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ABSTRACT: The surface-initiated polymerization with different initiator densities and different polymerization
rates is investigated using molecular dynamics simulation method. We find that the initiator density, together
with the polymerization rate, greatly determines the polymer brush structure, the initiation efficiency, and the
graft density, especially when the initiator density is high. The excluded volume effect also plays a crucial role
in the system when the chains are densely grafted. By tuning the initiator density and modifying the polymerization
rate, we can obtain the polymer brushes with different degrees of polydispersity. This study partially emphasizes
the importance of considering the effects of polymerization rate in further investigations.

1. Introduction

Polymer brushes are generally defined as layers of polymer
chains end-grafted to a surface. They give rise to a wide range of
important technological and industrial applications, such as lubrica-
tions, oil recovery, colloid stability, modification of surfaces,
adhesion, reversible tuning of wetting, biotechnology, and contact
formation.1-5 A number of polymerization mechanisms are
provided for the preparation of polymer brushes,6 such as free-
radical,7 cationic,8 ring-opening metathesis polymerization,9

atom-transfer free-radical polymerization (ATRP),10-14 polym-
erization using 2,2,6,6-tetramethyl-1-piperidyloxy,15 anionic
polymerization,16 and reversible addition-fragmentation and
transfer polymerization.17,18

In recent years, a large amount of research4,5,10,11,19-46 has
been carried out that focuses on polymer brushes with different
graft densities. Alexander19 and de Gennes20 had theoretically
demonstrated that the polymer chains tend to be strongly
stretched along the direction perpendicular to the graft substrate
when the graft density is high. Other researchers also pointed
out that the polymer brushes will exhibit completely different
conformations in solvent as the graft density is varied.47,48 In
the case of low graft densities, the “mushroom” chain confor-
mation similar to that of the free chains will appear for the end-
tethered chains. With increasing graft density, the chains are
stretched to form the “forest” of polymer brushes because the
repulsive interactions will drastically increase with increasing
graft density.49

It is also important to study the effects of polymerization rate
on the properties of polymer brushes. Prucker and Rühe50

experimentally illustrated that the activation of initiator and the
diffusion of monomers to the reactive sites are the primary
factors that affect the surface-initiated polymerization. They
pointed out that by decreasing the probability of deactivation
of the polymer radicals in ATRP, it is possible to control the
layer thickness; also, if the polymerization conditions are altered
in such a way, higher molecular weights will be obtained.
Wittmer et al.51 indicated in their theoretical research that the
brush chains are strongly extended from the surface but

extremely polydisperse because the longer chains will grow up
from the layer of compact short chains to catch the outer
abundant free monomers. A basic assumption in their research
is that many simultaneously growing chains compete for the
small influx of monomers to the surface.

However, simulation studies of such systems scarcely covered
the effects of polymerization rate. Matyjaszewski et al.52 and
Milchev et al.53 carried out simulation studies focusing on the
chain length and the graft density distributions of surface-
initiated polymerization taking into account the living chains
with activation/deactivation processes and without termination.
The simulation results of Matyjaszewski et al.52 suggested
broader molecular weight and chain end distributions of the
polymer brushes. Milchev et al.53 pointed out that when the
initiator density is high, the molecular weight distribution in
the equilibrium polymer brushes obeys an N-7/4 power law.
Moreover, Xiao and Wirths54 and Kim et al.55 had extended
kinetic simulations with activation/deactivation equilibrium and
termination in the model, and they predicted the graft mount
for surface-initiated ATRP as the time elapses.

Regarding the effects of polymerization rate (and most
importantly, its interplay with the initiator density) on the
properties of the polymer brushes, here we present a new
simulation study on the surface-initiated polymerization process
by utilizing a reasonably physical model similar to that in ref
53 but taking into consideration the variation of polymerization
rates in the simulations. We find that the properties of polymer
brushes are greatly dependent on the coupling between the
initiator density and the initiation efficiency, which, however,
is related to the former and the polymerization rate to a large
extent. Here the initiation efficiency is defined as the ratio of
the number of saturated initiators to the total number of
initiators. However, the exclude volume effect plays a crucial
role in such system, especially when the chains are densely
grafted. As a result, in the system with higher initiator density
and lower polymerization rate, the grafted chains tend to choose
the conformation that greatly stretched in the direction perpen-
dicular to the surface. By tuning the initiator density and
choosing different polymerization rates, we can obtain the
polymer brushes with different degrees of polydispersity.

The article is organized as follows: Section 2 exhibits the
simulation details, Section 3 shows the results and the corre-
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sponding discussion, and Section 4 presents the concluding
remarks.

2. Model and Simulation Details

2.1. Truncated and Shifted Lennard-Jones Potential
and Dissipative Particle Dynamics Thermostat. In this study,
we consider the truncated and shifted Lennard-Jones (LJ)
potential between the particles (also known as Weeks-Chandler-
Andersen potential),56 in which the potential vanishes at the
cutoff radius (rc ) 21/6) so that only its repulsive part is left

with

For simplicity, we define the units in the simulations by
setting m ) 1, σ ) 1, and ε ) 1.

Polymer chains are constructed by connecting the neighboring
monomers together via finite extensible nonlinear elastic (FENE)
spring potential57,58

where the spring constant is k ) 10ε/σ2, a little weaker than
the value in ref 5, so that the influence of the pressure variation
on the system caused by bonding chain segments is slight. Here
r ) | ri - rj| is the distance between neighboring monomers.
The longest stretch of the bonds lmax is chosen according to the
condition of bond uncrossibility59,60 that 21/2rmin > lmax, where
we obtain the exact minimal distance between two particles rmin

from radial distribution function (RDF),60 and then the choice
of lmax is clear.

The dissipative particle dynamics (DPD) thermostat is
employed here to control the constant temperature. In addition
to the forces originated from LJ and FENE potentials, inter-
particle interactions also include pairwise dissipative and random
forces. They are given by61 Fij

D ) -γωD(rij)(vij · eij)eij and FijR

) σωR(rij)�ij∆t-1/2eij, where rij ) ri - rj, rij ) | rij|, eij ) rij/rij,
and vij ) vi - vj. �ij is a random number with zero mean and
unit variance. The noise level is taken to be σ ) 3 according to
ref 61. The weight functions ωD(rij) and ωR(rij) of the dissipative
and random forces couple together to form a thermostat. Español
and Warren62 showed the correct relations between the two
functions, ωD(r) ) [ωR(r)]2 and σ2 ) 2γkBT. Following ref 63,
we take the form of ωD(r) and ωR(r) to be

DPD thermostat acting on an LJ system was evaluated as a
potentially useful technique for controlling the temperature.5,63

In ref 63, the authors chose a time step ∆t ) 0.01, and in ref 5,
the authors chose smaller values: ∆t ) 0.0005 or 0.002. Here
because of the existence of the walls in the simulations, we
have to pursue a balance between the influence of heat/
momentum dissipation caused by the walls on the temperature
fluctuation and the control of temperature by the DPD thermo-
stat. We thus find that ∆t ) 0.005 is a reasonable value in our
simulation.

2.2. Model Construction. In this study, the model used to
describe the surface-initiated polymerization is composed of free
monomers and planar walls. The periodic boundary conditions

(PBC) are applied in both x and y directions, but in the z
direction, two layers of regularly arranged and densely packed
frozen particles are utilized to form the wall. The interaction
parameters between particles are set to be the same; that is,
εMM ) εMW ) εWW ) 1, in which εMM denotes the repulsive
strength between two monomers, εMW between a monomer and
a wall particle and εWW between two wall particles. Some of
the wall particles in the upper layer of the bottom wall are
chosen to be the initiators so that the polymerization starts from
the surface of the bottom wall to generate the end-tethered
chains. The distance between the layers in a wall, dL, is
determined by the density of the wall particles, FW; that is, dL

) FW
-1/3. (FW is a preset parameter, denoting the number of

wall particles in unity volume, so dL is the distance of the
neighboring wall particles in the x, y, and z directions.) Because
the interaction cutoff radius rc ) 21/6, the monomers are not
able to feel the existence of the wall particles from the third
layer, even if a finitely larger FW (for example, FW ) 7) is
chosen. Therefore, the impenetrable wall can be reasonably
described by two closely packed layers of frozen wall particles.

In the simulations, the temperature is set equal to ε; that is,
kBT ) ε ) 1. The particle density is kept as F ) 0.85.63

According to ref 63, the Schmidt number, Sc, in such a system
is roughly Sc ≈ 30, corresponding to a value for a real fluid.
The reduced box size is Lx ) Ly ) 16.837, and Lz ) 56.123.
(The brushes are grafted from the bottom wall at Z ) -Lz/2 )
-28.0615, and the top wall is at Z ) Lz/2 ) 28.0615.) Therefore,
the system consists of 13 523 particles. Here we choose a larger
Lz compared with Lx and Ly so that there are relatively larger
spaces for the polymer brushes to grow up, and thus we can
observe the processes of fast polymerization even in a relatively
long period.

2.3. Modeling the Polymerization. In the bottom wall, some
orderly distributed initiating sites are selected that represent an
initiator density σi, defined as σi ) Ni/(Lx × Ly), where Ni

denotes the number of initiators. Here we employ the idea in
our previous model64 by introducing the polymerization prob-
ability, Pr, to control the process of polymerization. In each
reaction interval, τ, if an active end meets several monomers in
the interaction radius, then it first randomly chooses one of the
monomers as an reacting object. Subsequently, another random
number is generated, and by checking if it is smaller than the
preset Pr, we decide whether the monomer will connect with
the active end. During polymerization, the newly connected
monomers then turn to be the growth centers in the next
propagation step of the same chain to connect other free
monomers so that the active end is transferred forward. In this
model, the chain termination step is omitted, which is the same
as that in ref 65. It is easy to find that there is a specific
relationship between the polymerization rate, rp, and the reaction
probability, Pr

where [M] is the free monomer concentration, [P*] is the
concentration of growth centers, and τ is the reaction time
interval. Therefore, the model corresponds to the polymerization
process with a constant reaction rate. In the simulations, we
choose five typical values of Pr (Pr ) 0.0005, 0.001, 0.002,
0.005, and 0.01) to study the effect of the polymerization rate
on the properties of the polymer brushes. We assume that the
different polymerization probabilities correspond to different
polymerization rates of the systems determined by different
levels of reaction activation energies.64 Here Pr ) 0.01
corresponds to a fast process of polymerization, and Pr ) 0.0005
corresponds to a slow one. Because the polymerization can be

U(r) ) ULJ(r) - ULJ(rc) (1)

ULJ(r) ) 4ε[(σ
r )12

- (σ
r )6] (2)

UFENE ) {-1
2

klmax
2 ln[1 - (r/lmax)

2], (r < lmax)

∞, (r g lmax)
(3)

ωD(r) ) [ωR(r)]2 ) { [1 - (r/rc)]
2 (r < rc)

0 (r g rc)
(4)

rp ) -d[M]
dt

)
[P*]Pr

τ
(5)
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controlled under relatively low reaction rate in our model, it is
not necessary to specially add the activation/deactivation process
as in ATRP for the active ends. We consider the reversible
activation process to be the fine details on the atomistic level
inside the active ends of the chains, which can be reasonably
ignored in our coarse-grained model. Although the general
concept of living polymerization in the soft matter physics
community often means reversible polymerization, here we
reasonably ignore the concept difference and consider our model
to be a kind of living because it is controllable under low
reaction rate. This handling causes our model to be a little
different from that of ref 53, in which the authors considered
the reversible polymerization; that is, the end bonds of the chains
have the probability of breaking, which is associated with a
true Hamiltonian. Therefore, in that model, the system is in full
equilibrium, both for the generalized coordinates and for the
topology. Nevertheless, in our model, the chemical bonds of
the chains correspond to essentially infinite energy gain.
Therefore, it is a practically irreversible polymerization model.
Different behavior should be expected for irreversible polym-
erization and reversible polymerization, as in ref 53. In the
irreversible polymerization, the mass distribution is not at
thermal equilibrium but is imposed by the dynamical pathway.
Because of this, it can be hoped that very different brush
structures might be synthesized.

Figure 1a shows the snapshot of the surface-initiated polymer
chains with a low initiator density, σi ) 0.032, in which only
nine chains are grown up. The snapshot is obtained by extracting
the grafted particle coordinates just a few time steps after the
polymerization is originated so that the lengths of the chains
are short. (The free monomers are eliminated in the Figure for
clarity.) In comparison, Figure 1b exhibits the snapshot of the
grown-up short chains with a higher initiator density σi ) 0.508.

3. Results and Discussion

The simulations are conducted in canonical ensemble. The
Groot-and-Warren-modified velocity Verlet algorithm is used

for numerical integration.61 The initial configuration is set to
be the randomly distributed free monomers in the system, then
1 × 105 steps molecular dynamics (MD) integration is carried
out to relax the system. Consequently, a process of polymeri-
zation with 1 × 106 time steps is modeled. Here we choose the
value of reaction time interval to be τ ) 0.05; that is, the
polymerization of a specific active end may take place every
10 time steps depending on Pr because ∆t ) 0.005.

3.1. Controllability of Polymerization Process. A significant
characteristic of living polymerization is that it is controllable;
that is, during the polymerization process, the distance between
the center of mass of the grafted chains and the grafting plane
should increase linearly in the substrate normal direction.
Therefore, we have checked our surface-initiated polymerization
model on this issue. Figure 2a shows the time evolution of the
distance between the center of mass of the grafted chains and
the plane, Zcm, with different σi at Pr ) 0.001, which corresponds
to a relatively slow polymerization rate (Here, Zcm can also be
considered to be the mean layer half-height of the film). It is
clearly shown in Figure 2a that for the systems with different
initiator densities, Zcm exhibits an almost linear increase. The
system with larger initiator density yields a larger increasing
slope. In the case of such a slow reaction rate (Pr ) 0.001), the
competitions of the propagation between different chains are
very weak. In other words, the ambient free monomers are
abundant for the chains to propagate. However, it is reason-
able to imagine that the growth behaviors of the systems with
the same reaction rate but different initiator densities are
different. In the case of low initiator densities, the tethered chain
configuration is “mushroom”-like, whereas densely grafted
chains will be obliged to grow nearly straight and form the forest
of brushes. Therefore, the polymer brushes with larger values
of σi exhibit higher increasing slope between Zcm and time.

However, when we consider a faster reaction rate, the model
polymerization will become slightly uncontrollable. Figure 2b

Figure 1. Snapshots of the surface-initiated polymerization with (a) a
low initiator density σi ) 0.032 and (b) a high initiator density σi )
0.508. The densely packed green beads represent the wall particles,
the purple beads represent the initiators, the gray beads represent the
grafted monomers, and the red beads represent the active ends of the
chains. The free monomers are omitted here for clarity.

Figure 2. Time evolution of the distance of the center of mass of the
grafted chains from the grafting plane (Zcm) (a) with different σi at
Pr) 0.001 and (b) with σi ) 0.508 but different Pr. For each data point,
four independent samples are simulated under the same condition to
calculate Zcm mean value and the error bar.
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shows the time evolution of Zcm of the grafted chains with σi )
0.508 but different Pr. It is obvious that in the systems with
faster polymerization rates, the curves of Zcm ∼ t deviate from
the linear style more or less, showing the uncontrollable feature.
The Zcm ∼ t curve for Pr ) 0.01 reaches a plateau with Zcm ≈
28.0615 in the late stage of polymerization, implying that the
center of mass of the polymer brushes is just at the middle
between the two walls, namely, the brushes have completely
filled in the simulation box. The slightly nonlinear part of each
curve in the early stage is reasonable, during which the film of
the polymer brushes is not yet formed, and only very short
chains exist. Therefore, it is necessary to choose slow-to-
moderate reaction rates in the model to keep it a controllable
living polymerization and at the same time to guarantee the
efficiency of polymerization. Therefore, for comparison in the
following simulations, Pr ) 0.001, 0.002, and 0.005 are chosen
as the reaction probabilities of living polymerization to represent
relatively slow, moderate, and fast reaction rates, respectively.

It should be specially stressed that Zcm ∼ t does not increase
linearly ideally, implying complex influences from possible
factors such as the diffusion limited aggregation (DLA),66,67

the relaxation of the brush chains, the screening effect of the
grown chains on the unsaturated initiators, and so on. In the
systems, only part of the free monomers participate in the poly-
merization, the relationship Zcm ∼ t is expected to be dominantly
governed by DLA.

3.2. Influence of Wall Roughness. In this model, we
construct a wall by regularly arranging the densely packed and
fixed wall particles in two planar layers. Therefore, it is not the
type of idealized flat wall and the wall roughness is greatly
dependent on the density of the wall particles, FW. When we
choose a larger value of FW, we can obtain a smoother wall
because the wall particles are more densely packed. However,
it is simply unphysical if the neighboring particles are too close.
However, to model different initiator densities, it is necessary
to change the value FW so that we can finely tune the number
of wall particles to make the value σi reasonably represent the
global initiator density of the surface without any local
differences. Therefore, studying the influence of the wall
roughness on the system is actually important. As a kind of
neutral wall, its influence is only restricted to the polymer
brushes or free monomers near the wall; that is, the walls with
different FW values may provide different repulsive strengths
to the end-tethered polymer brushes so that the latter may exhibit
different stretching degrees in the z direction only in a layer
near the wall. Therefore, we use the second Legendre polyno-
mial P2(cos θ1) ) [3〈cos2 θ1〉 - 1]/2 as a measure for checking
the averaged first bond orientation of the polymer brushes,5,53,68

which can be taken to be a criterion for the repulsive strength
from the wall. Here θ1 is defined as the angle between the first
bond vector (connecting the anchoring initiator and the first
grafted monomer) and the z axis. Therefore, P2 ) -0.5 denotes
the bond orientation of lying parallel to the wall, P2 ) 1
represents the bonds lying perpendicular to the wall, and P2 )
0 represents the bonds that are randomly oriented. Figure 3
shows the averaged first bond orientation of the polymer brushes
with different FW values. It is clearly shown in Figure 3 that
when FW ) 1, the wall is too rough and cannot provide strong
repulsion for the first grafted monomers of the polymer brushes.
As a result, the averaged value of P2 of the first bond is <0.5.
When FW ) 2, the repulsive force from the wall is greatly
enhanced, so we obtain a larger value of P2. When FW g 3, the
value of P2 does not change much with increasing FW, which
implies that the wall particles distributed around the anchoring
site impose strong repulsive forces on the first grafted monomer
from different directions, which makes the first bond have to
choose the orientation that is nearly perpendicular to the surface.

Therefore, we have adopted the walls with densities of 3 e FW

e 7 in the simulations without biasing the polymer brush
properties.

3.3. Initiator Density and the Graft Density. For polymer
brushes, the number of grafted monomers should be greatly
dependent on the initiator density σi on the surface. Therefore,
the graft density, FG, defined as FG ) NG/(Lx × Ly), where NG

denotes the number of grafted monomers, should also be
dependent on σi. Supposing that there is no excluded volume
effect between the chains, more surface-anchored initiators
should yield more grafted monomers within the same period of
polymerization if the polymerization rates are the same.
However, when the excluded volume effect is taken into
account, the initiation efficiency becomes an important factor.
Yamamoto et al.10,45 applied the photodecomposition to change
the initiator density and used the FT-IR method to estimate the
graft density in the poly(methyl methacrylate) (PMMA) brushes,
and then they observed an almost constant graft density when
the initiator density is higher than a critical value.45,69 They
also pointed out that when the initiator density is lower than a
critical value, the initiation efficiency is nearly 100%. Ma et al.
also reported a similar relationship between σi and FG in their
experiments for oligo(ethylene glycol) methyl methacrylate
polymerized on a Au-coated substrate with a mixed self-
assembled monolayer.46

We have also studied the influence of the initiator density
on the graft density in our simulations. Figure 4a shows the
variation of the grafted monomer fraction (fG) with increasing
σi at different polymerization rates. Here we calculate the grafted
monomer fraction fG because fG ) (FGV)/NT, and V (the volume
of the box) and NT (the total number of the particles) are both
constant. At different polymerization rates considered in our
simulations, the relationship between fG and σi is very similar
to that reported in experiments.10,45,69 Moreover, we find a
window of σi that σi ) 0.353-0.508 as the critical values of
the initiation efficiency (except the curve with Pr ) 0.01, which
is proven to be an uncontrollable reaction). Each curve arrives
at a plateau after the critical value, and the faster the reaction,
the higher the plateau. It is easily understood that in the same
period of polymerization, the faster reaction is able to graft more
free monomers. In our simulations, the number of grafted
monomers is thus dependent on the polymerization rate as well
as the polymerization time. We have also compared the
relationship between fG and σi in different polymerization stages

Figure 3. Averaged first bond orientation 〈P2(cos θ1)〉 of the polymer
brushes with different FW. Four independent samples are simulated
under the same condition to calculate 〈P2(cos θ1)〉 and the error bar.
The error bar size is smaller than the symbol size, so it is invisible.
The solid line is drawn to guide the eye.
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of the systems with the same polymerization rate Pr ) 0.002.
(See Figure 4b.) It is obvious that fG always increases with
increasing σi, and fG is larger for longer polymerization time. It
should be noted that Jones et al. observed a nearly linear increase
in the graft density with increasing σi in the experiment of
PMMA brushes polymerized on an Au-coated mica, indicating
that the surface causes poorer initiation efficiency.11 However,
in our simulations, the wall is a kind of simplified model with
close-packing particles, ignoring the detailed intrinsic structures
of different substrates. Therefore, we focus on only the general
cases of surface-initiated polymerization without considering
the surfaces with any special initiation efficiency in our
simulations.

3.4. Graft Density Profiles. To characterize the film thickness
and the structure of the polymer brushes, the graft density profile
in the z direction is one of the most suitable physical properties.
To present the dynamic process of the film growth, we plot the
graft density profile in the z direction, FG(Z), after different
polymerization time at σi ) 0.508 and Pr ) 0.005. (See Figure
5.) Here we choose a fast polymerization rate and a relatively
large initiator density so that we can observe an obvious growth
of the film. As shown in the Figure, in the early stage of the
reaction, a thin film very near to the surface is almost occupied
by the grafted monomers. As the polymerization continues, the
region with saturated graft density expands toward the top wall,
showing the dynamic growth process of the film.

To study the influence of the initiator density on the film
growth, we plot FG(Z) with different σi after the same process
of polymerization (Pr ) 0.002 and 5000 time units). (See Figure
6a.) All of the curves are similar in that they suddenly rise near
the surface and then decay gradually to zero. It is clear that the
systems with higher initiator density show a larger graft density

value in the direction perpendicular to the wall. This result can
be easily understood that more brush chains can grow up in the
systems with higher initiator densities, and thus more free
monomers can be grafted in these systems. The slightly higher
density than the global value of F ) 0.85 near the surface is
attributed to the local enrichment of grafted monomers caused
by the polymerization.

If we normalize the graft density distribution presented in
Figure 6a, which is divided by the number of the initiators in
each system (i.e., FjG(Z) ) FG(Z)/Ni ) FG(Z)/(σi × Lx × Ly)),
then the result is different, as shown in Figure 6b. It can be
seen that the systems with lower initiator densities now possess
larger normalized graft densities. This actually reflects the
initiation efficiency of the initiators with different σi values. The
chains in the systems with higher initiator densities will compete
with each other for the ambient free monomers; moreover,
grown chains have to suffer the excluded volume effect between
chains. As a result, the initiation efficiency in these systems is
poorer than that with dilute initiators, in which the chains are
nearly growing freely. It can also be reflected by the conforma-
tion of the end-tethered chains with low initiator density found
in our simulations: the mushroom conformation similar to that
of the free chains implies a much easier growth process.

By investigating the influence of the reaction rate on the graft
density distribution along the z direction, we find that at the
same σi value, the growth of the film is completely dependent
on the rate of the polymerization. The faster polymerization
process yields faster film growth, which is not an unexpected
result.

3.5. Unsaturated Initiator. In Figure 7a we present the time
evolution of the fraction of unsaturated initiators fN)1 (defined
by the ratio of the number of unsaturated initiators Ni

unsaturate to
the number of the total initiators Ni; that is, fN)1 ) Ni

unsaturate/Ni,
so the value of (1 - fN)1) is the initiation efficiency). In the
early stage, for the systems with the same Pr, fN)1 ∼ t curves
almost coincide with each other, indicating the free polymeri-
zation stage without competition of ambient free monomers and
excluded volume effect between the growing short chains. After
a certain polymerization time, fN)1 drastically decreases for the
systems with σi ) 0.127 as compared with that with σi ) 0.508,
which implies that in the latter case, the already grown chains
will screen the unsaturated initiators from connecting to the
monomers. It is attributed to that for higher initiator density;
the monomers nearby the wall will be consumed in a short time,
and the monomers far away are difficult to diffuse through the
polymer brushes and react with the surface initiators. For the
systems with σi ) 0.127, we find that a larger Pr yields a faster
decrease in fN)1. It is clear that for the systems with low initiator
density, the grown chains have little influence on each other
because of the large distances between them. Therefore, faster
polymerization (larger Pr) gives birth to more grown chains in
the early stage. In the late stage, almost all of the initiators are
used to grow the chains, and thus fN)1 decreases more quickly.
However, for the systems with σi ) 0.508, the lower Pr yields
a faster decrease in fN)1. In the system with larger σi and larger
Pr, a part of the chains can grow rapidly, consuming almost all
of the free monomers near the surface. Then, these chains
continuously grow to consume the free monomers far away from
the surface further. As a result, the unsaturated initiators have
little opportunity to contact free monomers. The fast growing
chains form a screening region between the unsaturated initiators
and the upper free monomers and inhibit the latter diffuse to
the surface. Therefore, there is nearly no decrease in fN)1 in the
late stage for this system, as shown in Figure 7a. Nevertheless,
the situation is different for the systems with slower polymer-
ization rates. In these systems, because the polymerization rate
is slow or moderate, all of the initiators have almost an

Figure 4. Variation of the grafted monomer fraction, fG, with increasing
σi (a) for the polymerization process with different rates and (b) in
different polymerization stages with the same polymerization rate, Pr

) 0.002.
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equivalent chance of being connected, and enough monomers
can diffuse into the region near the unsaturated initiators.
Moreover, because the polymerization is slower, the active ends
have the chance to diffuse to farther regions from the surface,
leading the polymerization away from the surface. As a result,
there are still many free monomers near the surface, which

provide the possibility for the unsaturated initiators to be reacted
later. Therefore, we find that for the systems with slow or
moderate Pr, the unsaturated initiators can continue to be induced
in the late stage.

With a further investigation, we replot Figure 7a in semilog
coordinates, as shown in Figure 7b. Interestingly, we find a linear
decay power law for fN)1 in the early stage of polymerization.
As shown in Figure 7b, at the same Pr, the curves for σi )
0.127 and 0.508 can both be generally fitted on the same linear
decay in the early stage of polymerization. If there is no
screening effect of the grown chains, then the number of
unsaturated initiators, Niunsaturate, after time t should be

Figure 5. Graft density profile in the z direction at different polymerization time with σi ) 0.508 and Pr ) 0.005. Four independent samples are
simulated under the same condition to calculate the mean value and the error bar. The error bars are not shown here for clarity.

Figure 6. (a) Absolute and (b) normalized graft density profile in the
z direction with different σi after the same process of polymerization
(Pr ) 0.002 and 5000 time units). Four independent samples are
simulated under the same condition to calculate the mean value and
the error bar. The error bars are not shown here for clarity.

Figure 7. Time evolution of the fraction of unsaturated initiators: (a)
the log-log coordinates and (b) the semilog coordinates in the early
stage. The red sets denote the results of the systems with different Pr

at σi ) 0.508, and the black sets denote the results with different Pr at
σi ) 0.127.
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where k ) t/(∆t · τ) is the frequency of the polymerization since
the beginning of the reaction. Therefore

For Pr ) 0.001, 0.002, and 0.005, we can calculate the values
of [log(1 - Pr)/(∆t · τ)] to be -8.69 × 10-3, -1.74 × 10-2,
and -4.35 × 10-2, respectively. From Figure 7b, we find the
slopes of the decay curves in the early stage to be very close to
the calculated values. Therefore, in the early stage of the
polymerization, the unsaturated initiators can be considered to
be “freely” induced and suffering no or little “screening effect”
of the grown chains. At later time, the screening effect of the
grown chains causes the number of the unsaturated initiators to
decrease less sharply. The systems with higher initiator densities
show especially obvious screening effects. Therefore, the curves
of σi ) 0.508 deviate from the decay line much earlier than
those of σi ) 0.127.

3.6. Bond Orientation and Chain Stretch. In the simula-
tions, the average bond orientation can be characterized by the
second Legendre polynomial, P2(cos θ). Because of the repul-
sion from the wall and the excluded volume effect, the chains
are stretched more or less in the direction normal to the wall.
The chain stretching can also be reflected by the bond orientation
function P2(cos θ) for a bond with index, n, which is defined
as the bond between monomer n and n + 1 in the polymer
brush chain. Figure 8 shows the bond orientation function P2(cos
θn) with bond index n for the system with σi ) 0.903 and Pr )
0.001. As shown in Figure 8, when the bond index n is small,
the bond orientation function exhibits an obvious exponential
decay. By using off-lattice Monte Carlo simulation of living
polymers, Milchev et al.53 indicated that the bond orientation
function obeys the power law P2(cos θn) ∝ n-0.49. In our
simulations, we also find a similar power law for short chain
lengths, as clearly shown in the inset of Figure 8. When n is
larger, the bonds tend to be randomly orientated in the space
(corresponding to P2(cos θn) fluctuating around zero), which
indicates that the chain stretching induced by the wall is absent
in the region far away from the surface. However, it should be
noted that the results shown in Figure 8 correspond to a system
with high initiator density and slow polymerization rate. For
other conditions, for example, when we choose lower σi or larger
Pr, the scaling of -0.49 between P2(cos θn) and n disappears.
Here the excluded volume effect plays an important role. For
the systems with higher σi and smaller Pr (e.g., σi ) 0.903 and
Pr ) 0.001 in Figure 8), we can obtain denser grafted chains
than those with lower σi or larger Pr. Therefore, the chains have
to suffer from the excluded volume effect and grow up straight
because they have little space to develop in the lateral directions.
For the systems with lower σi or larger Pr, the chains grow freely
in any direction so that P2(cos θn) decays to zero very quickly
with increasing n. Therefore, this -0.49 scaling is valid in the
case of excluded volume effect dominating.

Besides P2(cos θ), the chain stretching can also be character-
ized by the chain stretch parameter

where Rg
x, Rg

y, and Rg
z denote the radius of gyration in the x, y,

and z directions. For ordered distributed surface initiators, the
grown chains possess similar Rg

x and Rg
y because they are

symmetric. Therefore φs ) 1 corresponds to a chain with
spherical coil configuration, and φs > 1 denotes the fact that the
chain generally stretches along the z direction. The value of φs

indicates the degree of the chain stretching. Figure 9a shows
the time evolution of φs in the cases of Pr ) 0.001 but different
σi. Here we choose the small polymerization rate, Pr ) 0.001,
to gain the high initiation efficiency. For the systems with low
initiator densities, the value of φs is near 1, indicating that the
chain configuration is roughly a spherical coil; that is, the
polymer brushes possess mushroom configuration. φs increases

Ni
unsaturate ) Ni(1 - Pr)

k (6)

log(fN)1) ) log(Ni
unsaturate/Ni) ) [ log(1 - Pr)

(∆t·τ) ]t (7)

φs )
〈Rg

z〉

[12(〈Rg
x〉 + 〈Rg

y〉)]
(8)

Figure 8. Bond orientation function P2(cos θn) with bond index n for
the system with σi ) 0.903 and Pr ) 0.001. Six independent samples
are simulated under the same condition to calculate the mean value
and the error bar. The error bars are not shown here for clarity.

Figure 9. Time evolution of the stretch parameter φs (a) in the case of
Pr) 0.001 but different σi and (b) in the case of σi ) 0.032 and 0.903
but different Pr. Four independent samples are simulated under the same
condition to calculate φs mean value and the error bar.
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with increasing σi, denoting that the chains are stretched when
the local environment is crowded. The systems with very high
initiator densities (e.g., σi ) 0.691 and 0.903) yield almost the
same values of φs, which shows that in the two systems the
local environments for the chains are similar and the chains
cannot become more crowded. In almost all of the systems, the
value of φs increases slightly as time elapses. This phenomenon
suggests that during the chain growth process, Rg increases, and
thus the excluded volume effect may further induce the stretch
along the z direction.

In Figure 9b we present the comparison of φs for the systems
with the same σi but different Pr. In the case of low initiator
density with σi ) 0.032, we can find that the three systems with
different Pr values possess the similar stretch parameter, that
is, φs ≈ 1. The system with Pr ) 0.005 has a slightly larger φs

in the late stage just because the chains grow faster in this
system. However, in the case of high initiator density with σi

) 0.903, we find apparent differences between systems with
different Pr values. The system with Pr ) 0.001 has the larger
value of φs, and the system with Pr ) 0.005 has the smaller
value. This is simply because in the case of high initiator density
σi ) 0.903, the system with Pr ) 0.001 has a higher initiation
efficiency such that the chains are too crowded and have to
stretch upward. On the contrary, the systems with faster
polymerization rates have lower initiation efficiency, and the
chains have enough space to diffuse laterally.

3.7. Active End Distribution. To investigate the active end
distribution in the cases of different σi and Pr further, in Figure
10, we show the normalized average active end density
distribution along the z direction Fe(Z) (defined as the active
end density, Fe(Z), divided by the number of initiators, Ni; that
is, Fje(Z) ) Fe(Z)/Ni) with different σi and Pr. In the case of
high initiator density with σi ) 0.903, one can find more active
ends in the region near the surface. However, in the case of
low initiator density with σi ) 0.127, the result is on the
contrary. As we explained above, because of the screening effect
of the grown chains on the unsaturated initiators, the initiation
efficiency is always low in the systems with high σi. Therefore,
there is a large fraction of unsaturated initiators in the case of
σi ) 0.903 as a result of the low initiation efficiency. Therefore,
we find a fairly concentrated distribution of active ends near
the surface when σi ) 0.903. In comparison, σi ) 0.127 is lower
than the critical value of initiator density, as presented in Figure

4a, so the initiation efficiency is high. Almost all of the initiators
can grow up into chains in the systems with σi ) 0.127, and
thus the active ends can distribute everywhere along the z
direction. This result is completely different from the simulation
results with monodisperse polymer brush model, for example,
figure 4 in ref 2, in which they obtained a near-Gaussian active
end distribution. This is because they have not taken the
influence of the polymerization process into consideration.

3.8. Polydispersity and Mass Distribution. A very important
parameter for the growth of polymer brushes is the polydisper-
sity index (PDI), where

We present the mean values of PDI for each system with
different σi and Pr in Figure 11. At the same Pr, PDI of the
grafted chains increases with increasing initiator density. When
σi is very low, PDI is a little larger than 1.0, indicating a
homogeneous growth process of the chains. When σi increases
to larger values, PDI increases sharply, implying the emergence
of the screening effect of the grown chains, which leads to the
contrast of the growth conditions of short and long chains. At
the same initiator density, the systems with faster polymerization
possess a larger PDI, which supports the fact that a serious
screening effect of the grown chains occurs in such systems. If
σi and Pr are simultaneously high, then a large part of the
initiators have to remain unsaturated (N ) 1) or to grow to very
short chains. Therefore, it can be expected to obtain a very large
value of PDI in such systems. According to the results
concerned, if one needs to keep the polydispersity of high
density brushes as low as possible, then the surface polymer-
ization rate should be kept as slow as possible. A relatively
homogeneous growth condition of the chains would profit the
occurrence of low dispersity.

Here we further compare our results with available experi-
mental data. Devaux et al.70 had achieved very high graft density
(1.10 chain/nm2) of the polystyrene chains grown on the silicon
surface at fairly low polydispersity (PDI ≈ 1.1). According to
the molar mass (104.15 g/mol) and the density (0.909 g/cm3)
of styrene, we can roughly calculate that the diameter of a
“coarse-grained” styrene bead is 7.14 Å. If we normalize the
diameter to be 1, then we can find that the reduced graft density

Figure 10. Normalized average active end density distribution along
the z direction in the case of σi ) 0.127 and 0.903 but different Pr.
The red sets denote the systems with σi ) 0.127, and the black sets
denote σi ) 0.903. Five independent samples, 1000 snapshots obtained
in each, are simulated under the same condition to calculate the mean
value and the error bar. The error bars are not shown here for clarity.

Figure 11. Variation of polydispersity index (PDI) of the grafted
polymer chains with increasing σi at different polymerization rates. Four
independent samples are simulated under the same condition to calculate
PDI mean value and the error bar.
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of 1.10 chain/nm2 should be 0.56 in reduced unit in our model.
Because the unsaturated initiators are considered to be the chains
with length N ) 1 in the calculation of PDI, here the initiator
density, σi, and the so-called “graft density” could be considered
to be equivalent. (Note that the concept “graft density” in ref
70 means the density of the really initiated chains in unity area,
which is not the same as that in our article.) Therefore, we can
have a reasonable comparison between the experimental results
and the current simulation. From Figure 11, we find that the
value should be PDI ) 1.27 at σi ) 0.56 when Pr ) 0.0005,
which is a little larger than the experimental result (PDI ) 1.10).
Because faster reaction rates correspond to larger values of PDI,
if we further decrease the polymerization rate, then a PDI value
close to 1.10 can be expected to be obtained.

Figure 12 shows the mass distribution p(N, t) at different times
after the start of polymerization in the systems with different
σi and Pr. In the case of low initiator density and slow reaction
rate (Figure 12a), we can find the mass distribution to be
Poisson-like, implying the competition-absent growth like the
free chains. When the initiator density is low but the reaction
rate is fast (Figure 12b), p(N, t) is still Poisson-like in the
beginning of the polymerization. However, the fast chain growth
leads to screening effect and great chain length difference.
Therefore, the Poisson-like shape of p(N, t) is replaced by a
much broader distribution. In the case of high initiator density
(Figure 12c,d), the initiation efficiency is the dominant factor,
showing an extremely high distribution of the mass near N )
1 (N ) 1 corresponds to the unsaturated initiators). It should
be noted that σi ) 0.903 corresponds to the limit condition
compared with experiments. The very high graft density in ref
70 of 1.10 chain/nm2 corresponds to 0.56 in our model. We
find that the first value of p(N, t) in Figure 12c is smaller than

that in Figure 12d, which implies fewer unsaturated initiators
in this system, that is, higher initiation efficiency when Pr is
small. This conclusion agrees with that in Section 3.5. Further-
more, we find no difference between the first values of p(N, t)
in Figure 12d at different times, which indicates the strong
screening effect of the fast grown chains. Figure 12c,d has low
distribution at the region of large chain lengths. This result can
be easily understood. In the system with high σi, the small part
of surviving chains from the competition of the growth near
the grafting plane obviously has less hindrance to grow longer
and longer. Therefore, we can find a broad distribution of the
chains as the chain length increases.

4. Conclusions

In this study, the surface-initiated polymerization with dif-
ferent initiator densities and polymerization rates has been
investigated using MD simulations. By characterizing the time
evolution of the distance between the center of mass of the
grafted monomers and the grafting plane, we find that it is
necessary to choose slow-to-moderate reaction rates in the model
to keep it a controllable living polymerization. We then study
the variation of the grafted monomer fraction, fG, with increasing
σi at different polymerization rates. In agreement with the
experimental results, we obtain a window of σi as the critical
value of the initiation efficiency. When the initiator density is
lower than the critical value, the initiation efficiency is nearly
100%. In particular, the graft density profile in the z direction,
whose variation reflects the growth of the polymer film, is
studied. By comparing the absolute and normalized graft
densities along the z direction of different systems, we find that
when initiator density is low, the initiation efficiency is always

Figure 12. Mass distribution p(N, t) at different times after the start of polymerization in the systems with different σi and Pr.
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high. However, in the systems with high initiator density, the
slow or moderate polymerization yields relatively higher initia-
tion efficiency. Moreover, the time evolution of the fraction of
unsaturated initiators is characterized. We find a screening effect
of the grown chains on the unsaturated initiators when the
initiator density is high, which may be one of the main reasons
that causes universal low initiation efficiency in the systems
with high initiator density. We have also studied the bond
orientation function P2(cos θn) with the bond index, n, and the
time evolution of the chain stretch parameter, φs. We find that
the conformation of the chains mainly depends on the excluded
volume effect. Therefore, the systems with dilute chains
commonly possess mushroom configuration, and the systems
with densely grafted chains are often obliged to stretch along
the surface normal direction. The -0.49 scaling between P2(cos
θn) and t, characterizing the excluded volume effect, is found
also dependent on the polymerization rate. The normalized active
end density distribution is also investigated, and broader chain
end distribution is obtained than that in the monodisperse
polymer brushes. Besides, the observed fairly concentrated
distribution of unsaturated initiators near the surface again
implies the screening effect of the grown chains on the
unsaturated initiators. Moreover, the influences of σi and Pr on
the polydispersity as well as the mass distribution of the grown
chains are especially investigated. A relatively slow polymer-
ization and low initiator density will profit the occurrence of
low dispersity and narrow mass distribution.

In this study, we find that the properties of the polymer
brushes are greatly dependent on the coupling between the
initiator density and the polymerization rate. The excluded
volume effect also plays a crucial role in the system, especially
when the chains are densely grafted. By tuning the initiator
density and modifying the polymerization rate, we can obtain
the polymer brushes with different degrees of polydispersity.
This study partially emphasizes the importance of considering
the effects of polymerization rate in further investigations.
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(7) Prucker, O.; Rühe, J. Macromolecules 1998, 31, 592.
(8) Jordan, R.; Ulman, A. J. Am. Chem. Soc. 1998, 120, 243.
(9) Weck, M.; Jackiw, J. J.; Rossi, R. R.; Weiss, P. S.; Grubbs, R. H.

J. Am. Chem. Soc. 1999, 121, 4088.
(10) Yamamoto, S.; Tsujii, Y.; Fukuda, T. Macromolecules 2000, 33, 5995.
(11) Jones, D. M.; Brown, A. A.; Huck, W. T. S. Langmuir 2002, 18, 1265.
(12) Ejaz, M.; Yamamoto, S.; Ohno, K.; Tsujii, Y.; Fukuda, T. Macro-

molecules 1998, 31, 5934.
(13) Kong, X.-X.; Kawai, T.; Abe, J.; Iyoda, T. Macromolecules 2001,

34, 1837.
(14) von Werne, T.; Patten, T. E. J. Am. Chem. Soc. 2001, 123, 7497.
(15) Husseman, M.; Malmstrm, E. E.; McNamara, M.; Mate, M.; Mecer-

reyes, D.; Benoit, D. G.; Hedrick, J. L.; Mansky, P.; Huang, E.; Russell,
T. P.; Hawker, C. J. Macromolecules 1999, 32, 1424.

(16) Zhou, Q.; Nakamura, Y.; Inaoka, S.; Park, M.; Wang, Y.; Mays, J.;
Advincula, R. PMSE [Prepr.] 2000, 82, 291.

(17) Baum, M.; Brittain, W. J. Macromolecules 2002, 35, 610.
(18) Sedjo, R. A.; Mirous, B. K.; Brittain, W. J. Macromolecules 2000,

33, 1492.
(19) Alexander, S. J. Phys. (Paris) 1977, 38, 983.

(20) de Gennes, P. G. Macromolecules 1980, 13, 1069.
(21) de Gennes, P. G. AdV. Colloid Interface Sci. 1987, 27, 189.
(22) Milner, S. T.; Witten, T. A.; Cates, M. E. Macromolecules 1988, 21,

2610.
(23) Milner, S. T. Science 1991, 251, 905.
(24) Kuznetsov, D. V.; Chen, Z.-Y. J. Chem. Phys. 1998, 109, 7017.
(25) Irfachsyad, D.; Tildesley, D.; Malfreyt, P. Phys. Chem. Chem. Phys.

2002, 4, 3008.
(26) Wijmans, C. M.; Smit, B. Macromolecules 2002, 35, 7138.
(27) Murat, M.; Grest, G. S. Phys. ReV. Lett. 1989, 63, 1074.
(28) Dickman, R.; Anderson, P. E. J. Chem. Phys. 1993, 99, 3112.
(29) Lai, P.-Y.; Zhulina, E. B. Macromolecules 1992, 25, 5201.
(30) Lai, P.-Y.; Binder, K. J. Chem. Phys. 1993, 98, 2366.
(31) Lai, P.-Y.; Binder, K. J. Chem. Phys. 1991, 95, 9288.
(32) Lai, P.-Y.; Binder, K. J. Chem. Phys. 1992, 97, 586.
(33) Grest, G. S. J. Chem. Phys. 1996, 105, 5532.
(34) Doyle, P. S.; Shaqfeh, E. S. G.; Gast, A. P. Macromolecules 1998,

31, 5474.
(35) Daoulas, K. C.; Terzis, A. F.; Mavrantzas, V. G. J. Chem. Phys. 2002,

116, 11028.
(36) Laradji, M.; Guo, H.; Zuckermann, M. J. Phys. ReV. E 1994, 49, 3199.
(37) Karim, A.; Satija, S. K.; Douglas, J. F.; Ankner, J. F.; Fetters, L. J.

Phys. ReV. Lett. 1994, 73, 3407.
(38) Hu, T.-J.; Wu, C. Phys. ReV. Lett. 1999, 83, 4105.
(39) Hadziioannou, G.; Patel, S.; Granick, S.; Tirrell, M. J. Am. Chem.

Soc. 1986, 108, 2869.
(40) Taunton, H. J.; Toprakcioglu, C.; Fetters, L. J.; Klein, J. Nature 1988,

332, 712.
(41) Taunton, H. J.; Toprakcioglu, C.; Fetters, L. J.; Klein, J. Macromol-

ecules 1990, 23, 571.
(42) Cosgrove, T. J. Chem. Soc., Faraday Trans. 1990, 86, 1323.
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