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Abstract   Polymer brush-based surface modification plays a crucial role in tailoring material properties across a wide range of applications, from

biomedicine to electronics. Grafting density and dispersity are key parameters governing the performance of polymer brushes; however, the in-

fluence of polymer chain rigidity on these characteristics remains insufficiently understood. Polymer chain rigidity is intrinsically determined by

chemical structure and can be further modulated by intramolecular and intermolecular interactions, solvent quality, external fields, and topologi-

cal constraints. In this work, we focus on isolating the role of chain rigidity by controlling it through intramolecular bond-angle interactions in

coarse-grained molecular dynamics simulations with an implicit  solvent description,  allowing a systematic investigation of  its  role in polymer

brush fabrication via both “grafting-to” and “grafting-from” strategies using a stochastic reaction model. For the grafting-to strategy, a moderate

increase in chain rigidity enhances grafting density, whereas excessive rigidity restricts chain mobility, thereby hindering grafting efficiency. We

further examine the effects of polymer chain length, solution concentration, and surface grafting site density, revealing that grafting kinetics are

governed by the cooperative interplay of these factors. To optimize grafting density in binary polymer brushes of flexible and rigid chains using

the “grafting-to” strategy, we compare three grafting approaches—flexible-first/rigid-second (F/R), rigid-first/flexible-second (R/F), and simulta-

neous grafting, by varying the initial ratio of rigid chains (λ). The results show that simultaneous grafting with a high fraction of rigid chains yields

the highest grafting density, providing a pathway for optimizing the fabrication of high-density polymer brushes. In contrast, for the grafting-

from strategy, with the rigidity range investigated in this study, increasing chain rigidity promotes more extended chain conformations, reduces

the spatial shielding of surface initiation sites, and leads to polymer brushes with higher grafting density and lower dispersity. Overall, this study

elucidates the mechanistic role of polymer chain rigidity in brush formation and provides theoretical guidance for the rational design and con-

trolled fabrication of high-performance surface-modified materials through conformational regulation.
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INTRODUCTION

Polymeric  materials  play  a  pivotal  role  in  modern  science  and

industry. As the performance demands increase, surface modifi-

cation has become a key area of research in polymer science. By
tailoring the surface properties through physical or chemical ap-
proaches,  surface  modification  can  significantly  enhance  key
characteristics,  such  as  hydrophilicity,  hydrophobicity,  wear  re-
sistance,  and  antibacterial  activity,[1,2] thereby  greatly  expand-
ing the application scope of polymeric materials. For instance, in
medical  devices,  surface modification enables polymeric  mate-
rials  to simultaneously  exhibit  antibacterial  properties  and bio-
compatibility,  thereby  facilitating  the  development  of  ad-
vanced  medical  products.[3,4] Common  surface  modification
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strategies  include  physical  adsorption,  chemical  grafting,  plas-
ma  treatment,  and  photochemical  modification.[1,5] These  ap-
proaches allow the precise tuning of surface properties accord-
ing  to  specific  material  characteristics  and  application  require-
ments,  playing  an  essential  role  in  polymer  surface  functional-
ization and engineering.

Polymer  brushes  represent  a  typical  and  highly  important
outcome of surface-modification technology. They consist of
polymer chains tethered to a substrate through either physi-
cal  adsorption  or  covalent  bonding,  extending  outward  to
form brush-like architectures.[6−8] Structural parameters, such
as chain length, rigidity,  grafting density,  and charge charac-
teristics,  strongly  influence  the  resulting  morphology  and
functional  performance,  thereby  determining  the  surface
properties of  the material.  Despite their  nanoscale thickness,
surface-grafted  polymer  layers  can  effectively  regulate  hy-
drophilicity  or  hydrophobicity  and consequently  impact  bio-
compatibility and chemical stability.  Owing to their ability to
precisely  control  surface  properties,  polymer  brushes  have
been  widely  applied  in  biomedicine,[9] electronics,[10] and
biosensing.[11] In recent years, their application scope has ex-
panded  to  emerging  areas  such  as  bio-lubrication,  antifoul-
ing  and  antibacterial  coatings,  drug  delivery,  and  bio-detec-
tion. Successful applications depend on precise control of the
chemical  composition,  structure,  and  properties  of  polymer
brushes,  making  them  essential  for  high-performance  sur-
face engineering.[12−15]

The fabrication of polymer brushes generally involves three
key  steps:  surface  functionalization,  introduction  of  active
sites,  and grafting of  the polymer  chains.  Surface functional-
ization imparts a suitable chemical reactivity to the substrate,
enabling  stable  and  controllable  grafting.  Subsequently,  ac-
tive sites bearing specific functional groups are introduced to
serve either as anchoring points for polymer chains or as ini-
tiators for controlled/living polymerization processes such as
radical  polymerization  or  atom  transfer  radical  polymeriza-
tion. Because the density and spatial distribution of these ac-
tive sites determine the structure and properties of the result-
ing polymer brushes, this step is considered the most critical
step  in  polymer  brush  synthesis.  Active  sites  are  commonly
introduced by chemical or physical immobilization.[16] Chemi-
cal  immobilization  involves  covalent  bonding  of  active
molecules  onto  substrates,  such  as  silane  coupling  reactions
on hydroxylated metal or metal oxide surfaces or thiol-based
self-assembled  monolayers  on  noble  metals  such  as
gold.[17,18] This approach offers excellent stability and precise
control  over the grafting density but often requires complex
procedures  and  stringent  reaction  conditions.[19] In  contrast,
physical  adsorption relies  on non-covalent interactions,  such
as van der  Waals  forces,  hydrogen bonding,  and π-π interac-
tions,  but  suffers  from  limited  stability  and  reduced  control
over the active site distribution.[5,16]

The final step in polymer brush fabrication is the grafting of
polymer chains onto the substrate surface, which can be clas-
sified  into  three  primary  strategies: “grafting  to, “grafting
from, and “grafting-through”.[5,20] In the grafting-to approach,
pre-synthesized  and  well-characterized  polymer  chains  are
attached to the surface via reactions between their end-func-
tional groups and surface-bound reactive sites.[16] This strate-

gy  allows  for  the  use  of  polymers  with  narrow  molecular
weight  distributions  and  well-defined  structures,  enabling
the construction of brushes with precise architectures. More-
over,  it  is  relatively  straightforward  to  implement  because  it
does not require polymerization to occur directly on the sub-
strate.[5] However,  steric  hindrance  arising  from  grafted
chains significantly limits the achievable grafting density,  es-
pecially for long polymer chains, thereby restricting the maxi-
mum  attainable  brush  thickness.[20] Nevertheless,  the  graft-
ing-to  strategy  remains  valuable  in  applications  where  pre-
cise  pre-characterization  of  polymer  chains  is  required,  and
continues to be widely employed in surface and interface en-
gineering.[7]

In  contrast,  the  grafting-from  strategy  involves  immobiliz-
ing polymerization initiators on the substrate surface and ini-
tiating  polymer  chain  growth  directly  from  the  surface.  Be-
cause  chain  growth  proceeds  outward,  steric  hindrance  is
substantially reduced, typically resulting in significantly high-
er  grafting  densities.[7] In  addition,  polymerization  parame-
ters,  such as  reaction time and monomer concentration,  can
be precisely controlled to regulate the chain length and brush
thickness.  This  strategy  is  compatible  with  various  polymer-
ization mechanisms, including free radical,  anionic,  and ring-
opening polymerization,[21−23] making it a versatile and pow-
erful  approach  for  preparing  dense  and  structurally  well-de-
fined polymer brushes on diverse substrates.  In contrast,  the
grafting-through  strategy  relies  on  the  polymerization  of
macromonomers  bearing  polymeric  side  chains  to  directly
generate  brush  architectures.[24] Although  this  approach  al-
lows good control  over  grafting density  and structural  regu-
larity, the large steric hindrance and low effective concentra-
tion of macromonomers often make it difficult to obtain high-
molecular-weight polymer brushes.

From  an  application  perspective,  ideal  polymer  brushes
should simultaneously exhibit high grafting densities and low
dispersities,  which  has  long  been  a  central  objective  in  this
field.[25,26] Surface-initiated  atom  transfer  radical  polymeriza-
tion (SI-ATRP) has therefore been widely employed as an effi-
cient  and  robust  controlled/living  radical  polymerization
technique for fabricating well-defined polymer brushes via a
grafting-from  strategy.[27] Numerous  experimental  and  theo-
retical studies have demonstrated that polymerization condi-
tions,  initiator  density,  and  reaction  kinetics  strongly  influ-
ence the grafting density, dispersity, and final brush structure.
Tsujii et al. investigated the factors influencing polymer brush
formation  during  the  surface-initiated  polymerization  of
methyl methacrylate using Cu(I)Cl/Cu(II)Cl2 or Cu(I)Br/Cu(II)Br2

as  the  catalytic  system.[28,29] Their  results  demonstrated  that
increasing the proportion of  the deactivator  significantly  en-
hanced the grafting density and reduced the dispersity of the
resulting  brushes.  From  a  theoretical  perspective,  Liu et  al.
employed  molecular  dynamics  simulations  to  study  the  ef-
fects  of  the  initiator  density  and  polymerization  rate  on  sur-
face-initiated  polymerization.[30] Their  work  revealed  that
both  initiator  density  and  polymerization  rate  substantially
influence  the  final  brush  structure,  initiation  efficiency,  and
grafting density. In particular, under conditions of high initia-
tor density or high polymerization rate, the obtained brushes
often exhibit  relatively large dispersity.  Regarding the "graft-
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ing-to" strategy, Oyerokun et al. found that the average graft-
ing  density  of  polymer  brushes  adsorbed  onto  nanoparticle
surfaces  increases  with  a  higher  nanoparticle  surface  curva-
ture  or  greater  polymer  chain  concentration  in  solution.[31]

Furthermore,  the  Barner-Kowollik  group  demonstrated  that
the grafting density is closely related to the radius of gyration
of  the  polymer  chains,  which  is  significantly  modulated  by
the solvent properties.[32] These findings highlight the impor-
tance  of  considering  the  physicochemical  properties  of  the
polymer chains during brush design and preparation.

Despite  extensive  efforts  devoted  to  understanding  poly-
mer  brush  formation,  the  role  of  the  intrinsic  polymer  chain
properties,  particularly  chain  rigidity,  remains  insufficiently
explored.  Polymer chain rigidity fundamentally  governs con-
formational behavior and thus directly affects the brush mor-
phology and performance. Research indicates[33] that flexible
polymer chains typically adopt random coil conformations in
both melt and solution states. When the chain concentration
exceeded  a  critical  value,  these  coils  overlapped  and  further
developed  into  an  entangled  network.  In  contrast,  rigid
chains  tend  to  assume  extended,  rod-like  conformations,  re-
sist  entanglement,  and  exhibit  physical  behaviors  distinct
from those of their flexible counterparts. Chain rigidity is pre-
dominantly  governed  by  the  chemical  structure  of  the
monomer. For instance, structural elements, such as aromatic
rings or conjugated backbones, severely restrict free bond ro-
tation,  leading  to  the  formation  of  semi-rigid  or  rigid
chains.[34] Furthermore,  intermolecular  hydrogen bonding or
strong polar group interactions between monomer units (e.g.,
in  cellulose  and  polyisocyanates)  can  significantly  increase
the  rotational  energy  barrier,  further  enhancing  the  chain
rigidity.[35] Notably,  many  polymer  chains  employed  in  sur-
face  modification  inherently  possess  semi-flexible  or  rigid
characteristics. For example, in polyisocyanates, intramolecu-
lar hydrogen bonding induces a helical conformation, render-
ing it a typical rigid-chain system with excellent insulation,[36]

making  it  suitable  for  high-performance  surface
modification.[35] However,  in  surface-initiated  polymerization
processes,  the  impact  of  rigid  chains  (such  as  polyiso-
cyanates)  on the final  properties of  polymer brushes is  often
overlooked,  and  the  underlying  mechanisms  require  further
exploration  through  theoretical  modeling.  Early  work  by
Fredrickson et al. demonstrated that, compared to traditional
flexible  polymer  brushes,  rigid  brushes  exhibit  markedly  dif-
ferent  characteristics,  such  as  pronounced  orientational  or-
der,  weaker  interchain interactions,  and enhanced interfacial
tension.[37] Consequently, these novel brushes based on rigid
chains  show broad application potential  in  fields  such as  or-
ganic  photovoltaics,  organic  light-emitting  diodes,  low-fric-
tion  coatings,  fuel  cell  membranes,  and  high-performance
protective coatings,  surpassing the scope of  traditional  flexi-
ble  brushes.[38,39] In  summary,  introducing  rigidity  into  poly-
mer chains not only fundamentally alters the intrinsic proper-
ties of polymer brushes but also opens new frontiers for their
application.

A clear and quantitative understanding of how chain rigidi-
ty  regulates  grafting  density,  dispersity,  and  underlying  mi-
croscopic mechanisms during polymer brush synthesis is still
lacking. This challenge largely arises from the difficulty of di-

rectly  probing  the  dynamic  evolution  of  relevant  physical
quantities  in  experiments.  To  address  this  issue,  the  present
study  employed  coarse-grained  molecular  dynamics  simula-
tions  to  systematically  investigate  the  influence  of  polymer
chain rigidity on brush formation via both grafting-from and
grafting-to  strategies.  By  analyzing  the  grafting  density,  dis-
persity,  and  chain  conformations,  this  study  elucidates  the
distinct  roles  of  chain  rigidity  in  different  grafting  processes
and  proposes  effective  design  strategies  for  achieving  high-
performance  polymer  brushes.  The  results  provide  valuable
theoretical  insights  and  practical  guidelines  for  the  rational
design and controlled fabrication of advanced surface modifi-
cation  materials  through  the  precise  manipulation  of  the
polymer chain conformation.

MODELS AND SIMULATION METHOD

In the coarse-grained molecular dynamics simulations conduct-
ed in this study, Brownian dynamics under a canonical ensem-
ble were employed, and an implicit solvent model was used to
describe the motion of the polymer chains. The non-bonded in-
teractions  between  any  two  coarse-grained  beads  were  de-
scribed  by  the  Weeks-Chandler-Andersen  (WCA)  potential,[40]

which is a truncated repulsive form of the Lennard-Jones poten-
tial  that  effectively  captures  the  excluded-volume  interactions
between beads. The cut-off radius for the WCA potential was set
to rc = 21/6σ, where σ is the unit length. With this choice, only re-
pulsive  interactions  were  retained.  Accordingly,  solvent  effects
were  treated  implicitly  through  effective  interactions,  and  the
solvent  quality  was  not  independently  varied  in  the  present
study.

U (r) = ULJ (r) − ULJ (rc) (1)

ULJ (r) = ⎧⎪⎪⎪⎨⎪⎪⎪⎩4ε [(σr )12
− (σr )6] , r ≤ rc

0, r > rc

(2)

where U (ULJ)  presents the pair potentials of the simulated sys-
tems, ε denotes the depth of the Lennard-Jones potential well,
which  characterizes  the  strength  of  the  attractive  interaction
between  particles.  A  larger ε corresponds  to  stronger  inter-
molecular attraction, while a smaller value indicates weaker in-
teractions.  And σ is  the characteristic  distance at  which the in-
terparticle potential is zero.

The interactions between the two bonded beads were de-
scribed  using  a  bead-spring  model.  In  this  work,  the  follow-
ing pairs were treated: adjacent monomers within a polymer
chain  and  the  active  chain  ends  with  an  active  site  on  the
substrate. These bonded interactions are described by a har-
monic spring potential, expressed as:

Ubond =
1
2
Kr(r − r0)2 (3)

where Kr is  the bond force constant controlling the stiffness of
the bond, r is the instantaneous bond length, and r0 is the equi-
librium  bond  length.  The  spring  constant  was  set  to Kr =
30kBT/σ2,  ensuring  moderate  bond  fluctuations  around r0.  The
widely  used  FENE  potential[41] was  not  employed  because  the
harmonic spring potential  offers better tolerance to initial  con-
formations,  facilitates  the  generation  of  random  initial  states,
and  provides  more  stable  handling  of  bond-length  variations
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during  new  bond  formation  in  the  grafting  process.  For  the
equilibrium  processes  examined  in  this  study,  this  choice  did
not affect the reliability of the simulation results. Our group pre-
viously  compared  the  simulation  results  obtained  with  these
two  potential  functions  and  found  that  the  differences  were
negligible.[42]

During  the  grafting  process,  the  rigidity  of  the  polymer
chains was modulated by adding a bending potential among
three consecutive beads.[43,44] The bending potential is given
by

Uθ =
1
2
Kθ[cos(θ) − cos(θ0)]2

(4)

where θ is the instantaneous bond angle formed by three con-
secutive beads, θ0 is  the equilibrium bond angle,  and Kθ is  the
bending force constant that determines the stiffness of the an-
gle potential. A larger Kθ penalizes deviations from θ0, resulting
in stiffer chain conformations.

By  adjusting  the  value  of Kθ,  the  fluctuation  amplitude  of
the  bond  angle  could  be  controlled,  thereby  regulating  the
chain rigidity in the simulations. Physically, Kθ determines the
energetic  penalty  associated  with  deviations  from  the  equi-
librium  bond  angle,  and  a  larger Kθ suppresses  bond-angle
fluctuations and leads to stiffer, more extended chain confor-
mations, whereas a smaller Kθ allows greater angular flexibili-
ty  and  corresponds  to  more  flexible  chains.  In  this  study,
Kθ=0, 5, and 50 were selected to qualitatively represent flexi-
ble,  semi-rigid,  and rigid  polymer  chains,  respectively.  In  the
present simulations, the chain rigidity was regulated through
the  intramolecular  bond  angle Kθ within  an  implicit  solvent
framework.

In the coarse-grained molecular dynamics simulations,  the
simulation  box  dimensions  were  set  to  49.20σ ×  56.81σ ×
102.00σ,  with  periodic  boundary  conditions  applied  in  the x
and y directions.  The  dimensions  along  the x- and y-direc-
tions were determined by the hexagonal arrangement of the
grafting  sites  on  the  substrate  surface.[42] This  arrangement
ensures  uniform  spacing  between  neighboring  sites  and
avoids  the  influence  of  heterogeneity  on  the  distribution  of
grafting  sites.  The  unequal  values  of  the  dimensions  along
the x and y directions arise from the geometric constraints of
the  hexagonal  packing,  while  the  dimension  along z direc-
tion  was  set  to  provide  sufficient  space  for  the  grafting  pro-
cess  in  both  the “grafting-to” and “grafting-from” strategies.
Because this  study focuses  on the grafting behavior  of  poly-
mer chains on a planar substrate, virtual repulsive walls were
placed at the upper and lower boundaries along the z-direc-
tion  to  prevent  beads  from  crossing.  This  configuration  en-
sures  that  grafting  reactions  occur  only  within  a  specific  re-
gion of the simulation box. Virtual repulsive walls[45] were im-
plemented by imposing a  repulsive  potential  along the z-di-
rection on all  beads in  the system at  the upper  and lower z-
boundaries:

ULJW = 4ε [(σr )12
− (σr )6] , (r < rc) (5)

where r is the shortest distance between a bead and the wall, ε
represents  the interaction strength between the bead and the
wall,  and σ is  the  characteristic  length  scale  corresponding  to
the  effective  bead  diameter.  The  cutoff  distance  was  set  to
rc=21/6σ,  so  that  the  potential  is  truncated at  its  minimum and

becomes  purely  repulsive,  corresponding  to  the  Weeks-Chan-
dler-Andersen (WCA) form.

All  coarse-grained  molecular  dynamics  simulations  were
performed  using  the  GALAMOST  software  package.[46] The
chemical  reactions  between  the  polymer  chains  and  planar
surface  were  handled  by  the  SKIP-GALAMOST  module.[47] In
the simulations, the energy unit ε,  length unit σ,  and mass m
of  the  coarse-grained  beads  were  set  as  1.0.  The  integration
time  step  was  set  to  dt =  0.005σ(m/ε)1/2 and  the  simulation
temperature was fixed at T* = 1.0kBT/ε.

Prior to initiating the grafting reactions, the system under-
went  simulations  for  approximately  2×105 time  steps  to
achieve  a  fully  relaxed  and  homogeneous  initial  structure.
Subsequently,  the  grafting  processes  on  the  planar  surface
(including both “grafting-to” and “grafting-from”) were simu-
lated  for  the  corresponding  time  steps  in  the  different  sys-
tems.  It  should  be  noted  that  during  grafting  simulations,  a
transient  non-uniform  pressure  distribution  within  the  sys-
tem may occur, which could influence the local grafting reac-
tion  rate.  However,  the  diffusion  behavior  of  the  polymer
chains  played  a  dominant  role  throughout  the  grafting  pro-
cess.  Given that  the system components  remained homoge-
neously distributed for most of the simulation time, the over-
all  impact  of  the  local  pressure  fluctuations  on  the  grafting
process was not significant.

The  grafting  reactions  (“grafting-to” and “grafting-from”)
were described using an algorithm proposed in our previous
work.[47] This reaction model incorporates the reaction proba-
bility Pr to  handle  the  bond  formation.  Within  each  grafting
reaction time interval (Nstep×dt), a reaction radius (set equal to
the  cutoff  radius  in  the  WCA  potential)  was  defined  around
the  active  site  involved  in  the  reaction.  When  an  active  free
monomer is located within this reaction radius, the following
steps  are  executed:  (1)  the  program  randomly  selects  a  free
monomer within the reaction radius, (2) a random number is
generated, and if it is less than the preset Pr value, a grafting
reaction occurs between the active free monomer and the ac-
tive site, forming a new bond. Based on our previous study,[42]

Pr was set to 0.1 to describe both types of grafting reactions.
For details on the reaction kinetics and the quantitative rela-
tionship  between  the  reaction  probability  and  reaction  rate,
please refer to our previously published work.[47]

The  coarse-grained  model  used  to  describe  the “grafting-
from” process involves two bead types: A and C. Type A beads
represent the initiation sites on the substrate surface, where-
as  type  C  beads  represent  the  active  free  monomers  in  the
system.  Type  C  beads  can  form  covalent  bonds  with  type  A
beads via free-radical  polymerization.  The  specific  reaction
scheme is as follows.

A
* + C −→ A − C

*
(6)

A − C
* + nC−→ A − Cn+1

∗
(7)

The coarse-grained model  for  the “grafting-to” process  in-
volves three bead types: A, B, and C. Type A beads represent
the initiation sites on the substrate surface; type C beads con-
stitute  the  polymer  chains  to  be  grafted;  and  type  B  beads
serve as the active end groups that can form covalent bonds
with  type  A  beads via a  free-radical  polymerization  reaction.
The specific reaction scheme is as follows.
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Substrate − A
* +*

BCx −→ Substrate − A − B − Cx (8)

In  both  models  corresponding  to  the “grafting-from” and
“grafting-to” strategies, respectively, the substrate is placed at
the  bottom  of  the  simulation  box  (on  the x-y plane).  By  ad-
justing  the  dimensions  of  the  simulation  box  in  the z-direc-
tion,  the  (free)  monomer  concentration  in  each  system  was
maintained  at  approximately  0.35σ–3.  Schematic  illustrations
of  the  coarse-grained  models  of  the  two  grafting  processes
are shown in Fig. 1.
 
 

A B C

A C

Grafting-to

Grafting-from Uθ

Uθ

 

Uθ

Fig.  1    Schematic  illustration  of  the  simulations  for  the  "grafting-
from"  and  "grafting-to"  processes.  In  the  "grafting-to"  process,
active  sites  on  the  substrate  are  also  represented  by  blue  beads,
while  polymer  chains  are  composed  of  green  and  red  beads,  with
the red beads denoting the active chain ends. In the "grafting-from"
process, active sites on the substrate are represented by blue beads,
and free monomers are represented by green beads. The chain rigid
of  the  free  polymer  chains  and  growing  polymer  chains  are
controlled by .
 

RESULTS AND DISCUSSION

Fabrication of Rigid Polymer Brushes Using the
Grafting-to Strategy
Polymer brush fabrication via the “grafting-to” strategy is intrin-
sically  limited  by  steric  hindrance  arising  from  the  polymer
chains  already  grafted  to  the  substrate  surface.  As  grafted
chains  occupy  an  increasing  surface  area,  they  progressively
hinder the access of free polymer chains to the available graft-
ing sites,  ultimately imposing an upper limit on the achievable
grafting density. Because the extent of steric hindrance is close-
ly  related  to  the  polymer  chain  conformation,  chain  rigidity  is
expected to play a critical role in regulating the grafting behav-
ior.  In  this  section,  we  therefore  investigate  how  chain  rigidity
and other relevant parameters influence the grafting density of
polymer brushes fabricated via the “grafting-to” strategy within
this intrinsic limitation.

Herein,  the  maximum  grafting  density  is  defined  as σi =
ns/A, where ns is the number of grafting sites initially placed in
the  simulation  system,  and A is  the  area  of  the  substrate.  In
the initial configuration, the number of free polymer chains in
the  system  was  set  equal  to  the  maximum  grafting  density.
Our group's previous study[42] indicated that when σi>0.5, the

grafting density of the resulting polymer brush no longer in-
creased with further increases in the maximum grafting den-
sity.  Therefore,  in  the  subsequent  investigation,  the  maxi-
mum grafting density was set to σi=1.14 sites/σ2,  a value sig-
nificantly  higher  than  that  used  in  prior  work.  It  should  be
noted that σi represents the maximum available grafting site
density  on  the  substrate  in  our  model,  serving  as  an  upper
bound for the reactive sites rather than the final grafting den-
sity. A relatively high σi was adopted to avoid an artificial site-
limited  regime  and  ensure  that  the  grafting  density  was
mainly governed by chain diffusion and grafting kinetics. Us-
ing  a  classic  work,[48] we  map  1σ=1.472  nm, σi=1.14  sites/σ2

corresponds  to  0.526  sites/nm2.  In  practice,  experimentally
accessible  surface  reactive-site  densities  are  typically  on  the
order of 0.05–0.80 sites/nm2.[49] Therefore, σi is used here as a
sufficiently  high  upper  bound  to  ensure  that  the  final  graft-
ing densities are governed by steric and diffusion limitations
intrinsic to the grafting process. The initial feeding concentra-
tion of the polymer beads is defined as [Mto] = Nbead/V, where
Nbead is  the total  number of  beads in the polymer chains ini-
tially placed in the system, and V is the volume of the simula-
tion box.  By  controlling the number  and chain length of  the
free  polymer  chains  in  the  initial  configurations  of  different
systems, we constructed simulation systems with varying ini-
tial feeding concentrations of the polymer chains. We first in-
vestigated  the  variation  in  grafting  density  with  simulation
time in systems with different chain rigidities, as shown in Fig.
2. Fig.  2(a)  displays  the evolution of  the grafting density  (σg)
during the grafting process for polymer chains with a molecu-
lar weight of N=20 and varying rigidities. In the initial stage of
the  reaction,  owing  to  the  absence  of  significant  spatial
crowding on the substrate surface, free polymer chains expe-
rience minimal steric hindrance and can readily approach and
graft onto the surface, leading to a rapid increase in grafting
density. As the reaction proceeds into the intermediate stage,
the polymer chains grafted onto the surface impose consider-
able  steric  hindrance  on  the  free  chains  in  the  system,  mak-
ing  subsequent  grafting  more  difficult.  Thus,  the  rate  of  in-
crease  in  grafting  density  slows  noticeably.  For  the  flexible
grafted-chain  system  (Kθ=0),  the  grafting  density  remained
relatively low within the same simulation timeframe (saturat-
ing  around  0.24  chains/σ2)  and  exhibited  the  smallest  in-
crease  over  time  among  all  systems.  Flexible  chains  possess
high conformational freedom because of their  ease of bend-
ing and rotation,  tending to adopt  conformations parallel  to
the substrate to reduce the free energy of the system. Howev-
er,  this  conformation  increases  steric  hindrance;  flexible
chains can cover unreacted initiation sites, thereby hindering
further grafting of free chains. When the grafted chains exhib-
it a moderate degree of rigidity (Kθ ≥ 5), the grafting density is
significantly  higher than that  of  the flexible system. Notably,
the system with Kθ=5 exhibits a unique behavior:  its grafting
density  increases  at  a  slower  rate  in  the  later  stages  of  the
simulation  compared  to  other  rigid  systems,  and  its  final
grafting density is  relatively lower.  This  may be attributed to
the relatively low chain rigidity of this system, which causes it
to partially resemble flexible chains in the later stages: the al-
ready-grafted  chains,  due  to  insufficient  rigidity,  cover  adja-
cent  ungrafted sites  and inhibit  subsequent  grafting.  Conse-
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quently, the curve for the Kθ=5 system shows slowed growth
in the later phase.

As seen in Fig. 2(a), at the simulation endpoint (8×107 time
steps),  the  grafting  densities  of  the  rigid  grafted-chain  sys-
tems are 0.37, 0.38, 0.36, and 0.34 chains/σ2, respectively, with
room  for  further  increase.  Moderate  chain  rigidity  facilitates
the  adoption  of  extended  conformations  perpendicular  to
the  substrate,  thereby  reducing  steric  hindrance  and  allow-
ing neighboring ungrafted sites to be utilized.  Thus,  systems
with  moderate  chain  rigidity  demonstrated  the  potential  for
increased grafting density in the later simulation stages. This
suggests that in the low-to-intermediate rigidity regime (Kθ≤
50),  steric  shielding  dominates  the  grafting  behavior;  more
upright  conformations  reduce  lateral  site  coverage  and  im-
prove  the  accessibility  of  available  grafting  sites.  In  contrast,
in  the  high-rigidity  regime(Kθ≥100),  the  diffusion  limitation
becomes  the  controlling  factor,  as  the  mobility  is  strongly
suppressed, leading to a reduced effective encounter rate be-
tween  the  free  chains  and  the  remaining  grafting  sites.  The
crossover  between these two regimes accounts  for  the  non-
monotonic  dependence  of  the  grafting  density  on  chain
rigidity.  However,  when  the  grafted-chain  rigidity  is  exces-
sively  high (Kθ≥100),  chain  motion becomes restricted,  slow-
ing its diffusion toward ungrafted sites and resulting in a de-
crease  in  grafting  density,  a  trend  that  becomes  more  pro-
nounced with increasing rigidity.  To further elucidate the in-
fluence  of  chain  rigidity  on  grafting  behavior,  we  selected
two  representative  systems  (Kθ=0  and Kθ=50)  and  visualized
their  grafting  morphologies  on  a  flat  substrate  using  a  re-
duced  number  of  polymer  chains  for  clarity. Fig.  2(b)  shows
the  conformation  of  flexible  polymer  chains  (Kθ=0)  grafted
onto the substrate surface,  revealing collapsed chain confor-
mations that exert a strong shielding effect on the surround-
ing grafting sites. Fig.  2(c)  depicts  the  conformation of  poly-
mer  chains  with  moderate  rigidity  (Kθ=50)  after  grafting,
where  the  chains  adopt  a  more  extended  configuration  on
the  substrate  and  exhibit  a  weaker  shielding  effect  on  adja-
cent sites.

Previous studies have indicated that factors such as the ini-
tial  feeding  concentration  of  polymer  chains,  distribution  of
grafting sites, and molecular weight of the polymer chains all
influence  the  grafting  density  of  polymer  brushes  prepared
via the “grafting-to” strategy.[42] To  further  elucidate  the
mechanisms  of  these  factors,  three  representative  grafted
polymer chain systems with different rigidities were selected
for  in-depth  investigation  according  to  the  definition  intro-
duced  in  the  simulation  model: Kθ=0  (flexible  chain  system),
Kθ=5  (semi-rigid  chain  system),  and Kθ=50  (rigid  chain
system).  We  monitored  the  final  grafting  density  as  a  func-
tion  of  the  initial  polymer  chain  concentration  in  monodis-
perse  systems  with  chain  length N=20  for  the  same  simula-
tion time,  and the results  are shown in Fig.  3(a).  At  relatively
low feeding concentrations ([Mto] ≤ 0.55σ–3), the grafting den-
sity of all the three systems increased with increasing concen-
tration.  However,  as  the  feeding  concentration  continued  to
increase, the grafting density of the rigid chain system began
to  decrease  and  eventually  fell  below  that  of  the  semi-rigid
system, although it remained higher than that of the flexible
system. This trend indicates a non-monotonic dependence of

the grafting density on the initial feed concentration, particu-
larly for systems with higher chain rigidity. This behavior can
be primarily attributed to the lower diffusion rate of the free
rigid chains,  which reduces the probability of  grafting to the
substrate  surface.  When  the  feeding  concentration  was  fur-
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Fig. 2    (a) Grafting density as a function of time for polymer chains
with  different  rigidities  characterized  by  the  bond-angle  potential
constant Kθ; (b) Snapshot of the grafting conformation for a flexible
polymer chain (Kθ = 0); (c) Snapshot of the grafting conformation for
a rigid polymer chain (Kθ = 50).
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ther increased ([Mto]>0.75σ–3), the grafting density of all three
systems  exhibited  an  inflection  point,  indicating  that  the
grafting  density  passed  through  a  maximum  and  then  de-
creased  with  further  increase  in  concentration.  Notably,  the
rigid  chain  system  showed  a  particularly  pronounced  de-
crease, with its grafting density even dropping below that of
the  flexible  system  under  certain  concentration  conditions.
This  phenomenon  can  be  explained  by  the  free  chain  diffu-
sion behavior:  rigid  chains  possess  lower  mobility  than flexi-
ble  chains,  effectively  increasing  the  viscosity  of  the  system.
As the feeding concentration increased, this effect was ampli-
fied,  significantly  hindering  the  diffusion  of  free  rigid  chains
within  the  system.  Consequently,  the  frequency  of  effective
collisions  between  the  free  active  chain  ends  and  grafting
sites on the substrate surface is markedly reduced, the graft-
ing  kinetics  are  slowed,  and  the  probability  of  grafting  reac-
tions decreases. Therefore, while increasing the feed concen-
tration  initially  enhances  the  grafting  density  by  increasing
the availability of free chains, excessively high concentrations
ultimately suppress chain diffusion, leading to a reduction in
the grafting density.

Through the analysis of the relationship between the feed-

ing  concentration  of  polymer  chains  and  the  final  grafting
density  of  polymer brushes,  we found that  the chain rigidity
significantly  influenced  the  grafting  density.  Specifically,  for
systems  with  higher  chain  rigidity,  increasing  the  feed  con-
centration  markedly  reduced  the  diffusion  rate  of  the  free
polymer chains. To further clarify the correlation between the
grafting density trend in Fig. 3(a) and the mobility of the free
chains,  we monitored the  self-diffusion coefficient  (D)  of  the
free polymer chains[50] as a function of the feeding concentra-
tion. The results are shown in Fig. 3(b). The mean squared dis-
placement  (MSD)  of  the  free  polymer  chains  is  calculated
based on the time evolution of the chain center-of-mass posi-
tions and characterizes the average squared displacement of
the chains over time. The MSD is defined as:

MSD (t) = 1
N
∑N

i=1
∣rrri (t) − rrri (0)∣2 (9)

where N is  the number  of  free  polymer  chains, t is  the simula-
tion  time,  and ri (t)  denotes  the  center  of  mass  of  the ith free
polymer chain. In the long-time limit, where the center of mass
MSD exhibits a linear dependence on time, the self-diffusion co-
efficient D is related to the MSD as follows:[51]

D = 1
6

lim
t→∞

d
dt

(MSD) (10)

where  MSD  is  the  mean  square  displacement  of  the  center  of
mass  of  the  polymer  chain,  and  d/dt denotes  the  time  deriva-
tive.

As shown in Fig. 3(b), the diffusion coefficient D for the free
polymer chains in all three systems with different chain rigidi-
ties  gradually  decreased  with  increasing  feeding  concentra-
tion [Mto], indicating that a higher feeding concentration sup-
pressed chain diffusion. Among them, the rigid chain system
(Kθ=50) shows the most pronounced reduction in diffusion D
in  the  high-concentration  regime,  which  directly  correlates
with the sharp decrease in  grafting density  observed for  the
same system in Fig.  3(a).  This  clear  correspondence confirms
that  grafting  progressively  enters  a  diffusion-limited  regime
at  a  high  feed  concentration  for  rigid  chains.  Specifically,  al-
though  the  diffusion  coefficient  of  the  rigid  chain  is  already
lower than that  of  the semi-rigid and flexible systems at  low
feeding  concentrations  ([Mto]  ≤ 0.55 σ–3),  the  mobility  of  all
three systems remains sufficient to allow free chains to reach
the substrate surface and complete grafting. However, as the
feeding concentration increases further, the system becomes
progressively more crowded, and the translational motion of
the  rigid  chains  is  increasingly  constrained  by  steric  hin-
drance and frequent intermolecular collisions. This results in a
rapid loss of mobility and thus a reduced probability of effec-
tive encounters between the active chain ends and the avail-
able surface grafting sites. Based on these results, controlling
the  feeding  concentration  to  approximately  0.7 σ–3 and  em-
ploying  semi-rigid  chains  can  yield  polymer  brushes  with  a
relatively  high  grafting  density.  Therefore,  grafting  kinetics
are  co-regulated  by  multiple  factors,  including  chain  rigidity
and feed concentration.

The grafting density of the polymer brushes is closely relat-
ed to the molecular weight of the grafted polymer chains. To
investigate this relationship, we examined the effects of chain
rigidity  and  chain  length  (N=20,  30,  40,  50,  60)  on  grafting
density  at  a  fixed  feeding  concentration  (approximately
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Fig.  3    Dependence  of  grafting  density  and  polymer  chain  self-
diffusion  coefficient  on  initial  feeding  concentration  [Mto],  where
[Mto]  denotes  the  initial  concentration  of  polymer  beads  in  the
simulation  box.  (a)  Grafting  density  as  a  function  of  the  initial
feeding  concentration  [Mto];  (b)  Self-diffusion  coefficient D of
polymer  chains  as  a  function  of  the  initial  feeding  concentration
[Mto], where D characterizes the mobility of polymer chains.
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0.35σ–3). The results are shown in Fig. 4(a). As observed in Fig.
4(a),  the grafting density of  all  three systems decreased with
increasing  polymer  chain  length.  This  may  be  attributed  to
two reasons:  first,  as  the molecular  weight increases,  the dif-
fusion rate of free polymer chains in solution slows down, re-
ducing their probability of reaching the substrate surface and
undergoing  grafting;  second,  after  some  polymer  chains  are
grafted on the substrate  surface,  the steric  hindrance gener-
ates  shields  surrounding  grafting  sites,  inevitably  affecting
subsequent grafting. When the molecular weight of the poly-
mer  chain  was  relatively  small  (N<40),  the  grafting  density
gradually  increased  with  the  chain  rigidity.  This  is  because
moderate chain rigidity can reduce the shielding effect of the
already grafted chains on neighboring sites, thereby facilitat-
ing  further  grafting.  However,  as  the  molecular  weight  in-
creased  further  (N>40),  increasing  the  chain  rigidity  led  to  a
decline  in  the  grafting  density.  Under  these  conditions,  the
grafting density of the rigid system was lower than that of the
semirigid system. This is because at higher molecular weights,
increased chain rigidity significantly slows chain diffusion. Al-
though  rigid  chains  can  mitigate  the  shielding  effect,  their
negative impact on the diffusion rate dominates, resulting in
an overall  decrease in  the grafting efficiency.  In  a  simulation

study  of  polymer  chains  grafted  onto  spherical  nanoparticle
surfaces, Liu et al.[42] indicated a linear scaling relationship be-
tween the grafting density and molecular  weight,  which can
be estimated by linear fitting between ln(σg) and ln(N). To fur-
ther  quantitatively  understand  the  relationship  between  the
molecular weight and grafting density, we performed a dou-
ble-logarithmic  transformation  of  the  data  in Fig.  4(a),  as
shown in Fig.  4(b).  Linear fitting of the data for systems with
different chain rigidities yields the scaling relationship:

σg ∼< N>γ
(11)

where γ is the scaling exponent. The γ values for the three sys-
tems are −0.62, −0.70, and −0.97, respectively. Fig. 4(b) shows a
linear relationship between ln(σg) and ln(N). As the chain rigidi-
ty  increased,  the  slope  of  the  fitted  line  (i.e.,  the γ value)  de-
creased significantly (became more negative).  The sign of γ re-
flects the positive or negative correlation between grafting den-
sity and molecular weight, while its absolute value indicates the
sensitivity of grafting density to changes in molecular weight; a
larger  absolute  value corresponds to  higher  sensitivity.  The re-
sults in Fig. 4(b) show that the grafting density is negatively cor-
related with the chain length in all the systems, and the degree
of  this  negative  correlation  strengthens  with  increasing  chain
rigidity. Combined with previous simulation results, it is evident
that  chain  rigidity  affects γ through  multiple  factors,  including
chain conformation and diffusion behavior. A well-defined scal-
ing relationship exists between the grafting density and molec-
ular  weight  in  systems with  different  rigidities,  and the  scaling
exponent γ is closely related to chain rigidity. Utilizing this scal-
ing relationship allows for  the effective prediction of  the graft-
ing  density  for  systems  with  different  molecular  weights  once
the chain rigidity is known.

Increasing the density of grafting sites on the substrate sur-
face is  a  common experimental  strategy.[52] Accordingly,  this
study further investigated the relationship between the graft-
ing density (σg) of polymer brushes and the grafting site den-
sity (σi) on the substrate surface. The results are shown in Fig.
5(a).  As  shown,  the  grafting  density  of  the  flexible  polymer
chain system (Kθ=0) remained relatively low, stabilizing at ap-
proximately  0.24  chains/σ2 (black  curve  in Fig.  5a),  and
showed  almost  no  variation  with  changes  in σi.  This  is  be-
cause  the  flexible  chains  generate  strong  steric  hindrance,
significantly  shielding  the  surrounding  grafting  sites.  Even
when σi was  increased,  these  sites  remained  covered  by  the
already-grafted flexible chains,  preventing an increase in the
number of effective grafting sites.  For systems with a certain
degree of chain rigidity (red and green curves in Fig. 5a), the
dependence  of σg on σi can  be  divided  into  two  regimes:  in
the low σi regime (σi≤0.35), σg increases  significantly  with σi,
whereas in the high σi regime (σi>0.4), the increase in σg with
σi slows considerably and gradually plateaus. At a low σi,  the
steric  hindrance  from  the  chains  was  not  pronounced,  and
the grafting sites experienced minimal shielding, leading to a
grafting efficiency close to 100%. However, once σi exceeds a
certain threshold, steric hindrance from the grafted chains in-
tensifies.  Increasing σi effectively  reduces  the  inter-site  dis-
tance,  making  the  shielding  effect  prominent,  thereby  sup-
pressing  subsequent  grafting.  Furthermore, Fig.  5(a)  shows
that the plateau value of σg increases with chain rigidity with-
in the range studied, indicating that chain rigidity helps miti-
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Fig.  4    Dependence  of  grafting  density  on  the  chain  length N of
the initially added polymer chains. (a) Grafting density as a function
of  chain  length N;  (b)  Double-logarithmic  plot  of  grafting  density
versus  the  chain  length N of  the  initially  added  polymer  chains.
Solid  circles  represent  simulation  results,  and  the  straight  line
represents a linear fit.
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gate the shielding effect of chains on neighboring sites. To vi-
sualize  the  grafting  status  in  systems  with  different  chain
rigidities,  schematic  diagrams  are  provided  in Figs.  5(b)  and

5(c),  where  the  green  and  red  dots  represent  ungrafted  and
grafted sites, respectively. It is clearly observed that the num-
ber of grafted sites (red) in the rigid chain system is substan-
tially  greater  than  that  in  the  fully  flexible  system.  Overall,
these  results  demonstrate  that  introducing  an  appropriate
degree of  chain rigidity can effectively alleviate steric  shield-
ing  effects  and  thereby  facilitate  higher  grafting  densities
during  the  grafting-to  process,  particularly  at  high  grafting
site densities.

The  design  and  fabrication  of  polymer  brushes  with  high
grafting densities remains a persistent objective in the graft-
ing-to  strategy.  In  the  preceding  sections,  we  systematically
examined  how  chain  rigidity  influences  the  grafting  density
during the grafting-to process  and investigated the effect  of
key physical factors on the grafting-to process.

Building  on  these  insights,  we  now  extend  our  investiga-
tion to a  more complex and practically  relevant  scenario:  bi-
nary  polymer  brushes  composed  of  flexible  and  rigid  chains
grafted via the “grafting-to” strategy. In such systems, an ad-
ditional  question  naturally  arises:  Given  the  distinct  confor-
mational and steric characteristics of flexible and rigid chains,
how  should  the  grafting  process  be  organized  to  maximize
the grafting density.

To address this question, we designed and compared three
representative  grafting  strategies  involving  flexible  chains
(Kθ=0,  denoted  as  F)  and  rigid  chains  (Kθ=50,  denoted  as  R):
(1) F/R strategy: flexible chains grafted onto the substrate pri-
or to rigid chains; (2) R/F strategy: rigid chains grafted prior to
flexible  chains;  and  (3)  both  strategies:  flexible  and  rigid
chains graft simultaneously. The detailed simulation parame-
ters for the three-strategy systems are listed in Table 1. Here,
we define the initial rigid chain ratio as λ = nk/n0,  where nk is
the number of rigid grafted polymer chains initially placed in
the  system  and n0 is  the  total  number  of  grafted  polymer
chains  initially  placed.  We  monitored  the  variation  in  the
grafting density with the parameter λ, and the results are pre-
sented in Fig. 6.

As  shown  in Fig.  6,  the  F/R  strategy  yielded  the  lowest
grafting density. In this system, flexible chains were first graft-
ed onto the substrate.  Owing to their  highly collapsible con-
formation,  they  generate  significant  steric  hindrance  and  a
shielding effect,  covering a considerable number of  unreact-
ed  grafting  sites,  thereby  severely  suppressing  the  subse-
quent grafting of rigid chains. The grafting density of the F/R
system increases only slowly with λ, becoming comparable to
the other two systems only when λ reaches its maximum. For
both  R/F  and  both  systems,  the  grafting  densities  increase
with λ at a rate significantly faster than that of the F/R system.
When λ≤0.5, the grafting density of the R/F system increased
slightly  faster  than  those  of  both  systems.  However,  when
λ>0.5,  the  growth  rate  of  the  grafting  density  for  both  sys-
tems surpassed that  of  the R/F system,  exhibiting a  stronger
upward  trend.  This  crossover  behavior  indicates  that  the
higher grafting density of both systems at large λ arises from
the combined effects of reduced site shielding by rigid chains
and  an  increased  effective  density  of  the  active  chain  ends.
The dominant contribution comes from the simultaneous ac-
tivation  of  both  components,  which  allows  more  chains  to
graft  during  the  initial  stage  when  the  grafting  sites  are  still
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Fig. 5    (a) Grafting density σg as a function of grafting site density
σi, where σg denotes the density of polymer chains grafted onto the
substrate  surface  and σi represents  the  maximum  grafting  density
determined by the initial  density of grafting sites on the substrate;
(b)  Distribution  of  grafting  sites  on  the  substrate  surface  grafted
with flexible polymer chains; (c) Distribution of grafting sites on the
substrate surface grafted with rigid polymer chains.  Green and red
color represent ungrafted and grafted sites, respectively.
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accessible, whereas in the R/F case, the later-activated chains
experience stronger steric hindrance from the already formed
brush  layer.  Overall,  the  grafting  density  values  of  the  three
systems were relatively similar when λ was at its minimum or
maximum.  However,  their  evolutionary  paths  diverged  dur-
ing  the λ.  At  low λ values,  the  number  of  rigid  chains  in  the
system is small, and the grafting process is dominated by flex-
ible chains. Owing to the strong spatial shielding effect exert-
ed  by  the  grafted  flexible  chains  on  neighboring  sites,  all
three  systems  exhibited  relatively  low  grafting  densities  at
this  stage.  When λ was  very  high,  the  number  of  flexible
chains  in  the  system  was  minimal,  and  the  grafting  process
was primarily driven by rigid chains, resulting in a high graft-
ing  density  across  all  three  systems.  Theoretically,  both  sys-
tems,  where  rigid  and  flexible  chains  graft  simultaneously,
should possess a higher grafting density because of the high-
er density of the active chain ends. However, Fig. 6 shows that
at low λ values, the grafting density of the R/F system is com-
parable to or even slightly higher than those of both systems.
This can also be attributed to the site-shielding effect caused
by  flexible  chains:  in  the  both  system,  the  flexible  chains
present initially still  impose some shielding on the sites.  At a
low rigid-chain fraction (λ), although both strategies involve a
higher  instantaneous  density  of  active  chain  ends,  the  pres-
ence of flexible chains during the early grafting stage leads to
partial  shielding  of  the  neighboring  surface  sites  because  of
their  collapsed  conformations.  This  spatial  shielding  reduces
the  effective  accessibility  of  the  grafting  sites  and  limits  the
grafting  efficiency  in  both  systems.  In  contrast,  in  the  R/F
strategy,  rigid  chains  graft  first  and  adopt  more  extended

conformations, which weakly shield the surrounding sites and
preserve  surface  accessibility  at  early  times.  Consequently,
the  R/F  system  can  achieve  a  comparable  or  even  slightly
higher grafted fraction than both systems at low λ, as quanti-
tatively demonstrated in Fig. S2 (in electronic supplementary
information,  ESI).  With  increasing λ,  the  contribution  of  the
rigid chains becomes dominant, and the higher density of si-
multaneously  active  chain  ends  in  both strategies  ultimately
leads  to  a  higher  grafting density.  As  the proportion of  rigid
chains (λ) increased in both systems, the overall grafting den-
sity eventually exceeded that of the R/F system. Based on the
above analysis, it can be inferred that in practical applications,
by adjusting the ratio of rigid to flexible chains and adopting
a co-grafting strategy, the site-shielding effect can be mitigat-
ed while improving the grafting efficiency, thereby effective-
ly enhancing the final grafting density of the polymer brushes.

Fabrication of Rigid Polymer Brushes Using the
Grafting-from Strategy
In the “grafting-from” strategy, the chain rigidity arises dynami-
cally as the polymer chains grow from the substrate surface. The
initial  rigidity  of  the  chains  was  determined  by  the  intrinsic
structures  of  the  monomers.  However,  this  rigidity  is  not  fixed
and  can  be  modulated  by  environmental  factors  such  as  sol-
vent quality and salt concentration. These factors influence the
rigidity of the growing chains, which in turn affects the grafting
process  and  final  polymer  brush  density.  Therefore,  under-
standing  the  effect  of  chain  rigidity  on  the  grafting  process  is
crucial  for  tailoring  the  properties  of  the  resulting  polymer
brushes. Polymer brush fabrication via the “grafting-from” strat-
egy is intrinsically prone to non-uniform chain growth owing to
kinetic heterogeneity. This nonuniformity is intricately linked to
both the rigidity of the growing chains and the dynamics of the
polymerization  process.  Multiple  factors  can  lead  to  the  non-
uniform growth of  polymer brushes synthesized via the "graft-
ing-from"  strategy.  First,  after  some  grafted  chains  initiate  and
grow on the surface, they occupy adjacent regions and gradual-
ly form a thin-film-like structure. This film layer hindered the dif-
fusion of free monomers from the solution to the surface-active
sites for the reaction, thereby suppressing further chain propa-
gation. Consequently, in the early stages of the grafting process,
both unreacted active sites and short, "inactive" polymer chains
can  be  observed  on  the  surface.  Second,  within  the  initially
formed polymer film, a small number of polymer chains with ac-
tive ends continued to grow, achieving lengths significantly ex-
ceeding the average thickness of the film layer.  Because of the
relatively  high concentration of  free monomers above the film
layer, these long chains continued to grow, eventually forming
polymer  chains  with  higher  molecular  weights.  Different  chain

 

Table 1    Parameter settings for the preparation of binary polymer brushes under different grafting strategies.
 

Grafting strategy
Stage 1 Stage 2

Time (τ) Pr (R) /Pr (F) Time (τ) Pr (R) Pr (K)/

F/R 4.0×107 Pr (R) = 0
Pr (F) = 0.1

4.0×107 Pr (R) = 0.1
Pr (F) = 0

R/F 4.0×107 Pr (R) = 0.1
Pr (F) = 0

4.0×107 Pr (R) = 0
Pr (F) = 0.1

Both 4.0×107 Pr (R) = 0.1
Pr (F) = 0.1
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Fig.  6    Overall  grafting  density  as  a  function  of  initial  rigid  chain
ratio λ for the three systems, where λ represents the fraction of rigid
polymer chains among the initially introduced grafted chains.
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rigidities can lead to distinct chain conformations, which in turn
affect the overall “grafting-from” process.  Under the combined
effects of these two mechanisms, polymer brushes prepared by
surface-initiated polymerization inevitably exhibit a high disper-
sity.  From  an  experimental  characterization  perspective,  both
the dispersity  and grafting density  of  polymer  brushes  are  key
parameters for evaluating their performance.[53] The dispersity is
typically  defined  as  the  ratio  of  the  weight-average  molecular
weight (Mw) to the number-average molecular weight (Mn):

Ð =
Mw

Mn
=
∑

i
NiM

2
i /∑i

NiMi

∑
i
NiMi/∑i

Ni

(12)

where Mi is  the  molecular  weight  of  polymer  chains  in  the ith

size class, and Ni is the number of chains with molecular weight
Mi. The quantities Mw and Mn are the weight-average and num-
ber-average  molecular  weights,  respectively,  calculated  from
the molecular weight distribution of the system. The dispersity
Đ characterizes  the  breadth  of  the  molecular  weight  distribu-
tion. In this study, we constructed a series of simulation systems
to investigate the process of preparing polymer brushes via the
"grafting-from"  strategy.  The  free  monomer  concentration  in
the model system was set to 0.35σ–3. We defined the maximum
grafting density as σi = ni / A, where ni is the number of initiator

sites initially placed in the simulation system and A is the area of
the substrate. In this work, σi was set to 0.77 initiators/σ2. To in-
vestigate the influence of chain rigidity on the properties of the
resulting polymer brushes, we assigned different rigidity param-
eters  to  polymer  chains  grown  on  the  substrate. Fig.  7(a)  illus-
trates the variation in dispersity with monomer conversion dur-
ing polymer brush growth under different chain rigidity models.
Here, monomer conversion is defined as: Xm = Ni × Pr* × t, where
Ni is  the  number  of  initiated  initiators, Pr*  = Pr ×  [M]  (Pr is  the
polymerization rate, [M] is the concentration of free monomers
within  the  reaction  radius  of  the  initiator,  and t is  the  reaction
time). As shown in Fig. 7(a), when the monomer conversion in-
creased  from  10%  to  70%,  the  dispersity  of  all  the  systems
showed  an  upward  trend.  For  flexible  polymer  brushes  (Kθ=0),
the  dispersity  increased  rapidly  from  1.44  to  1.85,  whereas  for
brushes  with  a  certain  rigidity  (Kθ>0),  the  dispersity  increased
only gradually  with a smaller  magnitude.  This  is  because high-
molecular-weight flexible chains are prone to collapse, thereby
shielding the active ends of the surrounding shorter chains and
temporarily deactivating them, leading to an increase in overall
dispersity.  In contrast,  rigid chains tend to maintain an extend-
ed conformation perpendicular to the substrate during growth,
which reduces the probability of their active ends being shield-
ed  by  neighboring  chains,  resulting  in  more  uniform  growth
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Fig. 7    During the grafting-from process at the maximum grafting density (σi=0.77): (a) Dispersity of polymer chains with different rigidities as a
function of monomer conversion Xm, which represents the extent of monomer consumption during polymerization; (b) Probability distribution p(N)
of polymer chain lengths N with varying rigidities characterized by the bending constant Kθ. Each distribution is normalized by the maximum value
of the chain length distribution for each rigidity; (c) Top view of local polymer length for a flexible polymer brush (growing flexible chains); (d) Top
view of local polymer length for a rigid polymer brush (growing rigid chains).
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and  a  weaker  tendency  for  an  increase  in  dispersity.  Further-
more, Fig.  7(a)  indicates  that  as  the  polymer  chain  rigidity  in-
creased  (with  higher Kθ),  the  dispersity  of  the  polymer  brush
slightly  decreased.  However,  when  the  chain  rigidity  was  fur-
ther enhanced, no further significant reduction in dispersity was
observed. This is because increasing the chain rigidity can only
promote  vertical  chain  growth  to  a  limited  extent;  therefore,
even with further increase in rigidity, the dispersity of the poly-
mer  brush  cannot  be  effectively  reduced  further,  as  demon-
strated in Fig. 7(a).

Subsequently,  we analyzed the molecular  weight  distribu-
tion  (MWD)  of  the  growing  polymer  chains  in  systems  with
different  chain  rigidities  at  a  free  monomer  conversion  of
Xm=70% (corresponding to the later stage of the simulation),
which  is  labelled  as  the  relationship  of p(N)-N with p(N)  de-
noting the normalized ratio of grown polymers with a length
of N.  The results are shown in Fig. 7(b). As shown in Fig. 7(b),
p(N)  underwent  significant  changes  with  increasing  chain
rigidity. Systems possessing a certain degree of rigidity (Kθ>0)
exhibited a notably narrower p(N) than a fully flexible system
(Kθ=0). As the chain rigidity increased further, p(N) continued
to remain narrow, albeit with a diminishing rate of change. To
more intuitively observe the growth morphology of the poly-
mer  brushes  on  the  substrate  surface  in  systems  with  differ-
ent  chain  rigidities,  we  monitored  the  molecular  weight  of
the  polymer  chains  grafted  at  each  initiator  site.  The  results
are presented in Figs. 7(c) and 7(d). In these figures, the x and
y coordinates  represent  the  spatial  positions  of  the  initiator
sites  on  the  grafting  substrate,  and  the  color  scale  indicates
the molecular weight of the polymer chain at the correspond-
ing  site.  Specifically, Fig.  7(c)  corresponds  to  the  case  with
flexible growing chains (Kθ=0), whereas Fig. 7(d) corresponds
to  the  case  with  semi-rigid  growing  chains  (Kθ=50). Fig.  7(c)
reveals  that  in the flexible system, a considerable number of
high  molecular  weight  chains  (red  and  yellow  regions)  were
present,  and  their  spatial  distribution  on  the  substrate  was
markedly  heterogeneous.  This  is  because  the  growing  flexi-
ble  chains  shield  the  active  ends  of  the  neighboring  shorter
chains,  allowing  some  initiated  chains  to  grow  continuously
to  a  larger  molecular  weight,  which  is  consistent  with  the
high  dispersity  indicated  by  the  black  curve  in Fig.  7(a).  In
contrast, Fig.  7(d)  shows  that  in  the  system  with  rigid  grow-
ing  chains  (Kθ=50),  no  exceptionally  high-molecular-weight
chains  were  observed  (absence  of  red  and  yellow  regions),
and  the  polymer  brushes  exhibited  a  uniform  distribution
across  the substrate  surface.  This  is  attributed to  the weaker
mutual  shielding  effect  between  the  rigid  chains,  which  al-
lows the growth of individual chains to proceed relatively in-
dependently without significant interference. The results pre-
sented  in Fig.  7 demonstrate  that  appropriately  increasing
the  rigidity  of  the  growing  polymer  chains  helps  reduce  the
dispersity  of  the  polymer  brushes,  thereby  improving  their
overall performance to a certain extent.

R2
g

To further investigate the influence of chain rigidity on the
structure  of  the  growing  polymer  chains,  we  employed  the
radius  of  gyration  (Rg)  as  a  key  physical  parameter  for  the
analysis.[54] The radius of gyration is given by the square root
of  the  mean  square  radius  of  gyration,  where  the  mean
square value  is expressed as

R2
g = 1

N
∑N

i=1
(rrri − rrrcm)2 (13)

rrri rrrcm

Here, N represents  the  number  of  monomers  in  the  polymer
chain,  is the position vector of the ith monomer, and  is the
position  vector  of  the  center  of  mass  of  the  chain.  The  mean
square  radius  of  gyration  was  obtained  by  calculating  the
squared  distance  between  each  monomer  and  the  center  of
mass  and  averaging  them.  Furthermore,  the  degree  of  exten-
sion of  the polymer chain is  characterized by the chain stretch
parameter Фs:

[30]

Φs =
Rzg[1

2
(Rxg + Ryg)] (14)

In  this  expression, Rg
x, Rg

y,  and Rg
z are  the  components  of

the gyration radius along the x, y, and z directions, respective-
ly. When Фs=1, the chain conformation is spherically symmet-
ric;  when Фs>1,  the chain tends to grow preferentially  in  the
direction perpendicular to the substrate. Thus, Фs serves as a
valid metric for describing the extension behavior of the poly-
mer chains.

To  investigate  the  conformational  evolution  of  the  poly-
mer chains during surface-initiated polymerization, we moni-
tored the change in the radius of gyration (Rg) of the growing
chains  with  simulation  time,  as  shown  in Fig.  8(a).  It  can  be
observed that Rg generally increases over time, primarily due
to the increase in the degree of polymerization. Notably,  the
increase  in Rg for  flexible  growing  chains  (Kθ=0)  was  signifi-
cantly  smaller  than  that  for  systems  with  a  certain  rigidity
(Kθ>0), and Rg gradually increased with increasing chain rigid-
ity.  However,  when Kθ≥50,  a  further  increase  in  the  chain
rigidity  resulted  in  a  plateau  in  the  growth  trend  of Rg.  This
behavior originates from the inherent physical characteristics
of  polymer  chains;  at  a  given  molecular  weight,  the  confor-
mational  restriction  of  the  chain  increases  with  rigidity,  but
this effect saturates in the high-rigidity regime, leading to the
stabilization  of Rg.  Furthermore,  we  monitored  the  variation
in the chain stretch parameter Фs for growing chains with dif-
ferent  rigidities  over  the  simulation  time,  as  shown  in Fig.
8(b). In the early stages of the reaction, when grafting density
is  low,  the Фs values for  all  systems are close to 1,  indicating
that  the  polymer  chains  generally  adopt  a  near-spherical
“mushroom” conformation. In contrast, systems with Kθ>0 ex-
hibit Фs values  substantially  greater  than  1,  suggesting  that
the  rigid  chains  preferentially  grow  in  the  direction  perpen-
dicular to the substrate.  As the reaction proceeds, Фs contin-
ues  to  increase,  reflecting  the  rising  grafting  density  and  re-
sulting  crowded  local  environment,  where  interchain  repul-
sion drives the transition from coiled to extended conforma-
tions. Compared to flexible systems, rigid systems consistent-
ly  show  higher Фs values,  which  increase  progressively  with
rigidity.  In  the  middle  to  late  stages  of  the  simulation,  the
growth of Фs in all systems with Kθ>0 slows significantly. This
indicates that chain extension does not increase indefinitely;
once the chains have reached a certain degree of  extension,
further increasing the chain rigidity does not substantially en-
hance their extension along the vertical direction.

Grafting density (σg) is a key parameter that influences the
properties of polymer brushes. We analyzed the grafting den-
sity  of  the systems with different  chain rigidities,  and the re-
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sults  are  presented in Fig.  9.  As  shown in Fig.  9(a),  the graft-
ing  density  of  the  flexible  polymer  brush  (Kθ=0)  is  approxi-
mately  0.60  chains/σ2,  while  that  of  the  rigid  polymer  brush
(Kθ=50)  is  about 0.63 chains/σ2.  The grafting density  increas-
es with increasing chain rigidity, but the rate of increase grad-
ually  slows.  When  the  chain  rigidity  exceeded  a  certain
threshold  (Kθ≥50),  the  grafting  density  essentially  stabilized,
indicating  that  further  increases  in  rigidity  no  longer  signifi-
cantly  enhanced  the  utilization  efficiency  of  the  initiation
sites. To further elucidate the mechanism by which the chain
rigidity  affects  the  grafting  process,  we  selected  two  repre-
sentative  systems  for  comparative  analysis:  fully  flexible
chains (Kθ=0) and chains with moderate rigidity  (Kθ=50).  The
evolution of the grafting density with the simulation time for
these two systems is  shown in Fig.  9(b).  The results  revealed
that flexible and rigid growing chains exhibit different spatial
screening effects on neighboring initiation sites during poly-
merization.  In  the  early  stages  of  the  reaction,  there  was  no
significant difference in the grafting density between the two
systems,  as  the  initially  formed  polymer  chains  had  low
molecular weights and their screening effect was not yet pro-

nounced. As the reaction proceeds and the molecular weight
of  the  polymer  chains  increases,  the  chain  segments  in  the
flexible system are more prone to coiling and collapse,  lead-
ing to strong spatial screening of adjacent initiation sites. This
reduces the number of effectively available initiation sites, re-
sulting in  a  noticeable decline in  grafting density  during the
middle to late stages of the reaction.

The  results  in Fig.  9 indicate  that  the  rigidity  of  the  grow-
ing  chains  significantly  affected  the  final  grafting  density  of
the  polymer  brushes.  We  previously  defined  free  monomer
conversion as Xm = Ni × Pr* × t, where Ni is the number of initi-
ated initiators, Pr* = Pr × [Mfrom] (Pr is the polymerization rate,
[Mfrom] is the concentration of free monomers within the reac-
tion radius of the initiated initiator, and t is the reaction time).
In the current simulation system, the polymerization rate Pr is
set as a constant; therefore, the monomer conversion can be
simplified  as Xm = Ni ×  [Mfrom]  × t.  Within  a  short  simulation
period, Ni × [Mfrom]  can approximate the number of effective
active  chain  ends  in  the  system.  To  further  investigate  the
mechanism  by  which  chain  rigidity  influences  the  grafting
density,  we  defined  the  effective  active  end  ratio µ =  (Ni ×
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Fig.  8    Temporal  evolution  of  the  radius  of  gyration  and  the
stretching coefficient  for  polymer chains  with different  rigidities  at
the  maximum  grafting  density  (σi=0.77).  (a)  The  radius  of  gyration
Rg as  a  function  of  time,  where Rg characterizes  the  overall  spatial
extent  of  a  polymer  chain;  (b)  The chain  stretch parameter Φs as  a
function  of  time,  which  quantifies  the  anisotropy  of  chain
conformation  by  comparing  chain  extension  normal  to  the
substrate with that in the lateral directions.
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Fig.  9    Dependence of  the  grafting density  of  the  polymer  brush
on  chain  rigidity  and  time  at  the  maximum  grafting  density
(σi=0.77).  (a)  Grafting  density σg,  defined  as  the  surface  number
density of  grafted polymer chains,  as a function of  the bond-angle
potential  constant Kθ,  which  characterizes  chain  rigidity;  (b)
Temporal evolution of the grafting density σg as a function of time
for  two  representative  rigidities, Kθ=0  (flexible  chains)  and Kθ=50
(rigid chains), during the grafting-from process.
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[Mfrom])/ni (where ni is the total number of initiators in the sys-
tem).  Analyzing  the  variation  of µ with  simulation  time  can
more clearly reveal the accessibility of free monomers around
the  active  chain  ends. Fig.  10 shows  the  evolution  of  the
monomer  conversion  (Xm)  and  effective  active  end  ratio  (µ)
over the simulation time. Theoretically,  given the same poly-
merization rate,  the rigidity  of  the grafted chains  should not
affect free monomer conversion; thus, Xm should be essential-
ly  identical  across  different  systems  at  any  given  time.  As
shown  in Fig.  10(a),  during  the  early  stage  of  the  reaction
(0–5×105 time  steps),  the  monomer  conversion  rates  of  the
two  systems  indeed  overlap  closely,  indicating  that  chain
rigidity  does  not  exert  a  significant  influence  on  this  phase.
However,  as  the  reaction  proceeded,  the  gap  in  the  conver-
sion  between  the  flexible  and  rigid  chain  systems  widened
gradually. Fig. 10(b) reveals that the effective active end ratio
µ of  the  flexible  chain  system  remained  consistently  lower
than that of  the rigid chain system throughout the polymer-
ization process. This difference directly leads to a divergence
in the conversion rate (Fig. 10a). The flexible chains generate

greater  steric  hindrance  during  growth,  which  reduces  the
proportion  of  effective  active  chain  ends  and  consequently
amplifies  the  heterogeneity  in  molecular  weight  among  the
chains. As shown in Fig. 7(a), the higher dispersity observed in
the flexible chain system can also be attributed to steric hin-
drance effects  reflected by the lower  effective  active  end ra-
tio.  Furthermore,  the µ values  for  both  systems  decreased
over time, primarily because of the continuous consumption
of free monomers.

Based on the above simulation results, it can be concluded
that when employing the “grafting-from” strategy to synthe-
size polymer brushes, a certain degree of chain rigidity in the
growing chains favors the maintenance of  an extended con-
formation.  This  reduces  the  spatial  shielding  effect  on  the
neighboring  initiation  sites,  ultimately  yielding  polymer
brushes with lower dispersity  and higher  grafting density.  In
practical  applications,  selecting  appropriate  monomers  to
modulate the rigidity of the growing chains is a viable strate-
gy for the controlled synthesis of polymer brushes that simul-
taneously exhibit low dispersity and high grafting density.

A direct comparison between the grafting-to and grafting-
from  strategies  reveals  the  fundamentally  different  roles  of
polymer  chain  rigidity.  In  the  grafting-to  process,  polymer
chains must diffuse from the solution to the surface and pen-
etrate  the  grafted  layer;  thus,  chain  rigidity  primarily  affects
grafting behavior through diffusion limitation and steric hin-
drance.  Moderate  rigidity  can  facilitate  chain  extension,
whereas  excessive  rigidity  restricts  chain  mobility  and  sup-
presses  the  grafting  density.  In  contrast,  the  grafting-from
strategy  is  dominated  by  the  growth  of  surface-anchored
chains  rather  than  by  chain  transport.  Here,  chain  rigidity
mainly  regulates  grafting  density  and  dispersity  through
growth  heterogeneity  and  site  shielding,  as  stiffer  chains
adopt more extended conformations that  reduce the shield-
ing  of  neighboring  initiation  sites.  These  differences  high-
light the fact that chain rigidity influences grafting outcomes
via distinct physical mechanisms in the two strategies.

CONCLUSIONS

Polymer  grafting  is  a  pivotal  strategy  for  surface  functionaliza-
tion,  in  which  the  grafting  density  of  polymer  brushes  plays  a
decisive  role  in  determining  the  surface  modification  perfor-
mance. However, many key parameters governing the grafting
process  are  difficult  to  quantify  accurately  experimentally.  To
address  this  challenge,  this  work  systematically  investigated
polymer grafting-onto substrate surfaces via both the “grafting-
from” and “grafting-to” strategies by combining coarse-grained
molecular dynamics simulations with a stochastic reaction mod-
el.  Particular emphasis was placed on elucidating the influence
of the polymer chain rigidity on the grafting process. By analyz-
ing key metrics, such as grafting density and product dispersity,
this  study  provides  mechanistic  insights  and  practical  guide-
lines for the experimental fabrication of high-performance poly-
mer brushes.

In the case of the “grafting-to” strategy, the results indicate
that,  within  an  appropriate  rigidity  range,  a  moderate  in-
crease in chain rigidity is favorable for enhancing the grafting
density.  However,  when  the  chain  rigidity  exceeds  a  critical
threshold,  the  restricted  chain  mobility  hinders  adsorption
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Fig. 10    Temporal evolution of free monomer conversion and the
percentage  of  effective  active  chain  ends  for  two  representative
chain  rigidities, Kθ=0  (flexible  chains)  and Kθ=50  (rigid  chains).  (a)
Free  monomer  conversion Xm,  representing  the  fraction  of  free
monomers consumed during grafting-from process, as a function of
time;  (b)  Effective active end ratio μ as  a  function of  time,  where μ
quantifies the fraction of initiators that are effectively active in chain
growth  by  reflecting  the  accessibility  of  free  monomers  around
active chain ends.
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and  coupling  to  surface  sites,  leading  to  a  reduction  in  the
grafting  density.  In  addition,  the  effects  of  initial  polymer
chain length, polymer concentration, and surface grafting site
density  were  systematically  examined.  The  grafting  density
decreased  with  increasing  chain  length,  exhibited  a  non-
monotonic  dependence  on  the  polymer  concentration,  and
increased before reaching a plateau as the grafting site densi-
ty  increased.  These  findings  highlight  that  the  grafting  pro-
cess  is  governed  by  the  coupled  effects  of  multiple  factors
rather  than  by  a  single  parameter.  Furthermore,  to  enhance
the grafting density of the binary polymer brushes using the
“grafting-to” strategy,  optimization  was  achieved  by  jointly
tuning  the  chain  rigidity  and  grafting  sequence.  Specifically,
the  flexible-first/rigid-second  (F/R)  strategy  resulted  in  the
lowest  grafting  density  owing  to  pronounced  shielding  by
the initially grafted flexible chains, whereas the rigid-first/flex-
ible-second (R/F) strategy alleviated this limitation. The simul-
taneous grafting of rigid and flexible chains (both) further en-
hanced the grafting density, particularly at higher fractions of
rigid chains.

For  the “grafting-from” strategy,  the  simulations  demon-
strate  that  polymer  chains  with  appropriate  rigidity  tend  to
adopt more extended conformations during growth, thereby
effectively  reducing the spatial  shielding of  surface initiation
sites.  Consequently,  polymer  brushes  with  lower  dispersities
and  higher  grafting  densities  can  be  achieved.  By  introduc-
ing the concept  of  effective active chain ends and analyzing
their  spatial  distribution,  we  further  revealed  that  increased
chain  rigidity  promotes  a  more  uniform  and  denser  grafting
process.

Overall,  these  results  indicate  that  polymer  chain  rigidity
should  be  tuned  according  to  the  specific  grafting  strategy
employed.  In  the “grafting-to” approach,  chain  rigidity  pri-
marily  influences  grafting  efficiency  through  its  impact  on
chain diffusion and steric hindrance, such that excessive rigid-
ity limits chain diffusion toward the substrate and suppresses
grafting  density.  In  contrast,  in  the “grafting-from” strategy,
chain  rigidity  mainly  governs  the  accessibility  of  free
monomers  to  active  chain  ends  and  the  extent  of  spatial
shielding during chain growth, where an appropriate level of
rigidity facilitates more extended conformations and sustains
effective polymerization. This clear distinction highlights that
chain rigidity  does not play a  universal  role,  but  instead acts
through different mechanisms in the grafting-to and grafting-
from  processes,  providing  important  guidance  for  the  ratio-
nal  selection  of  chain  conformational  properties  in  polymer
brush design.

In summary, for practical applications that require polymer
brushes  with  high  grafting  densities,  it  is  advantageous  to
employ relatively low polymer concentrations and moderate
surface  grafting  site  densities.  Moreover,  under  appropriate
conditions,  introducing  suitable  chain  rigidity,  such  as
through  modulation  of  salt  concentration  or  application  of
external  fields,  can  further  improve  grafting  efficiency.  In-
creasing the proportion of rigid chains and adopting a simul-
taneous  grafting  approach  are  particularly  effective  for  the
preparation of binary polymer brushes using the “grafting-to”
strategy. Overall, this work clarifies the critical role of polymer
chain  rigidity  in  brush  synthesis  and  provides  a  theoretical
foundation for the rational  design and controlled fabrication
of  surface-modified  materials  through  the  deliberate  regula-

tion of chain conformational properties.
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This study investigates how polymer chain rigidity affects grafting density. In "grafting-to," rigidity influences chain diffu-
sion and grafting probability, while in "grafting-from," it controls active site accessibility.
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