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Abstract

Bottlebrush polymers (BBPs) are a category of branched polymers that have drawn much interest in
polymer science due to their diverse range of applications. The properties of these polymers can be
modified by adjusting architectural parameters such as grafting density and the degree of polymer-
ization of the side chains and backbone. For this reason, a significant number of experimental and
computational studies have been carried out to investigate the conformations of BBPs under vari-
ous conditions. This study explores the conformational properties and static structure of flexible and
semi-flexible bottlebrush polymers in dilute solutions using molecular dynamics simulations with
a coarse-grained model. Specifically, semi-flexible polymers are of particular interest due to their
unique mechanical and structural behaviors, which remain underexplored in current research. We
investigate the key dependencies between conformational properties and structural parameters, par-
ticularly focusing on the radius of gyration and the persistence length as functions of varying degrees
of polymerization and stiffness. The results reveal a strong correlation between the radius of gyration
and increasing backbone length N, which is further affected by the introduction of polymer stiffness.
Through the analysis of the bond correlation function C(x), we also demonstrate that higher stiffness
values result in larger persistence lengths, indicating that stiffer polymers maintain their directional
orientation over greater distances. These findings confirm theoretical predictions and align with ex-
perimental observations, providing valuable insights into the impact of structural modifications on the
behavior of bottlebrush polymers.
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1 Introduction

Bottlebrush polymers (BBPs) have attracted much attention in polymer science for being versatile
macromolecules due to their unique combination of molecular and particulate characteristics, which
are crucial in both biological and synthetic contexts [24]. These intriguing polymers are highly sought
after for the development of advanced materials with improved or new properties, such as templates,
elastomers, organic optoelectronic materials, and energy storage solutions, to name but a few [18].
They also hold promise for biomedical applications such as drug delivery, imaging, and biodetection
[34].

Bottebrush polymers structural features are inspired by the intricate design of proteoglycans, which
regulate essential functions in human body such as joint lubrication and clearance of lungs [12} [15]].
BBPs represent an important category of high-density side-chain-grafted polymers. Characterized
by high molecular weights (MWs), these structures consist of one or more polymeric side chains at-
tached to each repeating unit of a linear polymer backbone, giving them a distinctive “bottlebrush”
morphology as shown in Figure [l Depending on the substrates they are attached to, polymer brushes
can exhibit one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) characteristics
[28]]. Specifically, the term “bottlebrush polymer” or molecular bottlebrush” refers to a 1D polymer
brush with an ultrahigh sidechain grafting density on a linear polymer backbone. Alternatively, for 1D
polymer brushes with relatively sparse sidechain grafts, the terms “graft copolymer” or “comb-like
polymer” are commonly used.
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Figure 1: The architecture of a bottlebrush molecule, featuring a backbone composed of My,
monomers (red beads) and sidechains made of Ngc monomers (blue beads) [24].

Important progress in polymerization methods now permit the synthesis of these hyperbranched
molecules with meticulously managed structures. BBPs exhibit diverse architectures (Figure [3), cat-
egorized by the orientation of their backbone and side chains, as well as grafting densities, which
allows for exceptional performance across various potential applications. Fine-tuning BBPs con-
formations and properties for specific purposes involves manipulating structural and environmental
parameters such as solvent, temperature, pH, and salt concentration [20]].

Experimentally, it is challenging to determine the relationship between microscopic conformational
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details and the molecular-level properties of polymers, especially at short time scales (below 10
nanoseconds), due to limitations in resolution. This challenge highlights the attractiveness of compu-
tational approaches [20]. For bottlebrush polymers (BBPs), these microscopic details often encom-
pass grafting density, backbone length, and side chain lengths, among others. These characteristics
are crucial for depicting the conformation of such polymers. Given their importance, this study will
specifically investigate how the spatial arrangement of BBPs is influenced by architectural parame-
ters, with a particular focus on the effects of introducing chain rigidity, thereby transforming these
polymers into semi-flexible bottlebrush polymers.
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Figure 2: Different branching topologies of bottlebrush polymers [20].

Important biological macromolecules, such as aggrecans, resemble bottlebrushes but present addi-
tional complexities, such as semi-flexible polymer chains, electrostatic interactions, and a high degree
of polydispersity [22]]. Current bottlebrush models do not fully capture these effects, making it essen-
tial to extend our understanding to a wider class of bottlebrush-like molecules through computational
studies.

In this work, we conducted simulations to examine the conformational properties of semi-flexible
BBPs by varying parameters such as backbone length and sidechain length, and analyzing how these
modifications affect the radius of gyration and the persistence length. Our findings reveal that in-
creasing the rigidity of the polymer backbone significantly affects the local conformation, such as the
persistence length, and the overall conformation of BBPs, such as the radius of gyration.

The relevance of this work lies in its potential to enhance the design and application of BBPs in both
synthetic and biological fields, leading to the development of materials with tailored properties for
specific applications.
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2 Background Literature

In this chapter, we will investigate the qualitative and quantitative relationships between the confor-
mational parameters and structural parameters of bottlebrush polymers.

2.1 Structural parameters and Conformational properties of BBPs

The structural parameters encompass the degree of polymerization of the backbone (N;,), the degree
of polymerization of the grafted sidechain (N,), and the degree of polymerization of the subchain be-
tween neighboring branch points (Ns), with the graft density of the sidechain (c) being the reciprocal
of N, i.e., 6 = N, ~! which quantifies the number of grafts per backbone unit.

The conformational characteristics of polymers chains can be categorized into two types: global and
local properties (see Figure|3)). The general conformational properties consist of the radius of gyration
(R,), the end-to-end distance of the backbone (R, ), the contour length (L.), and the section diameter
(D). Local conformational characteristics include the end-to-end distance of the sidechain (R, ), the
spacing between adjacent grafting points (h), the persistence length (/,) and the length of a Kuhn
monomer (b). As G rises, the increased excluded volume interactions cause a conformational shift
from a random coil to a sparse comb-like structure, eventually forming a bottlebrush conformation,
primarily due to the increased local crowding [36]].

The polymer scientific community has shown considerable interest in the relationship between the av-
erage conformation of comb-like chains in dilute solution and the structural parameters, i.e., scaling
laws, due to its importance in advancements across many fields. However, there is a gap in com-
prehensive reviews that specifically address the structure and conformation parameters of comb-like
chains at the single macromolecule level. This gap highlights the necessity for systematic studies to
better understand these fundamental aspects, which are essential for optimizing the performance of
comb-like polymers in practical applications [36].
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Figure 3: Schematic representations of the structural parameters and conformational properties of
comb-like polymer chains [36].
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2.2 Scaling Laws

Scaling theories are an effective method for translating the characteristics of complex systems into
simple relationships, linking certain microscopic elements to a set of general attributes.

According to Flory’s theory [27], there exists a universal power law dependence between the polymer
size R and the number of monomers N for linear chains:

R < N% (1)

where the exponent o depends on solvent conditions and is typically 0.588 for linear chains.

However, for branched polymers such as comb-like chains, the exponent o will differ due to the pres-
ence of branching. The specific value of o for branched polymers depends on the degree and type
of ramifications. Therefore, it is essential to consider the effects of branching when applying scal-
ing laws to these systems. We are going to take into consideration good solvent conditions, where
monomers are separated by solvent molecules. The significant qualitative and quantitative relation-
ships between conformational properties and structural parameters of (comb-like) polymers were ex-
amined in different studies from three perspectives: theoretical prediction, experimental verification,
and computational simulation. From this progress, several general observations can be made.

2.2.1 Dependence of Radius of Gyration on Backbone Length

Studying how the conformational property depends on the backbone length is essential to explore the
influence of other structural parameters. In polymer physics, the radius of gyration is used to describe
the dimensions of a polymer chain. The square radius of gyration is defined as the average squared
distance between the monomers in a given conformation (position vector R;) and the polymer’s center
of mass (position vector R¢p,) [27]:

R2=

1
¢= v L (Ri—Rep)’ )

=

1

1

Most research examines the dependence of R, on N, while keeping N, constant, implying that varying
N, does not affect local stiffness and other local characteristics.

Simulation snapshots shown in Figure {] illustrate the changes in chain conformation with increasing
Np. Their coarse-grained bead-spring model revealed that as N, increases, the conformation transi-
tions from star-like to elongated (around N, = 87 for both Ng shown) and eventually to a coil-like
shape. These transitions vary slightly with different N, values, especially around N, = 87 and 175,
indicating that longer sidechains can create a marginally stiffer structure [[7].

Additionally, several studies [8, 35] have investigated the relationship between the radius of gyration
(R,) and the backbone length () using Monte Carlo simulations. They observed that, while varying
N, with constant Ng, the exponent o in the relation R, o< Ni* typically falls in the range of 0.6-0.7,
showing minimal dependence on graft density. This relationship is illustrated in Figure [S| where the
slope of 1.23 represents the relationship between Ré and N, confirming the 0.6-0.7 range for a.
Overall, theoretical, experimental, and simulation studies consistently agree in placing o in the 0.6 to
0.7 range, demonstrating the strong relationship between R, and Nj,.
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nse = 30

Nse = 70

nps = 21 npy = 87

Figure 4: Simulation snapshots of a bottlebrush with varying backbone lengths for two kinds of
sidechain (Ng = 30 and 70), where ny. and ny,, represent Ny and N, in the original paper, respectively

[7].

2.2.2 Dependence of Persistence Length and Side chain Length

Bottlebrush polymers are typically synthesized by polymerizing an end-functionalized macromonomer
[18]], resulting in a structure where each backbone monomer carries a sidechain, leaving no flexible
spacer between adjacent branches. When the backbone has sufficiently long sidechains, the poly-
mer exhibits significant rigidity, characterized by an increased persistence length, despite the inherent
flexibility of its chemical components. This rigidity arises from the excluded-volume interactions
between the side chains, making it dependent on their length [8]. The persistence length /,, is an im-
portance measure of the stiffness of the polymer backbone and several definitions have been proposed
in the literature.

The persistence length is the distance over which the tangent direction of the polymer chain loses its
correlation. Formally, it is [[10] defined as the average projection of R on an interior bond vector u;y,
far from any chain ends. The classical definitions of persistence length involve projecting the end-
to-end vector, R, onto a bond vector and averaging this over all possible conformations. Specifically

1351,

lk = <R . llk> (3)

where uy is the normalized bond vector between sites k and k£ + 1. Another way to define the persis-
tence length is through the bond angle correlation function, (cos6(s)), where 8 is the angle between
bond vectors separated by s segments along the backbone. For an ideal semiflexible chain,

(cosB(s)) =< exp (—li) , )

P
where [, is the persistence length [35].

The relationship between the persistence length and the number of grafts in bottle-brush polymers
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Figure 5: Log-log plot showing the relationship between the radius of gyration and the polymerization
degree of the backbone, for N, = [102,202,302,402]. The solid line represents a power-law fit to the
last two data points, with the indicated slope [33].

remains underexplored in the literature. However, some consistency with molecular dynamics sim-
ulations has been observed [3], while calculating the persistence length for several sidechain lengths
ranging from N, = 24 to N, = 55 with a backbone length of N, = 200 (see Figure@). As N, increases,
the backbone’s rigidity initially shows a moderate rise up to a certain sidechain length (N, ~ 40), fol-

lowing [, o< Ng s Beyond this point, the rigidity increases more significantly, following /,, o< N;S/ |

This result aligns with Fredrickson’s analysis [[11]] which suggest that, in the high-coverage limit or
with longer side-chain lengths, the bottle-brush adopts a toroidal configuration, leading to a stronger

dependence of [, o< N;S/ ® but also matches another study [9], where the 15/8 dependence was pre-
dicted to become relevant only for sufficiently long side-chains. For shorter grafted side-chains,
previous studies [32, [14] indicated that [, exhibits a weaker dependence on N,, as verified in this
research [3]].
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Figure 6: Log-log plot showing the relationship between the persistence length and the sidechain
lengths for 24 < N; < 55 at N;, = 200, where N represents N, in the original paper [3].
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3 Methods

Numerous studies have concentrated on designing and analyzing BBPs through various experimental
and computational methods to understand their conformational properties under different conditions
such as in solutions, on surfaces, and in melt states [20]]. Although experimental approaches provide
valuable insights, limitations in resolution hinder a deep understanding of molecular-level relation-
ships and short-time-scale behaviors. Consequently, computational methods have become pivotal,
leveraging sophisticated algorithms and improved computational capabilities to accurately predict
BBPs structures and properties. Molecular simulations offer a particularly advantageous tool, facili-
tating the validation of theoretical predictions and providing insights into the behavior of BBPs at the
molecular level [[16,[17].

3.1 Molecular Dynamics

Molecular dynamics (MD) simulations are among the most widely used particle-based methods, as
they provide a route to understanding the dynamical properties of systems, including transport coeffi-
cients, time-dependent responses to perturbations, rheological properties, and spectra [2]].

Molecular dynamics simulations involve numerically solving Newton’s equations (Eq. [5)) of motion
for each particle in a system, utilizing a set of initial conditions. These initial conditions include the
initial positions {r;} and velocities { i1 of the particles. Additionally, the simulations account for
inter-particle interactions, denoted by F (1), where i ranges from 1 to n for a system comprising n par-
ticles. By integrating these equations over time, molecular dynamics simulations generate trajectories
that depict the evolving behavior and interactions of molecules within the system [2].

2.
midr_’gt) — (1)
dt (5)
oU
fl)==3,

Using the Verlet algorithm, the position of a particle at time ¢ is expanded to the second order in terms
of the timestep d¢. This allows us to calculate the position of the particle at time ¢ + d¢. This process
is repeated for all particles, and the new positions are stored, enabling the calculation of positions at
time ¢ 4+ 20t. By running the simulation over a large number of sufficiently small timesteps, we can
achieve a complete time evolution of the positions of the particles within the system [27]].

The interaction potentials, also known as force field interactions, can be divided as bonded and non-
bonded interactions [20].

U= Ubonded + Unonbonded

k
Ubonded = 3, kp(b—bo)*+ Y ko(6—60)*+ Y ®(1+cos(ng— o)) + Y ky(w—wo)?

bonds angles dihedrals 2 impropers
n—1 n qiq; n—1 n
i
Unonbonded = Z Z ! + Z 248
4mer;; ri r
i=1j>i =1 j>i l] l]

(6)
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BBPs simulations often employ coarse-grained (CG) models to study the overall conformations of
these polymers while minimizing computational expense. By omitting detailed interatomic calcula-
tions, CG models streamline the analysis of complex structures [20].

3.2 Model

In this study, we utilized the bead-spring polymer model [6] within the LAMMPS Molecular Dy-
namics Simulator for BBPs simulations [33]. The solvent was treated as an implicit good solvent,
balancing computational efficiency and accuracy [26, 30].

Particle interactions are modeled using a soft pair potential with a coefficient of 1.0, while the bonds
between particles are described by the FENE (Finite Extensible Nonlinear Elastic) potential. Special
bonds and angles are also treated using the FENE and harmonic styles, respectively. The FENE
potential is given by:

1 2
VEENE(r) = _EkR(z) In [1 - (ITFO) ] , forr <Ry 7

where k = % and Ry = 1.50.

Initially, pair interactions are set to zero, and a variable prefactor is defined to linearly ramp from O to
300. This ramp is applied to the soft potential via the fix adapt command, dynamically adjusting
interaction strength during the initial equilibration phase. Bond coefficients are set with a stiffness of
30.0, a maximum bond extension of 1.5, and FENE parameters of 1.0. Angle coefficients are defined
with a harmonic potential, which varies depending on the polymer’s stiffness, with equilibrium angles
set to 180 degrees.

The equations of motion are integrated using the velocity Verlet algorithm with a time step of 0.005
and a damping parameter set to 100 times the timestep. The system is equilibrated using the NVT
ensemble, with the temperature maintained at 1.0 in Lennard-Jones units to minimize thermodynamic
fluctuations. The equilibration phase runs for 10,000 timesteps following the fix nvtSoft setup.
To determine if the system has indeed equilibrated, we monitor several thermodynamic properties
such as total energy, potential energy, kinetic energy, temperature, and pressure. These properties
are printed every 1000 steps, and equilibration is confirmed when these quantities fluctuate around
stable values without any noticeable drift or trend over time. Additionally, visual inspection of the
system’s trajectory can provide further confirmation that the system has reached equilibrium. If these
properties are stable, the system is considered equilibrated and ready for production runs.

After initial equilibration, the interactions switch to a Lennard-Jones potential [2]] with a cutoff set at
21/66, and both the interaction energy € and particle size ¢ are set to 1.0. The Lennard-Jones potential

is expressed as:
=4 [(2)" ()]

Trajectory data was recorded both linearly and logarithmically for subsequent shape and mean square
displacement (MSD) analysis.

The size of the simulation box is calculated based on the lengths of the backbone (V) and side chains
(Ng), the number of chains (N) (we will consider 10 chains to have a better average of the measure-
ments), and the desired density (p). Specifically, the box_size is determined by first computing the
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total mass of all chains using the formula:
M:((NbXNg)+Nb) XN 9

In simulations, a cubic box of volume V = D? is typically used, and unless surface effects are under
investigation, periodic boundary conditions are commonly applied [27]]. The density of the system, p,
is defined by the equation p = %, where p is set to 0.01 for a dilute solution. Therefore, the volume
V can be computed as:

% o (10)
Finally, taking the cube root of this volume provides the length of each side of the cubic simulation
box, ensuring the system maintains the specified density:

1/3
box_size = (%) (1D

3.3 Analysis

The computational workflow and data management for this report were supported by the signac data
management framework and the additional signac-flow Python package [1, 15, [25]. Analysis of
the trajectory files from the MD simulations and calculation of the persistence length was performed
using the MDAnalysis Python package [[13,[19]. The visualization and plotting of the obtained data
were performed using the matplot1lib and Seaborn packages [29]. Numerical fitting of the obtained
data was carried out through non-linear least square minimization using the Imfit Python package,
ensuring more reliable and robust fits by considering confidence intervals [23]]. Additional qualitative
analysis was performed on visual snapshots of the simulated systems using the OVITO visualization
software [31]].
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4 Results and Discussion

As explained in Chapter 2, the principal characteristics and scaling laws governing the behavior of
flexible BBPS were discussed. To understand the molecular shape and characteristics of semi-flexible
bottlebrush polymers, stiffness is introduced to these polymers. This transformation from flexible
to semi-flexible bottlebrush polymers is achieved by incorporating angular potentials along the back-
bone and side chains, which impose preferred angles between connected atoms through the LAMMPS
command angle_style harmonic [33]]. The harmonic angle style uses the potential shown in Equa-
tion[I2]to maintain an extended configuration for both the backbone and side chains [21].

E =k(6—8))? (12)

where k is the prefactor indicating stiffness, 09 is the equilibrium angle of 180° and 0 is the current
angle between the three atoms.

A stiffness value (k) ranging from 2 to higher values is applied to all bond types in the simulations to
explore the characteristics of semi-flexible BBPs (Figure [7). Higher k values make the system more
resistant to deviations from the equilibrium angle, requiring more energy to bend away from 180°.

(c) d

Figure 7: Front simulation snapshots obtained with OVITO of 10 semi-flexible bottlebrush polymers
with N, = 102 and N, = 25, respectively, with stiffness values of (a) k = 2, (b) k =6, (¢) k = 10, and
(d) k= 30.
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4.1 Radius of Gyration in Semi-flexible Bottlebrush Polymers

An important characteristic to explore when the stiffness of the polymer increases is the radius of
gyration (R,). As discussed in Section 2.2.1, the relationship between the radius of gyration and the
backbone length (N}) is described by the scaling law R, o< N, with o varying between 0.6 and 0.7.

In this study, we fixed the number of grafted side chains (N,) at 25 while varying the backbone
length (Njp) and considering four values (102, 202, 303, and 402), consistent with the approach in
the referenced study [35]. The stiffness was modulated by varying the parameter k& and considering
k=2,6,10 and 30.

104

k=2, slope=1.29
k=6, slope=1.37
k=10, slope=1.35
k=30, slope=1.44

o0 o0 o0

102 T
102 2x 102 3x102 4 x 102

Np

Figure 8: The relationship between the squared radius of gyration (Rg,) and the backbone length N,
for k =2,6,10 and k = 30. The different degrees of rigidity are represented by various colors, and the
slopes are calculated using the least squares method in log-log space.

The resulting plot (see Figure (8] illustrate the relationship between <R§> and N,, for different values
of k (2, 6, 10 and 30). It is evident from the graphs that as N, increases, R, increases in a manner that
closely follows the scaling law, with o ranging from 0.6 to 0.7. This indicates a consistent relationship
between the radius of gyration and the backbone length.

Moreover, the plot reveal that with higher values of k, indicating increased stiffness, the slope of the
log-log plot becomes steeper. This implies a stronger relationship between R, and Nj,, suggesting
that o slightly exceeds 0.7. This trend demonstrates that, as the polymer becomes stiffer, the ra-
dius of gyration scales more significantly with the backbone length, reinforcing the observed scaling
behavior.

4.2 Persistence Length in Semi-flexible Bottlebrush Polymers

The persistence length is a measure of the distance over which the polymer backbone retains its
orientation. The bond correlation function C(x) exhibits an exponential decay as a function of the
distance x along the polymer backbone. To better understand the behavior of the persistence length
in stiffer polymers, this study considers a fixed backbone length of N, = 200 while varying the side
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chain lengths (24 < N, < 55). For different stiffness values (k =2, k = 6, k = 10 and k = 30), the
bond correlation function C(x) was plotted and the persistence length was extracted. As mentioned
in Section 2.2.2, long side chains can significantly impact the rigidity of the polymer. This effect is
amplified by increasing the stiffness of the polymer.

Orientation correlations of bonds within a chain are investigated using Equation () and shown in
Figure[9] In the autocorrelation function, the exponential decay is governed by the persistence length
[, and for a finite rod, this relation expects [, = oo [4]. From the second bond in the chain, the corre-
lation starts to decay from unity. The semi-log plots reveal that as the side chain lengths increase, the
persistence length also increases, a phenomenon predicted in previous studies [3} 11}, 9} 32, [14]] and
reconfirmed here with the added variable of increased stiffness (k). For relatively short side chains
(e.g., Ny = 25 and 30), the plot shows an exponential decay of C(x). However, for longer side chains
(e.g., Ng =45,50, and 55), an upward deviation reveals that the bond correlation function fits an expo-
nential decay more closely, indicating that bond orientation correlations persist over longer distances.

In general, the observed behavior confirms that higher stiffness values (k) lead to significantly larger
persistence lengths, demonstrating that the polymer maintains its directional orientation over greater
distances and exhibits a near-linear conformation. The analysis shows that increasing both the side
chain lengths and the stiffness of the polymer leads to significantly larger persistence lengths, which
aligns with theoretical predictions and previous studies. This indicates that stiffer polymers with
longer side chains maintain their directional orientation over greater distances, resulting in more lin-
ear conformations.



Chapter 4 RESULTS AND DISCUSSION

17

100 4 —— Ng=25 I =89.99
Ng=30 I,=106.76
Ng=35 [,=119.08
Ng=40 [,=13583
—— Ng=45 I,=166.24
—— Ny=50 Ip=166.08
Ip=177.09
=
s
0 25 50 75 100 125 150 175 200
x
10° —— Ng=25 I,=158.49
Ny= 30
Ng= 35
Ny= 40
— Ny=45
Ng= 50
Ng=55 I,=211.00
6x107
=
5]
4x107!
3x107!

0 25 50 75 100 125 150 175

(©)

200

Cx)

Clx)

1004

6x1071

4x107!

3x107!

— Ng=25 Ip=12577
Ng=30 I,=167.00
No=35

—— Ng=40

— Ny=145

— Np=50

Ip=165.32

25 50 75 100 125 150 175 200

9x107!

8x107!

7x107t

6x1071

5x1071

—— Ng=25 Ip=286.05
No=30
Ng=35

— Ny=40 I,=379.39
Ny= 45

—— Ny=50

Ny=55

I,= 387.59

25 50 75 100 125 150 175 200

(d)

Figure 9: Bond correlation function C(x) for different side chain lengths (N,) and stiffness values: (a)
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5 Conclusion

This study reviewed the experimental progress in understanding the conformational evolution of flex-
ible bottlebrush polymers in dilute solutions, and extended this understanding to semi-flexible bot-
tlebrushes. Molecular dynamics simulations were employed to explore the conformational properties
and static structure of these highly branched polymers using a coarse-grained model.

The analysis focused on key dependencies between conformational properties and structural param-
eters, particularly the radius of gyration and the persistence length, considering varying degrees of
polymerization.

Regarding the radius of gyration, theoretical, experimental, and simulation studies consistently high-
light a strong correlation with increasing values of N, [35], which is further pronounced with the
introduction of polymer stiffness, confirming theoretical predictions.

The study also investigated the persistence length, noting prior findings that indicate a weaker depen-
dence on short side chains and a stronger correlation with longer side chains [3} [11} 19, 32} [14]]. This
investigation specifically addressed how persistence length varies with side chain length and polymer
rigidity. The results demonstrate not only an increase in persistence length with longer side chains,
but also significant sensitivity to polymer stiffness. The bond correlation function C(x) exhibits an
exponential decay, and our findings indicate that this decay is slower for stiffer polymers, resulting in
longer persistence lengths. This suggests that stiffer polymers maintain their directional orientation
over greater distances, which aligns with theoretical predictions and previous studies.

In conclusion, this study contributes to a deeper understanding of how structural modifications, such
as side chain length and polymer stiffness, influence the conformational properties of bottlebrush
polymers. The results from our bond correlation function analysis reinforce the theoretical predic-
tions and experimental observations, highlighting the significant impact of polymer stiffness and side
chain length on the persistence length and overall conformation of the polymers.

In future works, by systematically altering conformational and structural parameters, we can gain a
deeper understanding of the complex interplay between these factors and polymer rigidity. Addi-
tionally, introducing stiffness to both the backbone and/or side chains offers a promising pathway for
further exploration. Specifically, examining the impact of varying degrees of stiffness in different seg-
ments of the polymer can provide insights into how local and global conformations are affected. This
can help to identify critical thresholds at which the polymer transitions from flexible to semi-flexible
or rigid behavior.

Moreover, these future studies can employ advanced simulation techniques and experimental meth-
ods to validate theoretical predictions and refine models. By extending the investigation to include
temperature variations, solvent interactions, and different polymer architectures, a more comprehen-
sive picture of polymer behavior can be developed. These efforts will not only enhance our funda-
mental understanding of polymer science but also inform the design of new materials with tailored
mechanical and structural properties, suitable for specific applications in areas such as biomedicine,
nanotechnology, and materials engineering.

Thus, the ongoing exploration of how structural modifications and stiffness contribute to polymer
rigidity holds significant potential for advancing both theoretical knowledge and practical applications
in polymer research.
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