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Abstract
The interactions of spherical nanoparticles absorbed into a polymer brush 
was investigated using molecular dynamics simulations of a coarse-grained 
implicit solvent model. Our simulations indicate a few phenomenon 
including self-assembly into superstructures that contain HCP and FCC 
symmetries.
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Introduction
Understanding the way nanoparticles (NPs) interact with various media can 
lead the way to the development of advanced materials. One such important 
media would be a polymer brush. Th is understanding is important for the 
development of lightweight nanomaterials for use in the automobile and 
aerospace industries. It would also give further insight into biomedical appli-
cations, which can help deter potential toxic eff ects on living organisms. One 
such important phenomenon would be self-assembly of the nanoparticles.

Interactions between NPs and polymer brushes have been studied 
both theoretically and experimentally for diff ering applications. Kim et al. 
performed self-consistent fi eld theory calculations to study the repulsive 
eff ect of polymer brushes cushioning a single NP.1 Kesal et al. used an exper-
imental set-up to study the attractive interactions between gold NPs and a 
polyelectrolyte brush.2 Th e varying attempts to characterize such interactions 
shows the interest in these types of problems.

Recently in our group, studies have been conducted on NPs at the 
interface of a lipid membrane.3, 4 In these studies, certain self-assembled 
structures were found, and their stability was characterized. Th ere have also 
been Molecular Dynamics simulations in the case of spatial organization in 
polymer brushes. Cheng et al. investigated a system in which NPs are placed 
randomly above a brush in an evaporating solvent.5 Aft er evaporation, a 
neatly organized layer could be seen.

Some experimental studies have shown that the interactions between 
NPs and various polymer medias can lead to spatial organization. Bockstaller 
et al. used diblock copolymers to induce spatial organization in the NPs 
in their system.6 In order to further probe interactions between NPs and 
polymer brushes, a series of systematic Molecular Dynamics simulations 
were conducted.

Model and Computational Method
In this study, we used a coarse-grained implicit-solvent model that was 
developed to study self-assembled lipid membranes.7, 8 Th is model has been 
adapted to describe fully fl exible linear homopolymer chains for use in these 
simulations, coarse-graining the chain into many monomers. Th e potential 
energy of the polymer chains is comprises two contributions:

(1)
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where (r describes the coordinates for the center of mass for particle i 
in the simulation, , and αi indicates the type of particle that i is, i.e.
αi = m for a monomer or αi = s for an NP. In the second contribution of Eq. 1, 
the angled brackets indicate that i and j are constituents of the same polymer 
chain. is a soft  two-body potential between two particles of types α and 
β that are separated by some distance r, given by a piece-wise function:

(r 

Wherein, kbond is the bond stiff ness coeffi  cient and ab is the preferred 
bond length. It is also important to note that bonded monomers interact with 
each other with Eq. 2 along with Eq. 3.

In our model, NPs are assumed to be a sphere of radius R and a homog-
enous surface. Under this assumption, NPs are suffi  ciently described with 
only three degrees of freedom, each of which correspond to the center of mass 
of the NP. Th is is due to the spherical symmetry of the NP. Th is is in stark 
contrast to the numerous degrees of freedom that are implied by a model that 
constructs NPs by beads connected by fl uctuating bonds.9 Th e interaction 
that occurs among a monomer and an element of the NP’s surface area, δa, 
separated by some distance ρ is assumed to have the same form as Eq. 2, but 
has an added condition that allows for an attractive force between a monomer 
and the NP. Explicitly stated,

(2)

where and for any pairing of (α, β). For monomers, this 
piecewise potential implies a repulsive force up to rm , which is half of the 
radial cutoff , rc.

In Eq. 1, the second term, Ubond (rij), is a harmonic potential used 
to ensure the connectivity of monomers along the same polymer chain. 
Explicitly:

(3)

(4)
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where is the value of the potential, per unit of area, that is separated 
some distance rm from the surface of the NP. Due to the fact that this is a soft  
potential, the inequality > 0 is required and the value of the parameter 
must be strong enough to prevent monomers from penetrating into the 
NP. = 0 implies a fully repulsive interaction between a NP and another 
particle of type α, and < 0 implies a short-range attractive interaction. 
Th e total interaction between an NP and some particle of type α, U sa (r), is 
given by integrating Eq. 4 over the surface of the NP and explicitly given by

(5)

where 

All monomers and NPs’ center of mass are moved using a molecular 
dynamics scheme with a Langevin thermostat, i.e.

(6)

(7)

where mi is the mass of particle i and Γ is a particle’s drag coeffi  cient.     
σΞi (t) is a random force with zero that is uncorrelated for diff ering particles 
and times. Γ and σ are inter-related through the fl uctuation–dissipation 
theorem, leading to the equality Γ = σ2 / 2kbT.
For our simulations, the model’s parameters are given by the following:

(8)

For all the simulations in this study, they were performed at kbT = 3.0 
with a time step of Δt = 0.02 τ. Eqs. 1 and 2 are integrated using a standard 
velocity-Verlet method where Γ=√6m/τ10. 

For this study, we consider a case where varying numbers of NPs 
with diameter Dnp = 4R are placed randomly above a polymer brush. Th is 
polymer brush is consisted of a set number of chains Nchains = 800 and each 
chain consists of 100 monomers. Th e chains have been graft ed randomly 
onto a static substrate using a metropolis Monte-Carlo Method. Th e area 



171

NPs on the value of |Umin| In both graphs, there is an initial stark downwards 
trend that begins to saturate and level off . Th is saturation is prescribed by 
the polymer brush. As the NPs continually dive deeper into the brush, they 
eventually reach a point at which the value of the monomer density is too high 
to permit them to reach further into it. Th e monomer density is proportional 
to the graft ing density of the polymer brush. Th is would explain how the NPs 
at a lower value of graft ing density would have a lower minimum height. 

of the xy-plane of the simulation box is determined with the parameters 
of this graft ing, being Areaxy = Nchains  /σ where σ is the graft ing density of 
polymers.σ The polymer chains remain grafted throughout the simulation 
by not time-evolving the monomers that are used to graft the chains. The 
simulation box extends into the z axis to give enough room for the NPs to 
be placed without overlapping.

Results and Discussion
Fig. 1 contains snapshots of various systems at an equilibrated state with the 
corresponding value of |Umin| labeled providing a nice qualitative overview 
of the study. As shown in the fi gure, NPs begin penetrating the brush at 
low values of |Umin| and the fraction absorbed increases along with said 
parameter. For the case of this system, the NPs are fully absorbed into the 
brush at |Umin| = 0.3.  Th ese absorbed NPs then fi nd their way deeper into the 
brush with increasing |Umin|. Saliently, the snapshot at |Umin| = 0.3 showcases 
the NPs ability to self-assemble into a well-ordered superstructure with 
next to no diff usivity. At lower values, the NPs penetrate the brush and are 
dispersed into a liquid-type state with no order. Th e NPs in this liquid-type 
state retain some value of diff usivity. As the value of |Umin| increases from 
the form that needed for a superstructure, the NPs form an amorphous glass 
with almost no diff usivity.

In Figs. 2 and 3, there is a clear dependence of the average height of the 

Figure 1. Side-view snapshots taken from diff erent systems of 800 
Chains 224 NPs and 0.5 graft ing density.
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In Fig. 3, the average height of the NPs inhabiting the less-dense brush 
begins to level off  at |Umin|= 0.2, while their higher density counterparts 
start at |Umin|= 0.3. Th is implies that, as the graft ing density of the polymer 
brush is lowered, the threshold value of |Umin| for the NPs to be penetrative 
is decreased.

Figure 2. Average height of the NPs as a function of |Umin|. Th is data 
was taken from a system of 800 chains, 224 NPs, and graft ing density of

Figure 3. Average height of the NPs as a function of |Umin|. Th is data 
was taken from systems with 800 chains, 224 NPs, and variable graft ing 
densities. his data was taken from a system of 800 chains, 224 NPs, and 
graft ing density of 0.5 

800 Chains 224 NPs 0.5 Sigma
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In Figs. 4, 5 and 6 the left hand column shows of density profi les along 
the z-axis for three varying systems at an equilibrated state, while the right 
hand column is shows a corresponding snapshot. Th ese snapshots showcase 
the three diff erent states penetrative NPs. Th e upper-most row (Figure 6) 
showcases the liquid-type state, in which the NPs still show some manner 
of diff usivity. Th e NPs in this state showcase no order and inhabit a shallow 
location. Th e next row (Figure 5) showcases a system of great crystalline 
order, with the oscillatory NP and polymer profi les being characteristic of 
this order. Although these oscillatory profi les greatly characterize order, 
they fail to defi ne a specifi c orientation. As of now, it appears as though the 
crystalline structures can take any number of preferred orientations inside 
of the brush. Th e bottom-most row (Figure 4) provides an example of an 
amorphous solid formed by the NPs. In terms of |Umin|, penetrative NPs enter 
and take a liquid-type confi guration and with increasing |Umin| the NPs will 
fi nd a range of great order and then melt into an amorphous solid.

Figure 4. |Umin| 0.6 Density profi le of NPs & monomers (left ) and snap-
shot of system (right)

Figure 5. |Umin| 0.35 Density profi le of NPs & monomers (left ) and 
snapshot of system (right)
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Th e radial distribution function (rdf) of NPs in a crystalline confi gura-
tion is plotted in Fig. 7. Th is rdf has peaks that are characteristic of both HCP 
and FCC crystals. HCP and FCC unit cells were observed in said simulation 
and snapshots are provided in Fig. 8. Both unit cells are commonly found 
inside naturally formed lattices; a FCC unit cell can be made into a HCP by 
rotating the third layer (the most transparent layer) of the snapshot in Fig. 8 
(top left ) by 60 degrees.

Figure 7. A graph that provides the pair-pair correlation function of NPs 
in a system of 800 Chains, 224 NPs, 0.35 Umin, and a graft ing density 
of 0.5. Peaks that are characteristic of face-centered cubic (FCC) and 
hexagonal close packed (HCP) structures are notated.

Figure 6. |Umin| 0.2 Density profi le of NPs & monomers (left ) and snap-
shot of system (right)
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Figure 8. Snapshots taken from a system of 800 chains, 224 NPs, 0.35 
|Umin|, and a graft ing density of 0.5

Th e fact that order was observed is highly surprising. Th is is a prelim-
inary study into such systems, and not many arguments exist as to why this 
occurs. One that can be made is due to the conformational entropy of the 
polymer chains. As the NPs are absorbed, some chains are compressed quite a 
bit as shown in Fig. 9. Th is reduction of entropy is not preferred by the chains, 
therefore there could be some counter-active force upward along the z-axis. 
Th is force is in competition with the attractive potential which is orientated 
downwards. Th ere appears to be some optimal balance between these two 
forces that leads to the surprising order that we have observed. 

Figure 9. Normalized histogram of end-to-end distances of the poly-
mer chains NPs in a system of 800 Chains, 224 NPs, 0.35 Umin, and a 
graft ing density of 0.5.
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Conclusions
This paper presents a course-grained implicit-solvent model of many NPs 
at the interface of a polymer brush. A systematic study of such model was 
then preformed. In this study, the fraction of NPs absorbed into the brush 
was highly correlated with |Umin|; as |Umin| was increased, so was the fraction 
absorbed. This fraction begins to receive a non-trivial increase at values of 
|Umin| as low as 0.1. There also exists a strong dependence between |Umin| and 
the preferred location of the NPs in the polymer brush. As |Umin|is increased, 
the average height of the NPs begins to decrease. The average height can 
only be decreased until it saturates at a minimum value prescribed by the 
polymer brush. The NPs cannot penetrate further than this minimum value 
regardless of the value of |Umin|. The minimum value is directly related to 
the grafting density of the brush.

One striking phenomenon noted in this study was the formation of 
superstructures. For the case of a polymer brush with grafting density of 0.5 
and 800 chains, a range of superstructures were visible for values of |Umin| 
≈ 0.3. These superstructures were formed in an undefined orientation and 
consisted of both FCC and HCP unit cells. Due to the aggregation of NPs into 
one portion of the brush, there is a clear compression of the polymer chains 
leading to a reduction in conformational entropy. This reduction could be a 
leading factor in the advent of these superstructures.

This was a computational preliminary study into such a system; as 
such it is meant to be a starting point for other studies into this interesting 
phenomenon. Our systematic numerical study showcases the self-assembly 
of superstructures for a range of NP-polymer interactions. It is with great 
hope that other researchers will be able to use the qualitative and quantitative 
information of this study to probe into such systems experimentally. 
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