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We use Brownian dynamics simulations to study the adsorption behavior of a nanosized particle on polymer
brushes. The adsorption process, the dynamic behavior of the nanoparticle in brush, the penetration depth, and
the diffusion coefficient of the nanoparticle in different depths of the brush are all investigated for different grafting
densities. We provide an area density I', which is the area average of the monomer number above the embedded
nanoparticle in brush. We find that this area demnsity explains well qualitatively the experimental phenomenon
that the nanoparticles exhibit a maximum in the adsorbed amount as a function of the grafting density of brush.
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1. Introduction

The interaction of nanoparticles with polymer brushes
is an area which has received considerable theoretical
and experimental considerations [1-7], because of their
important theoretical significances and technological ap-
plications such as the colloidal stabilization and lubrica-
tion [8, 9], nanoparticle formation at the polymer brush/
air interface [1, 10, 11], and cell adhesion [12-14] in bi-
ological sciences. Polymer brushes, formed by densely
grafting polymers to a substrate, produce a steric repul-
sion when deformed, which offers effective means of coun-
tering van der Waals interactions. Brushes now provide
a convenient method of stabilizing colloidal suspensions
[15, 16], and are being investigated as a way of prevent-
ing adsorption on surfaces by nanoparticles and macro-
molecules such as proteins [17, 18].

Experiments show that with the increase of the graft-
ing density of brush, the amount of the adsorption
nanoparticles on brush has a maximal value [19]. High
grafting density means more adsorption monomers, cor-
respondingly, the steric repulsions between monomers
are strong and the nanoparticle cannot penetrate deep.
While low grafting density leads to less adsorption
monomers, the corresponding weak steric repulsions al-
low the nanoparticle to penetrate deep. We find the area
density I', which is defined by the area average of the
monomer number above the embedded nanoparticle in
brush, can provide a useful guide for the understanding
of the dependence of adsorption amount on grafting den-
sity. For a large particle, the adsorption on brush will
squeeze the polymer chains. So, the detailed polymer
chain structures around the sink nanoparticle are also
interesting.
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In the present paper, we will investigate the simple case
of single nanoparticle adsorption on brush. The adsorp-
tion process, penetration depth, the dynamic behavior as
well as the diffusion coefficient of nanoparticle in brush,
are all investigated for different grafting densities.

2. Model and simulation details

Following the previous Brownian dynamics studies of
polymers [20-23], polymer chains are modeled using
the Grest—Kremer bead-spring model [24]. The inter-
action potential between polymer—substrate, monomer—
monomer and particle-substrate has been chosen as
purely repulsive Lennard—Jones (LJ) potential
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for r < 2/65,,, and 0 otherwise. eym denotes the in-
teraction strength. We set o, = 1.0 and €y, = 1.0, as
units of length and energy correspondingly. For polymer—
substrate interaction, only the z component is considered
in r.

The spring potential of our bead-spring model is cre-
ated by adding a finitely extensible nonlinear elastic
(FENE) potential [25]:
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where r is the length of a bond, by, is the maximum
bond extension, and ky, is the spring constant. We choose
the constants bpax = 1.50mm and ky, = 30emm /02, as
usually done [26].

For the interaction between nanoparticle and polymer
monomers, we use the standard Lennard—Jones form,
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We should keep in mind that the r here is the distance
between the center of the nanoparticle and a monomer
in the brush. The radius of the spherical nanoparticle is
characterized by Ry = 30um. We choose €p.np = 4 and
Om-np = 1 [27]. Although this choice is not necessarily
a realistic one, it is very efficient from a computational
point of view.

The motion of the i-th monomer follows the Langevin
equation:

S = i+ ) @
where m = 1 is the mass of monomer, v denotes the
friction coefficient, and 7 is a random force modeling the
collisions by solvent molecules. n;(¢) has zero mean over
time and satisfies the fluctuation-dissipation theorem,

(ni(t)n; (t')) = 6kpTmydy;0(t —t'). (5)
The nanoparticle observes the same Langevin equation
with my, = 20 [27], so that we expect to be able to
observe Brownian motion of the particle in the brush.

The lateral linear dimensions are L, and L,, respec-
tively. Each polymer is grafted at one end randomly
onto the lower surface at z = 0. Periodic boundary
conditions are used in the horizontal planes. We take
the number of end-grafted chains to be M, containing
N effective monomers each. So the grafting density is
o= M/(L,L,). For comparison, polymer brushes with
different grafting densities have been studied.

The velocity-Verlet scheme [28] is used for integra-
tion of the Langevin Eq. (4), with integration time step
0t = 0.0lomm\/M/€mm-  Omm\/M/€mm is the corre-
sponding reduced unit of time. The friction constant
in the Langevin equation is v = 0.5. In most of the
cases, the simulations are carried out until the brush is
under equilibrium state, based on the gyration radius
of the brush chains. After equilibration of the polymer
brush, the nanoparticle is placed onto the top surface of
the brush. Then, the particle is embedded into the brush
and the system equilibrates after long enough time steps.
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3. Results

A representative embedding process of a nanoparticle
into brush is shown in Fig. 1, for a polymer brush made
of 400 chains of length N = 40 in a simulation box L, =
L, = 39.0, which corresponds to grafting density o =
0.263. The vertical positions of the nanoparticle, zyp, as
functions of time are shown in Fig. 2. The z,,, is averaged
from 10 runs like Fig. 2 but with different initial brush
equilibrium configurations, and shown in Fig. 3c.

Values of the parabolic fit of Eq. (6) TABLE
for N = 41 for different values of o.

o [ G [ G [(G/C)'P] h | (2) |h/{z)
0.0278 | 1.385 | 1.054 1.146 14.2 | 6.28 | 2.26
0.148 | 1.922 | 1.725 1.055 228 | 9.75 | 2.33
0.263 | 2.435 | 2.268 1.036 27.2 1 11.92 | 2.28
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Fig. 1. Snapshot of the embedded nanoparticle in the
brush with grafting density o = 0.263 and N = 40. For
clarity, only the nanoparticle and its nearby polymer
chains are plotted here. The nanoparticle is schemati-
cally denoted as the red solid circle.
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Fig. 2. The vertical position of nanoparticle, znp, as a

function of time. Our simulation starts from the state
of the nanoparticle placed onto the top of the brush.

Let us now turn to the properties of the brush we ob-
tained. In Fig. 3, the density profiles of the monomers
as well as the positions of the nanoparticle are shown as
a function of the distance z to the substrate for the low,
moderate, and high grafting densities. A depletion region
for monomer density is observed due to the hard core of
the monomers directly at the substrate. Here, only the
sink case for the nanoparticle into the brush is shown.
Note that the length of the brush above the nanoparticle
(i.e., the part of the brush for z > z,,) decreases with
the increment of grafting density. It is natural that the
nanoparticle will be well localized at the top surface of
the brush for a enough dense coverage.

Milner, Witten, and Cates’s polymer brush theory
showed that the density profile for polymer brushes
of short chains could be described with a parabolic
equation:[29-31]

p(2) = po — a2 (6)
with po = C10?/® and a = CyN—2 (C1 and Cy are
two adjustable parameters). We also show that the p(z)
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Fig. 3. Monomer number density, p(z), as a function

of the distance, z, from the grafting surface for chains
of length N = 41 at different coverages: (a) o = 0.0278,
(b) o = 0.148, (¢) o = 0.263. The solid circles and the
corresponding error bars, which are calculated based on
the data like that in Fig. 2, show the positions (znp) of
the embedded nanoparticle. The red solid lines are the
parabolic fits to the form of Eq. (6). The details of the
fits are listed in Table.

curves can be well approximated by this parabolic form
of Eq. (6) for all values of ¢ and N in Fig. 3. At low
surface density, o, parabolic function was applicable to a
majority of the chain monomers; while, at high surface
density, parabolic form was applicable only for the chain
end far from the tethering surface [22, 31].

Our values for C; and Cy are shown in Table. From
this, we can give the height of the brush,

h = (@)1/2. (7)

o
Expanding h, one gets
C, 1/2 C, 1/2
h = 2/3N27 =N 1/3 ( ¥1 .
<O’ G o G (8)

From Table, we see (C/Co)'/? trends toward unity.
This fits well with the scaling theory of Alexander [32]
and the self-consistent field theory of Milner et al. [29, 33],
which predict that the height of the polymer brush will
grow with the molecular weight and the surface coverage
as

h~ No'/3. (9)
We have also calculated h/(z), where (z) is the average
thickness of the brush defined by

zp(z)dz

(z) = I"L

T o(z)dz
We see that h =~ 2.3(z) for all cases. This is in good

agreement with the data in Ref. [22].

We also measured the lateral diffusion coefficient of
nanoparticle as a function of the penetration depth z
in Fig. 4. For the interested lateral motion of particle,
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Fig. 4. The lateral diffusion coefficient D), as a func-
tion of the distance, z, from the grafting surface for
nanoparticle with R = 3 and brush with chains of length
N =50 at ¢ = 0.205.

a potential is applied to allow the particle’s motion only
in the lateral plane,

U = Uo(z — 20)?, (11)
where zg is the target depth of the particle, and Uj is a
potential constant which is large enough to confine the
particle motion in the lateral plane.

The calculations were performed taking ey,.np = 2. For
each value of zg, the system runs for 10° MD steps, and
then six successive runs of 106 MD steps were performed,
where each run started with the final configuration of the
previous one. The diffusion coefficient was determined for
each of the six runs and then averaged. The diffusion co-
efficient D), for lateral diffusion parallel to the substrate,
is defined via [34]:

[y (1) = 7y (0)]” (12)
6Nt ’

where 7| is the projection of the position vector of the
nanoparticle. As shown in Fig. 4, it is obvious that in-
creasing the depth z of the particle, decreases the dif-
fusion of particle in the brush. Let us note that the
diffusion coefficient is of the order of 1073, which im-
plies that the dimensionful coefficient is of the order of
1075 ¢m?/s [34].

In experiment related to the adsorption of nanocol-
loidal SiO5 particles onto brushes, there is a maximum in
the adsorbed amount as a function of the grafting den-
sity [19]. To a certain extent, from the degree of one
nanoparticle penetration in polymer brush, one can qual-
itatively analyze the absorbed amount of many nanopar-
ticles on brush in experiments. It can be seen from the
area density of monomer number, I', which is the sur-
face average of the sum of all the monomers above the
nanoparticle,

MN
r= Z (2 > znp)/(LaLy). (13)

Figure 5 shows the area density, I', as a function of the

t—o0
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grafting density, o. It exhibits a maximum, which means
the maximal number of adsorption sites per area for the
nanoparticles. Clearly, from the single nanoparticle point
of view, the adsorbed amount of nanocolloids on brush
is determined by the coupling of the grafting density and
the penetration depth of the particle. If the grafting den-
sity increases, the number of the monomers absorbing
nanoparticles should increase correspondingly. However,
the dense chains will exclude the particle from the in-
ner part of the brush due to the strong steric interac-
tions. This results in a small penetration depth, hence,
a small amount of adsorption monomers above the em-
bedded nanoparticle. Otherwise, a deep penetration of
the particle requires a loose grafting density, which will
decrease the amount of absorbing monomers. Therefore,
the combination of increasing grafting density and de-
creasing penetration depth results in a maximum in the
adsorption amount of monomers, as illustrated in Fig. 5,
which predicts a behavior qualitatively similar to that
in Ref. [19].
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Fig. 5. The area density, I', of the brush monomers

above the embedded nanoparticle, as a function of the
grafting density, 0. From left to right, the 5 solid circles
correspond to o = 0.0278,0.0878,0.148,0.263, 0.444, re-
spectively. The dotted line is just a guide to the eye.

Let us note that in Fig. 5, the error bars are larger for
the moderate grafting density (o = 0.148, 0.263) than
that for the low grafting density (¢ = 0.278, 0.0878)
and the high grafting density (¢ = 0.444). The rea-
sons are analyzed as follows. For loose polymer chains, it
is mainly the adsorption interaction between monomers
and nanoparticle plays a role in absorbing and hinder-
ing the nanoparticle’s free movement. While for dense
brush, it is mainly the steric repulsion between monomers
and nanoparticle that obstructs the nanoparticle’s mo-
tion. In moderate grafting density, the combination of
the adsorption and steric repulsion between monomers
and nanoparticle causes the nanoparticle to move more
freely than it does in the low and the high grafting den-
sities.

It should be stressed that it is the area density not the
bulk density of monomers above the embedded nanopar-
ticle, that qualitatively explains the maximal adsorption

amount of nanocolloids on brush with different cover-
ages. It is obvious that the bulk density of monomers
of the dense brush (for example o = 0.444) is larger
than that of the loose brush (for example o = 0.148).
But, the adsorption amount of monomers per area (i.e.,
I') of the former is smaller than that of the latter, as
shown in Fig. 5. What absorbs the nanoparticles is all
the polymer monomers above the embedded particle, not
the monomers in a unit volume only.

We hope that the area density I is helpful for the anal-
ysis of the absorbed amount of nanoparticles on brush
in Ref. [19]. In fact, we simply use the sum of all the
monomers above the nanoparticle to analyze the over-
all adsorbed amount of nanoparticles. Although these
two quantities exhibit the same qualitative behavior, the
following effects should not be ignored in the analysis:
the effects between nanoparticle interactions; the effects
of individual nanoparticle on the chain configuration of
polymer brush, such as the squeezed polymer chains un-
der the particle. These effects should certainly influence
the adsorption process.

4. Conclusions

We have reported on Brownian dynamics simulation
results of the embedding process of a nanoparticle into a
polymer brush. The brush density has been compared to
and well fitted by the Milner, Witten, and Catess poly-
mer brush theory. A detailed discussion of the adsorption
process, the penetration depth, and the dynamic behav-
ior of nanoparticle in brush have been explored. For an
interesting phenomenon in experiment that the absorbed
amount of nanocolloids on brush behaves a maximum as
functions of grafting density, we give a detailed qualita-
tive explanation, based on the model in the present paper
of single nanoparticle adsorption on brush, by using the
area density of monomers above the embedded particle.
It should be interesting to examine the influences of other
parameters on the adsorption process, for example, the
electrostatic interactions between the nanoparticle and
the brush. Other parameters that may be considered are
the chain length, the polydispersity, the size of particle,
and the adsorption strength between particle and poly-
mer monomers.
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