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ABSTRACT: In this paper we adopt molecular dynamics
simulations to study the amphiphilic AB block copolymer
(BCP) mediated nanoparticle (NP) dispersion in polymer
nanocomposites (PNCs), with the A-block being compatible
with the NPs and the B-block being miscible with the polymer
matrix. The effects of the number and components of BCP, as
well as the interaction strength between A-block and NPs on
the spatial organization of NPs, are explored. We find that the
increase of the fraction of the A-block brings different
dispersion effect to NPs than that of B-block. We also find
that the best dispersion state of the NPs occurs in the case of a
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moderate interaction strength between the A-block and the NPs. Meanwhile, the stress—strain behavior is probed. Our
simulation results verify that adopting BCP is an effective way to adjust the dispersion of NPs in the polymer matrix, further to

manipulate the mechanical properties.

1. INTRODUCTION

Polymers are inexpensive and easy to process, while nanoscale
additives are widely used to introduce additional functionalities
to, or improve the mechanical,'™® electrical’™'* and optical
propertie513_16 of, polymer matrices. It is well established that
the state of the dispersion of nanofillers is crucial to the
properties of polymer nanocomposites (PNCs), and, thus,
there has been considerable interest in controllably dispersing
nanofillers into polymer matrices,”"”*° with the obvious goal
of optimizing the macroscopic properties of the resulting
polymer PNCs. In achieving these property enhancements, it is
critical to control the spatial arrangement of the nanofillers in
the polymer host. One popular strategy is to evenly or
homogeneously graft the nanoparticle (NP) surfaces with the
end-functionalized polymer chains, which have the same
chemical structure as the polymer matrix. However, this is
rather uncontrollable, time-consuming, and a costly approach,
and thus it is practically unlikely to be utilized on a large
industrial scale.

The easiest and most applicable approach relies on
introducing attractive interactions between the functionalized

-4 ACS Publications  © 2017 American Chemical Society
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block of the copolymer chains and the surface of nanofillers, to
effectively prevent them from a large-scale aggregation.’' ™
Block copolymer (BCP) nanocomposites have received
substantial attention due to the long-range order of the
corresponding matrix.”**” A large amount of research has
focused on grafting BCP short chains onto the surface of NPs
by generating chemical bonding.”’~** In contrast to that, the
cases in which BCP chains are physically attracted onto the
surface of nanofillers, while the other end of BCP chain is kept
chemically identical to the polymer matrix chains for a better
dispersion, have not been studied in sufficient detail.

Based on the work of Kumar et al,,”” a model of PNCs filled
with block copolymer short chains is introduced here. Kumar et
al.’” experimentally mixed silica NPs into the polystyrene (PS)
matrix, and then filled the resulting PNC with short PSbP2VP
BCP chains, with the polar poly(2-vinylpyridine) (P2VP) on
one end. The hydrogen bonding between the surface silanol
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groups and the nitrogen on the P2VP enabled the physical
adsorption of this block copolymer with a NP-philic (“P”) and
a NP-phobic (“H”) block. This, in turn, leads to a better control
of the NP dispersion state.

In the present study, we explore the dispersion state of the
NPs in the polymer matrix, by introducing the block copolymer
chains with various chemical and physical characteristics.
Different from the work of Kumar et al,>” here we focus
mainly on studying the dispersion mechanism by systematically
tuning a large library of the structural parameters through the
coarse-grained molecular dynamics (MD) simulations. Mean-
while, the tensile strength of the polymer nanocomposite made
of the BCPs physically adsorbed onto the nanofillers is
investigated at different dispersion states. Our results could
provide a systematically effective approach to manipulate the
spatial distribution of NPs in the polymer matrix, by employing
the physically adsorbed block copolymer chains as the surface
modifiers of the nanofillers.

2. MODEL AND SIMULATION METHOD

2.1. Model and the Implemented Force Field. Here we
adopt the classical bead—spring coarse-grained model to
simulate both matrix polymer chains and the block copolymer
chains. In the model each bead corresponds to 3—6 covalent
bonds in a realistic polymer chain. In the present simulations
four types of the Lennard-Jones (LJ) beads have been used, as
listed in Table 1.

Table 1. Parameters of the Simulated Beads in a Coarse-
Grained Model

atom type representation bead diameter bead mass
1 A-block of BCP 1 1
2 B-block of BCP 1 1
3 matrix polymer chain 1 1

Each matrix polymer chain in the simulation box consists of
60 beads, for the purpose of making the mean-squared end-to-
end distance of polymer chains comparable with the diameter
of NPs. While we utilize rather short matrix chains, they show
the static and dynamic characteristics of realistic polymers. In
the present simulations the number and the length of matrix
polymer chains are fixed.

The block copolymer chains are constructed as shown in
Figure 1. The BCP chain length is varied from 10 to 30 beads.
The number of BCP chains is determined by the average
density X of BCP chains per NP,
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Figure 1. Schematics of NPs, BCPs, and a polymer matrix. Elements
with the same color denote attractive interactions, while the elements
with different colors repel each other.
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N,
= 3
47Ryp

(1)

where Ny is the number of BCP chains to be averagely
adsorbed onto each NP with radius Ryp. As the diameter of
each matrix chain bead is set to 0 = 1.0, a density of, for
example, 2 = 0.48 means approximately 24 chains adsorbed
onto each NP surface; see more in the Table 2.

Table 2. Simulated Densities and the Corresponding
Number N, of Block Copolymer Chains

0.16
800

0.32
1200

0.48
2400

0.04
200

0.08
400

average density X of BCP per NP
no. N, of BCP chains

In our simulation, we set the diameter of each nanoparticle to
be four times the diameter of each matrix chain bead. The
nonbonded interactions are modeled by the expanded
truncated and shifted Lennard-Jones (1J) potential. These
nonbonded interactions include NP—NP, NP—polymer, and
polymer—polymer interactions and are given by

12 6
46[( ) - ( ) ] r < fogof + A
(2)

0 r>

where € is the pair interaction energy parameter, r is the
distance between two interaction sites, ¢ is the characteristic
size, and A is introduced to take into account the effect of the
excluded volume of different interaction sites. The LJ potential
(eq 2) is cut off at different distances to model the attractive
(Feutot = 2.506) as well as repulsive (rof = 1.120) interactions.
The 7 o stands for the cutoff distance at which the interaction
is truncated and shifted so that the energy is equal to zero. The
LJ parameters for all types of interactions are listed in Table S1.
Since it is not our purpose to study any chemically specific
polymer, the force-field parameters o, €, and m are all set to
unity, and all the simulated parameters are dimensionless. The
bonded interactions between the neighbor beads along a
polymer chain are modeled using the harmonic potential,

Ebond = k(i’ - 1,0)2

U= r—A r—A

Teutoff +A

(©)

where k = 500.0 and r = 1.0, ensuring a certain stiffness while
preventing the polymer beads from becoming overlapped with
each other.

2.2. Equilibration Procedure. To generate equilibrated
configurations, initially all the matrix polymer chains and block
copolymer chains together with NPs have been placed in a
rather large simulation box. Such structures are further
equilibrated under the NPT ensemble with T* = 1.0 above
the glass transition temperature (T = 0.41) by using the Nose—
Hoover thermostat and barostat. The selection of pressure
yields an equilibrium number density of the polymer beads
around p* = 0.85, corresponding to the realistic density of
typical polymer melts.”> Periodic boundary conditions are
applied in all three directions. The velocity Verlet algorithm is
used to integrate the equations of motion, with a time step 6t =

0.0017 (in LJ time 7 = (7\/E units).
€

The obtained structures are further equilibrated under the
NVT ensemble with T = 1.0 over a long time. To obtain well-
equilibrated samples, the total equilibration time is accordingly
increased for the larger systems. After the equilibration of the
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Figure 2. (a) The radial distribution functions g(r) of the NPs for various densities of BCPs. (b) The total NP—NP interaction energy for various
densities of BCPs. (c) The snapshots of the simulation systems for various densities of BCPs. For clarity, only the red spheres representing NPs and
blue dots representing the matrix beads are shown. The length of BCP chains equals 10 polymer beads.
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Figure 3. (a) The radial distribution functions g(r) of the NPs for the variation of the fraction of the A-block. (b) The total NP—NP interaction
energy for the BCPs with variation of the fraction of the A-block. The length of BCP chains equals 20 polymer beads.

system at least for S X 10" MD steps, the structural and
dynamic data were collected for further analysis. The change of
the potential energy is plotted in Figure Sla. Meanwhile, the
change of the mean square end-to-end distance R,,4* and radius
of gyration Rg2 are presented in Figure S1b. Obviously, they
exhibit small fluctuations, which verify that our simulated
systems have been fully and properly equilibrated.

2.3. Nonequilibrium Simulations. We hereby implement
the SLLOD equations of motion,*® the widely used method for
the nonequilibrium molecular dynamics study of the tensile
deformation. The length L, of the simulation box in the Y-
direction has been increased at a fixed engineering strain, while
the box lengths in the X- and Z-directions are contracted
simultaneously to maintain the constant volume of the
simulation box during the deformation process. The other
approach is the triaxial deformation to induce the failure,
namely, the simulation box is extended in one direction, while
the other two dimensions are held fixed, which results in a
positive effective stress in all directions.””*® The tensile strain
rate is defined as

L0 - L)

= 0.0327/7
L,(0)

4)

which is the same as the simulation work from Gao et al.**°

The average tensile stress o, is calculated from the
corresponding component of the stress tensor as
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o,= (1 +u)(=P, + P) ~ 3(=P,, + P)/2 (s)
Here P = Y (P;/3) is the imposed isotropic pressure. The
parameter 4 is the Poisson ratio, which is equal to 0.5 in the
present simulations.

All MD runs are carried out using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) developed
by Sandia National Laboratories.”’ More simulation details can
be found in our previous work.”>~>*

3. RESULTS AND DISCUSSION

3.1. The Effects of Number and Component of the
Block Copolymer. In order to explore the dispersion and the
spatial distribution of the bare NPs in polymer melts filled with
the block copolymer short chains, we first change the number
of BCP chains (L,) while keeping the other parameters
unchanged. The length of BCP chains has been fixed at 10
polymer beads. The radial distribution functions (RDF) of the
NPs have been calculated to characterize the nanoparticle
dispersion state, as shown in Figure 2a. The highest peak at r =
4.00 has been clearly observed for all the simulation systems,
indicating a nearly direct contact of NPs. Obviously, the peak at
r = 4.00 decreases once the BCP chains are added into the
system. As the number of BCP chains increases, the peak at r =
4.00 gradually decreases, displaying that we can adopt more
BCP chains to improve the NP dispersion state. To
quantitatively characterize the filler dispersion state as a
function of BCP chains, the total NP—NP interaction energy

DOI: 10.1021/acs.jpcb.7b08670
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Figure 4. Two different mechanisms to improve the dispersion state of NPs in nanocomposites filled with BCP chains.
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Figure S. (a) The radial distribution functions g(r) of the NPs for the variation of the interaction strength £y, between NPs and the A-block of the
block copolymer. (b) The total NP—NP interaction energy as a function of interaction strength &y, between the nanoparticle and the A-block of the
block copolymer. Note that the average density of BCP per NP equals 0.04.

is calculated, as displayed in Figure 2b. Evidently, the smaller
the absolute value of NP—NP interaction energy, the better the
dispersion state of the NPs. In line with the conclusion of RDF,
the NPs disperse well with the increasing numbers of BCP
chains. Snapshots corresponding to the different numbers of
BCP chains are also shown in Figure 2c. Obviously, the NPs
aggregate severely in the system without BCP chains. The
dispersion state shifts from aggregate state to dispersion state
with increasing number of BCP chains; a relatively good
dispersion is seen for N, = 2400. We further investigate the
effect of BCP chain length on the dispersion state of NPs. Note
that we adopt different numbers of BCP chains to guarantee
that the total number of A beads is the same for these three
systems. For example, at the length of L, = 10, there exist 1200
BCP chains; at the length of L, = 30, there exist 400 BCP
chains. We also use the RDF of NPs and total NP—NP
interaction energy to display the dispersion state of NPs, as
shown in Figure S2. Clearly, the NPs disperse well in short
BCP chains, attributed to the fact that the A-block of short BCP
chains can diffuse easily onto the surface of the NPs, and the
“thickness” formed by A-block around each NP is large with
short BCP chains.

We then explore how the fraction of the A-block can affect
the dispersion state of NPs by adopting six different values,
10%, 25%, 50%, 75%, 90%, and keeping the length of BCP
chains fixed at 20 polymer beads. We again have calculated the
RDF of NPs, as is shown in Figure 3a. It is seen that as A-block
becomes more and more dominant, the peak at r = 4.0¢ first
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decreases and then increases. This observation implies that a
good dispersion can be obtained at a fraction of the A-block. To
clarify this even better, we monitor the NP—NP interaction
energy as a function of the fraction of the A-block, see Figure
3b. Obviously, the absolute value of NP—NP interaction energy
remains the lowest for the 75% fraction of the A-block,
suggesting the best dispersion state. We explain the above
phenomenon as follows: On the one hand, the longer A-block
chains can cover the surface of the NPs thoroughly, initially
keeping NPs separated from each other, and thus driving the
dispersion of NPs. On the other hand, the longer B-block
chains can result in the interlocking between the B-blocks and
the matrix polymer chains, inducing more matrix polymer
chains into the surface of NPs to drive the dispersion of NPs.
These two mechanisms compete with each other, thus resulting
in there existing a best fraction of the A-block.

We then suggest that there exist two major “driving forces”
for the dispersion process: (i) the coverage and shielding of the
A-block onto the surface of NPs; (ii) the pulling and drawing
caused by the interlocking of the B-block and the matrix
polymer chains. See Figure 4 for the illustration. This
mechanism was also suggested recently by Ferrier et al.'®
Their analytical calculations show that gold nanorods can
achieve better dispersion when filled with bifunctional gold
nanorods (B-NRs). They also show that the short chains force
the matrix chains to come together and, therefore, promote
wetting by the matrix chains.

DOI: 10.1021/acs.jpcb.7b08670
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Figure 6. (a) The radial distribution functions g(r) of the NPs for the variation of the interaction strength &y, between NPs and the A-block of the
block copolymer. (b) The total NP—NP interaction energy as a function of interaction strength £y, between the nanoparticle and the A-block of the
block copolymer. Note that the average density of BCP per NP equals 0.16.

On the basis of the above simulated results, it is concluded
that we can tune the number of BCP chains to adjust the
dispersion behavior of NPs. The more BCP chains, the better
the dispersion state. Meanwhile, at the same total number of A
beads, the short BCP chain can be propitious to the dispersion
of NPs. Moreover, there exists a moderate fraction of A-block
in acquiring a better dispersion state. However, the RDF of NPs
of all of the above simulation systems have a peak at r = 4.0,
showing that there exists direct contact of NPs.

3.2. Effect of the Interaction Strength between NPs
and A-Block. In the work of Jouault et al,*” the silica NPs with
the polystyrene-b-poly(2-vinylpyridine) (PSbP2VP) in various
polystyrene (PS) matrices have been physically blended,
employing the hydrogen bonding between the surface silanol
groups and the nitrogen on the P2VP to form a polymer shell
on the surface of NPs, driving the dispersion of NPs. Clearly,
the interaction energy between A-block and NPs is vital for the
dispersion of NPs. It is clear that it is difficult to tune the
interactions between P2VP and silica in the actual experiment,
while it is quite convenient in the MD simulation. Here, we
explore the effect of the A-block—NP interaction energy (exa)
on the dispersion of NPs, as shown in Figure 5. We adopt a
range of the interaction energies between A-block and NPs,
varying from &y, = 1.0 to ey = 12.0, while keeping the number
of BCP fixed at 200, corresponding to the average density of
BCP per NP (¥ = 0.04). It should be noted that, when
mapping the bead—spring model to real polymers, the energy
parameter ¢ is about 2.5—4.2 kJ/mol for different polymers,"
indicating that the value of 12 (in units of ¢) for the NP—A-
block interactions is about 30—50 kJ/mol. The reported
interaction strengths of saturated hydrocarbon elastomers with
the adsorption sites on the silica surfaces can vary from 27 to 35
kJ/mol, which are mainly due to van der Waals forces.> In fact,
the functional groups in many kinds of polymers (such as PVA
and PDMS) can form hydrogen bonds with the functional
groups on the NPs’ surface, which make the interfacial
strengths stronger. Thus, the interaction of ey, = 12.0 adopted
in our simulations is higher than that between the saturated
hydrocarbon elastomers and NP and is more appropriate to
mimic the strong NP—polymer attractions (such as hydrogen
bonds) in real nanocomposite systems.

From the RDF of NP—A-block, we can obtain that the peak
at about r 2.50 increases with the increase of ey,,
demonstrating that the A-blocks are forced to absorb around
the surface of NPs, as shown in Figure S3. We calculate the
RDF of NPs to reflect the dispersion behavior in Figure Sa,
showing that the direct contact aggregation of NP degree
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decreases with an increase of &y,. The NPs tend to form
aggregates sandwiched by one polymer layer if the ey, is
greater than or equal to 3.0, which is reflected by the peaks
located at r = 5.06. We can obtain the conclusion that, in low
average density of BCP per NP, the higher &y,, the better the
dispersion state. The total NP—NP interaction energy further
verifies this conclusion, as illustrated in Figure Sb. However,
even when &y, = 12.0, there still exists a direct contact peak of
NPs at r = 4.00.

We further investigate the effect of £y, on the dispersion
behavior of NPs in a higher average density of BCP per NP (X
= 0.16). Similar to the low average density, the A-blocks are
gradually absorbed around the surface of NPs with an increase
of ey, as displayed in Figure S4. However, the RDF of NPs in
Figure 6a shows that only small peaks appear without direct
contact aggregation of the NPs when ey, = 5.0. This
observation implies that a good dispersion can be obtained at
a moderate eys. The total NP—NP interaction energy can
further support this conclusion, as shown in Figure 6b. This
simulated result is very similar to some theoretical predic-
tions.””

Using the above analysis, we could speculate about the
reason why this moderate interaction energy occurs for the
dispersion of the NPs. The spatial arrangement of one BCP
chain around one NP is illustrated in Figure 7. At low &y, the

Illustration of spatial stage of BCP chains around each NP sphere

ena=1.0 eya=5.0 enn=12.0

A IS

Figure 7. Illustration of the spatial state of the BCP chains around
each NP subtracted from a system of BCP-filled nanocomposites with
the change of the parameter ey,.

BCP chain and the NP are initially rather far apart, leaving
sufficient free surface for other NPs to approach and thus
aggregate. With ey, becoming larger, the BCP comes closer to
the NP surface, but still being maintained at a moderate
distance, covering the surface so that neighboring NPs are not
able to contact directly with each other. With the further
increase of ey, the BCP chain comes adjacent to the surface of
NP that another NP attracts onto the surface of BCP polymer
beads, forming a sandwich structure. This sandwich structure

DOI: 10.1021/acs.jpcb.7b08670
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Figure 8. (a) The stress—strain behavior for various dispersion states of NPs by changing the interaction strength &y, between NPs and the A-block
of the block copolymer. (b) The stress of the above systems at the strain equal to 200%. (c) The elastic modulus of the above systems. (d) The stress

required to break the above systems.

contributes to another kind of NP aggregate bridged by the
BCP polymer chains.

Based on the above results, it is clear the dispersion state of
NPs mainly depends on the interaction energy ey, at low BCP
content. In other words, the higher ey, (such as hydrogen
bonds), the better the dispersion state, while at high BCP
content, there exists a moderate interaction energy ey, (about
5.0).

3.3. Stress—Strain Behavior of BCP-Filled PNCs. Finally,
we study the tensile process of PNCs at different dispersion
states through changing the interaction energy between the
BCP polymer chains and NPs. We mainly adopt two different
approaches. The first approach is stretching the simulation box
along the Y-direction while keeping the box volume constant to
acquire the stress—strain behavior. The other approach is
stretching the simulation box along the Y-direction while
keeping the box length at X-direction and Z-direction constant
to acquire the stress required to break. Figure 8a displays the
stress—strain characteristics corresponding to the various ey,. It
is evident that as ey, becomes larger, the tensile stress is
progressively enhanced, indicating that the dispersion state of
NPs has been improved, which was discussed in our previous
work.>® The simulated temperature is set to T = 1.0, which is
higher than the corresponding T, about T = 0.41.% For a better
quantitative analysis, we examine the degree of mechanical
reinforcement by comparing the tensile stress at the 200%
strain, as shown in Figure 8b. Again, it confirms further a rising
tendency of the tensile stress. Moreover, we compute the elastic
modulus of the nanocomposites at different levels of NP
dispersion form the stress—strain behavior at small strain
(ranging from 0% to 3%), as shown in Figure 8c. Similar to the
above results, the elastic modulus increased gradually as the
dispersion state became better. Lastly, we calculate the stress
required to break the PNCs at different dispersion states, as
displayed in Figure 8d. Evidently, at small strain the polymer
chains respond elastically, and then a well-defined yielding
point is observed, whose position seems to be independent of
ena- The yielding stress indicates that the mechanical properties
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of PNCs are at a high level when the NPs disperse well. In all,
our simulation results indicate that the physical absorption of
short BCP chains onto the surface of NPs is a relatively
effective way of dispersing NPs, and further to enhance the
mechanical properties of the corresponding PNCs, given the
fact that the chemical grafting process in large-scale industrial
applications could be rather expensive.

4. CONCLUSIONS

Detailed coarse-grained MD simulations have been carried out
to systematically explore the effects of the number, length, and
components of the block copolymer modifier, the interaction
strength between nanofillers, and the interaction strength
between nanofillers and the A-block of the block copolymer
chain, on the dispersion of spherical NPs in the polymer matrix.
The results indicate that there exist two major “driving forces”
for the dispersion process: (i) the coverage of the A-block onto
the surface of NPs and (i) the pulling and drawing caused by
the interlocking of the B-block and the polymer matrix chains.
Interestingly, we find that, at low average density of BCP per
NP (Z = 0.04), the dispersion state of NPs mainly depends on
the interaction energy between A-block and NPs, while at high
average density (X = 0.16) there exists a moderate interaction
strength between the A-block and the NP for the best
dispersion of the nanofillers, which is attributed to the three
different states of the filler spatial organization as a function of
this interaction strength. By comparing the stress—strain
behavior of the nanocomposite with block copolymer chains
physically and chemically adsorbed onto the filler nanoparticles,
we find that their mechanical properties are very comparable.
Generally, these systematical investigations of the dispersion
BCP-mediated nanoparticles with various shapes can assist in
the rational design of high performance polymer nano-
composite materials.
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