copolymers are
and reprocessed by heating and hot pressing it at 180 °C for 5 h. known to assemble into lamellae, which act as one-dimensional
The resulting recycled sample exhibited nearly identical stress— photonic crystals known as Bragg stacks. These assemblies are
strain behavior during tensile testing (Figure 11F).>”” Choi et al. composed of alternating layers of material with two different
demonstrated similar reprocessability with PDMS-a-lipoic acid indices of refraction, resulting in a photonic band gap within the
and bis-PDMS-a-lipoic acid macromonomers.””” When ex- material.**~** This band gap prevents the propagation of
posed to UV light, these macromonomers reacted to form a select wavelengths of light, constructively reflecting them and
bottlebrush network. Upon mechanical failure, the sample was leading to the material appearing to have a specific “structural
once again exposed to UV-light, resulting in the macro- color” (Figure 12A).2"79973973%9 Rapid self-assembly is
monomers re-cross-linking and forming a network with near observed due to the lack of entangled dynamics, leading to
identical elastic properties.””’ Noncovalent systems have also highly ordered structures with few defects. Furthermore, the
been investigated for self-healing bottlebrush elastomers by increased stiffness of bottlebrush molecules gives rise to large
Chen and Guan.®”’ In their work, they synthesized bottle- structural length scales that are on the order of the wavelength of
brushes with a PMMA backbone and polyacrylate-amide (PA- light. These features result in rapid dynamics, leading to
amide) side chains that formed temporary cross-links through bottlebrush copolymers having a distinct advantage over
hydrogen bonding interactions between the side chains.””” The ultrahigh molecular weight linear polymers that have also been
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Figure 12. (A) Photographs and (B) UV—visible reflection spectra for a series of lamellar bottlebrush block copolymer photonic crystal films prepared
by blending of low and high molecular weight polymers at different weight fractions.”> Reprinted (adapted) with permission from Miyake et al.
Precisely tunable photonic crystals from rapidly self-assembling brush block copolymer blends. Angew. Chem., Int. Ed. 2012, 51, 11246—11248.
Copyright 2012 John Wiley and Sons. (C) Cross-sectional scanning electron micrographs, corresponding photographs, and (D) UV—vis—NIR
reflection spectra of photonic crystal films prepared by blending bottlebrush block copolymers with linear homopolymer at varying weight percents.*’
Reprinted (adapted) with permission from Macfarlane et al. Improving brush polymer infrared one-dimensional photonic crystals via linear polymer
additives. J. Am. Chem. Soc. 2014, 136, 17374—17377. Copyright 2014 American Chemical Society. (E) Schematic of the confined self-assembly of
lamellar-forming bottlebrush block copolymers within spherical microdroplets along with photographs of suspensions of three polymers with
increasing molecular weight from BBCP1 to BBCP3.*'® (F) Microscope images and reflection spectra from single assembled microspheres.*'® (G)
Cross-sectional SEM images taken at the surface and center of the sphere showing lamellar ordering throughout. Reprinted (adapted) with permission
from Song et al. Hierarchical photonic pigments via the confined self-assembly of bottlebrush block copolymers. ACS Nano 2019, 13, 1764—1771.
Copyright 2019 American Chemical Society.

shown to assemble into lamellae with sufficiently large (Figure 12B).*"? The impact of additives on the self-assembly of
characteristic length scales.”” The ultrahigh molecular weight a single bottlebrush copolymer has been characterized by
of linear polymers required for similar spacings leads to Macfarlane et al. and Miyake et al.”>** The addition of linear
significant entanglement and an associated slowing of dynamics, polymers and higher molecular weight diblock bottlebrush
making processing difficult."”"’ copolymers (Figure 12C) both resulted in an increase in lamellar
A number of recent studies have focused on the impact of domain spacin§ and a red-shift in the reflected wavelength
various molecular parameters on the self-assembly of diblock (Figure 12D).*** These observations allowed for the properties
bottlebrush copolymers into uniform lamellae that act as one- of the self-assembled photonic crystal to be adjusted simply by
dimensional photonic crystals.”’~**"'7*'* Most of these varying the molecular parameters of the bottlebrush block
studies consider self-assembled diblock bottlebrush copolymers copolymer as well as the composition of the solution used to
in dried thin films. For example, Miyake et al. characterized the make the polymer thin film.
effects of molecular weight on the reflected color and concluded Additional factors such as processing conditions have been
that increasing the backbone length without changing the arm shown to play a significant role in the reflected color of a block
length caused an increase in the lamellar spacing, resulting in the bottlebrush photonic crystal. The polymers within thin films
peak reflected wavelength shifting toward longer wavelengths formed through solvent casting may not be at equilibrium due to
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Figure 13. (A) Impact of shear rate on observed photonic properties and the corresponding microstructure as determined through rheo-microscopy
and rheo-SANS, respectively.’’® (B) Color of the sample when viewed at an off angle as a function of shear rate.*'® Key regions of change are
highlighted with white boxes. Republished with permission from Wade et al. Color, structure, and rheology of a diblock bottlebrush copolymer
solution. Soft Matter 2020, 16, 4919—4931. Copyright 2020 Royal Society of Chemistry; permission conveyed through Copyright Clearance Center,
Inc. (C, D) Schematic of the solution casting approach used by Patel et al. to control domain size in lamella-forming PDMS-b-PLA bottlebrush block
copolymer films via kinetic trapping of metastable chain conformations from a single ink.>'” (E) Photonic properties (reflected wavelength) were
modulated across the visible spectrum by systematically varying printing speed and substrate temperature to modulate dryin% rate and polymer
dynamics, respectively.’’” (F) Demonstration of simultaneous spatial and functional patterning of BBCP photonic crystals.*’” From Patel et al.
Tunable structural color of bottlebrush block copolymers through direct-write 3D printing from solution. Sci. Adv. 2020, 6, eaaz7202. Copyright The
Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://creativecommons.org/licenses/by-nc/4.0/.
Reprinted with permission from AAAS. (G) Atomic force microscopy (AFM) phase ima§e of vertically oriented lamellae studied by Sunday et al. after
annealing of PS-b-PLA bottlebrush block copolymer films prepared by blade coating.’** (H) Lamellar domain size (L,) was found to be strongly
modified by confinement effects.’*” (I) Schematic of the inferred planarization of the molecular backbone with increasing confinement (decreasing
film thickness).**” Reprinted (adapted) with permission from Sunday et al. Confinement and processing can alter the morphology and periodicity of
bottlebrush block copolymers in thin films. ACS Nano 2020, 14, 17476—17486. Copyright 2020 American Chemical Society.

the rate of solvent evaporation, leaving the self-assembled significant portion of the visible spectrum with a single
polymers in a kinetically trapped state. Annealing the thin film at bottlebrush sample.*"”
elevated temperatures allowed the material to explore a larger Prior to drying, the self-assembled microstructure of a diblock
potential energy landscape and progress toward thermodynamic bottlebrush can also be affected by the flow conditions the
equilibrium.*'"*'>3'>31° This kinetic trapping process has been material experiences prior to being deposited onto a substrate.
exploited by Patel et al. to obtain multiple colors from a single Work carried out by Wade et al. explored the impact of steady
diblock bottlebrush copolymer during direct-ink writing.”"” shear on the microstructure and resulting photonic character-
Patel et al. demonstrated control over the rate of evaporation istics.”"” Under quiescent conditions, the polymer assembled
and polymer relaxation by varying both the print speed and the into uniform lamellae that was gradually compressed and
substrate temperature. The resulting thin films exhibited a wide disrupted with increasing shear rate. At lower shear rates, a color
accessible wavelength range from 403 to 626 nm, spanning a transition from green to cyan was observed and related to the
2008 https://doi.org/10.1021/acs.chemmater.1c04030
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compression of the lamellae. Higher shear rates resulted in the
lamellae destabilizing, warping, and pinching, which leads to a
cyan to indigo color transition. Very high shear rates caused the
lamellae to rotate perpendicular to the viewing angle, causing the
sample to appear colorless due to an effectively infinite path
length through the photonic crystal.*"”

Additional methods are also being explored to control the self-
assembly of bottlebrush polymers and their resulting photonic
properties. The inclusion of metallic nanoparticles in a
bottlebrush copolymer allowed for the modulation of domain
spacing and refractive index contrast.”’"*® By carefully
selecting the composition of the polymer such that hydrogen
bonding drove the nanoparticles toward one of the layers, it was
possible to tune the reflected wavelength of the various samples
from visible light to near IR.**” Highly confined self-assembly of
diblock bottlebrush copolymers has been shown to be a possible
alternative to achieve well-defined structures and color.”® When
confined within microscale droplets, PDMS-PS diblock bottle-
brush polymers assembled into layered microspheres during
solvent evaporation (Figure 12E). The resulting spheres
exhibited vibrant colors across the visible spectrum depending
on the backbone length of the bottlebrush polymer (Figure
12F). The resulting spheres demonstrated long-range ordering
which in turn enhances the reflectivity of the photonic crystal
(Figure 12G).>"®

3.5. Processing Bottlebrush Materials. In the final stage
of the hierarchy of the engineering and design of bottlebrush
materials, there has been considerable effort in understanding
how to use processing to guide the material properties of
bottlebrush polymers. The practical application of these
bottlebrush polymers in advanced processing and additive
manufacturing is the culmination of the fundamental synthesis,
theory, modeling, and material mechanics that were discussed in
the previous sections and highlight the incredible progress in this
field over the past decade or so.

The importance of processing conditions on the self-
assembled microstructures and the resulting macroscopic
properties has already been demonstrated for soft materials
such as gels and linear polymeric systems.”**~**’ However, these
systems require large forces, and the induced structure shear can
be stymied by kinetic traps. The rapid dynamics and inhibition
of entanglement resulting from the bottlebrush polymer
architecture represent an ideal alternative platform for
process-driven control over microstructure as demonstrated in
the work carried out by Wade et al.*'? and Patel et al.*'’
Applications for these materials in additive manufacturing have
been particularly appealing due to the possibility of direct
patterning of functional materials exhibiting optoelectric,
stimuli-responsive, and/or biological properties. Inks containing
bottlebrush polymers have particular promise due to enhanced
synthetic flexibility, rapid self-assembly into well-ordered
hierarchical structures with unique mechanical and photonic
properties, and the potential for tuning of the microstructure via
direct nanopatterning and on-the-fly variation of mechanical and
optical properties. These possibilities represent the range of
control and tunability offered by the unique bottlebrush
architecture for applications in out-of-equilibrium and additive
manufacturing techniques.

Three recent reports highlight the sensitivity of the
bottlebrush block copolymer microstructure, in terms of both
domain size and orientation, to three distinct phenomena that
arise during processing: (1) flow-driven structural reconfigura-
tion;>"” (2) kinetic trapping of metastable chain conformations
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during solution casting; and (3) confinement effects in
annealed thin films.”** Two more recent works also reveal a
promising new approach for additive manufacturing that
involves exploiting shear-induced disordering for tailored design
of thixotropic inks for freeform fabrication of supersoft
bottlebrush elastomers.”>**?

Structural reconfiguration with steady shear was recently
demonstrated with diblock bottlebrush copolymers in the work
of Wade et al.*"” In this work, in situ SANS and microscopy
measurements were carried out on a concentrated diblock
bottlebrush copolymer solution under quiescent and steady
shear conditions to determine the impact of processing on the
self-assembled morphology and the resulting structural color,
respectively. At quiescence and low shear rates, a light green
color was observed along with highly uniform lamellae oriented
parallel to the walls of the geometry (Figure 13A). When shear
rates above a critical shear rate were applied to the sample, the
principal peak of the lamellae, observed through neutron
scattering, shifted toward higher g, suggesting a compression
of the lamellae and resulting in a green to cyan color shift.
Smearing of the scattering features in the azimuthal direction
with increasing steady shear rate indicated a distortion and
warping of the self-assembled lamellae, which further blue-
shifted the observed color of the sample. Shear rates above a
second, higher critical shear rate led to an increase in the full
width at half-maximum of the lamellae peaks, which
corresponded to an increase in the dispersity of the lamellae
spacings and a cyan to indigo color shift. An eventual
reorientation of the lamellae parallel to the vorticity direction
was observed at very high shear rates, resulting in a colorless
sample when viewed along the shear gradient direction.”"”
These structural and corresponding color changes demonstrated
the impact of steady flow on the self-assembled structure and
physical properties of the sample (Figure 13B).>"”

Patel et al.>*”**" have recently used a modified 3D printer to
achieve wide tunability of domain size and photonic band gap
(reflected color) in lamella-forming poly(dimethylsiloxane)-b-
poly(lactic acid) (PDMS—PLA) bottlebrush block copolymers
during solution casting (Figure 13C). An ink solution was made
by dissolving the bottlebrush block copolymer in a weakly
selective good solvent, allowing for only weak lamellar ordering
in the reservoir (domain spacing ~ 160 nm). Upon evaporation
of the solvent during solution printing, the segregation strength
increases and the d-spacing increases toward the larger values of
~200 nm (obtained from drop casting) or 212 nm (thermally
annealed). By precisely controlling printing speed and substrate
temperature, Patel et al. demonstrated the ability to control both
evaporation rate and molecular mobility and thus arrest the self-
assembly process at intermediate domain sizes (Figure 13D).
This allowed for tuning of domain d-spacing over a range of >70
nm for a single material system, corresponding to a change in the
peak reflected wavelength across the visible spectrum (Figure
13E). Simultaneous spatial and functional patterning was
demonstrated through printing complex chameleon patterns
(Figure 13F). Solvent annealing experiments clarified that the
observed domain spacings were metastable (kinetically trapped)
and not the result of confinement effects.

While the preceding work focused on nonequilibrium
processing of relatively thick films (15—250 layers), Sunday et
al.>*” have performed a systematic investigation of confinement
effects in thin films of PS-b-PLA prepared by solution coating
followed by extended annealing well above T, of both blocks.
Unlike the well-studied case for linear block copolymers under

https://doi.org/10.1021/acs.chemmater.1c04030
Chem. Mater. 2022, 34, 1990-2024


pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c04030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials pubs.acs.org/cm

A) 3 3D printing B)
i ° @ -.._ Solvent-free, 20°C
0F o 0Ty "0 Tl
s 50 ° S
; 5 : Fluid
0. ul
i : 2
o [} d []
Hye A E
-]
Stress O Reorder i=
Self- & ) AR
assembly e — Solid
ol
=i S - 0.08 0.10 0.15 0.20
@ ) s -
L©® 19 q (A7)
C) 10°
E Nec=68
gl‘o;-r ....".........'
6 ?oo'vnl:;GQOlo..'. "%
TS sc™ o |&&
o =’§ 2
== ::JOO(\ 0660 g H
® b ° ©%go0% T,
=10 o .
Q Fo co°°ooo° T'
Ty
10¢ Lt | R 1

High Ty or T, solvent

G, G" (Pa)

Shear stress (Pa)

Figure 14. (A) Schematic diagram of the solvent-free direct ink writing approach for additive manufacturing of sphere-forming PDMS-stat-PEO
statistical bottlebrush block copolymers developed by Xie, Bates, et al.>> During extrusion, shear forces in the nozzle disrupt BCC packing of spherical
PEO domains before the structure reforms after exiting the nozzle. (B) Domain spacing and (C) yield stress, as defined by the G’, G” crossover, can be
tuned by varying the lengths of the PDMS side chains (N,.). (D) A range of structures printed by direct ink writing of the solvent-free ink without
chemical cross-linking.”> From Xie et al. Room temperature 3D printing of supersoft and solvent-free elastomers. Sci. Adv. 2020, 6, eabc6900.
Copyright The Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://creativecommons.org/
licenses/by-nc/4.0/. Reprinted with permission from AAAS. (E) Schematic diagram of the self-assembly behavior of the linear—bottlebrush—linear
(PBnMA—PDMS—PBnMA) ink used by Nian et al. as a directly 3D-printable elastomer.*** (F) Transmission electron micrograph of the spherical
PBnMA domains (dark spots) surrounded by a PDMS matrix (white region). (G) The addition of solvent as a plasticizer results in the material
exhibiting features typically associated with yield-stress fluids. (H) Examples of a 3D printed block “A” and gyroid structure.*** Reprinted (adapted)
with permission from Nian et al. Three-dimensional printable, extremely soft, stretchable, and reversible elastomers from molecular architecture-
directed assembly. Chem. Mater. 2021, 33, 2436—2445. Copyright 2021 American Chemical Society.

soft confinement,”** no island/hole morphology was found at molecule in an end-to-end bilayer conformation.’** This
the free interface. Instead, bottlebrush block copolymers cast observed d-spacing under strong confinement was greater than
from tetrahydrofuran (THF) formed a mix of lamellae oriented

parallel and perpendicular to the substrate (Figure 13G) which
332

double the bulk value and was explained by increased stretching
of the bottlebrush backbone (Figure 131).**” Coating from a less

was persistent and did not converge upon further annealing. selective solvent (propylene glycol methyl ether acetate,

Using a combination of atomic force microscopy (AFM) and . .
grazing incidence small-angle X-ray scattering (Figure 13H),** PGMEA) revealed more complex phase behavior, with the

the authors demonstrate that, below a critical film thickness, the presence of a smaller cylinder phase, although domain spacing in

. . . o 332
lamellar d-spacing of the vertical (substrate-perpendicular) vertically oriented regions scaled similarly to the THF case.
domains increased substantially to a value approaching the Differences in assembled morphology were rationalized based
maximum possible domain spacing for the fully extended on the decrease in PGMEA selectivity which accentuated the
2010 https://doi.org/10.1021/acs.chemmater.1c04030
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volume asymmetry between the two blocks, leading to
stabilization of the cylinder phase.”*

Bottlebrush-containing elastomers are receiving substantial
and increasing attention; due to their semiflexible nature and
decreased entanglement density, they exhibit remarkable
softness, with moduli on the order of 100 Pa—a full 3 orders
of magnitude lower than those of conventional elastomers™*
and similar to that of the softest biological tissue.”*° In recent
work, two independent groups of researchers’****” demon-
strated two distinct approaches toward support-free direct-write
3D printing of bottlebrush elastomers—in each case designing
the self-assembled microstructure to enable shear-induced
disordering at a yield stress easily achieved in the printing
nozzle. Xie et al.”*” prepared a biocompatible, solvent-free ink of
highly asymmetric statistical bottlebrushes comprising primarily
PDMS arms with a minor fraction of poly(ethylene oxide) (¢hpgo
= 0.04—0.06). Due to their extremely low glass transition
temperatures and large Flory—Huggins interaction parameter,
these BBCPs rapidly assemble at room temperature to form a
well-ordered body-centered cubic phase with PEO spheres
embedded in a PDMS medium (Figure 14A). Domain spacing
(Figure 14B) and yielding behavior (Figure 14C) were
controlled by the length of PDMS side chains and during
printing materials exhibit fast and reversible yielding, allowing
for printing of the viscoelastic ink into self-supporting structures
(Figure 14D). Incorporation of a telechelic PDMS additive with
benzophenone end groups was found to allow for cross-linking
under UV light after printing, with resulting elastomers
exhibiting network moduli <50 kPa and withstanding over
300% elongation at break.

Nian and Cai et al.”** have reported an alternate approach
which enables direct-write 3D printing of a viscoelastic linear—
bottlebrush—linear (LBBL) triblock copolymer solution which
dries to form an elastomer without the use of post-treatment.
They formulate an ink containing a 1:2 volume ratio of polymer
in dichloromethane (a highly volatile solvent), where the
triblock comprises a bottlebrush with PDMS (rubbery) side
chains and a small fraction (¢ = 0.06) of poly(benzyl
methacrylate) linear end groups (Figure 14E).*** Due to the
strong chemical incompatibility between the blocks, the material
spontaneously microphase separates to form a network structure
comprising spherical microdomains of glassy linear end chains
which act as physical cross-linking points that are bridged by
rubbery bottlebrush blocks (Figure 14F). By appropriately
tuning the solvent fraction, the microphase structure is
preserved at quiescence but dissociates after reaching a certain
yield stress (Figure 14G), before rapidly reforming after exiting
the nozzle. The structure is preserved upon solvent drying,
allowing for printing of self-supporting structures (Figure 14H).
The prepared elastomers exhibited Young’s moduli as low as 102
Pa, were thermostable up to 180 °C, and were fully solvent
reprocessable.’*’

4. OUTLOOK: BOTTLEBRUSH POLYMERS AS A
MATERIALS DESIGN PLATFORM

The study of bottlebrush polymers has matured into a large
research effort spanning multiple subcommunities in polymer
science and materials engineering, and significant progress over
the past decade has stemmed from a convergence of synthesis,
theory, modeling, characterization, and materials processing.
Much of this progress has been the output of interdisciplinary
research teams, due to the wide range of skills needed to
combine molecular-level design with material applications. The
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future of bottlebrush polymers as highly tunable and versatile
materials will likely continue this trend by further integrating
expertise across the field of polymer science while continuing to
add other areas of expertise. This is in addition to further
development in each subdiscipline, which will further feed into
new ideas and concepts that can be incorporated into the overall
interdisciplinary approach for engineering bottlebrush poly-
mers. We highlight several areas of particular promise, that we
anticipate will be very dynamic areas in the next few years and
beyond.

4.1. Automation and Machine Learning for Material
Design and Characterization. Design of novel materials for
targeted applications largely depends on establishing a reliable
correlation between structure and function within the tunable
parameter space. In the case of bottlebrush polymers, synthetic,
characterization, and theoretical advances made over the past
decade are broadly motivated by the goal of establishing these
structure—function relationships.*® As the variety of applications
proliferates, however, there is an increasing need to navigate the
broad bottlebrush design space efficiently to facilitate their
efficient use as advanced materials. One emerging area of
bottlebrush polymer materials to supplement physics- and
chemistry-informed molecular design with automation and
machine learning approaches that are specifically designed to
create large databases and contend with large design spaces,
respectively.

Accelerating the polymer synthesis and characterization of the
synthesized polymers using computer-aided automation techni-
ques is of emerging interest, and there has been some recent
advances that will play a role in expediting material design.
Examples include—but are not limited to—advanced flow
polymerization processes”*~>*° with high-throughput synthesis
and screening with material characterization®*' /testing.’** The
combination of automated synthesis and characterization is
crucial for advancing materials design for specific applications
and could be particularly powerful as a tool to assess the wide
domain space offered by the bottlebrush polymers and to
establish structure—function relationships for targeted applica-
tions.

One major limitation for developing robust automation
methodologies is the need for precise characterization of
bottlebrush synthesis. An intrinsic requirement for the establish-
ment of an accurate and general molecular structure—function
relationship is precise characterization of the molecular structure
of the copolymer. While there have been recent advances in
directly visualizing bottlebrush polymers,”** the characterization
of the chemical composition of a polymer remains primarily
done through the combination of gel permeation chromatog-
raphy (GPC) and nuclear magnetic resonance (NMR) spec-
troscopy.”** Both techniques, while ubiquitous in polymer
synthesis, suffer from limitations that challenge the precision of
the derived structure—function relationships. For example, in
the case of grafting-from polymerization, the determination of
branch density or dispersity is not trivial as neither NMR nor
GPC of the final BB give direct access to these values. The types
of architecture—property relationships needed to make this
characterization quantitative are not general or well established,
stemming from the particularly complicated physics of
bottlebrush conformations in solution. Indeed, ATRP based
grafting-from polymerization has been reported to yield
bottlebrushes with grafting density up to 40% lower than the
theoretical value.’”®* In graft-through polymerization, the
determination of the composition of a block polymer
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synthesized through sequential addition is not trivial due the
minor differences in hydrodynamic radius between the
intermediate homopolymer bottlebrush and the block copoly-
mer, thereby leading to negligible differences in molecular
weights reported using GPCs. Indeed, as much as 20 wt % of a
homopolymer can remain undetected when using GPC as the
method of analysis.”** Protocols to determine these fundamen-
tal chemical features have been developed; however, they remain
sparingly implemented.

Automated materials synthesis and characterization provides
the basis for techniques such as machine learning that benefit
from large data sets and can be used to establish nontrivial
relationships between molecular and processing-based param-
eters and targeted outcomes such as properties related to
structural color or mechanical properties.”* The advantage of
machine learning as an approach is that it can efficiently contend
with the large and highly correlated parameter spaces that have
been the subject of prior theoretical and computational
predictions.”* There has not been significant exploration of
this approach, though Bayesian approaches have been used to
interpret structural parameters obtained from molecular
scattering over a large number of measurements in the
literature.”*® However, this largely untapped approach holds
significant promise for bridging the gap between bottlebrush
polymer molecular structure and material applications.

4.2. Bottlebrush Molecules Out-of-Equilibrium. One
major disconnect between the physical understanding of
bottlebrush molecules and their application in advanced
materials processing is the focus on equilibrium structure and
dynamics in fundamental studies, while applications frequently
rely on the out-of-equilibrium behavior of bottlebrushes for their
function. There are examples where these two behaviors are
bridged, such as in the work by Wade et al. that provided a
fundamental characterization of shear-driven lamellar reorder-
ing and distortion.*'” However, most computational, theoreti-
cal, and characterization approaches rely on equilibrium or near-
equilibrium concepts to make progress; this may not reflect real
processing conditions, which can be significantly out-of-
equilibrium. In practice, this means that engineers are often
forced to rely on Edisonian parameter sweeps to design for a
target application. We point to two areas of bottlebrush science
well-positioned to bridge this gap: nonlinear rheology and
dynamic bonds. Nonlinear rheology promises to characterize
more complicated aspects of bottlebrush mechanical response,
reflecting changes in material structure. Dynamic bonds
complement this approach, providing a means to modify these
material responses in a way that is orthogonal to the underlying
bottlebrush architecture.

Nonlinear rheology is an inherently out-of-equilibrium
characterization approach that seeks to understand the response
of materials to the strong flows and stresses frequently
encountered in material processing. To contrast, linear rheology
deals with small deformations such as those in commonly used
tools such as small-amplitude oscillatory shear (SAOS)
experiments;>*” this approach probes the equilibrium molecular
structure and characterizes the linear response with quantities
such as the storage and loss moduli.**” These quantities are
associated with elastic and dissipative processes, respectively.
Several tools have been developed to move beyond this
paradigm in recent years. Weakly nonlinear large-amplitude
oscillatory shear (LAOS) experiments systematically increase
sinusoidal deformations, characterizing the emergence of
nonsinusoidal mechanical responses in a series of higher-order
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harmonic responses.”**™**" The advantage of these methods is
the direct connection to SAOS experiments and the ability to
characterize the transition from linear (i.e., equilibrium) to
nonlinear (i, out-of-equilibrium) responses.”*® However,
there are weaknesses in this approach due to the challenge of
interpreting the physical meaning of these higher-order
harmonics in the context of molecular deformations. Recently,
a class of methods known as “recovery rheology” approaches
have sought to specifically overcome this limitation.*'~*>*
Here, oscillatory shear is abruptly “stopped” mid-deformation,
and the relaxation of the material to the applied shear is also
measured. This enables the extraction of molecular relaxation
processes and has been applied to a number of material classes
including linear polymer solutions and melts**"*** and colloidal
yield-stress fluids.”>” A related idea, intended to characterize the
instantaneous material response, is called the sequence of physical
processes (SPP).>*°7** This formalism provides a geometric
interpretation of the instantaneous material response in shear
rate, strain, and stress space that removes the reliance on the
standard assumption of a form for the response trajectory.

The use of these new methods will be crucial for establishing a
processing-relevant physical picture of bottlebrush dynamics.
The hierarchical relaxation of bottlebrush polymers is
considered one of the most important aspects of their utility
as a material design platform,"*>'®* and new SPP and recovery
rheology approaches will be critical for resolving these various
molecular relaxation phenomena and their importance for
mechanical properties. As with any rheological tools that may
supply properties under process-relevant conditions, comple-
mentary molecular-level information will be required to create
links to the structure. Time-resolved scattering of X-rays and
neutrons while performing out-of-equilibrium rheological test-
ing may provide such information, as both techniques have
already been used to characterize equilibrium structures
successfully. This is especially intriguing in the context of
bottlebrush polymers, where we expect that hierarchical
dynamics will couple with out-of-equilibrium structure via the
highly branched architecture.

The other tool that will be useful in this effort will be the
incorporation of dynamic bonds, which can be used to directly
modulate relaxation in ways connected to chemical functionality
or stimuli, rather than architectural relaxation modes.>®°~>%
This will allow the tuning of polymer relaxation and driven
mechanical response, by functionalizing the bottlebrush
polymers with bonds chosen to exhibit specific kinetics or
response to stimuli.

4.3. Frontiers in Bottlebrush Modeling—Moving
toward Processing Predictions. There has been tremendous
progress in modeling bottlebrush polymers,'” with a prolifer-
ation of methods that can account for the multiscale structure of
these complicated architectures using a combination of polymer
field theory,”'®??%??* particle-based simula-
tion, 136167-171175,177,178,209212,203231363 i vid state theory,”®
scaling arguments,93’94’%’195 and a number of coarse-graining
approaches.*"7%*** 1t is now possible to span from the
molecular to assembly length scales in bottlebrush materials.
Nevertheless, we still lack the ability to predict these materials at
the level of material processing, with no ability to simultaneously
resolve the polymer structure at the assembly and subassembly
length scales as well as the dynamics and large-scale
morphological structures that give rise to the complicated
structures apparent in out-of-equilibrium assembly. While
current modeling approaches provide key insights that aid
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material development, it is desirable to have tools that more
predictably connect with macroscopic length scales when there
are strong flows or material deformations. This is of practical
importance for applications in advanced additive manufacturing,
where the properties inherent to bottlebrush polymers have
already been demonstrated to be of significant use.

The next major step is to develop physical models that can
capture material dynamics. This will depend in part on the
system of interest, whether there is a need to model bottlebrush
solutions, melts, and/or assembled structures. Bottlebrush melts
will likely rely on dynamic field representations, building on
Cahn—Hilliard continuum arguments,‘%s_369 dynamic field
theory,”’°™*"* or other particle-based or particle—field hybrid
representations.”’>~>’® There are several challenges in imple-
menting these types of models, the most important being the
choice of models for the bottlebrush diffusion constant. This is
simplified somewhat by the suppression of entanglements;'””
however, it is unclear that the standard Rouse dynamics®’” used
for linear, unentangled polymers will be relevant in these
systems. It is likely that diffusion is highly anisotropic with
relation to bottlebrush polymers oriented by self-assembly or
liquid crystalline order. More generally, we anticipate nontrivial
coupling between bottlebrush architecture, out-of-equilibrium
conformations, and molecular diffusion that will represent a
significant and persistent open question in modeling bottlebrush
material dynamics. The other challenge for bottlebrush melts
and self-assembled structures will be the further coarse-graining
or molecular interactions to large length scales; for example, the
values of both homogeneous and square gradient terms in
standard Cahn—Hilliard free energy functionals will depend
nontrivially on molecular architecture.**>**° This level of
coarse-graining has, to our knowledge, not been performed.

Bottlebrush solutions are even more challenging; many of the
same difficulties will apply as in melts; however, hydrodynamics
will be possibly important to molecular relaxation at both the
molecular and branch levels. Recent work on
branched"”**”*7**" and ring polymers®®' ~**” has demonstrated
the key role that hydrodynamics plays in polymer solutions, even
at relatively high concentrations where screening has often been
thought to be dominant.”***** Indeed, driven polymer systems
can move significantly outside the typical equilibrium frame-
work where scaling arguments are used; this can lead to marked
conformational fluctuations that are dictated by the local
hydrodynamic environment, even in situations well above the
overlap concentration.’*>*** Modeling these hydrodynamic
interactions remains a key challenge in polymer simulations, due
to the expense of satisfying fluctuation dissipation in implicit
solvent representations and the long-range nature of these
interactions that complicates periodic simulation boxes.*”’
Some standard methods, however, show promise. For dense
systems, quasi-explicit solvent methods like lattice Boltzmann®
simulations or multiparticle collision dynamics methods®”” scale
favorably as they are not strongly dependent on the number of
particles but rather the size of the simulation box. A number of
other numerical/algorithmic’***? or physically moti-
vated*”******7 approaches have also shown success enabling
massive implicit solvent simulations. Further challenges arise
when considering specific solution processing methods, with
coating and solution printing being also affected significantly by
solvent evaporation. Modeling of evaporation is an ongoing
challenge®® and drives flows that can significantly affect
structure.
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For both bottlebrush solutions and melts, the connection
between molecular structure and strong flows will ultimately
affect mechanical properties, reflecting the largest length-scale
effects and the other key component of any prediction of
bottlebrush processing. In soft materials, this connection is
typically encoded in some sort of mechanical constitutive
model,”””~*"" which establishes a material-dependent response
to an applied deformation and can be both directly compared
with rheological data and used to predict flows and stresses in
processing scenarios. Constitutive models are developed both
empirically and with knowledge of molecular dynamics and
represent a large area of research that has yet to consider the
specific challenges of bottlebrush polymers; however, standard
models for soft materials such as linear polymers**'~*** and
wormlike micelles****** may provide useful starting points for
polymer melts and solutions, respectively.

5. CONCLUSION

In this perspective we have outlined both the historic and the
recent developments in bottlebrush polymers, framing this
narrative with the primary challenges in this rich area of soft
materials research; namely, there has been an increasing trend
toward more integration between efforts in polymer synthesis,
theory, computation, characterization, and processing, moving
the field from fundamental developments to practical
application. This has been commensurate with developments
in the polymer science field, with improvements in these areas all
converging to contribute to our understanding of bottlebrush
polymers. We note a few directions that represent what we think
are the natural “next steps” in realizing the promise of
bottlebrush polymers as a versatile macromolecular platform
for material design, which focus on bridging the gap between
fundamental molecular understanding and practical materials
processing. This will require advances at the forefront of our
understanding of material dynamics and polymer synthesis, as
well as advances in tools for materials exploration and process/
characterization automation. Like recent and historic develop-
ments, we look to the broader field of polymer science for
inspiration in the next stages of bottlebrush polymer develop-
ment.
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