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ARTICLE INFO ABSTRACT

We focus on the most recent developments towards synthesis, modeling, and applications of molecular bot-
tlebrushes. Unique structural characteristics and properties of the bottlebrushes along with an ability to syn-
thetically tailor their structure and functionality open up a number of emergent applications of these polymer
systems. The conformation and resulting properties of molecular bottlebrushes and multi-component assemblies
encompassing bottlebrushes can be regulated via chemical nature of the backbone and side moieties of bot-
tlebrushes, variation of the distance between grafting points of the side groups, and the degree of polymerization
of the side chains. Herein, we highlight the most recent progress in relating the structure of the bottlebrushes
with their properties and focus on a number of diverse emerging applications involving bottlebrushes in solvents,
melts, and bottlebrushes conjugated with surfaces, interfaces, linear chains, or biomacromolecules. Among such
applications are drug delivery and sensing applications, electronic and photonic materials and materials with
strain-adaptive stiffening, thermal stabilization and enhancement of activity of enzymes conjugated with co-
polymer bottlebrushes, and surface modification for biomedical applications.
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1. Introduction

Molecular bottlebrushes, a special case of graft copolymers, also
referred to as cylindrical polymer brushes, or molecular brushes, are
linear macromolecules with relatively long side chains anchored to the
backbone at high grafting densities [1-4]. Molecular bottlebrushes ty-
pically have relatively high chain stiffness due to excluded volume ef-
fects [1-4]. Several decades ago an analogy had been made between
this structure and that of a ‘bottle brush’, where the grafted chains re-
present the bristles and the backbone represents the central wire sup-
port [5,6]. The unique shape and an ability to control the dimensions in
a relatively straightforward manner are responsible for distinct prop-
erties of molecular bottlebrushes (MBBs). The conformation and be-
havior of MBB structure in bulk and solutions can be carefully regulated
via chemical nature of backbone and side moieties, variation of the
distance between grafting points of the side groups and the degree of
polymerization of the side chains [7-14]. Molecular parameters for the
brush-like polymers as well as the key definitions and phase diagrams
are outlined in the recent studies [14]. The major structural parameters
of the brush-like materials are the degree of polymerization of the bulky
side chains, and the degree of polymerization of the backbone spacer
between the side chains. When a certain application is aimed, these
parameters are the major design elements targeted during the MBB
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synthesis along with chemical composition of the macromolecules and
their molecular weight. The major strategies for the synthesis of bot-
tlebrushes of different architecture (Fig. 1) are now well developed
[4,7-11].

The bottlebrushes were first recognized as a distinct class of
polymer materials in 1980s [7,10]. However, only in 21st century,
when effective synthetic strategies for MBBs have been identified as
well as advanced characterization tools (high resolution scanning
probe, transmission and scanning electron microscopies) became
readily available, unique application niches for MBBs have been being
proposed and realized [7-12]. Despite an enormous progress in theo-
retical and computational studies of MBBs [13-21], derivation of an
accurate correlation between the architectural characteristics of the
bottlebrushes and their physical properties still remains a significant
challenge. A large number of model parameters and interactions on
various length scales constitute major roadblocks in developing accu-
rate structure-property relationships. Herein, we will focus on a few
recent advances in this direction, from a diagram of states in melts
identifying different regimes corresponding to combs and bottlebrushes
[21] to a recent study on thermodynamic, conformational, and struc-
tural properties of bottlebrushes as compared with different archi-
tectures, such as star and ring polymer melts [22].

To date, a number of comprehensive reviews has been devoted to
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Fig. 1. Schematic representing three synthetic strategies used to obtain MBB (top row) and possible MBB macromolecular architectures (bottom row). Reprinted from

Ref. [7]. Copyright (2016), with permission from Elsevier.

synthesis, structure, physical properties and applications of bot-
tlebrushes [4,7-11,23-28]. These reviews offer a broad overview in
historical prospective of the state of affairs in this specific area of
polymer science. To this end, this mini-review focuses primarily on
most recent theoretical and experimental results. We will first overview
current theoretical and computational modeling of molecular brushes.
Then we will present synthetic procedures that are presently employed
for the MBB synthesis. Finally, we will focus on emerging applications
of bottlebrush macromolecules and their conjugates.

2. Theoretical and computational modeling of molecular brushes

A combination of theoretical modeling often with the focus on
scaling analysis and computer simulations aim to relate the molecular
structure of the bottlebrushes and the chemical nature of their mono-
mers with the physical properties of their solutions, melts, or cross-
linked networks. Despite an enormous progress in understanding the
structure and dynamics of bottlebrushes [13-22], this is a challenging
problem and a number of open questions remain to be answered. The
characteristic molecular dimensions of molecular bottlebrushes (and
ultimately the properties of their solutions and melts) are controlled by
the following three structural (or architectural) parameters: degree of
polymerization of the side chains, N, grafting density of the side
chains, z, defined as a number of the side chains per backbone
monomer, Z = 1/Ng, where N, is a degree of polymerization between
the grafting points, and a degree of polymerization of the backbone, Ny,
(see Fig. 2). For the case of the cross-linked network of molecular
brushes, instead of Ny, the third structural parameter controlling the
properties of the bottlebrushes is the degree of polymerization of
polymer strands between the crosslinks, Ny [20]. In addition to these
structural parameters, the conformations and resulting properties of the
bottlebrushes also depend on the chemical nature of the monomers
(bond length I, monomer excluded volume v, and Kuhn length b) and on
the affinities between the monomers constituting bottlebrushes and

Fig. 2. Schematic of a bottlebrush architecture: Ny, and N, are degrees of
polymerization of a backbone and a sidechain, respectively, and z is a grafting
density.

solvent molecules. The major challenges in capturing the behavior of
the bottlebrushes and calculating their characteristic dimensions and
rigidities steam from the interplay between contributions from various
interactions over multiple length scales.

2.1 Bottlebrushes in solutions

Bottlebrushes in solutions are characterized by the persistence
length I,, which represents the tendency of the chain to point in a
particular direction and defines its rigidity, and by the radius of their
cross section, Ry.. Notably, defining an effective persistence length in
bottlebrushes is not necessarily straightforward [6]. A high-coverage
limit corresponding to the bottlebrush regime defined by Fredrickson in
early nineties required that the number of the side chain molecules per
backbone monomer exceeded N>/° significantly [16]. In this case, the
bottlebrush was expected to behave like a rigid rod if its dimensions
were comparable to the persistence length, [, o N;*/¥, while the long
chains with INy, > I, were expected to undergo a self-avoiding random
walk with the chain size scaling as o z'7/2°N2/*Nj/*. In the low-coverage
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limit, the chains were expected to assume comb-like configurations.
Despite of the significant progress in understanding behavior of bot-
tlebrushes in dilute solutions, an exponent a in the scaling of the per-
sistence length [, < Ny is still debated in the literature [14], taking
values (in a good solvent) ranging from [29] 3/4 to the 15/8 discussed
above [16]. Recent Molecular Dynamic (MD) simulations by Chatterjee
and Vilgris [19] indicated a cross-over from the slower growth with
a = 3/5 at low values of N, to the faster growth at a = 15/8 at high N,
(or in the high coverage regime, with the bottlebrushes exhibiting semi-
flexible toroidal structures).

In dilute solutions, the mean-square end-to-end distance, (R?),
scales with the backbone degree of polymerization, Ny, as , with the
scaling exponent v ~ 0.588 supported by a number of simulations stu-
dies [16,22,30-32]. Notably, the best-fit value of v is shown to be
higher than the above value in simulations focusing on relatively short
chains. For example, in Monte Carlo simulations by Elli et al. [33] the
best fit values of v were found to be 0.67 and 0.7 for grafting densities
z = 0.5 and 1, respectively, for Ny, ranging from 10 to 100 with
Ng. = 5. Theodorakis et al. [30] showed that relatively long chains need
to be chosen to satisfy the v = 0.588 in the above scaling. In the latter
MC simulations, long chains with the degrees of polymerization up to
Npp = 1027 were used and an effective persistence length was defined
[30]. Note that a universal scaling is expected when a degree of poly-
merization approaches infinity, hence the deviations from the above
exponent at low degrees of polymerizations is not surprising. The ex-
ponent ¢ describing the dependence of the root mean-square end-to-end
distance, (R*)'/2, on the sidechain degree of polymerization, Ny, as
(R*)2 « N§,, was shown to depend on the bottlebrush architecture. For
example, ¢ significantly increases with an increase in N, until it reaches
saturation values of ¢~ 0.65 and ¢~ 0.75 at grafting densities of z = 0.5
and z = 1, respectively, at Ny, = 300, for the bond fluctuation model;
even larger exponents up to ¢~ 0.88 are found for the bead-spring
model [30]. As another example, Paturej and Kreer estimated the de-
pendence of the root mean-square end-to-end distance in the dilute
solutions as [32] (R2)2 « (1 + Ny.z)*/’N3{°, assuming a semi-flexible
backbone within an effective cylinder of a radius Ry, (valid for not
extremely high N;.z) and demonstrated a reasonable fit of this expres-
sion for a range of MD simulation parameters.

To date, the concentration dependence of the structure of the bot-
tlebrushes received considerably less attention. Early work by Birshtein
et al. [29] and Borosov et al. [15] identified three different scaling
regimes for the size of the bottlebrushes as a function of their con-
centration, c. Recently, Paturej and Kreer [32] identified four different
regimes characterizing scaling of the equilibrium mean-square end-to-
end distance as a function of concentration of bottlebrushes in solution,
¢, as {R?) « ¢, where the exponent a was shown to take values from
—1/4 to —4/5. The authors attributed the difference between the four
regimes to the hierarchical screening of the excluded volume interac-
tions on different length scales. At lowest concentrations slightly ex-
ceeding an overlap concentration, an excluded volume screening was
observed at the length scale of a backbone, resulting in a = —1/4
(same as in Ref. [34]), then further increases in c resulted in the
screening on the smaller length scales [32] and corresponding increases
in the value of an exponent a.

A particular interest with respect to designing responsive systems
represents modeling of responsive molecular brushes. Recent coarse-
grained molecular dynamics (CG MD) studies by Pannuzzo et al. [35]
focused on the bottlebrushes with relatively hydrophobic backbones
with a variable hydrophilicity of the side chains from hydrophilic to
relatively hydrophobic. The authors quantified coil-to-globule transi-
tion observed with reduction in solvent solubility through the evolution
of the radius of gyration for different architectures (including alter-
nating chains of different length) but keeping the grafting density
constant.
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2.2 Bottlebrushes in melts

Daniel et al. identified four different regimes for comb and bot-
tlebrushes in melts [14] depending on the grafting density, z = 1/Ng. At
low grafting densities, loosely grafted combs with sparsely distributed
side chains (N; > N.) and densely grafted combs (N, < Ng) regimes
were isolated. An increase in grafting density above the critical value
results in the crossover to loosely grafted and then to densely grafted
bottlebrushes. Importantly, in combs both backbone chains and side
chains remain in unperturbed Gaussian conformations, while in bot-
tlebrushes, high grafting density results in the strong steric repulsion
causing an extension and an increased rigidity of the backbone. As a
result, the bottlebrushes in melts adapt wormlike conformations and
can be represented by the non-overlapping flexible filaments [14].
Theoretical arguments for the scaling of the persistence length with the
radius of the filament as [,~ < R2Z>/2 and with the backbone root
mean- square end-to-end distance scaling as (R2)"/2 « N}{2NY* are
supported by the CG MD simulations [13].

Further, Liang et al. [21] defined a crowding parameter, @, as a
volume fraction of monomers in the pervaded volume of side chains
along the polymer backbone. This definition results in a clear distinc-
tion between the combs, where polymer chains overlap with ® < 1,
and bottlebrushes at ® = 1, when the bottlebrushes no longer overlap
and can be considered as semi-flexible filaments. Fig. 3 shows the
diagram of state in the parameter space (¢!, Ng.), where the compo-
sition parameter ¢! = 1 + N,./N, describes an effective “dilution” of
the backbone. This diagram of states identifies three different sub-
regimes of a bottlebrush regime: stretched backbone subregime (SBB),
with the backbone stretched within the effective cylinder; stretched
side chain subregime (SSC), where both the side chains and the back-
bone are stretched, and rod-like side chain subregime (RSC), where the
side chains are fully stretched [21,36]. The chemical structure of a graft
polymer restricts the maximum number of the side chains grafted to a
backbone, and is responsible for the “Forbidden Region” in Fig. 3, so
that the parameter space for SSC and RSC subregimes is relatively
narrow [36]. Concurrent CG MD simulations supported the theoretical
state diagram in Fig. 3 and showed [21] that the backbone mean-square
end-to-end distance is a universal function of the above crowding
parameter ®. An important outcome of this study is that the crowding
parameter ® combines both architectural parameters of the brush and
parameters characterizing the chemical nature of the monomers.

The rheological properties of MBBs are controlled by their archi-
tectural parameters. It was shown that the linear viscoelastic responses

1 Jv/13 b/l Ngc

Fig. 3. Diagram of states of graft polymers in melts (logarithmic scales). SBB
(stretched backbone), SSC (stretched side chain), and RSC (rod-like side chain)
represent different subregimes of the "Bottlebrush" regime (in red), respectively;
the "Comb" regime is marked in blue . The “Forbidden Region” marks the region
inaccessible due to a chemistry of the backbone, which restricts a maximum
number of side chains per monomer. Reprinted with permission from Ref. [36].
Copyright (2018) American Chemical Society.
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of bottlebrush polymer melts encompass contributions from the char-
acteristic relaxation modes of sidechains and entire brush molecules
[37,38]; hence, these modes can be tuned by tuning the architectural
features of the MBBs. It is known that entanglements of polymer chains
result in a plateau of an elastic storage modulus. The ratio between the
plateau modulus of a graft polymer melt and that of a linear chains melt
was recently shown to be a universal function of the above crowding
parameter ® [36]. Further, the normalized plateau modulus as a
function of grafting density was also measured for the bottlebrushes
with dissimilar backbone and side chains [39]. The authors observed a
transition from the comb to the dense bottlebrush without an indication
of the loose bottlebrush regime; they however noted that the relatively
low degree of polymerization could compromise quantitative compar-
ison with the theory [39]. We also note that the theory was developed
for the chemically identical monomers comprising the backbone and
side chains; hence this theory should be modified when this assumption
no longer holds. The homopolymer and copolymer experimental data
can be collapsed into the universal master curve provided that the
crowding parameter is normalized by its crossover value [36]. There is
notable deviation of experimental data points from this universal curve
within the crossover region between the comb and bottlebrush regimes;
a variation in monomer density around grafting points could be one of
these reasons for this deviation [36].

In the recent study by Jacobs et al. [40], the surface tension of the
MBBs polymers was mapped using the same state diagram (Fig. 3). It
was shown that the entropic corrections to the surface tension due to
the redistribution of the grafting points and ends at the interfaces play
an essential role at the bottlebrushes/vacuum interfaces; in contrast,
the interfacial tension between linear melts and bottlebrushes is
dominated by the enthalpic contributions [40].

Notably, bottlebrushes in polymer melts exhibit a number of simi-
larities in their structural characteristics and some of the properties
with ring polymers and stars with the moderate number of arms (five to
six) [22]. These similarities extend to segmental density, isothermal
compressibility, isobaric expansion, and to similar scaling tendencies of
the radius of gyration and hydrodynamic radius. Finally, the eigenva-
lues of the radius of gyration calculated in the same work allowed the
authors to quantify the shapes of the bottlebrushes in melts depending
on the degree of polymerization of the side chain and to clearly identify
ellipsoidal or star-like (Ny, < Ng), spherical (N, ~ Ngo), and aniso-
tropic (Ny,;, > N.) shapes. We note that along with the grafting density
typically used to characterize bottlebrushes, the authors also defined
segmental density that effectively allows one to compare packing effi-
ciency of different chain architectures (bottlebrushes, rings, and stars).

2.3. Computational modeling of bottlebrushes

We have already discussed a number of examples of simulations of
bottlebrushes in the above sections; in these examples, simulations
largely served to validate theoretical arguments such as various scaling
arguments. We now briefly summarize computational approaches that
are often used to model molecular bottlebrushes and highlight some of
available comparison between recent simulation studies and experi-
mental results. The simulation approaches used to study MBBs mainly
encompass self-consistent field theory (SCFT) [17,41], Monte Carlo
(MC) [31,33,42], coarse-grained molecular dynamics (CG MD) simu-
lations [13,14,19,30,32], and, more recently, dissipative particle dy-
namics (DPD) simulations [43-45]. Hsu et al. performed Monte Carlo
simulations of bottlebrushes focusing on their structural features and
compared simulation results with the available experimental data
[6,31,46]. These authors used MC simulations along with theoretical
arguments to assess the applicability of the Kratky-Porod wormlike
model for the polymers in solvent in two and three dimensions and
showed that while this model is applicable for relatively stiff and thin
polymers, it does not describe relatively thick bottlebrushes. They have
pointed out that despite drawbacks of the Monte-Carlo simulations on a
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lattice resulting in the self-avoiding walks with an additional energy
penalty for bond-bending, the simulation results for the normalized
mean-square radius of gyration (R;)/ 21, L as a function of the number of
Kuhn segments ng showed a striking similarity [46] with experimental
data by Norisuye and Fujita [47]. Leuty et al. [48] used the bead-spring
model in CG MD to show the effects of the side chain length and
grafting density on the nature of tension amplification in layers of
bottlebrush tethered to a surface. These simulation results supported
earlier theoretical predictions [2,49] that tethering MBBs to a solid
substrate leads to a significant amplification of tension in the linker
above a surface coverage ** ~ 1/R2 associated with the side chain size.
Zhang et al. [50] focused on the structure and dynamics of a bottle-
brush-like polymer using atomistic MD simulations and showed its
transition from a flexible chain to a compact form. While the authors
indicated a few shortcomings of their approach, from the limited time
scales common to all MD approaches prohibiting capturing dynamic
features on larger time scales, to somewhat artificial initial structures in
their simulations that may not reflect the stretched side chains realis-
tically, they nonetheless showed a very good agreement between scat-
tering intensities calculated at longer simulation times and that from
experimental SANS [50]. Chremos and Theodorakis [51] probed the
self-assembly of bottlebrush block copolymers by CG MD simulations of
a bead-spring model and analyzed the morphologies of copolymers with
various molecular architectures. Gu et al. [52] used dynamic Metropolis
MC and a strong segregation theory to study the self-assembly of bot-
tlebrush block copolymers and showed a good agreement between the
scaling of the interlamellar spacing with backbone degree of poly-
merization obtained in simulations and in the concurrent experimental
studies.

Another approach that is widely used to simulate dynamics of var-
ious polymeric systems is dissipative particle dynamics (DPD) approach
[53]. DPD is a coarse-grained approach that affords larger time steps
making larger systems computationally accessible compared to MD
though the chemical specificity is lost. In effect, DPD can be thought of
as an isotropic Galilean invariant thermostat that accurately reproduces
hydrodynamic interactions [54]. Yan et al. employed a DPD approach
to investigate the cylindrical polyelectrolyte brush in the presence of
multivalent counter ions and showed that the excluded volume effects
of these ions increase the cylindrical polyelectrolyte brush size [43,44].
Teng et al. used DPD to investigate the surface segregation of binary
athermal bottlebrush/linear polymer blends in a nanoscale thin film
[45]. Our DPD simulations of the bottlebrushes shown in Fig. 4 agree
with the well accepted scaling for bottlebrush mean-square end-to-end
distance in a good solvent, (R?)!/> « NJ¢. We note that the first point
on this plot with the shortest chain (N, = 20) is excluded from the
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Fig. 4. Root mean-square end-to-end distance of bottlebrushes in solvent (DPD
simulations). An initial configuration is given in Fig. 2 with z = 1 and Ny, = 5.
The insets show late time snapshots of MBBs configurations for the chosen
values of Ny, as marked by the arrows. Each data point is averaged over four
independent simulation runs.
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fitting. In these simulations, we set an initial configuration as shown in
Fig. 2, with Ng. = 5 and grafting density z = 1, and varied Ny}, from 20
to 150; the DPD simulation parameters for the polymer beads and
solvent are the same as in Ref. [55].

3. Synthesis of molecular bottlebrushes

There is a significant amount of practical information available on
synthesis of molecular bottlebrushes, which is summarized in a number
of comprehensive reviews [4,7-11,23-28,56]. In a course of synthesis
the major target is to control and regulate degree of polymerization of
the backbone spacer between the bulky side chains, chemical compo-
sition of the backbone and side chains as well as their degree of poly-
merization. In the past few years, the key advancements in the synthesis
of bottlebrushes focused mostly on optimizing the methods already
available to obtain well-defined MBBs rather than in the direction of
development of novel synthetic strategies/methods. In terms of strategy
the grafting-through [12,56-72], grafting-from [67,73-86] and
grafting-to [68,82,87-90] synthetic procedures continue to be widely
used to tailor MBBs for certain applications (Fig. 1). The advantages
and disadvantages of each method are well understood [7,8,10]. In the
grafting-through approach, macromonomers are first prepared to be
polymerized to form the bottlebrushes. The grafting-from method is
based on the polymerization initiated from the pre-synthesized MBB
backbone to obtain the side chains. Finally, according to the grafting-to
synthetic strategy, the side chains and backbone are synthesized sepa-
rately and then the side chains are anchored to the backbone via high-
yield coupling reactions. Using the above- mentioned approaches and
their combinations, MBBs possessing various chain architectures (from
homopolymers to core-shell copolymer) have been synthesized (Fig. 1)
[7,8,10,26,27,56,59,75].

As of today an extensive portfolio of chemical coupling reactions
and polymerization procedures is developed and effectively employed
to obtain MBBs of different architectures and chemical compositions
[4,7-11,23-27]. Currently, the conventional and controlled radical
polymerization of macromonomers containing reactive unsaturated
bonds [12,58,62,63,65,67,71,73] and ring opening metathesis poly-
merization (ROMP) of norbornenyl macromonomers
[56,57,59-61,64,69,70,72] are the most employed in the grafting-
through method polymerization techniques. In addition, polymeriza-
tion of di-trimethylsilylacetylene-benzene macromonomers [66] and
benzofulvene derivatives [68] were carried out to obtain brush-like
polymers using grafting-through approach. Controlled radical
[67,73-81,83,86] and ring opening polymerizations (ROP) [84-86] are
the most used in the grafting-from approach techniques. Anionic living
polymerization was also used for grafting of side chains to syntesyze
MBBs [91]. Various high yield coupling reactions are utilized to anchor
the side chains to backbone in the grafting-to synthetic methodology.
Among there reactions are thiol-epoxy coupling [88], reaction of living
anionic chains with functional groups located on the backbone [82,90],
and azide-alkyne cycloaddition (click reaction) [68,87,89].

4. Emerging applications

The unique MBB chain architecture leads to a number of their
unusual and potentially valuable morphological characteristics and
properties [7,8,10,26]. The polymers can attain cylindrical or worm-
like conformations and extraordinary spatial configurations. Conse-
quently, a single bottlebrush macromolecule can adopt a size of a col-
loid. In contrast to linear polymers, MBBs having high molecular weight
do not form extended and stable entanglements in bulk and solutions.
This physical phenomenon is an origin of their quite distinctive me-
chanical and rheological properties. In addition, bottlebrush copoly-
mers can self-assemble in structures with controlled domain sizes sig-
nificantly more rapidly than linear block copolymers. Bottlebrush block
copolymers can form micelles in a selective solvent at a significantly
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lower critical micelle concentration then their linear block copolymer
analogs. The side-chains of MBBs can be readily tailored for interaction
with a liquid media, solubility, or to carry some specific functional
groups. In this respect, the highly branched MBBs are effective in
modification/functionalization of surfaces and interfaces, since single
MBB macromolecule located at a phase boundary allows for interfacial
localization of a significant number of functional moieties. Moreover,
the block-type MBBs display behavior analogous to the one of con-
ventional block copolymers and can be employed as compatibilizers of
polymer blends and mixtures.

4.1. Self-assembled structures for drug delivery, medical imaging, sensing,
and biodetection

It is well established that MBB copolymers having blocks of different
polarity can form true solutions or micellar, bilayer, cylindrical, and
nanoparticle structures with significant thermodynamic stability
[7,8,10,26,73]. The structures are typically larger than the ones formed
by linear diblock copolymers and can have an extra functionality in-
corporated in their side-chains without compromising the stability of
their structures. The applications of the self-assembled structures are
envisioned in stabilization of emulsions, drug delivery, medical ima-
ging, sensing, and biodetection.

To this end, Motoyanagi et al. reported on synthesis and properties
in liquid media of brush-shaped conjugated polymers consisting of a
poly(phenylene butadiynylene) backbone and poly(vinyl ether)
(polyVE) side chains, poly(DE-PIBVE,) (Fig. 5a) [66]. The solution of
the macromolecules with a specific side chain length exhibited
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Fig. 5. Thermochromism of molecular brushes: (a) chemical structure of
polyDE-PIBVE,;; (b) fluorescence images, (c) UV-vis spectra and (d) fluores-
cence spectra of polyDE-PIBVE;5) in AcOEt under the temperature control from
25 to 60 °C (Aex = 420). Republished with permission from John Wiley and
Sons, from Ref. [66]; permission conveyed through Copyright Clearance Center,
Inc.
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solvatochromism and thermochromism depending on the chemical
nature of the media employed and can be used in sensor applications.
To this end, Fig. 5b shows that the fluorescence color of poly(DE-
PIBVE;s) continuously changed from skyblue to dark-blue with the
increase in temperature. The visual observations are corroborated by
temperature dependencies of the UV-vis absorptions and fluorescence
spectra of the polymer solution taken at different temperatures, Fig. 5¢
and d. It was pointed that thermochromism could be induced by the
dissociation of the polymer aggregates into molecularly dispersed
polymers with temperature increase. Thermoresponsive LCST (lower
critical solution temperature) type behavior was also reported for poly
[o-aminobenzyl alcohol-graft-poly(N-isopropylacrylamide)], [P(0ABA-
g-PNIPAM)] MBB [78]. The bottlebrush demonstrated higher LCST than
that of its linear PNIPAM counterpart. PNIPAM-based cyclic molecular
brush copolymer: poly(2-hydroxyethyl methacrylate-g-poly(N-iso-
propylacrylamide-st-N-hydroxyethylacrylamide)) [cb-P(HEMA-g-P(NI-
PAAm-st-HEAAm))] having a cyclic core of PHEMA and thermo-
sensitive brushes of statistical copolymer of P(NIPAAm-st-HEAAm) has
been considered for anticancer drug delivery [74]. LCST of the polymer
was different than the one demonstrated by non-cyclic MBB analogue.
The temperature transition was adjusted to be above the physiological
temperature, but lower than the localized temperature of tumor tissue,
to allow for pointed anticancer drug delivery. The drug-loaded cyclic
MBB showed enhanced in vitro cytotoxicity than the non-cyclic MBB
analogue.

Bottlebrush copolymer cross-linked micelles made from polylactide-
b-poly(ethylene oxide) were tested as a vehicle for delivery of hydro-
phobic anticancer drug paclitaxel [57]. The micelles prepared from
bottlebrush copolymers with branched PEO side chains demonstrated
the highest paclitaxel uptake that was increasing with the size of PEO
side chains. Mullner et al. studied how MBB shape-anisotropic PEGy-
lated brush nanoparticles of different sizes/topology could associate
with multicellular tumor spheroids (MCS) [79]. In essence, it was found
that the nanoparticles with the aspect ratio of ~4-5 demonstrated
higher association to MCS and improved penetration into the center of
the spheroid. Another work related to MBB aided drug delivery study
was devoted to tri-component polymer obtained by functionalizing the
polybenzofulvene backbone with nona(ethylene glycol) (NEG) arms
terminated with low molecular weight hyaluronic acid (HA) macro-
molecules [68]. The molecular brush formed stable nanoparticles in
water that were devoid of cytotoxicity and could be studied further to
serve as nanocarrier for drug delivery or material for tissue engineering.

4.2. MBB networks with strain-adaptive stiffening

Recently, Vatankhah-Varnosfaderani et al. [65] utilized the self-
assembly of the linear-bottlebrush-linear triblock copolymers to de-
velop a unique class of elastomers (also referred to as plastomers) that
can exhibit extreme strain-adaptive stiffening along with strain-induced
coloration. Remarkably, the mechanical properties of these plastomers
can be tailored to closely replicate those of various biological tissues.
This can be seen from Fig. 6a, in which the stress-elongation curves for
various tissues (symbols) overlap with the corresponding stress-elon-
gation curves for selected plastomers with various architectural designs.
These plastomers are super-soft with apparent Young’s modulus on the
order of Ey ~ 10°-10° Pa and exhibit strain stiffening, E;190/01, on the
order of 1-100 with the characteristic sigmoidal shape dependence on
A, similar to that observed in biological tissues.

During the phase-separation, aggregation of linear blocks forms
physical crosslinks, with bottlebrush strands ensuring low elastic
modulus; further, selecting the system that is in the strong segregation
regime ensures pre-straining of the bottlebrush strands [65]. Under an
applied stress, the two-stage deformation process is observed: during
the first stage (purely elastic deformations), the pre-strained bottle-
brush strands are stretched, and during the second stage, the linear
chains forming relatively rigid domains within the soft matrix are
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uncoiled. Elongation also results in the blue shift of the sample’s color
(Fig. 6b) via an increase of the distance between the domains of coiled
linear chains.

Ina et al. [92] varied the side chain grafting density and the cross-
linking density of the brush-like solvent-free elastomers to control their
elastic modulus within the range from ~1 to 100kPa. The authors
verified the crossover between the classical wetting and adhesion re-
gimes by measuring spontaneous indentation depth of micrometer-
sized particles and showed a good agreement between experimental
results and results obtained from the computer simulations [92].

4.3. Enzymes-MBBs conjugates: Enhancement in stability and activity

Improving thermal stability of enzymes can bring a number of ad-
vantages of using enzymatic reactions at high temperatures [93,94].
Recent studies showed that conjugating molecular bottlebrushes with
enzymes can significantly improve the thermal stability and activity of
these enzymes [71,95,96]. Specifically, lysozymes conjugated with poly
(glycidyl methacrylate-stat-oligo(ethylene glycol) methyl ether metha-
crylate), poly(GMA-stat-OEGMA) MBB copolymers (Fig. 7), had shown
an increase in their thermal stability and catalytic activity above 100 °C.
The copolymer chains were conjugated via the GMA moieties to the
lysine residues of the lysozyme. These long copolymer MBBs enveloped
multiple enzyme forming cocoons (AFM images in Fig. 7a and b and the
schematic of cocoon formation with enzymes indicated in green in
Fig. 7b) [71,95]. A fraction of the long polymer bottlebrush with the
same monomeric constituents as used in experiments was constructed
in concurrent MD simulations (Fig. 7d) [71]. The simulation box con-
tained the conjugated enzyme, additional free-floating polymer chains
mimicking effects of longer polymer chains, and water molecules (see
Fig. 7e). The simulations of the conjugated lysozyme at the elevated
temperatures with relatively high water concentration resulted in phase
separation and formation of water and polymer-rich domains; the in-
stant in time the Lysozyme became exposed to the water domain was
shown to onset the unfolding process.

On the contrary, no phase separation was observed below the cri-
tical water content [95]. The structural stability analysis (RMSD in
Fig. 5f (black lines), the number of intra-protein hydrogen bonds and a
number of contacts) showed that the lysozyme retained its structural
integrity in response to a temperature increase [95]. These results
showed that restricting water access in the close vicinity of the enzyme
promotes the structural stability of the lysozyme at high temperatures.
The conjugation with the GMA moieties serves to provide confinement
for the enzyme and ensures high polymer concentration in the close
vicinity of the enzyme. While these studies provide a basis for designing
a range of enzyme-copolymer conjugates with improved stability and
activity, a number of questions remain open, namely the mechanism of
prevention the agglomeration between multiple enzymes as well as
effects of particular architectures of molecular brushes on stability and
activity of conjugated structures. These questions could potentially be
answered with the development of large scale coarse-grained models
and further studies capturing multiple enzymes and long molecular
brushes on larger length scales.

4.4. Pressure-sensitive adhesives and shape-memory materials

Phase-separated MBBs were recently evaluated for applications as
pressure-sensitive adhesives [58]. Specifically, acrylic based adhesives
containing polyester side-chain of different lengths were synthesized to
investigate the effect of branching on phase separation and polymer
mechanical performance. Ring-opening co-polymerizations of r-lactide
(1-LA) and e-caprolactone (e-CL) initiated with 2-hydroxyethyl metha-
crylate (HEMA) was used to obtain the polyesters vinyl macro-
monomers. Then copolymers of the macromonomers with 2-ethylhexyl
acrylate and acrylic acid were synthesized using conventional free-ra-
dical polymerization. It was found that the formation of distinct
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Fig. 6. (a) Stress-elongation curves for various tissues (symbols) and for selected plastomers (linear-bottlebrush-linear triblock copolymers) (solid lines). (b) Blue shift
of the sample’s color via an increase of the distance between the domains of coiled linear chains. From Ref. [65]. Reprinted with permission from AAAS.
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Fig. 7. (a and b) AFM micrograph of lysozyme-polymer conjugate. (c) Lysozyme (PDB ID = 1PJR) crystal structure, with alpha-helices, beta-sheets and turns in red,
yellow and green, respectively. (d) The polymer structure used in simulations. Hydrophobic (glycidyl methacrylate, GMA) and hydrophilic (oligo(ethylene glycol)
OEGMA) segments are shown in green and blue, respectively. (e) Equilibrated high temperature low-water content lysozyme-polymer conjugate. Lysozyme is
surrounded by polymer chains. Water molecules are hidden. (f) Root mean-square displacement (RMSD) for high (50% w/w) and low (10%) water concentration
systems at high temperature from the native crystal structure. (a) and (b) are reprinted with permission from Ref. [71]. Copyright (2017) American Chemical Society.
(f) is reprinted with permission from Ref [95]. Copyright (2018) American Chemical Society.

microphases occurs with increasing side-chain lengths. Mechanical
testing of the materials revealed that the increase of the side-chain
molecular weight resulted in a noteworthy increase in both peel
strength and shear resistance. Deshmukh et al. [60] reported on
synthesis of shape-memory brush-like cross-linked polycaprolactones
(PCLs) and their linear analogues. It was found that the difference in
macromolecular architecture to a great extent influences physical
properties of the PCL networks. Owing to the reduced entanglement the
brush network exhibit four times lower rubbery modulus than the linear
ones along with excellent shape memory performance.

4.5. MBBs for nanoporous materials

The ability of MBBs to self-assemble into submicron quasi-ordered
structures have been utilized for generation of nanoporous organic
polymer materials [83,84]. For instance, the core-shell bottlebrush
copolymers were employed to fabricate well-defined organic nanotube
network as catalyst support with high surface area and enhanced
transport properties [84]. Specifically, the side chains of core-shell
bottlebrushes were hyper-crosslinked with following selective removal
of the MBB core (Fig. 8). The catalyst incorporated into the nanoporous
material displayed outstanding catalytic performance and reusability.
Yuan et al. utilized similar strategy where poly(n-butyl acrylate)-block-
polyacrylonitrile MBB were pyrolyzed to form porous nitrogen-doped
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2. Core removal

Fig. 8. Formation of catalyst supported on microporous organic nanotube networks. Reproduced from Ref. [84] with permission from the Royal Society of Chemistry.

carbon (420 m?/g) for oxygen reduction reaction [83]. Prior to the
pyrolysis polyacrylonitrile blocks were cross-linked and poly(n-butyl
acrylate) blocks were decomposed. Brush-like triblock copolymers with
norbornene backbone comprising functionalized amine monomers in
the central block, side-chain liquid crystalline and side-chain polylac-
tide end blocks were employed to fabricate functional nanoporous
membrane [59]. The block copolymers self-assembly forming phase
segregated nanostructured material. Via removal of PLA phase and
crosslinking of the polynorbornene backbone amine-functionalized
functional nanoporous membranes were obtained. According to the
authors the membranes may find applications in filtration, catalysis,
and sensing.

4.6. MBBs for electronic and photonic applications

There are at least three classes of MBBs being designed for electronic
applications. The first class is constituted from the polymers possessing
conducting/semiconducting ~ backbones and/or side chains
[27,69,70,87]. The second class is formed by the bottlebrush polymers
having polyethylene oxide/polyethylene glycole (PEO/PEG) side chains
[80,91]. Here the side chains are serving as “solid” polyelectrolytes
carrying lithium ions. Finally, rubbery bottlebrushes are considered for
application as dielectric elastomers [9,12]. Bottlebrushes were also
employed as templates in fabrication of SnO»-based electrodes for Li-
ion batteries [81] and for formation of MBB/fullerene composite ma-
terial for employment as an electrode interlayer in organic solar cells
[97].

MBBs with conductive backbones and/or side chains are a pro-
mising class of materials to be used in organic electronics, sensors,
stimuli-responsive surfaces, and biomedical applications [27,69,70,87].
Initial attention to such materials was driven by interest to improve
solubility, mechanical properties and processability of conductive
polymers. Nowadays it is also realized that synthesis of brush-like
(semi)conducting polymers offers route to tailoring their conductivity,
electrochromism and structural morphology, and consequently to de-
signing efficient photovoltaic cells, electrochromic displays, light-
emitting diodes (OLEDs), or organic field-effect transistors (OFETs)
[27,70]. For instance, MBBs with rigid semiconducting poly(3-hex-
ylthiophene), P3HT side chains and polynorbornene backbone were
obtained and tested in heterojunction solar-cell devices [70]. It was
determined that P3HT side chains having higher degree of poly-
merization possess better semiconducting properties resulting in higher
solar-cell device performance. In another work devoted to P3HT,
Heinrich and Thelakkat [87] obtained and tested series of well-defined
bottlebrushes having polystyrene backbone grafted with P3HT chains.
They found that crystallization was not observed for polymers with low
molecular weight P3HT side-chains. These copolymers showed very
poor electronic properties. The crystalline lamellar structures and the
best charge transport properties were obtained with an increase of the
side-chain length.

Zardalidis et al. [91] have reiterated that PEO is one of the best
candidates to be employed as solid polymer electrolyte effective in
dissolving metallic salts. However, the polymer does not have the ne-
cessary mechanical stability and modulus needed to prevent dendritic
growth at the electrodes. To this end, they synthesized and studied poly
(hydroxystyrene) (PHOS) densely grafted with PEO and its block co-
polymer with polystyrene (PS). It was found that the copolymers can
produce Li ion conductivities that are similar to or even higher than in
the respective PEO electrolytes. At the same time the copolymer based
electrolytes demonstrated improved mechanical properties. Lyu et al.
have also demonstrated that polyelectrolyte based on random binary
brush copolymer composed of PEO and PS side chains provided both
high ionic conductivity and high mechanical strength at room tem-
perature [80].

Dielectric elastomers are an important class of polymers that are
used to build polymer based systems responsive to an application of
electric field [9,12]. Namely, upon exposure to electric stimulus the
materials respond by changing size, shape or both. The major appli-
cation of these materials have been to build artificial muscles due to a
favorable combination of large stroke, fast response, and high energy
density. For instance, Vatankhah-Varnoosfaderani et al. designed bot-
tlebrush elastomers for the freestanding actuators that allow for large
stroke (> 300%) at low applied fields in unconstrained as-cast shapes
[12]. The elastomers consisted of methacrylate backbone and poly(di-
methylsiloxane) (PDMS) side chains and were synthesized by radical
polymerization of macromonomers in the presence of cross-linkers. It
was shown (Fig. 9) that the bottlebrush elastomer film undergoes more
than 4 times areal expansion prior to electrical breakdown. The authors
associate the superior behavior of MBB elastomer with elimination of
polymer chain entanglement in the bottlebrush materials.

Rzayev had shown that bottlebrush copolymer melt separates into
highly ordered lamellae domains; in these studies, high molecular
weight polylactide/polystyrene bottlebrush copolymers were used and
large domain spacings over 100 nm were achieved [86]. These studies
pioneered applications of bottlebrush copolymers to fabricate photonic
crystals. A recent review [56] highlights advances in tuning the prop-
erties of photonic crystals fabricated by the self-assembly of bottlebrush
copolymers. Photonic crystals are ordered composites with periodicity
comparable to the wavelength of light. A low entanglement, an ability
to control domain spacing, and an exceptionally rapid self-assembly
promoting the process of templating nanoparticles into the well-or-
dered domains makes these copolymers excellent candidates for pho-
tonic crystals with photonic bandgap tunable within the wide range
[56,98].

4.7. MBBs for surface and interfacial modifications
Examples of MBBs applications for surface and interfacial mod-

ifications include their employment in antifouling/antimicrobial coat-
ings [67,77,99], regulation of cell adhesion [62], inhibition of ice
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crystallization [76], surface lubrication [75], regulation of wettability
[61,64], and modification of graphene oxide (GO) [62,63]. For in-
stance, Faivre et al. studied tribological properties of a number of
bottlebrushes having a central brush block composed of poly(2-me-
thacryloyloxyethyl phosphoryl choline) side chains and an adhesive
block made of quaternized poly(2-dimethyalminoethyl methacrylate)-
co-poly(methyl methacrylate) [75]. Performance of MBBs with different
chain architectures (monoblock possessing only the bottlebrush central
block, a diblock copolymer having one lateral adhesive block, and a
triblock copolymer with two lateral adhesive blocks) was contrasted.
Using the surface force apparatus, it was found that the presence of the
adhesive blocks does not impact the friction coefficient. However, the
MBBs with two adhesive blocks demonstrated drastically increased
threshold pressure at which wear was initiated. Pesek et al. showed that
MBB with PDMS and PLA mixed side-chains can be used as an effective
hydrophobic additive for PLA matrix [64]. The bottlebrush sponta-
neously segregate to the PLA boundary and is more efficient surface-
active material than PLA-b-PDMS diblock copolymer and pure PDMS.
The noteworthy hydrophobicity was also reported for fluorinated bot-
tlebrushes possessing poly(2,2,2-trifluoroethyl methacrylate) side
chains [61]. The authors associate the enhanced hydrophobicity of
MBBs with enrichment of the surface with fluorine containing end
groups due to the side chain crowding effect.

Molecular bottlebrushes containing PEG/PEO units in side chains
have been shown to be valuable materials for biomedical/bioengi-
neering surface related applications. To this end, MBB block copoly-
mers comprised of antimicrobial (polyhexamethylene guanidine), an-
tifouling (PEG), and surface-tethering segments in one molecule were
synthesized and grafted to silicon rubber via plasma/autoclave-assisted
method [99]. The materials demonstrated significant antimicrobial and
antifouling activity in in-vitro and in-vivo tests. Xu et al. showed that the
molecular brushes consisting of PEG, fouling-release hydrophobic poly
(2,2,3,3,3-pentafluoropropyl acrylate), and catechol anchoring moieties
deposited on inorganic surface are capable to significantly reduce un-
wanted protein adsorption and cell adhesion [67]. In another example,
amphiphilic asymmetric MBBs containing side chains made of PS and
PEG were used to fabricate effective antifouling surfaces as well [77].

Borodinov et al. synthesized molecular brush copolymers made of
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Fig. 9. Top: Schematic for operation of freestanding
dielectric elastomer diaphragm actuator, where
deflection of a circular diaphragm upon electro-
actuation with increasing voltage is observed.
Bottom: deflection of circular diaphragm, made of
elastomer having methacrylate backbone and poly
(dimethylsiloxane) side chains, (hp = 0.44 mm) is
evident upon electroactuation with increasing vol-
tage ®. The numbers indicate field-induced areal
expansion A,=A/A0=hy/h under isochoric condi-
tions. Republished with permission of John Wiley
and Sons, from Ref. [12]; permission conveyed
through Copyright Clearance Center, Inc.

GMA, OEGMA and lauryl methacrylate (LMA) by conventional free-
radical polymerization [62]. These copolymers can be used to obtain
functional grafted brush-like layers via reaction of GMA units with a
surface located functionalities. It was shown that accurate control over
cell (osteoblasts) adhesion and growth can be achieved using the an-
chored surface layers made of PGMA, P(GMA-LMA), P(GMA-OEGMA),
and P(GMA-OEGMA-LMA) macromolecules (Fig. 10). Specifically, the
attachment and spreading of osteoblast was shown for PGMA and P
(GMA-LMA) grafted layers. Conversely, practically no cell adhesion was
observed for the P(GMA-OEGMA) MBB coating, owing to high per-
centage of PEG-containing components. The P(GMA-OEGMA-LMA)
MBB grafted film represents important intermediate case, where os-
teoblast attachment took place while no proteins were adsorbed on the
surface. It is important to emphasize that all four polymer systems
demonstrated high biocompatibility and low cytotoxicity resulting in
little to no evidence of non-viable osteoblasts attached to the samples.
These molecular brush copolymers can be also employed to control the
deposition of graphene oxide sheets on both hydrophilic [GO modified
with P(GMA-OEGMA)] and hydrophobic [GO modified with P(GMA-
OEGMA-LMA)] surfaces [62,63]. Specifically, it was found that the
grafting of the molecular brushes to GO surface allows formation of GO
monolayers on surfaces of various polarity via dip-coating from water
(Fig. 11).

5. Conclusions and outlook

In this mini-review we have highlighted the most recent develop-
ments towards synthesis, modeling, and applications of molecular
bottlebrushes. Recent theoretical and experimental studies of molecular
bottlebrushes and conjugates incorporating MBBs are paving the ways
for a number of emergent applications of these polymer systems.
Unique properties of molecular bottlebrushes and an ability to syn-
thetically tailor their functionality by varying the structural parameters
result in MBB applications in materials with adaptive functionality or
specific properties that can resemble some of the properties of the living
systems. To date, deriving an accurate correlation between the archi-
tectural characteristics of the bottlebrushes and their physical proper-
ties still remain a significant challenge despite an enormous progress in
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Fig. 10. The scanning electron micrographs of the osteoblasts attached to the silicon wafers coated with: PGMA and P(GMA2s-LMA7,) (top row) , and P(GMA;s-
OEGMAg6-LMA;5) and P(GMAgs OEGMA34) (bottom row). Reprinted with permission from Ref. [62]. Copyright (2018) Americal Chemical Society.
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Fig. 11. Amount of molecular bottlebrushes
(mg of MBB per gram of MBB/GO) grafted
to GO from water as a function of time: (a) P
(GMAgs. OEGMA3,4) MBB and (b) P(GMA;s5-
OEGMAg4-LMA9) MBB. Atomic force mi-
croscopy of pristine graphene oxide de-
posited on hydrophilic (¢) and hydrophobic
(d) surface, GO/P(GMAgs.OEGMA34) on
hydrophilic (e) and hydrophobic (f) surface
and GO/P(GMA;5-OEGMAg6-LMA;9) on hy-
drophilic (g) and hydrophobic (h) surface.
The size of the scans is 30 X 30 pm, vertical
scale is 30 nm in (c), 2nm in (d), 10 nm in
(e, g, h), and 70 nm in (f). GO was deposited
by the dip-coating from water. Reprinted
(adapted) with permission from Ref. [62].
Copyright (2018) Americal Chemical So-

ciety.
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theoretical and computational studies of MBBs. This challenge stem
from the numerous interactions on different length scales. Nevertheless,
the markedly unique MBB chain architectures have led to a number of
their exclusive applications owing to the bottlebrush distinctive chain
size and flexibility, spatial conformations, interfacial activity, relatively
fast self-assembly, multifunctionality, and low entanglement. We an-
ticipate that the future developments in this area will be directed to-
wards precise understanding and tailoring of the bottlebrush structure-
properties relationships, utilization of MBBs as components of larger
conjugated systems, and formalizing MBB materials as a distinct and
mature industrial applications-ready field of polymer science and en-
gineering.
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