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Bottlebrush polymers (BBPs) are a class of grafted polymers, which have attracted much attention due to their
wide range of novel applications. The properties of these grafted polymers can be easily tuned by changing
architectural parameters like grafting density and the degree of polymerization of the side chains and backbone.

p(flyele,dmlytes_ Moreover, environmental factors like solvent quality, temperature, pH, etc. can tremendously affect the BBPs’
Stimuli-responsive polymers . . . . .
Self-assembly conformations and thus their properties. Consequently, a considerable number of experimental and computa-

tional studies have been conducted to investigate the conformations of BBPs under various circumstances.
Computational approaches including particle-based and field-theory-based methods have been widely imple-
mented in recent decades to study BBPs. This paper reviews articles that investigate BBPs in solution, on surface
and in the melt states using computational methods. In addition to neutral BBPs, properties of bottlebrush
polyelectrolytes, stimuli-responsive polymers and the factors affecting their conformations are discussed. Finally,
we discuss the computational studies on self-assembly of BBPs and the factors determining resulting morphol-

ogies of the self-assembled structures.

1. Introduction

Inspired by the shape and design of an incredibly complex group of
biomolecules known as proteoglycans (Fig. 1), bottlebrush polymers
(BBPs) are branched polymers consisting of polymeric side chains
anchored to a linear backbone [1]. These structures, also called molec-
ular brushes or cylindrical polymer brushes [2-4] have various archi-
tectures [5]. These can be categorized based on their structural
specifications like the orientation of their backbone and side chains as
well as their grafting densities as depicted in Fig. 2. BBPs have attracted
much attention because of their potential applications in lubrication [6],
drug delivery [7], sensing [8], photonics [9], interfacial modifications
[10], and shape-memory materials [11]. For targeted applications,
changing the structural and/or environmental parameters such as the
solvent [12,13], temperature [14-17], pH [18-20], salt concentration
[19], etc., makes it possible to tune the BBP conformations and their
properties. A large number of studies have focused on designing and
investigating BBPs through different experimental or computational
approaches in order to understand their conformational properties
under various conditions like in solutions, on surfaces, and in melt states
[21-26]. Moreover, both computational and experimental approaches
have been integrated to engineer particular BBP geometries in order to

* Corresponding author.
E-mail address: sanketad@vt.edu (S.A. Deshmukh).

https://doi.org/10.1016/j.commatsci.2021.110720

obtain the macromolecules with desired specifications [27].

Due to limitations in resolution, it is difficult to understand the
relationship between microscopic conformational details and the
reasoning behind the polymer’s properties at the molecular-level and at
short time-scales (below 10s of nanoseconds) experimentally, which
makes computational approaches very attractive [28]. In the case of
BBPs, these microscopic details usually include the grafting density,
backbone and side chain lengths, etc. The application of theoretical or
analytical methods to study these microscopic details and predict the
molecular-level behavior of BBPs can also be challenging [29,30].
Hence, computational approaches have garnered a lot of attention due
to the sophisticated algorithms used for numerical calculations, signif-
icant improvements in computational capabilities, and the current state-
of-the-art models, which can accurately predict the structure and
properties of BBPs at the molecular-level [31-33]. Indeed, it has been
demonstrated that molecular simulations are advantageous in predict-
ing the molecular structure and behavior of BBPs [34-36], as well as for
validating results gained from theoretical predictions [37]. Scaling
theories, on the other hand, are frequently used to map the properties of
polymers onto simple relations in order to link a selection of microscopic
details to a set of general features [38]. To the best of our knowledge,
most of the review papers presented on BBPs over the last decade,
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review the results obtained through experimental procedures with little
discussion about relevant computational studies [39-41]. Thus, partic-
ularly reviewing these computational studies used to explore BBP
conformational properties seems of essence for the current scientific
landscape.

In this review paper, we will first introduce the theoretical modeling
and simulation approaches including particle-based and field-theory-
based methods used to study BBPs. Next, we focus on the studies that
have used these computational methods to investigate the behavior of
BBPs in solutions, on surfaces and in melt states. In this regard, we
mainly concentrate on investigating the effect of degree of polymeri-
zation of side chains and backbone, and grafting density on the molec-
ular conformation. In Sections 4 and 5, we provide a review of
simulation studies on stimuli-responsive BBPs and bottlebrush poly-
electrolytes, respectively. This is followed by a review of self-assembly
simulations of BBPs in Section 6. Finally, in Section 7 we provide a
summary of this review, known drawbacks of existing methods and
potential areas of improvements for studying BBPs by integrating
existing methods with machine learning approaches.

2. Theoretical modeling and simulation methods

Particle-based and field-theory-based simulations have been widely
used to study structural, physical, rheological and thermodynamic
properties of BBPs at different length- and time-scales [35,43,44]. Here,
we introduce some of these simulation methods that are regularly used
to model BBPs and discuss their advantages and limitations in simu-
lating BBPs. Molecular dynamics (MD), Brownian dynamics (BD),
dissipative particle dynamics (DPD) and Monte Carlo (MC) simulations
are classified as the particle-based techniques. These methods, over the
years, have proven to be advantageous in gaining molecular insights and
predicting the equilibrium properties of polymeric systems. However,
these methods are computationally expensive to simulate bigger systems
with large length-scales, particularly, when it comes to calculating long-
range interactions using the Ewald summation method [45-47]. On the
other hand, field-theory-based approaches have been used for approxi-
mate analytical calculations on a variety of complex fluid systems
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including polymer solutions, melts, blends, and copolymers [48]. The
ease of capturing long range interactions in simulations of BBPs with
immense sizes is regarded as one of the advantages of these methods,
drastically decreasing their computational demand as compared to the
particle-based techniques [49,50]. Moreover, the mechanical properties
of BBPs, like bending modulus, can be directly obtained from these
models using their partition functions as opposed to particle-based
simulations, where properties have to be indirectly calculated by
analyzing the shape of BBPs [51]. While field-theory-based simulations
are computationally cheaper than particle-based methods for dense
systems of long polymers, where a coarse computational grid suffices to
capture mesoscopic structure, they fall short when fewer molecules have
to be described on microscopic scales or when atomistic chemical details
are required [52,53]. Their universality is also limited to systems where
the assumptions of the standard Gaussian chain model (GCM) are
satisfied [54]. In the section below we will briefly introduce the most
commonly used particle-based and field-theory-based simulation tech-
niques to study BBPs.

2.1. Particle-based simulations

2.1.1. Molecular dynamics simulations

Molecular dynamics (MD) simulations is one of the most prevalent
particle-based methods, which is widely used to gain insight into the
structure and dynamic evolution of biomolecules [55,56], proteins
[57,58], and polymers [59-62]. This method generates a trajectory of
the studied system by iteratively solving Newton’s equations of motion,
based on a set of interaction potentials, also known as force-field pa-
rameters [63-65]. In general, these interactions can be divided as
bonded and nonbonded interactions (Eq. (1)). The bonded interactions,
most commonly represented by a harmonic potential, can be calculated
by the summation of bond, angle, dihedral and improper potential
functions (Eq. (2)). The nonbonded interactions can be represented
through electrostatic and Van der Waals energies (Eq. (3)). In Eq. (2), the
parameters b, 6, ¢, and 9 represent bond length, bond angle, dihedral
angle and improper angle between the particles, respectively, whereas,
bg, 0o, @o, and 9y are the equilibrium values for these parameters. Since

Fig. 1. Electron micrographs of bovine articular cartilage proteoglycans. A) A large proteoglycan aggregate from a calf consists of a central hyaluronic acid filament
and multiple aggregated monomers surrounded by nonaggregated monomers. B) A typical steer proteoglycan aggregate. Reprinted with kind permission of Wiley

publication and [42]. Copyright (1985) Orthopaedic Research Society.
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particles are assumed to be attached to one another via virtual springs,
kp, k-4, k,, and kg are often regarded as spring force constants, and are
used to calculate the various bonded interactions. The two terms in Eq.
(3), which relate to nonbonded interactions consider the partial charges
on atoms as g-; and gj while r;; is the distance between particlesiand j. €
is the Lennard-Jones well depth and ¢ is the distance at which the
Lennard-Jones potential has the minimum value. The forces between the
particles are calculated as the negative gradient of the potential energy
and are finally used in Newton’s equation of motion (Eq. (4)) to obtain
the trajectory of each particle in the system. In this regard, detailed
discussion is provided in these important textbooks [66-68].

U = Upondea + Unonvonded (@]
k,
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All-atom (AA) and coarse-grained (CG) schemes are generally used to
represent molecules in MD simulations, based on whether the questions
that are being addressed need the atomic-level or molecular-level
description of molecules. Investigating large systems such as solvated
bottlebrushes at the atomic-level can be computationally very expen-
sive. Hence, BBP simulations are often performed using CG models to
study the overall conformations of these BBPs without considerable
computational expenditure. CG models exclude the minute interatomic
calculations that may not be of significant interest when studying such
complex structures [16]. CG MD simulations have been employed to
study individual BBPs in melt state, on surfaces, as well as in the pres-
ence and absence of explicit solvents [35,69-71]. However, performing
self-assembly simulations of BBPs in the presence of explicit solvents,
even with CG models, still remains a challenge due to their larger length-
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(several million atoms) and time- (several microseconds) scales.

2.1.2. Brownian dynamics simulations

In Brownian dynamics (BD) simulations, the force that governs the
equation of motion is calculated by Langevin equation (Eq. (5)) [72]. Fj
is the conservative force applied on particle i by particle j, P;(t) is the
momentum of particle i, y and ¢ are constants, defined for the system,
and &;(t) is Gaussian random noise.

d2 i
i ;tz =2 Fi(0-

The effect of solvent on polymer is considered by using the dissipa-
tive and random forces that are presented in Eq. (5) with yPi(t) and
o¢i(t), respectively. Since BD uses the implicit solvent particles rather
than the explicit solvent, this method is more computationally efficient
to simulate BBPs up to several microseconds. Thus, one of the advan-
tages of BD simulations is the possibility of using this method for
simulating multicomponent systems with considerably different time
scales for the individual components in the system [73,74]. To illustrate
the point, consider a solution consisting of polymers and solvent, in
which the solvent molecules have faster motions and need a shorter time
step to be simulated, whereas the motion of solute particles can be
predicted in larger time steps due to their larger sizes [72]. In such
systems, as the solvent is implicitly modeled using BD, larger time steps
corresponding to the solute can be utilized.

The main drawback of BD simulations is that the energy and mo-
mentum may not be conserved. As a result, BD simulations do not
properly take the hydrodynamic interactions into account [72,73,75], as
they are typically applied through momentum exchange between sol-
vent and polymer molecules [76]. However, several groups have
employed the Rotne-Prager-Yamakawa approximate diffusion tensor to
include the hydrodynamic interactions in BD simulations [77-85].
Detailed information on the BD methods for polymer simulations can be
found in various articles and books [77,78,86,87]. BD simulations have
been shown to be efficient in predicting the self-assembled BBP/sur-
factant complexes [88], and in combination with Monte Carlo, BD can
predict the equilibrium conformations of BBPs in dilute solutions
[36,89]. However, BD is rarely employed for simulating BBPs in other
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Fig. 2. Various branching topologies of bottlebrush polymers.
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states like melts, in thin films and grafted on surfaces.

2.1.3. Dissipative particle dynamics simulations

Dissipative particle dynamics (DPD) simulations, first presented by
Hoogerbrugge and Koelman [90] have proven to be useful in simulating
large systems of Newtonian or non-Newtonian fluids involving melts
and blends of polymers [91-97]. In the DPD method, each particle
represents a group of molecules, drastically decreasing the number of
particles in the system as compared to MD and BD simulations [72].
Newton’s equation of motion is used to predict the displacement of these
particles, which is similar to MD simulations [98]. The overall force
exerted on a particle is a combination of three forces including conser-
vative, dissipative and random forces that are represented by Picj, Fg and
Ff}- respectively, in Egs. (7)-(9) [94]. Eq. (7) is valid for the distances less
than the cut-off distance, and term a;; is the maximum possible repulsion

between the particles, r. is the cut-off distance, and rAU is a unit vector. In
Egs. (8) and (9), P and o® are the weight functions for the dissipative
and random forces [99], y is the friction coefficient, ¢ is the noise
amplitude and 6 is a noise term with Gaussian distribution. Further
details on this method can be found in literature [98-101].

Fy= F“+F"+F (6)
F€ —ay(1-"1)7
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Another advantage of DPD simulations over MD simulations, except
the fewer number of particles in the system, is that the conservative
force exerted on particles decreases linearly with increasing rj; [72]. Asa
consequence, it allows adopting larger time steps to perform simulations
of polymer systems consisting of BBPs for longer time-scales [73,75].
Furthermore, similar to MD simulations, solvent molecules can be
simulated in the system explicitly through DPD simulations, which is not
the same in BD [72,73]. Although the existence of dissipative and
random forces leads to diminishing energy conservation of the system,
the momentum is conserved in DPD simulations, which creates a context
to consider the hydrodynamic interactions that can be essential in the
self-assembly process of BBPs in solutions [75]. All these advantages
make DPD simulations appealing for simulating large systems consisting
of BBPs. Indeed, DPD simulations are widely used to investigate the self-
assembly of BBPs leading to the formation of microstructures in solu-
tions [102-104]. They have also been employed for simulating the self-
assembly of amphiphilic comb-like graft copolymers with pH-sensitive
side chains where pH variation, controlled by changing solvent qual-
ity, is a determining factor in the formation of various morphological
conformations [105]. Moreover, DPD has also been shown to be ad-
vantageous to study BBPs in other states like thin films [106].

2.1.4. Monte Carlo simulations

Monte Carlo (MC) simulations work based on a stochastic approach
using random numbers to predict the positions of the particles
[72,75,107]. This dynamic process can be summarized in three steps.
First, the initial positions of the particles are assumed to be {rj, r2..., 1},
rn} and the related potentials are specified as u = {u-1, u-,..., u-; up}.
Then, changing the position of the particle i from r; to r; contributes to
the overall positions of {r, rs..., r, ra}, which leads to a variation in
potential ascertained as u = {ug, us..., u—{, up}. If the overall potential
change in the system (AU = u-u) is negative, the new positions seem
reasonable because the system has evolved to a lower state of energy. If
AU > 0, there is a condition that needs to be addressed which is exp
(—AU/kgT) > @, and a is a random number in a range of zero to one.
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Otherwise, the original position of the particle is assumed to be the new
position. This procedure is repeated until the position of all particles are
updated. Further discussion on the details of this method is accessible in
literature [108-110].

Although the calculation of the forces in MC is neglected, it is one of
the essential steps in calculating the trajectory of the particles in MD
[75]. MC is useful for analyzing the statistical physics of systems which
cannot be analyzed through MD simulations. In addition, the investi-
gation of the dynamics of the system by MC is derived from mathe-
matical approximation rather than physical laws of dynamics as
observed in MD [75]. Thus MC can be used just for prediction of equi-
librium properties of the system, while MD provides information on both
equilibrium and non-equilibrium properties of the system [72]. Even
though the differences between MD and MC simulations have been
studied already, it seems that comparison between MC and other
methods has not been addressed widely in the literature.

MC simulations have been mainly used for simulating BBPs adsorbed
on surfaces and in thin films, as well as in solutions [111-115]. One of
the challenges mentioned in the literature for BBP simulations using
particle-based methods is attributed to the very long simulation time in
order to calculate equilibrium configurational properties [116]. These
properties should ideally be calculated from a subset of configurations
from a large number of molecules, after reaching the equilibrium state in
a very long simulation run [116]. In order to reduce the computational
cost, the use of single BBPs in a periodic boundary condition, instead of a
large number of BBPs, has been reported [116].

2.2. Field-theory-based simulations

First proposed by Edwards in 1965 [117], a different strategy to
tackle the shortcomings of particle-based methods is to replace the co-
ordinates and momenta of particles (polymer segments) with collective
variables, or fields - which forms the basis of field-theory-based simu-
lations. A field-theory-based simulation is a numerical strategy suitable
for simulating long-range interactions, as well as studying equilibrium
properties of many-particle systems like complex self-assemblies of
BBPs, within the framework of a statistical field theory [53]. By doing
so, the complicated atomistic structure of the monomers becomes
irrelevant on the molecular scale, and in turn, the equilibrium phase
behavior becomes universal [54]. The Gaussian chain model (GCM), for
example, is a minimal model whereby a polymer melt is treated as an
incompressible system of elastic threads interacting by contact forces,
and has emerged as the standard model for block polymer phase
behavior [118]. Other important field-theory-based methods including
the self-consistent field theory (SCFT) and the field-theoretic polymer
simulation (FTPS) are discussed in detail, later in this section. But first,
we briefly introduce the unified theoretical framework underlying these
methods. More details on this can be found in references [50].

For an incompressible AB diblock copolymer, with polymerization
index N and the block composition of fA in a volume V, the canonical
ensemble partition function can be written as:

Z:/Dm/pw, exp(— HIW.,W_]) 10)

Where DW, and DW_ are fluctuating chemical potential fields
introduced through HS transformation, DW is a functional integral over
the chemical potential fields, and H{W., W_] is the effective field-based
Hamiltonian [50,75]. General strategies to evaluate the field-theoretic
model by solving this Hamiltonian include (i) using analytical approx-
imations to simplify the theory and then applying analytical or numer-
ical methods to extract information from the simplified theory, and (ii)
generating the numerical approximations to the exact field theory.

2.2.1. Self-consistent field theory (SCFT)
Used since as early as the 1960s [117,119,120], SCFT utilizes the
first of the aforementioned strategies to evaluate polymer field-theory-
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based models. SCFT applies the mean-field approximation where the
saddle point of the Hamiltonian dominates the partition function, and
the field fluctuations around the saddle point are ignored [119]. SCFT
calculations are way less expensive than competing particle-based
simulation methods. However, SCFT is efficient while investigating
the thermodynamic properties of polymer systems in which the mean-
field approximation is valid [75]. The accuracy of SCFT is greatly
affected by the dimensionless chain concentration C. For low value of C,
such as the polymer solutions in dilute or semi-dilute regimes, or for the
study of smaller polyelectrolytes, the functional integral that defines the
configuration partition function of the field-theoretic model does not
solely depend on the saddle point configuration and mean-field methods
may not be highly accurate [53,54]. These limitations can be tackled by
implementing the second strategy for evaluating polymer models
through the use of field-theoretic simulations (FTS) [75]. SCFT has been
utilized to study the interfacial behavior of BBP copolymers [121], as
well as to investigate the interactions between polyelectrolyte BBPs and
charged surfaces [30]. Besides, SCFT has also been used to analyze the
self-assemblies of a variety of BBP systems [122].

2.2.2. Field-theoretic simulations (FTS)

While conceptually similar to SCFT, the aim of FTS is to numerically
sample the statistically important field configurations of the full theory,
rather than just the saddle point configuration [54,123]. In doing so, this
method obtains accurate fluctuation corrections to SCFT, by simulating
the Hamiltonian, H{W.., W_][54]. However, standard simulation tech-
niques for integrating over the fields are not applicable. This is because
the pressure field, W, is imaginary, which leads to a complex-valued
Hamiltonian, and thus, a Boltzmann weight is not positive definite. To
tackle this, two strategies have been utilized - (i) the steepest descent
technique (STD-FTS), which shifts the integration to follow a constant-
phase path through the saddle points of SCFT, and (ii) the more effi-
cient complex Langevin simulations (CL-FTS), whereby both fields
sample the entire complex plane [54,123]. One of the main advantages
of the FTS approach is its incredible versatility as well as their lower
computational cost when the systems are dense, polymers are long, and
length scale is large [53]. Being a fairly recent method, BBP specific
studies employing FTS are limited. FTS has been used to study the effect
of grafting density on the order—disorder transition (ODT) of BBP co-
polymers as well as the phase transition behavior in BBP homopolymer
melts [49,124].

3. Molecular conformation of bottlebrush polymers in melts, on
surfaces and in solutions

In the following sections, we review the computational studies
exploring the effects of structural and environmental factors on BBP
conformations and their properties in melt state, solutions, films as well
as on surfaces.

3.1. Molecular conformations in melts

BBPs in melts exhibit high elasticity [125,126], making them
appealing candidates for applications including electroactuation [127],
adhesive coatings [128], implants [129], and composites [130]. Hence,
BBPs have been investigated in melt state to tailor these properties for
certain aimed applications. However, despite considerable de-
velopments in this area, there are still difficulties associated with the
existing experimental procedures [69], facilitating the emergence of
computational research. Over the years, particle-based simulations have
been widely used to demonstrate the relevance between architectural
parameters and thermodynamic, physical, rheological, conformational
and structural properties of BBPs at the molecular-level [69,131-133],
while field-theory-based models have been employed to investigate
their phase behavior in melt state [49,124].

Liang et al. employed CG MD simulations using a bead-spring model
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with scaling analysis to clarify the regimes and sub regimes in which
grafted polymers appeared in melt state [134]. A crowding parameter
(o~ [v/(b)*?] [(nge/ng + 1)/n3c/ 2]) was defined, based on architectural
parameters like the degree of polymerization of the side chains (ns), the
number of backbone bonds between the grafted side chains (ny), as well
as the chemical composition of the monomers including bond length (1),
Kuhn length (b) and excluded volume of the monomers (v). It was shown
that for ¢ < 1, grafted side chains were sparse around the backbone and
were categorized as comb-like macromolecules, while for ¢ > 1 densely
grafted BBPs were formed in melt. BBPs, with higher grafting densities,
were observed to demonstrate different interpenetration behavior as a
result of changing the crowding parameter. Specifically, the interpene-
tration of side chains and backbones of neighboring BBPs was less than
that of comb-like macromolecules because of the higher steric repulsion
between the chains of BBPs. Moreover, they studied the effective Kuhn
length and mean-square end-to-end distance of these branched macro-
molecules to show that increasing the crowding parameter resulted in
increasing Kuhn length and end-to-end distance. They attributed this
behavior to the stiffening of the backbone due to increased interactions
between the side chains. In order for the melt density to be constant at
high grafting densities, BBPs possessed different conformations with
stretched backbones or side chains, resulting in three sub regimes as
shown in Fig. 3A [134]. In another study, they further studied the
crossover from comb-like macromolecules to BBPs in melt state using
MD simulations, by investigating their packing number (P.), which
indicated the number of polymers needed for the side chains to entangle
in a surrounded tube [135]. They found that this parameter was related
to the ratio between the size of side chains and the distance between the
neighboring grafted chains, and thus dependent on the molecular ar-
chitecture. The study indicated that at first when this ratio increased, the
packing number decreased. However, a further increase led to an in-
crease in the packing number, demonstrating that a transition from
comb to BBP could be observed when the size of side chains and grafting
density increased [135].

Chremos and Douglas performed MD simulations on BBPs with
various side chain lengths, grafting densities and backbone lengths in
melt condition to delineate the effect of architectural parameters on the
overall shape of BBPs in melt [69]. The results revealed that BBPs with
backbones shorter than the grafted side chains resulted in the formation
of ellipsoidal shapes. As the backbone lengths became comparable to the
side chain lengths, the overall structure formed a spherically symmetric
shape. Whereas, for the BBPs with longer backbones compared to the
side chains, the molecular brushes adopted overall anisotropic struc-
tures. These observations were further probed by calculating three
spatial correlations between the polymer segments - (i) Overall structure
factor, (ii) Backbone structure factor and (iii) Bottlebrush and backbone
form factor [69]. In another study by Paturej et al, the analysis of MD
trajectories revealed that increasing grafting density, defined as the
number of side chains per backbone monomer, as well as increasing the
degree of polymerization of the side chains caused the backbone to be
more extended due to the steric repulsion between side chains. It also led
to increased intra- and intermolecular interactions between monomers
contributing to less overlap between side chains of the surrounding BBPs
[136]. It was observed that for intermediate grafting densities (z < 2),
BBPs resembled flexible filaments. While for higher grafting densities (z
> 3) and short backbones (Np, < 50), rigid rod-like structures were
observed because of the increased persistence length of the backbone as
a result of increasing grafting density [136]. A field-theory-based study
on bottlebrush copolymers by Spencer and Matsen investigated the ef-
fect of grafting density and the spacing between grafted chains on
order—disorder transition (ODT) of BBPs with diblock side chains [49].
The interactions between different blocks were controlled using the
Flory-Huggins parameter, y. ODT was located from parallel tempering
(PT), using an order parameter, (¥). They showed that reducing the
spacing between grafted chains, at a fixed grafting density, caused BBPs
to behave like star block copolymers and enhanced the ordering of BBPs.
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Fig. 3. A) Diagram of states of graft polymers in a melt. SBB — stretched backbone regime, SSC — stretched side chain regime, and RSC — rod-like side chain regime.
Logarithmic scales. Reprinted with permission from [134]. Copyright (2017) American Chemical Society. B) (i) The nematic order parameter derived from §'. In
particular, the asphericity increases in the nematic phase. (ii) The nematic order parameter as a function of backbone length and length of side chains for a fixed
grafting density z = 0.4875 (corresponding to a grafting spacing d = 2). Subspace averaging was employed with ¢ = 4 [ (iii) The nematic order parameter derived
from S as a function of grafting density and length of side arms for a fixed backbone length, Ngz = 100. A clear contrast is seen between two regions, which we
identify as isotropic (blue) and nematic (yellow). The nematic order parameter is averaged over subcells of size ¢ = 4 I. We also examined ¢ = 2l and 8 [ (not shown)
with no significant differences evident on the boundary of the nematic phase transition, but small quantitative differences in the intensity within the bounded area.
Reprinted from [124], with the permission of AIP Publishing. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

In this study, the lamellar phase was considered as an ordered structure
of BBPs. Consequently, decreasing the spacing between the grafted side
chains resulted in the decrease of order—disorder transition, which was
apparent in increasing the order-disorder temperature. In contrast,
increasing the spacing between side chains caused BBPs to behave more
like diblock copolymers, leading to increasing the transition from an
ordered to disordered structure. This was attributed to the suppressed
segregation of polymers when the spacing between side chains was
higher, caused by the fluctuation effects. However, fluctuation effects
did not affect densely grafted polymer chains and their ODT decreased
[49].

There are few studies investigating the effect of grafting density and
side chain length on the structural transition of BBPs to a nematic phase
(parallel orientation of molecules relative to their long axis). For BBPs in
melt state, using field-theory simulations, Panagiotou et al. showed a
phase transition, from isotropic (disordered orientation of molecules)
[137,138] to nematic phases [139] for relatively wide ranges of grafting
densities, and side chain and backbone lengths [124]. It was observed
that as side chain length and grafting density was increased, BBPs
possessed nematic structures as a result of field fluctuations, resulting in
higher asphericity [140-142] values in the nematic zone (Fig. 3B). Thus,
it demonstrates the importance of architectural parameters on the
orientation and conformation of BBPs [124]. Borodinov et al. integrated
CG MD simulation with an experimental approach to study the molec-
ular arrangement of BBPs in a thin film [143]. Their experimental results
showed a molecular reorganization of BBPs from a random organization
to nematic structure. They reported that when BBP film on a surface was
annealed, the system reached an equilibrium state and the random
orientation of BBP backbones rearranged to a nematic structure. This
observation was attributed to the steric hindrance favoring an ordered

packing of BBPs. Indeed, they believed that the BBPs used in their study
were rigid enough to form the liquid-crystalline structure. Additionally,
they employed CG MD simulations and the results showed the realign-
ment of the BBPs in the film to have an ordered packing. This molecular
reorganization was attributed to the liquid crystal-like structure of BBPs,
confirming their experimental observations [143]. There are also a
number of studies investigating the nematic behavior of BBPs in solu-
tions, which do not have a complete agreement on the circumstances
that can lead to lyotropic behavior. Those studies are discussed in Sec-
tion 3.3.1.

Changing the architectural parameters of melt BBPs, of the same
chemical composition, can affect the rheological properties [125,144].
In a study by Cao et al., MD simulations integrated with analytical cal-
culations showed that the elastic behavior of BBPs could be affected and
controlled by varying the degree of the polymerization of the side chains
and the number of backbone monomers between the cross-links in a BBP
network [131]. Based on these factors, the elastic behavior of BBPs in a
network was described in two linear and nonlinear regimes for the
network deformation. In the linear regime, the shear modulus changed
as a function of the degree of polymerization of the side chains, while in
the nonlinear deformation regime, it was dependent on the first strain
invariant and backbone deformation ratio. The elastic behavior of these
networks, in the elastic regime, was found to be controlled by entropic
elasticity of the BBP strands between cross-links. However, in the
nonlinear deformation regime, BBP elasticity was mainly due to bending
modes, and later the elongation of BBP bonds. It was also observed that
increasing the degree of polymerization of the side chains led to an in-
crease in the rigidity of BBPs due to the redistribution of the side chains
upon backbone bending. The increased steric interaction between the
side chains which resulted from increasing their degree of
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polymerization and their redistribution, is attributed to make BBPs
stiffer [131]. Cao et al. further integrated experimental and theoretical
methods with MD simulations to find the deformation dynamic of BBP
networks in melt state for different time scales indicating that the dy-
namic response of a network could be categorized in multiscale relax-
ation processes [145]. Accordingly, they showed that for the time scales
below and above Rouse time [146], the relaxation behavior of BBP
networks changed dramatically. They specified relaxation regimes in
which the decay of shear modulus was time dependent at time scales
smaller than the Rouse time of the side chains. This pointed to the in-
ternal relaxation of highly correlated side chains connected through the
backbone followed by a Rouse-like relaxation of linear chains’ segments.
The decay or shear modulus became time independent and a function of
the degree of polymerization of the backbone and side chains at time
scales larger than the Rouse time of the BBP network strands. This was
attributed to chemical cross-links in the system resulting in permanent
stress storage. This study thus showed the importance of these time
scales while designing supersoft and super elastic materials [145]. In
another study, Liang et al. implemented MD simulations and scaling
analysis to describe the relation between the shear modulus (G) of BBP
networks with the strands extension ratio () [133]. Here,  represents
the ratio of the mean square end-to-end distance of the network before
deformation and the contour length of a stretched strand. It was deter-
mined that the shear modulus was directly proportional to the extension
ratio following a relation (G « f3). This scaling relation was observed for
networks with comb-like strands. However, when the grafting density
was increased, the shear modulus changed according to (G « ﬂ’z) for
networks of BBPs, which indicated an increase in the stiffness and
extensibility of BBPs at the same time. This was believed to be a
consequence of increase in the grafting density at constant length of
backbone and side chains [133].

Jacobs et al. studied the effect of the degree of polymerization of side
chains as well as grafting density on surface and interfacial properties of
BBP melts using MD simulations [132]. They demonstrated that for
combs or BBPs exposed to vacuum, the fraction of backbone ends and
side chain ends played a significant role in determining the surface
tension. It was illustrated that when the density of end beads in grafted
polymers increased, the surface tension decreased. However, the inter-
facial tension between linear and grafted polymer did not show any
dependence on the molecular structure. This can be attributed to the fact
that surface tension and interfacial properties originate from the
entropic and enthalpic contributions, respectively [132]. Using MD
simulations, the effect of change in the molecular topology on thermo-
dynamic properties of BBPs in melt state was studied by Chremos and
Douglas [69]. They compared segmental density, isothermal
compressibility, and isobaric thermal expansion of BBPs in melt state
with those from linear and branched polymers including star and ring
polymer melts. It was shown that these thermodynamic properties of
BBPs were quantitatively analogous to those of ring and star-like poly-
mers rather than linear ones. The reason was that these properties are
primarily dependent on molecular shape parameters including size,
softness, etc., and their topology could only be effective if it changed the
average molecular shape [69].

Several experimental and computational studies have investigated
the packing of BBP backbones in melt as well as in solutions
[69,145,147-149]. They considered a mesh-like structure for BBPs,
formed by the interpenetration of BBP side chains, characterizing these
networks with a characteristic correlation length using experimental
approaches like small angle neutron scattering (SANS) [150]. This
characteristic length is specified by the correlation peak in the scattering
and was shown to scale with the degree of polymerization of the side
chains [69,147,148]. Similar characteristic features have also been re-
ported for polyelectrolytes in solution [151]. In this connection, Sarapas
et al. studied uncharged BBPs in melt state as well as highly charged
BBPs in solutions using an experimental approach integrated with MD
simulations [150]. The results of simulations and neutron scattering
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measurements showed that these chemically different BBPs showed
correlation peaks in melt state and solution. The peak position for un-
charged BBPs in melt state suggested that the correlation length (&)
scaled with backbone concentration (Cgg) as & ~ Ci%". Similarly, for
bottlebrush polyelectrolytes scaling was & ~ CI',O‘S where C, represented
the concentration of bottlebrush polyelectrolytes. Moreover, they
showed that lowering the grafting density of uncharged BBPs in melts
led to wider correlation peaks, which was attributed to the packing
disparities between BBPs with high and low grafting densities. Similarly,
increasing salt concentration in semi dilute solutions of bottlebrush
polyelectrolytes resulted in broadening of the correlation peaks [150].

3.2. Molecular conformation on surfaces

BBPs grafted on surfaces provide a broad range of distinct applica-
tions including lubrication [6], antifouling [152] and antimicrobial
[153] coatings that can also tune the wettability of surfaces [10,153].
Hence, gaining a deep insight into the role of BBPs in these applications
is necessary in order to tailor the properties of surfaces and BBPs as
desired. In this connection, we discuss the computational studies that
focus on understanding the prominent factors affecting BBP conforma-
tions on surfaces and their relevant properties.

There are a number of computational reports that have discussed the
dependence of BBP conformation on the adsorption energy on surfaces
[111,112,154]. The investigation of BBP adsorption on a solid surface
using MC simulation by Hsu et al. demonstrated that the strength of
adsorption energy was one of the determining factors for the confor-
mation of the BBPs near surfaces [111]. By changing the strength of
adsorption energy, they found out that for energy values slightly lower
than a critical value, BBPs maintained a three-dimensional conforma-
tion. While for energies greater than the critical value, a transition to a
quasi-two-dimensional conformation occurred. This critical energy was
equal to the energy at which the adsorbed linear chains, on a surface,
transformed from a three-dimensional to a two-dimensional conforma-
tion. Increasing the short-range attractive energy caused the side chains
to get closer to the surface and adsorb easily. Adsorbed side chains with
longer lengths, dragged other “unadsorbed” BBP chains toward the
surface. They speculated that the complicated cooperative interplay
between the chains and backbone caused the adsorbed chains to have a
feedback effect on the unadsorbed parts of the backbone to drag them
toward the surface [111]. A follow-up study by Hsu et al. further illus-
trated the relationship between the adsorption energy and the mean
distance of backbone monomers from the substrate. They showed that
the adsorption of backbone monomers increased drastically as the
adsorption energy increased beyond 1.25, due to stronger interactions
between BBPs and the surface (Fig. 4A) [154]. In another MC simulation
study by Wernersson and Linse, it was demonstrated that at low grafting
densities, the adsorption of side chains on the surface caused BBPs to
spread on the substrate. This resulted in the backbone alignment parallel
to the substrate.[112] On the other hand, increasing the grafting density
increased the repulsion between the chains causing some side chains to
desorb from the surface. A further increase in grafting density increased
the repulsive intermolecular interactions, which desorbed the side
chains from the surface. This further resulted in a perpendicular align-
ment of the BBP backbones to the surface. Consequently, at high grafting
densities, any interaction strength between the side chains and the
surface led to the formation of polymer brushes [112].

The results of MC simulations conducted by Flikkema et al. focused
on understanding the effect of rigid side chain attraction on the
conformation of BBPs adsorbed on a surface [155]. They observed that
for BBPs with rigid backbones, when the interaction energy between
side chains exceeded a critical value, the side chains collapsed onto the
backbone. In this case, the side chains were allowed to rotate around a
hinge point or move to a new location in an isotropic way. On the other
hand, for a flexible backbone, in MC simulations, they used three types
of Monte Carlo moves for the side chains, including pivot moves, shifts
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Fig. 4. A) Average position < z >; of backbone monomers plotted versus adsorption energy ¢ for several choices of backbone chain length N}, and side chain length N
(denoted as bNpsN in the Figure). For the case N, = 131, N = 24 and five choices of ¢, typical snapshot pictures of the backbone chain are shown, as indicated. Note
that for each effective monomer, only the z coordinate of the four lower sites of the cube is counted. Note the logarithmic scale of the ordinate in the Figure. Reprinted
with permission from [154] Copyright (2011) American Chemical Society. B) SFM micrograph of individual cylindrical brushes lying flat on the mica surface. The arrows
show one of the typically observed conformations — 2d helices of tightly winded cylindrical brushes. With kind permission of The European Physical Journal (EPJ)

and [157].

and flipping moves, although in some cases the flipping movement was
not included. When the side chains were allowed to flip from one side of
the backbone to the other side, the attraction between the chains caused
the aggregations of several chains along the backbone. This resulted in
the local folding of the backbone, and a decrease in BBP persistence
length in both cases that the side chains were allowed to flip or not
[155]. Persistence length is a characteristic length used to specify the
intrinsic stiffness of a polymer [34]. Specifically, in the context of the
backbone of BBPs, it has been defined as the length of the chain section
that remains straight [156]. Another study by Khalatur et al., demon-
strated that for the BBPs strongly adsorbed on a surface, the distribution
of side chains around the backbone played an important role in the final
conformation of BBPs [157]. For an asymmetric distribution of side
chains along the backbone, with more chains accumulated on one side of
the backbone, an unusual helical structure of the BBP was observed,
even for good solvent conditions. This observation was attributed to the
excluded volume effect of the long side chains, which caused BBPs to
wind and form a helix-like structure. The scanning force microscopy
micrographs gained through an experimental procedure for poly(methyl
methacrylate) on a mica substrate confirmed the formation of the helix-
like BBPs (Fig. 4B) [157].

It has been shown that the properties of a surface with a polymer film
are dependent on the intrinsic properties of the polymer like density,
molecular mass, polymer dispersity, as well as the molecular packing at
the interface [158,159]. Accordingly, understanding the structure of
BBPs at surfaces in the presence or absence of solvent is of prime
importance for tuning the wettability of the surfaces, one of the prom-
inent applications of BBPs on surfaces [70]. Chang et al. studied the
effect of BBP molecular weight on the orientation of side chains and
backbone monomers, and consequently its effect on the hydrophobicity
of surfaces coated with BBP films. They used AA and CG MD simulations
to investigate the distribution of side chains and backbone monomers at
the polymer-air interface in thin films of partially fluorinated BBPs [70].
According to the CG MD simulations, the side chains accumulated at the
polymer-air interface parallel to the substrate, while the backbones
remained in thin film bulk due to the entropic reasons. Specifically, they
showed that alignment of the fluorinated side chains at the interface
resulted in the minimizing the entropy. AA MD simulations were used to
study the detailed atomic composition of fluorine atoms on the surface.
Comparison of these AA MD simulations with experiments further
revealed that increasing the molar mass of polymers led to an increase in
the existence of fluorine atoms at interface but severely hampered the

tunability of the contact angle and surface energy [70].

Elli et al. performed off-lattice CG MC simulations to investigate the
effect of branching density of highly grafted polymers on the adsorption
of BBPs on a surface [116]. They showed that the number of end-beads
increased due to increase in branching but many of these additional
beads did not adsorb on the surface due to the entropic reasons. This
further resulted in decrease in the interaction energy between BBPs and
surface compared to between linear polymers and surface. However,
they showed that even at a weak adsorption strength, the persistence
length of backbone increased significantly. It was also shown that an
increase in the grafting density enhanced BBP aspect ratio and persis-
tence length, which was considered as a potential reason for experi-
mentally observed liquid-crystalline behavior of BBPs on flat surfaces
[116,160]. In addition, off-lattice MC simulations carried out by Saar-
iaho et al. highlighted the effect of side chain length on the equilibrium
conformations and persistence length of BBPs in a film confined between
two parallel surfaces [113]. When the distance between the surfaces was
reduced from infinity to zero, the BBP conformation changed from a 3D
to 2D structure. It was observed that for the molecular brushes in a 2D
system, the ratio of persistence length to BBP diameter increased for
longer side chains. However, this ratio, a determining factor for exhib-
iting lyotropic behavior [161,162], was almost constant for a 3D system.
They attributed this behavior to the weaker intramolecular excluded
volume effect in a 3D conformation rather than a 2D situation, and
believed that stronger excluded volume interaction between the
monomers could lead to increased persistence length. Hence, they sug-
gested that for a 3D system of BBPs, the ratio of persistence length to BBP
diameter may only be affected by much longer side chain lengths than
what they studied [113,163].

Using MD simulations, Carillo et al. investigated the effect of grafting
density, compression and shear stresses on the lubrication properties of
neutral and charged BBPs [164]. It was observed that upon subjecting
charged BBPs grafted on a surface to shear stress and compression by
another surface, the backbone deformation dominated the deformation
of the BBPs due to the electrostatic interaction between charged
monomers. On the other hand, neutral BBPs exhibited the deformation
of both backbone and side chains. The backbone deformation ratio was
shown to be dependent on the grafting density and compressive stress,
causing the shear viscosity to vary with applied shear rates. It was also
indicated that for both charged and neutral BBPs, increasing shear rates
resulted in a rise in friction coefficient [164,165].

Panyukov et al. employed MD simulations and showed that the
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strong adsorption of BBPs, spreading on a substrate, caused significant
backbone tension amplification [3]. This tension was dependent on the
grafting density, side chain length and spreading parameter - the ten-
dency of the BBP to cover area on the substrate and “wet” it. These
aforementioned parameters could affect the BBP conformation on the
substrate as well as the extension of the side chains. To illustrate the
point, in this study, increasing the grafting density made the side chains
more stretched, and the relevant tension of side chains was transmitted
to backbone monomers leading to the tension amplification of the
backbone [3]. They also showed that depending on the spacer length
between side chains and the spreading parameter, BBPs adopted various
conformational regimes [3]. However, the dependence of backbone
tension on these parameters varied for each of the conformational re-
gimes [3]. For BBPs tethered on a substrate, Leuty et al. used bead-spring
CG MD simulations to study the effect of molecular crowding on the
tension accumulated on the BBP backbone [166]. It was found that for
low BBP coverage on the surface, as the side chains merely interacted
with other chains from the same backbone, the intramolecular interac-
tion was the only determining factor on tension accumulation of the
backbone. Moreover, increasing molecular crowding contributed to
increasing intermolecular as well as intramolecular interactions. This
led to a considerable rise in backbone tension, resulting in a perpen-
dicular orientation of the extended side chains to the surface [166].
Paturej et al. performed MD simulations using a bead-spring model, and
showed that a strong adsorption of BBPs on surface led to the breakage
of the bonds between monomer beads [163]. They demonstrated that
the mean lifetime of the covalent bonds between backbone monomers
was reduced significantly upon strong adsorption due to the increased
amount of tension on the backbone [163]. Moreover, increasing the
grafting density and side chain lengths also drastically reduced the mean
lifetime of covalent bonds owing to the steric repulsion between the
grafted polymer side chains [163].

3.2.1. Segregation of BBPs on surfaces and interfaces

Blends of polymers in thin films can cause surface segregation,
causing the composition of polymer blends near the interfaces of a thin
film to be different from that of the bulk [121]. Coatings consisting of
BBPs, in the presence of linear chains, can also segregate near the
interface. As this property of thin film blends is vital for practical ap-
plications like tuning the wettability of the surface [121], many studies
have focused on understanding this behavior and investigating the
determining factors causing surface segregation [167-171]. Teng et al.
used DPD simulations to study the effect of BBP architecture on surface
segregation in a thin film including BBPs and linear polymers, when the
film was confined between two parallel walls [106]. It was observed that
BBPs aligned with the walls, and more importantly, BBPs with larger
persistence lengths were more likely to accumulate near the walls
because they could be aligned with the walls to stay in the depletion
zone generated near the interfaces. Consequently, this resulted in a
reduction of the system free energy prevailed by translational entropy.
The degree of surface segregation was further investigated by analyzing
the volume fraction occupied by BBPs along the film thickness. An in-
crease in the grafting density also resulted in a higher concentration of
BBPs near the surfaces [106]. A study by Mei et al. revealed that the
blend of polystyrene (PS) and poly(methyl methacrylate) (PMMA)
bottlebrush copolymers and the same linear homopolymers in a thin film
on a substrate caused surface segregation of BBPs [121]. Experimental
investigation integrated with SCFT simulations showed that BBPs were
more likely to be found at the film-air interface due to the entropic and
enthalpic preference of BBPs near the interfaces and the repulsive forces
between copolymers. It was also demonstrated that when the molecular
weight of the linear polymer was above a critical value, surface segre-
gation was observed in the film [121]. Mah et al. further demonstrated
that the degree of polymerization of side chains and backbone of BBP as
well as the degree of polymerization of the linear polymers altered the
segregation behavior in thin films of polymer blends [172]. They
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systematically varied these parameters to investigate the effect of
changing these architectural parameters on phase behavior of polymers.
The results led to phase diagrams illustrating the segregation of BBPs as
a function of Np/Ng. -and Np,,/Ng. .where N-, Ng., and N-,. represented
the degree of polymerization of the backbones, side chains and the linear
polymers, respectively. BBP depletion or enrichment on the film-air
interface or even an equal distribution of BBPs and linear polymers at
the interface were three types of segregation at the film interface [172].

3.3. Molecular conformation in solutions

Various computational studies have been presented in literature to
accurately predict conformational properties of BBPs in solution
[12,89,173]. Dutta et al. developed the wormlike cylinder (WLCy)
model to describe BBPs with flexible backbone and side chains in a
dilute solution [89]. They used a hybrid BD/MC based fine-grained
model with explicit side chains to represent a molecular-level BBP
structure. Four quantities obtained from this fine-grained model,
namely, end-to-end distance (R?), radius of gyration (52), hydrodynamic
radius Ry, and intrinsic viscosity [n], were consistently reproduced by a
systematically parameterized WLCy model. Moreover, they also showed
that the WLCy model is consistent among a wide range of conforma-
tional and dynamic properties and for a large number of polymer ar-
chitectures (e.g., side chain length, backbone length, and grafting
density). Overall, WLCy could reproduce the behavior of the more
detailed CG model through appropriate mapping of parameters and
thus, can be useful for large-scale simulations of bottlebrush suspen-
sions. The schematic procedure of developing this model is illustrated in
Fig. 5A [89]. In a follow-up study, they developed a CG model for BBPs
with implicit side chains to study force-extension behaviors of bottle-
brush architectures. They employed CG MC simulations to provide an
insight into the BBP elastic behavior when they were subjected to
stretching under various circumstances, like the flow-induced stretching
in solutions [174]. The simulation results were compared with the
aforementioned model of BBPs with explicit side chains and showed two
stretching regimes for BBPs. They demonstrated that for low pulling
forces, linear and non-linear force-extension regimes were observed for
the stretched cylindrical BBPs in response to the applied force, and the
extension behavior of BBP could be captured using the developed CG
model. However, at high pulling forces, the application of CG model was
shown to be insufficient because the backbone was stretched in the
length scales less than that of a CG bead, while, at low forces, the overall
structure of BBP was stretched. Hence, using the model with explicit side
chains seemed necessary to capture BBP behavior at high forces [174].

The elastic behavior of BBPs in a solution can be tuned by altering
structural parameters or the environmental factors like concentration or
the quality of solvent [174-176]. Zhulina et al. presented a scaling
theory investigating BBP structure and their elasticity behavior within a
wide range of concentrations [175]. They showed that even for two BBPs
with the same number of chains and equal lengths of backbone and side
chains, the elasticity differed owing to the intramolecular structural
rearrangement in dilute and in semidilute solution regimes [175]. Ja-
cobs et al. investigated the effect of branching on the elasticity and
swelling of BBP networks, and compared them to linear chain networks
[176]. Using a combination of MD simulations, theoretical and experi-
mental methods, they observed that BBP networks exhibited much
stronger swelling than linear polymers due to architectural disentan-
glement of BBPs in networks and stronger interaction between the
bulkier BBPs and solvent molecules. Moreover, they illustrated that the
shear modulus, which was dependent on BBP deformation, changed as a
function of the swelling ratio. They attributed this behavior to the de-
pendency of the swelling on both the three-body repulsion and the
elasticity of the network. Considering the relationship of BBP architec-
ture with swelling modulus and elastic modulus, controlling BBP
architectural parameters could lead to the design of superabsorbent
materials [176].
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Fig. 5. A) Schematic showing the extraction of model parameters from the bottlebrush simulation data. Fine-grained models using explicit side chains are first
systematically parameterized by fitting (R?) using the length L, Kuhn length 2!, and excluded volume parameter B. Subsequently, the diameter d is determined from
fitting the Rg (S%). This sets all the parameters for the wormlike cylinder model, which can then be validated with predictions for hydrodynamic radius Ryand
intrinsic viscosity (). Once we have a consistent set of wormlike cylinder parameters, we can use these to represent a bottlebrush with an implicit side chain model
based on a discrete wormlike cylinder. Reprinted with permission from [89]. Copyright (2019) American Chemical Society. B) (Colour on-line) Schematic phase diagram
of a bottlebrush polymer with a rigid backbone under poor-solvent conditions, in the plane of variables x =N'?c and y = N'/2T — 0|/0, where 0 is the 0-temperature
separating the good-solvent regime (T > 6, not shown here) from the poor- solvent regime. The lines separating the different regions have been proposed by Sheiko
et al. [193] but are not to be understood as quantitative estimates of phase transition lines, but rather as rough estimates of smooth crossovers. Representative
snapshots from the simulations obtained in the present work give evidence for the existence of the proposed states, where the side chains form either isolated objects
(left two regions), which may be either collapsed globules (lower leftmost region) or still almost Gaussian coils (upper leftmost region), and for cylindrical brushes,
either stretched (upper right region) or collapsed (lower rightmost region). The lower central region shows a pearl-necklace structure, which has a nontrivial almost
periodic mesophase order along the backbone. Reprinted with kind permission of Europhysics Letters (EPL) and [21].

3.3.1. The relationship between BBP concentration in solutions, persistent
length and lyotropic behavior

The persistence length is a characteristic length specifying the stiff-
ness of the polymer, and in the context of BBPs can be defined as the
distance over which the vector tangent to the backbone chain is corre-
lated [177,178]. Because the persistence length of the backbone and the
overall molecular brush in solutions plays a significant role in deter-
mining the conformation of BBPs, several theoretical and simulation
studies have investigated the factors affecting the persistence length
[23,37,122,179]. Many studies reported that increasing side chain
lengths contributed to a drastic increase in the persistence length of
backbone and the overall BBP [37,180-185]. In theoretical studies, this
was attributed to the increased repulsive interactions between the side
chain monomers, known as the excluded volume effect [180,186,187].
In this regard, MC simulations by Saariaho et al. [156] of BBPs in a dilute
athermal solution (low concentration) were performed, where the
polymer and solvent molecules are assumed to have no energetic in-
teractions [188,189]. This study indicated that side chain topology
played a significant role in the enhancement of the persistence length of
the polymer [156]. Specifically, they changed the side chain topology by
varying the diameter of beads in the side chains and showed that it
enhanced the BBP persistence length due to excluded volume interaction
between side chains. Moreover, increasing the size of the beads resulted
in an increase in the ratio of persistence length to BBP diameter. As this
ratio is known to play an important role in determining the lyotropic
behavior, their study suggested that choosing the right chemistry of side
chains may contribute to a desired lyotropic behavior of BBPs. Inter-
estingly, these authors showed that the ratio of persistence length to BBP
diameter was approximately independent of the side chain length and
did not change as a function of the side chain length [156]. The results of
MC investigation integrated with experiments by Rathgeber et al.
revealed that increasing the backbone length as well as the length of side
chains (up to half of the backbone length) resulted in a more stretched
structure, leading to an increased persistence length of backbone [115].
They showed that although the ratio of persistence length to the diam-
eter of BBP was low (~4) in their experiments, a lyotropic behavior was
observed at low polymer concentrations [115]. This observation was in
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contrast with the previously reported ratio of persistence length to BBP
diameter which should be of order 10 or larger [116,190]. Rathgeber et
al. believed that the lyotropic behavior vanished at high concentrations
and attributed this behavior to the screening of the excluded volume
interaction, which caused more BBP interpenetrations [115]. On the
contrary, using a theoretical approach, Fredrickson predicted a lyotropic
behavior at high concentrations of polymer/surfactant complex. In this
study, they showed that the ratio of persistence length to BBP diameter
could possibly be large enough to cause a lyotropic phase transition.
They attributed this to the surfactant-induced high rigidity of the
polymer/surfactant complex at high concentrations, which increased
the ratio of persistence length to diameter [186]. Given the inconsis-
tency of the results on the observation of lyotropic behavior at both low
and high BBP concentrations and ratios of persistence length to BBP
diameter, we believe that in addition to this ratio, other factors like the
chemistry of the BBP constituents may induce the required rigidity for
the formation of nematic lyotropic phase.

Hsu et al. employed extended MC simulations, using their previously
established simulation algorithm [34], to investigate BBP characteristic
length scales including R, of side chains, backbone persistence length,
and radial monomer distribution in an implicit good solvent condition
[173]. Their simple cubic lattice system, based on a bond fluctuation
model, efficiently reproduced the experimental values of these proper-
ties for various backbone and side chain lengths. The simulation results
demonstrated that the predicted persistence length was dependent on
both backbone and side chain lengths. Specifically, increasing side chain
and backbone length caused the enhancement of the stiffness [173].
Using MC simulations and adopting the bond fluctuation model, Hsu
et al., also demonstrated that under good solvent condition, larger cross
sectional diameter of BBP contributed to increase in the persistence
length [114]. This observation is consistent with the aforementioned
study illustrating the increase of backbone stiffness by increasing the
side chain length [173].

3.3.2. Effect of architectural parameters on the conformation of bottlebrush
polymers in solutions
Investigating the effect of architectural parameters on BBP
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conformation in a solvent is one of the prominent purposes of several
computational studies [13,35,191]. In this regard, Zhang et al. con-
ducted atomistic and CG MD simulations integrated with small angle
neutron scattering for BBPs with poly(norbornene) (PNB) backbone and
poly(lactide) (PLA) side chains to study the effect of side chain length on
the overall structure of BBP and backbone dynamics [35]. They revealed
that increasing the side chain length from 5 to 10 monomers caused the
BBP structure to change from a flexible chain-like structure to a compact
form, contributing to a reduction in the Rg. They attributed this behavior
to the solubility difference of side chains and backbone in tetrahydro-
furan. Since tetrahydrofuran was proved to be a better solvent for the
side chains compared to the backbone, increasing the length of side
chains could allow them to encapsulate backbone monomers. This
resulted in the formation of an overall condensed shape. However, a
further increase in side chain lengths (>10 monomers) resulted in a rise
in the Rg because all the free spaces around BBP was already occupied by
the compacted side chains [35].

Theodorakis and Fytas utilized MD simulations to elucidate the effect
of structural parameters on the conformation of flexible backbone and
side chains under theta solvent and good solvent conditions [12]. The
solvent quality was altered by changing the temperature in the range of
T = 3 to 4 ¢/kp, where T~3.0 and 4.0 represent theta and good solvent
conditions, respectively. They showed that increasing the grafting den-
sity, side chain length, and temperature caused the backbone monomers
to have a more cylindrical symmetry. The reason for this behavior was
attributed to longer side chains and higher grafting densities that
contributed to a more stretched and stiffer backbone to the point that the
end beads of backbone could barely get close to each other. Addition-
ally, increasing the temperature to approach 4.0, which represents a
good solvent condition, enhanced the affinity of the monomers with the
solvent to make it more stretched. They illustrated that even at tem-
peratures close to the theta point, BBPs could form stretched confor-
mations, suggesting a weak dependence of linear dimensions of BBPs on
the quality of solvent [12]. In another study, they elucidated the effect of
solution temperature and solvent quality on the conformations of BBPs
in poor solvent condition [191]. They showed that at low temperatures,
which corresponded to the poor solvent condition, the side chains
collapsed and BBPs adopted a spherical structure. In this case, the total
number of monomers was the only effective parameter on the molecular
structure. However, at higher temperatures, depending on grafting
density as well as the number of monomers in backbone and grafted side
chains, BBPs experienced a transition of conformation from spherical to
coil-like or cylindrical structures. Smaller backbone and side chain
lengths, coupled with low grafting density resulted in a coil-like struc-
ture, while increasing these parameters enabled the monomers to
arrange more homogeneously around the backbone. In addition,
increasing the length of the side chains caused steric repulsions between
monomers, causing the side chains to become more stretched [191].

Theodorakis et al. used MD simulations to investigate the structural
transition of BBPs with flexible side chains and rigid backbones in an
implicit poor solvent condition [192]. They found that at low grafting
densities, side chains collapsed, and formed pearl-like shapes where
each pearl included just one grafted side chain. Increasing the grafting
density led to the formation of the pearls containing several side chains
clustered together. The formation of these pearl-necklace structures can
be attributed to increased interaction between the side chains as the
grafting density increased. As temperature increased, this transition to
the pearl-necklace structures occurred for even lower grafting densities,
which may be attributed to larger fluctuations at a higher temperature.
Similar behavior was also predicted by a scaling law in another study by
Sheiko et al. [193]. For intermediate grafting densities, these pearls
contained several side chains and appeared like non-spherical ellip-
soidal shapes. At high grafting densities, an overall cylindrical structure
of BBP with side chains homogeneously positioned along the axis was
reported [192]. The gradual crossover between these structures was
represented in a phase diagram as a function of side chain length,
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grafting density and temperature, and the interplay between these pa-
rameters determined the BBP conformation in solution (Fig. 5B) [21].
Another similar study by Theodorakis et al. on bottlebrush copolymers
with rigid backbones in a poor solvent illustrated a microphase sepa-
ration between the side chains. This resulted in a conformational tran-
sition of a BBP from pearl-necklace structures at low grafting density to
Janus dumbbell structures at high grafting density. This behavior was
attributed to the microphase separation and clustering of the side chains
at the same time [194]. This study also showed that the phase transition
occurred gradually in solutions, whereas it was sharp in bulks or
copolymeric melt BBPs [194]. Polotsky et al. integrated MC simulations
with a field-theory-based approach to study BBPs with a solvophobic
block of chains inside (core) and a solvophilic block in the outer layer
(shell) of the molecular brush [195]. They showed that changing the
solvent quality from theta to poor solvent for the inner chains could
contribute to the collapse of the core. When the strength of the solvent
for the core chains was decreased, the pearl-necklace structure was
observed in the inner part of the BBP. They also suggested that this
behavior was due to the insolubility of the core in the selective solvent.
The experiments conducted on core-shell BBPs with poly(acrylic acid)
as the core and poly(n-butyl acrylate) as the shell confirmed the validity
of this structural transition in simulation results [195].

The amphiphilic copolymers have attracted much attention due to
their unique properties in solution, in bulk, and at interfaces [196].
Several computational studies have investigated their microphase sep-
aration under poor solvent conditions [194,197,198]. MC simulations
conducted by Jong and Brinke showed the formation of Janus cylinders
resulted from phase separation of BBPs with two incompatible chain
types [199]. They observed that under poor solvent condition, when
BBPs were restricted to have rigid backbones, the side chains of the
Janus cylinder structure transitioned into a pearl necklace structure.
Although, for BBPs with flexible backbones, side chains of the same type
collapsed and formed multiple globules [199]. Erukhiomovich et al.
used analytical theory and MD simulations to study BBPs with stiff
backbone and flexible chains in a poor solvent to show that changing the
ratio of interaction energy between dissimilar and similar monomers
played an important role in their microphase separation, and changing
this ratio could lead to the formation of Janus-cylinder structures [5].

4. Stimuli-sensitive polymer simulations

Stimuli-sensitive polymers are defined as polymers that produce
observable micro- or nanoscale changes in their morphologies or mo-
lecular structures in response to environmental triggers such as tem-
perature, pH, electric or magnetic fields, mechanical force and even light
[63,200-203]. Due to these special properties, these “smart-polymers”
have found several applications as sensors and biosensors [204],
controlled drug delivery [205], environmental remediation [206], etc.
BBPs grafted with such polymer side chains present an interesting group
of macromolecules in the form of stimuli-sensitive BBPs, which usually
display varied phase behavior, solution conformations and interfacial
properties in response to a change in surrounding environment
[207,208]. Although little experimental and computational research has
been carried out on these BBPs, these macromolecules provide an ease of
structural tunability unmatched by conventional BBPs, which can be
utilized in generating application-oriented system properties [209]. This
makes them hot candidates for future experimental and computational
research. In this section, we review two computational studies available
in literature on different stimuli-sensitive BBPs.

One of the best known examples of stimuli-sensitive polymers is a
thermosensitive polymer named poly (N-isopropylacrylamide) (PNI-
PAM) [202,210,211]. Bejagam et al. studied PNIPAM-based BBPs in
water using CG MD to determine the effect of grafting density, backbone
and side chain lengths, and temperature on the conformational evolu-
tion of the BBPs and its side chains [16]. These MD simulations were
performed using explicit solvent models at 290 K and 320 K, which are
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below and above the lower critical solution temperature (LCST) of
PNIPAM, respectively. The results indicated that for relatively short side
chains (5 and 10 monomers), the PNIPAM side chains appeared like
elastic rods, and did not show much difference at the two temperatures.
However, for longer side chain lengths (18 and 30 monomers), and
grafting density up to 50%, these side chains underwent a coil-to-
globule transition above the LCST, due to which the BBPs resembled
somewhat cylindrical and spherical shapes for the temperatures below
and above LCST, respectively. When the grafting density was increased
to 100%, PNIPAM side chains displayed a globule-like conformation at
both 290 K and 320 K as a result of the dehydration of side chains due to
steric effects. (Fig. 6A (i-ii)) Conformational changes in the grafted
PNIPAM side chains also affected the overall BBP conformation with a
bending of the hydrophobic backbone observed at lower grafting den-
sities [16].

A recent study by Chang et al. employed DPD simulations to study the
self-assembly behavior of comb-like graft copolymers with pH-sensitive
hydrophilic side chains [105]. The self-assembled systems exhibited a
variety of morphological conformations including worm-like and sheet-
like micelles, as well as porous, unilamellar and multilamellar vesicles.
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The influence of pH was realized through solvent quality (a-a5) where
neutral pH depicted poor solvent (larger a-ag) and higher or lower pH
indicated good solvent (smaller a-5g). It was observed that micellar
aggregates were formed at smaller a-pg values, which converted to
unilamellar vesicles (ULV) at low concentrations with an increase in a-ag
values. The size of vesicles increased with increasing concentration. As
pH approached a neutral value (large a-ag value), ULVs converted into
multilamellar vesicles (MLV) with a layer by layer structural addition,
similar to that of an onion as shown in Fig. 6B (i-ii). The water perme-
ation through the formed structures was also studied with the membrane
permeability observed to reduce as ULVs converted to MLVs. The
controlled release of two types of drugs with distinct hydrophobicities
situated at different layers of the MLV was also examined [105].

5. Molecular conformations of bottlebrush polyelectrolytes
BBPs can be classified as neutral or polyelectrolyte polymers based
on the charge on their grafted side chains [212]. The long-range in-

teractions between charged monomers play a crucial role in determining
the conformation of polyelectrolytes. As a consequence, many studies
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Fig. 6. A) Snapshots and normalized distribution of Ry, averaged over all the side chains for thermosensitive BBPs with (i) Low grafting density and (ii) High grafting
density. The backbones of BBPs were represented in blue and red at 290 and 320 K, respectively. Reprinted with permission from [16]. Copyright (2019) American
Chemical Society. B) (i) Morphological phase diagram of aggregates formed by comb-like copolymers as a function of polymer concentration (¢,) and pH value (axs).
(ii) Characteristic morphological snapshots illustrated for various polymer concentrations (¢,) and pH values (aas). Reprinted with permission from [105]. Copyright
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have shown that in comparison with neutral brushes, polyelectrolyte
brushes exhibit different behaviors [213-218]. The degree of ionization
of the monomers, the valence of counterions, and the structural features
are important to control the conformation of polyelectrolyte BBPs and
their relevant properties [22,219,220].

Cao et al. employed MD simulations to investigate the effect of
electrostatic strength on the conformational transitions of a single
polyelectrolyte BBP consisting of both neutral and charged side chains
[212]. They revealed that the Bjerrum length [221] - the distance at
which the electrostatic interaction energy competes with thermal energy
- has a considerable effect on the conformation of the side chains.
Neutral side chains in a poor solvent formed clusters with various sizes
as a consequence of increasing the Bjerrum length. These clusters could
aggregate to form one single cluster as a result of further increase of
electrostatic interaction. Consequently, at large or very small Bjerrum
lengths, the polyelectrolyte BBPs resembled a globule-like structure with
a core of neutral side chains. The formation of this structure was
attributed to the strong attraction between neutral side chains in a poor
solvent and the weakening of electrostatic interactions due to the
counterion condensation at a large Bjerrum length. However, in a good
solvent, clusters of neutral side chains did not appear. And the globular
structure of polyelectrolyte BBPs with a core consisting of charged side
chains could only be formed at large Bjerrum lengths. These structural
transitions were attributed to the competition between electrostatic
energy and the short-range Lennard-Jones potential [212].

Carrillo and Dobrynin investigated the effect of grafting density and
side chain length as well as the electrostatic interaction on the thickness
of polyelectrolyte BBPs tethered to a surface [22]. It was elucidated that
longer, flexible side chains contributed to form brush layers with larger
thickness, while increasing grafting density led to a decrease in thick-
ness. This reduction in the thickness continued until it reached a satu-
ration and retained that thickness over a wide range of grafting
densities. They attributed this behavior to the contraction of the side
chains as a consequence of increase in the grafting density, which caused
decrease in the repulsion between side chains due to the counterion
condensation [22]. However, it was previously shown that for poly-
electrolyte BBPs with rigid side chains, increase in the grafting density
led to an increase in thickness [222]. Borisov and Zhulina employed
mean-field theory to predict the conformation of polyelectrolyte BBPs in
salt-free solutions [220]. They demonstrated that increasing grafting
density or/and increasing the number of charged monomers led to
stretched polyelectrolyte BBPs due to the accumulation of the counter-
ions in intramolecular spaces [220].

Linse and Claesson used mean-field theory to investigate the effect of
side chain length on the adsorption of bottlebrush polyelectrolytes on
mica and silica substrates with negatively charged surfaces [223]. The
BBP backbone consisted of charged segments, where the percentage of
these charged segments (X) ranged from 0 to 100. The mica surface had
no electrostatic interaction with BBP, while the silica-like surface was
considered to have positive affinity to the BBP chains. Surface excess,
which was defined as the amount of adsorbed polymer on the surface,
was shown to be dependent on X. The results revealed that for the mica-
like surface, increasing the length of side chains led to a decrease in the
surface excess at small X. This behavior demonstrated the dominance of
the entropic repulsion between the chains and also between the surface
and the side chains. On the contrary, for a large X, increasing side chain
length contributed to increased surface excess. However, for the silica
surface, the surface excess increased for any value of X as a result of
increasing side chain length. This behavior was attributed to the
favorable interactions between the chains and the surface [223].

Although various simplifications can be applied to polyelectrolyte
BBPs, they are sometimes too complex to be described by analytical
theories [30]. Therefore, a model based on SCFT can be applied to
investigate the conformation of BBPs on the surface [30]. Feuz et al. used
SCFT to investigate the interactions between polyelectrolyte BBPs,
which had hydrophilic and neutral side chains tethered to a backbone of
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polyelectrolyte monomers [30]. It was shown that the adsorption of
these macromolecules on the oppositely charged surface mostly
depended on the molecular architecture parameters such as grafting
density and the length of side chains. Changing the grafting density and
the degree of the polymerization of the side chains affected the elec-
trostatic interactions between the backbones of the BBPs and the sur-
face. At high grafting density and short side chains, the polyelectrolyte
BBP could be adsorbed strongly on the substrate, while low grafting
density and long polymeric side chains resulted in the steric repulsion of
the side chains from the surface. At intermediate grafting densities, the
relation between screening length [224] - a characteristic length of
electrostatic interactions between charged particles to the thickness of
the molecular brush - controlled the adsorption or depletion of the BBP
to the surface [225].

Rusaano et al. performed MD simulation to study the different be-
haviors of charged and neutral brushes tethered to two parallel surfaces
[219]. They indicated that the disjoining pressure, which is the inter-
active force between substrates per unit area, is related to the required
bending energy of polyelectrolyte BBPs compressed between grafted
substrates. The pressure increased with a reduction in the distance be-
tween these surfaces. However, this dependency was weaker in the case
of polyelectrolyte BBPs compared to neutral brushes. This behavior of
polyelectrolyte BBPs was attributed to the interaction between coun-
terion clouds, which hampers a strong overlap between brush poly-
electrolytes [219].

6. Self-assembly of BBPs

The tunability of the structural parameters of BBPs has created a
context for their self-assembly into various morphologies due to
microphase separation in solution, melt, and on surfaces [4,226,227].
Several studies have demonstrated that BBPs with block copolymers can
undergo a quick phase separation, and form microdomain self-
assembled structures [122,228,229]. Investigations on the self-
assembled structures revealed that both structural parameters of BBPs
and solvent quality control this process. The self-assembled structures of
BBPs exhibit distinct properties, which may not be easily achieved using
linear polymers. For example, unlike linear polymers, BBPs can self-
assemble to create nanostructures up to several hundred nanometers,
with large domain periods, making them suitable to be applied as pho-
tonic crystals [227,230-232]. In addition, the critical micelle concen-
tration for BBPs can be significantly lower than that of analogous linear
polymers owing to the larger size of BBPs [226]. Moreover, recent ad-
vances in synthesis of branched polymers including BBPs have set the
stage for attracting tremendous attention toward the self-assembly of
BBPs. In this regard, a wide variety of the potential applications pro-
vided by the assembly of these brush polymers are reviewed in articles
[41,233].

6.1. Factors affecting the self-assembly of BBPs

Many computational studies have investigated the effect of various
factors including structural parameters, solvent quality, composition,
molecular stiffness, etc. on the self-assembled structures of BBPs to
specify the factors determining the formation of desired micro- and
nanostructures. Gumus et al. utilized DPD simulations to investigate the
self-assembly of amphiphilic BBPs with incompatible side chains when
the solvent quality was suddenly changed [103]. They observed various
non-equilibrium self-assembled structures which were formed by
changing the solvent quality, the side chain length and the degree of
incompatibility between the chains. The folding of side chains and the
resultant self-assembly was found to be strongly dependent on the
flexibility of the chains and the properties of the solvophobic core.
Moreover, they demonstrated that the molecular weight of BBPs was
another determining factor, which considerably affected self-assembled
structures (Fig. 7A) [103]. Ahn et al. investigated the microphase
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Fig. 7. A) Representative single-polymer
self-assembled nanostructures obtained after
a fast quench into a bad solvent condition for
one of the side chains (red domains), formed
by (C-g-Ax/Bm)iooo asymmetric bottle-
brushes. Solvophilic side chains are dis-
played in blue, whereas the bottlebrush
backbone is represented by the green tube
wrapping around the solvophobic cores.
Solvent molecules are not displayed for

clarity. The solvophilic block molecular
weight is fixed at (a) m = 10, (b) m = 20, and
(c) m = 50. Solvophobic side chain molecu-
lar weight, k, increases from left to right. The
chemical incompatibility between A and B
polymer segments was fixed at ayg = 50.
Republished with permission of Royal society of
chemistry, from [103] copyright (2020);
permission conveyed through Copyright Clear-
ance Center, Inc. B) Schematic for the self-
assembly of amphiphilic PS-PACMO bottle-

brush block copolymers in water, where the
red chains represent the hydrophobic PS
chains and the blue chains represent the
hydrophilic PACMO chains. Reprinted with
permission from [226] Copyright (2019)
American Chemical Society. (For interpreta-
tion of the references to color in this figure
legend, the reader is referred to the web
version of this article.)

segregation of BBPs consisting of poly(3-hexylthiophene) (P3HT) and
poly(lactide) (PLA) side chains grafted on a polynorbornene backbone
[234]. According to their results, composition of PLA and P3HT affected
the morphology of self-assembled structures. BBPs with compositionally
symmetric PLA and P3HT side chains, formed lamellar nanostructures
with large domains. However, BBPs with compositionally asymmetric
side chains showed poorly ordered morphologies or short-range ordered
structures. The domain of these nanoscale morphologies of BBPs was
determined by the length of PLA and P3HT side chains [234].

To investigate the effect of BBP structure on self-assembly in solu-
tion, Alaboalirat et al. studied the conformation of amphiphilic BBPs in
solution and their self-assembly by combining small-angle neutron
scattering and CG MD simulations [226]. They examined BBPs which
consisted of copolymeric side chains of polystyrene and poly(N-
acryloylmorpholine) (PACMO) to show that in the presence of water,
the BBPs had a structure similar to a combination of globule and cyl-
inder. However, when the number of PACMO side chains increased,
BBPs formed more stretched architectures in solution. The self-assembly
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of these molecules formed micelles in water with a core of hydrophobic
polystyrene and a shell of hydrophilic PACMO (Fig. 7B). Their analysis
indicated that increasing PACMO content resulted in more stable and
spherical micelles, which had a much lower critical micelle concentra-
tion compared to linear block copolymers [226]. On the contrary,
Lyubimov et al. previously reported lower critical micelle concentration
for linear amphiphilic copolymers rather than the BBPs at low sol-
vophobicity [235]. However, the micelles formed through the self-
assembly of BBPs were observed to be smaller than those obtained
through the self-assembly of linear polymers [235]. Using MD simula-
tions, Wessels et al. indicated that changing the molecular structure from
linear or star-like polymers to BBPs led to a reduction of the size of
assembled micelles and the aggregation number. Besides, the required
solvophobicity for the formation of micelles was increased as a result of
an increase in the number of side chains from linear polymers to BBPs
[236]. Chen et al. employed SCFT using a worm-like chain model to
probe the effect of chain conformation on the self-assembly of fully
extensible block BBPs with high grafting densities, consisting of
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semiflexible chains and backbone [43]. They showed that the stiffness of
side chains controlled monomer packing and the conformation of the
chains, and consequently played a significant role in controlling the
conformation of the backbone, as well as determining the domain
spacing and the sizes of the self-assembled lamellar phase [43].

It has been shown that backbone flexibility is a determining factor in
the morphology of self-assembled structures [122,131]. Using CG MD
simulations, Chremos and Theodorakis studied the effect of intrinsic
stiffness of the backbone on the morphology of the self-assembled BBPs
with block copolymers [71]. They realized that when the backbone
stiffness was increased, BBPs with the same volume fraction of block A
and B, and with the asymmetric side chains along backbone, transi-
tioned from hexagonally packed cylinders to lamellar or bicontinuous
morphologies. Based on the results of several simulations, morphology
diagrams were provided illustrating self-assembled structures for
various values of backbone stiffness (K), the length of polymer blocks
(N-4, and Np), and different numbers of the total A or B segments (M). It
was shown that for the BBPs with backbone stiffness equal to zero,
hexagonally packed cylinders were formed when the side chains had a
remarkable difference in terms of their lengths. However, when this
difference was not considerable, a lamellar structure dominated (Fig. 8).
According to morphology diagrams (Fig. 8c), for N-, = 1 and Ng = M,
and for the values of stiffness equal to zero, increasing the stiffness to a
value between 0.5 and 2, caused a transition from hexagonally packed
cylinders to a bicontinuous structure. Besides, BBPs with a stiffer
backbone (K>2) possessed a lamellar morphology. Though, when N-5
was larger than M/4, increasing the backbone stiffness did not
contribute to a change in the final structure [71,237]. In addition, based
on BD results gained by Cao et al., backbone stiffness was one of the
significant factors which caused the formation of distinct morphologies
for the polyelectrolyte BBPs in contact with surfactants having opposite
charges [88].

Nam et al. investigated the factors controlling the self-assembled
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structures of Janus core-shell BBPs [104]. They employed DPD simu-
lations to study the BBPs consisting of polystyrene as the cores and
polylactide and poly(n-butyl acrylate) as the shells. It was shown that
the curvature of the BBPs and the stiffness of the backbones were leading
factors determining the morphology of the assembled structure. Poly-
lactide was positioned in the outer layer of the self-assembled structure
because the solvent was slightly more favorable to Polylactide.
Accordingly, it was revealed that increasing the backbone bending en-
ergy by shifting the backbone toward polystyrene/poly(n-butyl acry-
late) interface and elongating the backbone length contributed to the
formation of a less curved structure. As a result, the self-assembled
structure was more likely to form a monolayer vesicle rather than the
formation of micelles [104]. Experimental and theoretical investigation
by Sunday et al. revealed that triblock polymers could exhibit atypical
phase behavior due to an unexpected flexibility [44]. Employing SCFT,
they indicated that although triblock BBPs had a tendency to have a
stretched backbone because of the steric hindrance of the densely
grafted chains, they represented a loop conformation in a thin film.
Consequently, it resulted in the formation of lamellar morphology with a
layer consisting of the midblock chains at the interface. Hence, the
arrangement of the midblock at the air interface was regarded as evi-
dence of the high flexibility of BBPs [44].

6.2. Self-assembled microstructures of BBPs

Lazutin et al. employed computational modeling and simulations in
order to elucidate the diagram of states resulting from the self-assembly
of planar BBPs grafted on a surface [238]. They indicated that BBPs with
amphiphilic monomers self-organized into various structures, illus-
trating four regions including disordered arrangement of monomers,
strands consisting of a small number of chains, and lamellae with small
and large domain space. Moreover, a transitional region between
lamellar zones was observed, which connected the lamellae with small
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Fig. 8. (a) Morphology diagram for M = 16 of BB diblock copolymers with N5 = 2 as function of Ny and k. (b) Snapshots illustrating crossovers from cylinders to
lamellar or bicontinuous morphologies for different cases as indicated. (c) Morphology diagrams for M = 8 (left), 16 (center), and 32 (right) of bottlebrush diblock
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correspond to lamellae (triangles), cylinders (fill diamonds), and bicontinuous (open diamonds), and metastable (open triangles). Reprinted from [71], Copyright

(2016), with permission from Elsevier.
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and large domain spacings. These connections resembled bridges be-
tween locally parallel lamellae [238]. Wessels et al. investigated the
effect of various architectures of polymers on their self-assembly near/
on a solvophobic surface [239]. They used MD simulations to investigate
the self-assembly of linear polymers and BBPs with different solvophobic
backbone and side chain lengths. They showed that away from the
surface, the self-assembly of all structures were similar to that of in bulk.
However, near or on the surface, the attraction energy between the
surface and polymer had a considerable effect. It was shown that when
the strength of attraction between surface and backbone was increased,
BBPs with backbones considerably larger than the chains transitioned
from a hemispherical domain structure to striped and continuous
structures. However, BBPs with backbones notably smaller than the side
chains exhibited the largest sensitivity to the energy values and formed
different structures. It was also shown that the surface-BBP attraction
energy could not noticeably affect BBPs with backbone and side chains
with similar lengths [239].

Wang et al. investigated the self-assembly of BBPs consisting of hy-
drophilic backbone and hydrophobic side chains in aqueous solutions
using DPD simulations [102]. Their study resulted in well-known self-
assembled structures including spherical, cylindrical and lamellar
structures (Fig. 9A). Moreover, three other, more complex structures,
namely, perforated lamella (PL), cross-linking lamella (CL) and network
cylinder (NC) were also observed. PL structure was almost similar to
lamellar structure except the perforated pores in lamellae, while CL was
constructed by a combination of lamella and cylindrical structures
which appeared as cross-linking between two lamellae. NC was
completely built with cylindrical BBPs and formed structures resembling
a symmetric network. Fig. 9A illustrates self-assembled structures from
two views in a three-dimensional space and the relevant density profiles
of backbone and side chains. Changing the number of side chain beads
(N;) and backbone beads (Nj) in several BBP concentrations (pp)
resulted in creating phase diagrams showing various structural zones
[102].

The lamellar periodicity of self-assembled structures, which shows
the length of fully extended BBPs in a bilayer lamellar structure, was
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investigated by Dalsin et al using SCFT and experimental methods
[122]. They studied BBPs with polypropylene and polystyrene block
side chains and polynorbornene backbones with different contour
lengths (L). It was revealed that BBPs self-assembled into lamellar phase
and its period (dy) could be determined by the scaling correlation as dy «
L7, where y could vary from 0.3 to 0.9 at small and large values of L,
respectively. This range of exponent implies a structural transition from
star-like conformations that are formed for BBPs with similar backbone
and side chain lengths to bottlebrush conformation for BBPs with longer
backbones compared to side chains. The SCFT results revealed a high
desire of backbone to be oriented at the interface of the blocks [122].
Besides, another SCFT study by Levi et al. investigated the self-assembly
of BBPs with poly(lactide) and poly(4-methyl-e- caprolactone) side
chains [240]. Using the symmetric volume fraction of these side chains,
they demonstrated the formation of lamellar structures whose domain
spacing was significantly dependent on the backbone length. Kawamoto
et al. implemented SCFT integrated with an experimental approach to
study the self-assembly of Janus-type BBPs. They showed that the phase
separation and molecular packing caused the formation of ordered
structures including lamellar, hexagonal and also gyroid morphologies.
Their simulation results and experimental observations illustrated the
dependency of the microdomain period of these structures on the side
chain length rather than backbone length [241]. In addition, Cheng et al.
studied the self-assembly of block bottlebrush copolymers in a thin film
[227]. They observed that the self-assembled structures from the
densely packed BBPs formed ordered structures with ultra-small period
in the scale of a few nanosecond. The domain spacing and orientation of
these morphologies was changed by the side chain length, which was
attributed to the volume exclusion of the side chains. Indeed, an increase
of the side chain length increased the repulsive forces between them and
made them more stretched which resulted in changing the domain
spacing [227]. Moreover, using experimental approach and SCFT,
Chang et al. demonstrated that triblock BBPs with low-y interaction
parameters self-assembled to mixed-domain lamellar morphologies.
They showed that the domain spacing of these structures declined with
increasing total molar mass. Additionally, they introduced a critical
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Fig. 9. A) Snapshot for LAM, CYL and SPH microstructures assembled from the bottlebrush molecule, the blue and red colors represent the main and side chains,
respectively. The first two columns are bead density distributions for the microstructures without the water molecules from the various views in three-dimensional
space, while the last column describes the bead density profiles in one-dimension. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.) Reprinted from [102], Copyright (2018), with permission from Elsevier. B) Deformation of a triblock macromolecule in a self-
assembled network in elastic deformation (a,b) and yielding (c) regimes. Pictures are snapshots from the molecular dynamic simulations. Reprinted with permission
from [243] Copyright (2019) American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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interaction parameter (yac) above which the three-domain lamellar
structure was formed [242].

Block BBPs can also be used to form strain-adaptive networks. Liang
et al. described the deformation behavior of self-assembled structures
from triblock polymers consisting of linear-BBP-linear polymer blocks
(Fig. 9B) [243]. It was shown that the linear polymers, which were
located at the two ends of the bottlebrush backbone, aggregated to form
spherical domains. Hence a model specifying mechanical behavior of
polymers was offered. This model was validated by MD simulation and
experimental data, and it specified two regimes of deformation, depicted
in Fig. 9B, as an external force was applied to the self-assembled
network. First, the BBP that was bridging between the linear domains
stretched out along the backbone and exhibited an elastic deformation.
Next, the linear polymers, aggregated at both ends of the BBP were
pulled out of their spherical domains to be stretched along the BBP
[243].

7. Conclusion and outlook

The capability of BBPs to adopt various conformations and shapes
has resulted in distinct structural, mechanical, physical, and rheological
properties, which may not be accessible by linear polymers. Their
unique structures and self-assembled morphologies have made re-
searchers keen on studying the factors determining the conformations of
the side chains and main backbone. As experimental investigation of
BBPs can be challenging at the molecular level, different computational
and theoretical methods have been successfully employed to study BBPs.
It has been shown that the chemical nature of the monomers, the degree
of polymerization of the side chains, backbone length and grafting
density of side chains can greatly influence BBP structure. In addition, it
has been indicated that environmental stimuli such as solvent quality
and temperature can affect the structure and properties of these polymer
brushes. Herein, we reviewed the computational studies that focus on
understanding the effect of these parameters on the conformational
specifications and the relevant thermodynamic, physical and mechani-
cal properties as well as their self-assembled structures. These studies
including particle-based and field-theory-based simulations can create a
context to reveal the evolution of BBP structures under different cir-
cumstances like in solvents, on surfaces or in melt states. Moreover, it
was observed that changing the architectural parameters of BBPs or
their surrounding environment could lead to drastic changes in assem-
bled structures. More importantly, it has been shown that the pre-
dictions by these computational methods are in good agreement with
experimental approaches.

Even though many of these computational and theoretical studies
have provided useful insights that cannot be obtained even with existing
advanced characterization methods, computational efficiency can be
considered as their main drawback. Due to this, the utility of these
methods is limited to certain length- and time-scales. To overcome this,
many studies employ certain simplifications in their models to reduce
the computational cost, which may result in less accurate predictions.
Most studies implicitly simulate the effect of solvent for BBPs in solu-
tions rather than implementing explicit solvent molecules as the implicit
solvent approach is computationally efficient. While the use of implicit
solvent models solves some problems, it creates several more by being
unable to reproduce polymer-solvent interactions and structure of the
solvent at the polymer-solvent interface. In addition, a large number of
computational studies simulate side chain lengths which are much
smaller than the lengths that can be studied using the current experi-
mental procedures, thus making the validation of these results difficult.
Using a limited number of BBPs for self-assembly simulations to reduce
the computational cost, is another factor that affects the reliability of
simulation results. However, with tremendous improvements in
computational simulation capabilities through the use of sophisticated
algorithms, accurate models and supercomputers, it is now becoming
easier to simulate more realistic systems with better efficiency, thus
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addressing these drawbacks.

A large number of studies have been conducted considering particle-
based models of BBP with rigid backbone or side chains [21,155,192].
Since the intrinsic flexibility of polymers is of prime importance in
determining the conformations of BBPs, making them rigid can affect
simulated predictions of BBP behaviors. Hence, there is a need to
develop accurate, transferable models of BBPs that can sufficiently
capture the flexibility of both backbone and side chains in the presence
and absence of a solvent. Comparison of BBP properties like elasticity in
melt state with other branched polymers with different architectures is
another potential area to be studied with computational approaches. In
this connection, the prediction of BBP behavior for asymmetric distri-
bution of chains or various brush architectures like dumbbell shape
architectures can be investigated. In addition, interfacial properties of
bottlebrush polyelectrolytes as well as their surface segregation in the
presence of linear polymers can be predicted through simulations.

There are novel architectures of BBPs with a wide range of potential
applications, which have only been investigated through experimental
approaches. BBPs with dendritic side chain end groups, cylindrical
bottlebrush polypseudorotaxanes, functionalized branched BBPs, and
specific architectures of branched BBPs, like graft-on-graft and star-like
structures consisting of multiple arms of BBPs, are a number of these
emerging architectures [233,244-246]. Exploration of the conforma-
tions and properties of these BBPs by implementing molecular simula-
tions could provide useful insights at a molecular level, which can be
used to synthesize more advanced architectures.

The implementation of machine learning approaches integrated with
computational and theoretical methods is another important and
emerging field that can be employed to understand and/or predict BBP
behaviors. For example, enormous amounts of data generated through
molecular simulations can be used to train data-driven models into
predicting the conformational and mechanical properties of simulated
BBPs and their self-assembled architectures. Deep Learning approaches
can be employed to study the internal structures of BBPs, which are
challenging to achieve through conventional analysis. Computational
burden of simulating these complex structures can also be reduced by
employing data driven ML/DL based trajectory predicting algorithms as
proposed by Sidky et al. [247]. The employment of machine learning
approaches integrated with simulations can be immensely helpful in
order to understand the fundamental relationship between the complex
structures and properties of grafted polymers.
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