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Abstract    To  better  characterize  the  properties  of  surface-initiated  polymers,  simultaneous  bulk- and  surface-initiated  polymerizations  are

usually carried out by assuming that the properties of the surface-initiated polymers resemble those of the bulk-initiated polymers. Through a

Monte Carlo  simulation using a  heterogeneous stochastic  reaction model,  it  was discovered that  the bulk-initiated polymers  exhibit  a  higher

molecular weight and a lower dispersity than the corresponding surface-initiated polymers, which indicates that the equivalent assumption is

invalid.  Furthermore,  the  molecular  weight  distributions  of  the  two  types  of  polymers  are  also  different,  suggesting  different  polymerization

mechanisms. The results can be simply explained by the heterogeneous distributions of reactants in the system. This study is helpful to better

understand surface-initiated polymerization.
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INTRODUCTION

Surface-initiated  polymerization  (SIP)  is  a  powerful  technique
that  involves  immobilized  initiators  on  substrate  surfaces  to
grow  polymer  chains,  resulting  in  systems  with  high  grafting
density and layer thickness, known as polymer brushes. Polymer
brushes have found extensive applications in diverse fields, such
as  corrosion-protection  coatings,  adhesives,  protein-resistant
surfaces, chemical lubricants, and antifouling.[1−7] Consequently,
understanding the underlying mechanism of SIP has become a
subject  of  significant  interest  to  better  tailor  the  properties  of
polymer brushes and enhance material performance.

The  properties  of  grafted  polymers,  such  as  molecular
weight, molecular weight distribution, and dispersity, are key
parameters  for  designing  materials  with  specific  properties.
For  example,  a  polymer  brush  with  a  low  dispersity  displays
an  improved  anti-fouling  performance.[8] However,  it  is  chal-
lenging  to  characterize  these  properties  of  surface-initiated
polymers with methods like GPC due to the small amount of
the  product  obtained  from  SIPs,  especially  those  on  flat  sur-

faces. Additionally, cleavage of polymer chains from the sub-
strate  is  required  for  characterization,  which  might  alter  the
properties of polymers.[9]

An alternative method, widely applied in research, involves
conducting  simultaneous  bulk- and  surface-initiated  poly-
merization  by  adding  extra  free  initiators  to  the  SIP  system
(Fig.  1).[10−12] This  approach  assumes  that  the  properties  of
the  surface-initiated  polymers  resemble  those  of  the  bulk-
initiated  polymers.  Then  the  properties  of  grafted  polymers

 

* Corresponding authors, E-mail: shichen.ji@mailbox.gxnu.edu.cn (S.C.J.)
E-mail: xcshen@mailbox.gxnu.edu.cn (X.C.S.)

Invited  Research  Article  of  Special  Issue  on “Theory  and  Simulation  of
Macromolecules”
Received July  19,  2023;  Accepted August  5,  2023;  Published  online
September 15, 2023

 

Immobilized initiator Free monomer

Polymer bead Active centerFree initiator

 
Fig.  1    Illustration  of  a  simultaneous  bulk- and  surface-initiated
living polymerization.
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can  be  estimated  by  characterizing  free  polymers.  However,
the  validity  of  the  equivalent  assumption  is  still  in  debate.
Contradictory  results  have been reported in  different  experi-
ments, as reviewed by Zoppe et al.[9]

To  overcome  the  limitations  of  experiments  and  theoreti-
cal  approaches,  computer  simulations  have  emerged  as  a
powerful  research  tool.[13−16] Since  the  pioneering  work  by
Genzer,[17] various simulations have been developed to study
the mechanism of SIP.[17−33] These studies have revealed that
SIP typically results in larger dispersity and smaller molecular
weight compared to corresponding bulk-initiated polymeriz-
ation,  except  when  the  grafting  density  is  very  low.  Studies
have also examined the simultaneous bulk- and surface-initi-
ated  polymerization  to  validate  the  equivalent  assumption
adopted in experiments.[22−25,32] The results demonstrate that
the equivalent assumption is generally invalid, since the bulk-
initiated  polymers  usually  show  a  larger  molecular  weight
and  a  lower  dispersity  than  those  of  surface-initiated  poly-
mers.

However, in many simulations, all active centers react with
equal  probability,  implying  a  homogeneous  reaction
system.[17−19,27−33] It neglects the fact that SIP is a heterogen-
ous  polymerization.  As  polymerization  progresses,  the  nas-
cent  polymer  chains  formed  at  the  surface  will  expel  free
monomers from the surface, which leads to a heterogeneous
distribution of monomers and active ends. We can anticipate
that  polymers  with  active  ends  located further  from the  sur-
face  should  react  with  larger  probabilities  due  to  the  higher
local concentration of free monomers.

Recently,  we  proposed  a  stochastic  reaction  model  (SRM)
for heterogeneous polymerizations.[34,35] In this model, the re-
action  probability  between  an  active  end  and  a  nearby  free
monomer is  determined based on the local  concentration of
free  monomers.  As  a  result,  each  active  end  reacts  with  its
own  probability,  and  the  heterogeneous  reaction  environ-
ment  is  well  considered.  By  applying  both  the  heterogen-
eous and traditional SRMs, we confirmed that the heterogen-
eous  reaction  environment  plays  an  important  role  in  SIP,
which  significantly  affects  the  properties  like  dispersity  and
molecular weight distribution.[34]

Our finding suggests that it is necessary to reexamine sim-
ultaneous  bulk- and  surface-initiated  polymerization.  In  this
paper,  we applied the heterogenous SRM to investigate sim-
ultaneous polymerization. The results not only confirmed the
invalidity  of  the  equivalent  assumption  adopted  in  experi-
ments,  but  also provided valuable information on properties
like molecular weight distribution. This study sheds light on a
better understanding of the underlying mechanism of SIP.

MODELS AND SIMULATION METHODS

V = Lx × Ly × Lz

Ly

√
2

The  simulation  was  carried  out  in  a  simple  cubic  lattice  with  a
volume  with  periodic  boundary  conditions  in
both x and z directions.  There  were  two  impenetrable  walls  at
y=1  and  respectively.  The  Larson-type  bond  fluctuation
model was adopted, which has been described in our previous
studies.[34−37] Briefly,  each  monomer  or  initiator  occupies  only
one  lattice  site,  and  the  bond  length  is  1  or .  During
relaxation,  a  monomer/initiator  is  randomly  selected  and
attempted  to  move  to  one  of  its  18  nearest  and  next  nearest

neighbour  sites,  with  permitted  bond  lengths  and  no  bond
crossings occurring. The unit simulation time, MC step (MCs), is
defined as  all  monomers  and initiators  are  tried  to  move once
on average.

m√
2

m

The  polymerization  was  carried  out  after  relaxing  every τ
MCs. By adjusting the reaction interval time τ, the system can
be tuned as either diffusion- or reaction-controlled.[34,35] Dur-
ing the polymerization process, (i) an initiator or active center
is  selected  at  random;  (ii)  the  number  of  free  monomers
within the radius of  is then determined; (iii) the initiator or
active  center  attempts  to  react  with  one  of  these  free
monomers  with  probability mP0,  where P0 is  a  constant  rep-
resenting the reaction probability between one active center
and  one  free  monomer.  Since  the  reaction  probability  is  de-
termined  by  the  local  monomer  concentration,  this  SRM  is
well-suited  for  studying  heterogeneous  polymerization  sys-
tems like SIP.[34,35]

In this simulation,  only chain propagation was considered,
which  corresponds  to  living  polymerization.  The  monomer
conversion C of  a  bulk-initiated living polymerization can be
calculated as:[34,35]

C = 1 − exp(−(mmax − 1)[I]0P0t/τ) (1)

where mmax is the maximum number of free monomers around
an initiator/active center and equals 18 in this simulation; [I]0 is
the  initial  number  of  initiators.  This  equation  can  be  used  to
verify the accuracy of the simulation results.

RESULTS AND DISCUSSION

Validation of the Equivalent Assumption
Firstly, we examined a simultaneous polymerization with a high
grafting density σ=0.5. Other parameters are as follows. The size
of  the  simulation  box  is Lx=40, Lz=36,  and Ly=302.  The  initial
monomer  concentration  is  [M]0=0.4  monomer  per  lattice.
Strictly  speaking,  it  is  a  solution  polymerization  rather  than  a
bulk  polymerization,  but  in  the  following,  we  do  not  make  a
strict  distinction.  Both the number of  immobilized initiators  on
the surface IS and that of free initiators in the bulk IB equals 720,
thus the fraction of immobilized initiators is f=0.5. The reaction
interval time τ is 10, the reaction probability is P0=0.001, and the
simulation  time  is  2×106 MCs.  In  the  beginning,  all  the
monomers  and  initiators  were  randomly  distributed  in  the
system  (immobilized  initiators  were  randomly  located  on  the
y=1  surface).  The  system  was  relaxed  for  103 MCs  to  eliminate
the  influence  of  the  initial  state  and  served  as  an  input  to  the
reactive  simulations.  The  results  were  averaged  for  20
independent runs.

According to the monomer conversion, simultaneous poly-
merization is slower than the theoretical predication of bulk-
initiated  living  polymerization  (Fig.  2a).  A  greater  proportion
of  reacted  monomers  has  converted  into  free  chains  than
grafted  ones  (Fig.  2a). Fig.  2(b)  illustrates  that  free  initiators
have  been  consumed  within  104 MCs.  The  number  of  unre-
acted free initiators exponentially decays according to:[18]

I = I0(1 − Pr)t/τ (2)

(mmax − 1) [M]0P0

where Pr is  the  reaction  probability  and  is  calculated  as
 (the  inlet  of Fig.  2b).  Meanwhile  the

immobilized initiators on the surface reacted slowly, with a 92%
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conversion achieved at t=3×104 MCs.
Both the number average molecular weights of free chains

Mn,f and  grafted  chains Mn,g increase  linearly  with  monomer
conversion, but Mn,f increases more quickly than Mn,g (Fig. 2c).
At  the  end  of  the  reaction, Mn,f is  as  high  as  167,  more  than
twice of Mn,g=73. In addition to molecular weight, there is also
a significant difference in the dispersity (Đ) between free and
grafted polymers, with grafted chains having a much larger Đ
compared  to  free  ones  (Fig.  2d).  Since  the  properties  of  free
chains are quite different from those of grafted chains in sim-
ultaneous polymerization, the equivalent assumption cannot
be applied to estimate the properties of  grafted chains,  con-
sistent with previous simulations.[22−25]

The  advantage  of  the  heterogeneous  SRM  is  that  it  can
provide  accurate  information  on  molecular  weight  distribu-
tion  (MWD).  In  simultaneous  polymerization,  the  MWDs  of
free and grafted polymers are different in both the locations
and shapes (Fig. 3). At low monomer conversion C,  the MWD
of  free  polymers  is  symmetry  and  can  be  described  by  the
Poisson distribution

P(N) = MN
n

N!
exp(−Mn) (3)

However,  with  increasing C,  the  shape  gradually  deviates

from the Poisson distribution and more shorter chains can be
observed  (Fig.  3a).  For  the  grafted  polymers,  the  MWD  is
much  broader  compared  to  that  of  free  polymers,  which
seems to be a bimodal distribution at high monomer conver-
sion (Fig. 3b).

Spatial Distributions in the System

ρM=0.19
ρM=0.03

ρM

As  known,  reaction  kinetics  is  determined  by  both  the
concentrations  and  spatial  distributions  of  reactants.  To  gain
further insights into simultaneous polymerization,  we analyzed
the  density  profiles  of  various  species  at  different  distances  to
the  surface. Fig.  4 shows  the  results  at  monomer  conversion
C=0.6.  Free  monomers  display  a  nearly  constant  density

 at large distances from the surface (Fig. 4a). However,
near the surface, a very low  is observed. Such a large
divergence  in  suggests  the  breakdown  of  the  equivalent
assumption,  as  the  reaction  environments  of  grafted  and  free
polymers  are  different.  Grafted  polymers,  with  active  ends
located  near  the  surface,  react  in  a  region  with  a  low  and
gradually  varying  concentration  of  free  monomers.  On  the
contrary, most free polymers react in a similar environment with
a  higher  concentration  of  free  monomers.  Consequently,  a
smaller molecular weight and a large dispersity are expected for
grafted  polymers. Fig.  4(a)  also  suggests  that  some  free

 

0 5.0×105 1.0×106 1.5×106 2.0×106
0

0.2

0.4

0.6

0.8

1.0

C

t (MCs)

Total
Free
Grafted

a

0 2.0×104 4.0×104 6.0×104 8.0×104 1.0×105
0

200

400

600

800

N
ch

ai
n

t (MCs)

Free polymer
Grafted polymer

b

0 10000 20000
e0

e2

e4

e6
I

t

0 0.2 0.4 0.6 0.8 1.0
0

40

80

120

160

M
n

C

 Free
 Grafted 

c

0 0.2 0.4 0.6 0.8 1.0
1.0

1.1

1.2

1.3

1.4

Đ

C

  Free
  Grafted

d

 
Fig. 2    (a) Time evolution of monomer conversion and the proportions of monomers that formed free and grafted chains respectively.
The  dashed  line  is  the  theoretical  prediction.  The  dotted  line  is  half  the  value  of  the  dashed  line.  (b)  The  number  of  free  and  grafted
chains.  The  inlet  shows  the  number  of  unreacted  free  and  immobilized  initiators.  The  number  average  molecular  weight  (c)  and
dispersity (d) of free and grafted polymers as a function of monomer conversion. Error bar is not given as it is shorter than the size of the
symbol as seen from Fig. S1 in the electronic supplementary information, ESI).
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polymers  react  in  a  region  with  low  monomer  concentration
(y<90),  so  the  corresponding  molecular  weight  distribution  of
free  polymers  deviates  from  the  Poisson  distribution  which  is
typically observed in ideal living polymerizations.

Since  the  density  of  polymers  and  that  of  monomers  are
closely related, analysing the density of polymers can explain
the  origin  of  the  heterogeneous  distribution  of  free
monomers. Grafted polymers exhibit a high density ρP,g=0.83
near the surface, which linearly decreases with increasing dis-
tance y from  the  surface  (Fig.  4a).  At  the  periphery  of  the
brush, ρP,g rapidly decreases and eventually vanishes at y=50.
Meanwhile,  free  polymers  show  a  nearly  constant  density
ρP,f=0.17 for distances y>90. Interestingly,  a peak is observed

before ρP,f reaches  zero.  Since ρP,g is  much  larger  than ρP,f,
there  are  fewer  free  monomers  near  the  surface  due  to  the
excluded volume effect  of  polymers,  resulting  in  the  hetero-
geneous distribution of monomers.

We  would  like  to  further  discuss  the  difference  between
this system and the one with a polymer brush immersed in a
polymer  solution.  The  latter  system  usually  consists  of  mon-
odispersed  polymer  chains  and  equilibrium  properties  are
concerned.[38,39] The  brush  is  compressed  and  shows  a  para-
bolic  density  profile.  Free  polymers  partially  penetrate  the
brush, and the density smoothly diminishes to zero. While in
this  study,  the  density  of  polymer  brush  shows  a  linear  de-
crease, caused by the large dispersity.[34,40] Notably, the peak
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Fig. 3    The molecular weight distributions of free (a) and grafted (b) polymers at given monomer conversions. The dotted lines are the
corresponding theoretical results of Poisson distributions.
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Fig. 4    (a) Density profiles of different species at monomer conversion C=0.6. The densities of active ends have been enlarged ten times
for a better view. Density profiles of grafted polymers (b), free polymers (c), and free monomers (d) with given monomer conversions.
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observed in the density of free polymers reflects the dynamic
nature  of  the  polymerization.  As  polymerization  processes,
grafted polymers formed near the surface (Fig.  4b) push free
polymers away from the surface (Fig. 4c), creating a dense re-
gion of free polymers. This peak eventually disappears at the
end of the polymerization. Meanwhile, free monomers evolve
from a homogenous distribution to a heterogenous distribu-
tion  (Fig.  4d).  The  density  profiles  of  other  species  during
polymerization are shown in Fig. S2 (in ESI).

Effect of Grafting Density
To  investigate  the  effect  of  grafting  density σ,  we  varied  the
height and lateral size of the simulation box while keeping the
number of immobilized initiators, monomer concentration, total
volume,  and  other  parameters  constant.  At  low  grafting
densities,  both  the  molecular  weights  of  free  and  grafted
polymers  are  close  to  the  theoretical  predictions  (Fig.  5a).  As
grafting  density  increases,  a  divergence  in  molecular  weight
emerges.  At  the  same  monomer  conversion,  the  molecular
weight  of  free polymers  increases with σ,  while  that  of  grafted
polymers  decreases.  The  relationship  between  the  molecular
weight  of  free  and  grafted  chains  is  shown  in Fig.  5(b),  which
obviously increases with σ. For example, at σ=0.6, the molecular
weight  of  free  polymers  can  be  2.8  times  greater  than  that  of
grafted polymers (Fig. 5b). Additionally, the influence of grafting
density  on  dispersity  differs  between  the  two  polymers.  The
dispersity of free polymers is negligibly influenced by σ (Fig. 5c),
meanwhile, that of grafted polymers significantly increases with

σ (Fig. 5d).
We  compared  the  MWDs  of  different  systems  with  a

monomer  conversion C=0.5.  When  grafting  density  is  low
(σ=0.1), the MWD of free polymers follows a Poisson distribu-
tion (Fig. 6a), while a slight deviation is observed in the MWD
of  grafted  polymers  (Fig.  6b).  As  the  grafting  density  in-
creases, the MWDs of free/grafted polymers gradually shift to
the  right/left  direction,  corresponding  to  their  molecular
weight change as shown in Fig. 5(a). Notably, the differences
in  the  shape  of  the  MWDs  between  the  two  types  of  poly-
mers  become  increasingly  evident  with  increasing  grafting
density. As aforementioned, it can be simply explained by the
reactant distributions in space. The maximum density of graf-
ted polymers increases with grafting density (Fig. 6c), thus the
distribution  of  free  monomers  becomes  more  heterogenous
(Fig. 6d).

Effect of the Fraction of Immobilized Initiators
We further examined the fraction of immobilized initiators f by
fixing  the  number  of  immobilized  initiators  and  varying  the
number  of  free  initiators.  The  height  of  the  simulation  box  is
adjusted to keep the designed chain length constant. Both the
molecular  weights  of  free  and  grafted  polymers  increase  with
the fraction of immobilized initiators at grafting density 0.2 and
0.5,  respectively  (Figs.  7a and  7c).  However,  the  relative
molecular  weight  between  free  and  grafted  polymers  seems
insensitive to the fraction of immobilized initiators (Figs. 7b and
7d). At low molecular weight, all data fall onto the same line. At
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Fig. 5    Effect of grafting density. (a) The molecular weight of free and grafted polymers during polymerization; (b) The number average
molecular weight of free polymers versus that of grafted polymers; The dispersity of free (c) and grafted (d) polymers during polymerization.
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Fig. 6    Effect of grafting density. Molecular weight distributions of free (a) and grafted (b) polymers at monomer conversion C=0.5 with
indicated number average molecular weight. The dotted lines are calculated according to the Poisson distribution. The density profiles
of grafted polymers (c) and free monomers (d).
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Fig.  7    The molecular  weight of  free and grafted polymers during polymerization at  grafting density of  (a)  0.2 and (c)  0.5 with given
ratios  between  the  immobilized  and  free  initiators.  The  relative  molecular  weights  between  free  and  grafted  polymers  versus  that  of
grafted polymers at grafting density of (b) 0.2 and (d) 0.5.
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high  molecular  weight,  the  relative  molecular  weight  slightly
declines with increasing f.

The  molecular  weight  distributions  are  compared  at  the
same monomer conversion C=0.5. Similar trends are found for
grafting  density σ=0.5  (Fig.  8)  and σ=0.2  (Fig.  S3  in  ESI).  For
both free  and grafted polymers,  the positions  of  MWDs shift
towards higher  molecular  weight  with an increasing fraction
of immobilized initiators f (Figs. 8a and 8b). However, the dis-
persity seems insensitive to f (Fig. 8c). This observation can be
explained  by  the  fact  that  the  maximum  value  of  the  brush
density  is  mainly  affected  by  the  grafting  density  instead  of
the molecular weight,  as shown in Fig. 8(d).[41,42] This finding
differs  from  the  results  obtained  by  Turgman-Cohen  and
Genzer,  which  may  be  attributed  to  the  use  of  different
stochastic  reaction  models.[23,24] In  the  literature,  all  active
ends  react  with  the  same  probability  by  assuming  that  the
system  is  well  mixed,  which  is  a  SRM  for  homogenous  poly-
merization  systems.[23,24] Consequently,  the  heterogeneous
reaction  environment  in  SIP  was  neglected  in  those  studies,
whereas it was adequately considered in our investigation.

CONCLUSIONS

In  this  study,  we  employed  Monte  Carlo  simulations  to
investigate  simultaneous  bulk- and  surface-initiated  living
polymerization  using  a  heterogeneous  stochastic  reaction
model.  The  widely  adopted  equivalent  assumption  that  the

properties of surface-initiated polymers resemble those of bulk-
initiated  polymers  was  found  to  be  invalid  based  on  our
simulation  results.  Surface-initiated  polymers  usually  show  a
smaller  molecular  weight,  lower  dispersity,  and  broader
molecular  weight  distribution  compared  to  free-initiated
polymers.

The  distinct  properties  of  bulk- and  surface-initiated  poly-
mers  can be explained by the heterogeneous distribution of
reactants in the system, which is a characteristic of SIP. Due to
the exclusion of  nascent polymer brush,  there are fewer free
monomers near the surface, leading to different reaction en-
vironments  for  bulk- and  surface-initiated  polymerizations
and resulting in divergent polymerization behavior.

The  heterogeneous  spatial  distributions  of  reactants  are
closely  related  to  the  density  profile  of  the  polymer  brush.
Factors  influencing  the  density  profile  of  the  polymer  brush
can  impact  the  polymerization  process.  In  this  study,  we
primarily focused on the effects of grafting density and the ra-
tio  of  immobilized  initiators.  However,  other  factors  such  as
polymerization  rate,  surface  curvature,  and  solvent  quality
may  also  play  a  role  in  the  polymerization  process.  Among
these  factors,  grafting  density  emerges  as  the  most  signific-
ant  one,  significantly  affecting  the  maximum  density  profile
of the polymer brush and the system's heterogeneity.

In conclusion, this study confirms the invalidity of the equi-
valent  assumption and highlights  the crucial  role  of  the het-
erogeneous  reaction  environment  in  surface-initiated  poly-
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Fig. 8    Molecular weight distributions of (a) free and (b) grafted polymers. The grafting density is 0.5, monomer conversion is 0.5. The
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merization.  The  spatial  distributions  of  reactants  (free
monomers and active ends) and products (polymer brush) are
closely  interconnected and mutually  influenced.  Utilizing ex-
isting  knowledge  of  polymer  brushes  can  help  to  better  un-
derstand the underlying mechanism of SIP. Furthermore, nu-
merical  analysis  of  SIP  is  called  for  a  qualitative  description
such as monomer conversion and molecular weight distribu-
tion in future studies.
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