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Self-assembled morphologies of polyelectrolyte-
grafted nanoparticles directed by oppositely

charged polymer matricest
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Self-assembled structure of polymer grafted nanoparticles is an interesting and growing subject in the field
of hybrid electronics and high energy density materials. In light of this, the self-assembled morphologies of
polyelectrolyte (PE) sparsely grafted nanoparticles tuned by oppositely charged matrix chains are studied
using molecular dynamics simulations. Our focus is to elucidate the effect of matrix chain polymerization

on modulating the stretching properties of tethered PE layers, on the self-assembled structuring of

nanoparticles. Through varying the matrix chain length and stiffness as well as electrostatic interaction
strength, rich phase behaviors of PE coated nanoparticles are predicted, including spherical micelle-like
structures being preferred with short matrix chains and percolating network morphologies favored with
long matrix chains, which is more pronounced with an enhanced matrix chain rigidness. To pinpoint the

mechanisms of self-assembled structure formation, the thickness of grafted layers, the gyration radius of
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tethered chains, and pair correlation functions between nanoparticles are analyzed carefully. Additionally,

electrostatic correlations, manifested as the bridging via matrix chains, are examined by identifying three
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1 Introduction

Precise manipulation of nanoparticle (NP) assemblies would
enable one to obtain desired macroscopic properties for
different applications that range from structural and biomed-
ical to electronic and optical, and has therefore attracted
continuing interest in recent decades.'® Specifically, the
optimal mechanical performances of polymer nanocomposites
(PNCs) are often associated with the spatial organization of NPs
within the polymer matrix.** Biological systems in nature, such
as teeth and bone, depend on the self-assembled morphologies
of “NPs”, collagen and hydroxyapatite, respectively.®” Several
methods have been developed to tune NP dispersion and their
spatial correlation, in particular, the most widely adopted
strategy is chemical grafting or physically adsorbing polymer
chains onto the NP surface, so as to adjust the enthalpic and
entropic interactions between NPs and polymers.*® The aniso-
tropic organization of the NPs within polymer hosts can be
determined by variables that include: shape and radius of NPs,
grafting density, degrees of polymerization (N, of the grafted
chains and N, of the matrix chains), and so on.' Because the
interactions within these systems are complex and the
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states of matrix PE chains. Our simulation results may be useful for designing smart polymer
nanocomposites based on PE coated nanoparticles.

dynamics are interrelated, a unified picture of how various
competing interactions determine the conformations and
properties of PNCs remains elusive.>®

Comprehensive understanding and documenting the self-
assembled structures of polymer-grafted NPs is essential to
predict and control macroscopic properties of PNCs. So far,
a series of experimental,"** theoretical,”*™" and simulation®**>*
studies have investigated the phase behavior of NPs coated by
uncharged macromolecules. Akcora et al.™ investigated the self-
assembled structure of spherical silicon NPs uniformly coated
with polystyrene (PS) chains dispersed in corresponding
homopolymer matrix. By varying the grafted and matrix chain
length, a series of anisotropic morphologies were observed,
such as, dispersed (isolated polymer grafted NPs), long strings,
connected/sheet, and spherical aggregates. Xu and coworkers*?
demonstrated a rich variety of two- and three-dimensional self-
assembled structures through independent adjustment of the
core size of Fe;0, and Au NPs and the molecular weight of
densely tethered PS ligands. Choueiri et al.** developed a new
strategy for NP surface patterning, that is, the segregation of
a neutral polymer brush into surface pinned patches was trig-
gered by changing solvent quality. And the possible self-
assembly structures of these patterned NPs were revealed.
Recently, Kumar and coworkers'* systematically compared the
dispersion and self-assembly of silica NPs tethered with either
a sparse mono-modal PS brush or a bimodal brush comprised
of a sparse grafting of long PS chains and a dense carpet of short
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poly(2-vinypyridine) (P2VP) chains in PS matrices. It was
demonstrated that, depending on the PS grafting density and
the ratio of grafted/matrix chain length, the NP dispersion
states can be tuned from aggregate, thick string and vesicle,
clump and string to dispersed phases.

Based on the microscopic polymer reference interaction site
model (PRISM) theory, Jayaraman et al'® studied collective
structure and assembly of dense solutions and melts of spher-
ical NPs carrying a single tethered chain. By increasing the total
packing fraction and/or particle-particle attraction strength,
the strong concentration fluctuations, indicative of aggregate
formation and/or a tendency for microphase separation, were
observed. In a subsequent literature,'® the same group varied
the number of polymer ligands on the NP from 1 to 4, and
considered the effect of the location of the grafting points. The
coordination number of the NPs increased with increasing
particle-particle attraction strength, and decreased as the
number of ligands increased. Employing both classical density
functional theory (DFT) and self-consistent field theory (SCFT),
the structure of polymer-grafted nanorods in homopolymer
films were calculated by Frischknecht et al.'” The total interac-
tion free energy between two nanorods was estimated, which
can be used to predict the system parameters of dispersed or
aggregated states. Combining SCFT and DFT, Zhu et al*®
investigated the self-assembly behavior of spherical NPs func-
tionalized with a single flexible diblock copolymer chain.
Ordered hierarchical structures, such as cylinders with cylin-
ders at the interfaces, lamellae with cylinders at the interfaces,
and lamellae with cylinders inside a domain, were observed for
the chemical neutral NPs. Recently, Ginzburg' developed a new
SCFT describing the phase behavior of one-component
polymer-grafted NP system and predicted lamellar, cylindrical,
and spherical morphologies as a function of ligand molecular
weight and grafting density.

From the simulation side, by means of dissipative particle
dynamics (DPD) method, Khani et al?* conducted a compre-
hensive study of self-assembled morphology of nanorods (NRs)
grafted with a neutral polymer brush in polymer matrices.
Three types of structures, such as, dispersion, aggregation, and
particle aggregation, were predicted by varying grafting density
and ligand chain length. Li et al.>* investigated the structural
and mechanical properties of diblock copolymer grafted NPs in
a homopolymer matrix by coarse-grained molecular dynamics
(MD) simulations. It was reported that the morphology of NPs
was shifted from a network structure to an isolated or well
dispersed state upon the increase of grafting density. Employ-
ing MD simulations, Kumar and coworkers® studied the self-
assembly behavior of grafted NPs mixed with chemical iden-
tical homopolymer chains. They pointed out that the phase
separation of NPs was driven by the chemical mismatch
between the inorganic core and the organic ligands, even
though the graft and matrix chains were chemical identical.
Very recently, Koski and Frischknecht® investigated the self-
assembly of NPs coated with two neutral immiscible homo-
polymers (solvophobic and solvophilic chains) in a selective
solvent by using Langevin dynamics (LD) simulation. Various
well-ordered structures, including double-walled vesicles, were
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formed when the solvent quality was sufficiently poor for the
solvophobic ligands.

In contrast to the most commonly explored morphologies of
neutral polymer grafted NPs directed by various parameters,
little attention has been paid to study the self-assembled
structures of PE coated NPs up to the present. Specifically, the
viscosity of PE grafted NPs solutions was investigated using MD
simulations by Medidhi and Padmanabhan,* and they pointed
out that the balance between the entanglement of ligand and
the electrostatic repulsion governed the viscosity of the solu-
tion. Sandberg et al.>* conducted MD simulations to investigate
the formation of lateral morphologies of a spherical PE brush in
salt-free solutions induced by the electrostatic interaction
strength under poor solvent conditions, which provided aniso-
tropic interaction to tune the self-assembly of PE grafted
nanoparticles. Cao and Bachmann®® considered the complexa-
tion behavior of a spherical PE brush and an oppositely charged
linear PE by means of coarse-grained MD simulations. The
effects of bending rigidity of the linear PE, the density and
lengths of the grafted PEs, and the core radius on the formation
and shape of complexes were analyzed. Noting that, the intro-
duce of long-range electrostatic interaction will largely enrich
the stimuli-responsive behavior of PNCs, which can provide
additional strategies to precise manipulation of NP assemblies.
Herein, we focus our attention on the self-assembled
morphologies of PE-grafted NPs mixed with oppositely
charged polymer matrices by means of coarse-grained MD
simulations. The effects of length and stiffness of matrix chains
as well as the electrostatic interaction strength on the structures
of PE-coated NPs are examined in detail. Our simulation results
may help to understand the complicated structure-perfor-
mance relationship of PNCs with the presence of electrostatic
interactions.

2 Model and simulation details

Simulations of PE grafted NPs mixed with oppositely charged
matrix chains are carried our by utilizing a well-tested coarse-
grained bead-spring model,*”*® which are implemented in the
LAMMPS simulation software.?* The NPs with radius R, = 2.0c
are formed by overlapping a certain number of beads N}, with
diameter o, which are under rigid body constraints during the
simulation. The number of beads for constructing the spherical
surface of nanoparticle is computed as Ny, = 47R,*/7(0.50)* =
64. To ensure the surface of nanoparticles are arranged densely,
we select N, = 108 in our simulation. Monomers of diameter ¢
and mass m are bonded to form grafted chains of length N, and
matrix chains of length N, and the first bead in the grafted
chain is anchored uniformly on a NP surface. The number of
ligand PE chains on one NP is chosen as M, = 8, which is not
varied throughout the simulations. Specifically, 4 grafted PE
chains are negatively charged, that is, each monomer carries
one elementary charge —e, corresponding to a charge fraction of
f = 1.0. The positively charged matrix chains are added to the
system, which is used to guarantee overall charge neutrality.
The counterions of grafted and matrix PE chains are not
included in our simulation model mainly due to the
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consideration of computational resources in charged system.
The schematic for our simulation system is shown in ESI
(Fig. Ss1f). The cubic simulation box of size L, x L, x L, is
selected, and the periodic boundary condition is applied in the
three directions. And an implicit solvent model is chosen in our
simulation.

The excluded volume interaction between any particle pair is
represented by a truncated-shifted Lennard-Jones (L]) potential,

0 r>r,
(1)

where r; is the distance between the i-th and j-th beads. ¢;; =
1.0kgT defines the interaction strength independent of bead
type, where kg is Boltzmann constant and 7 is the absolute
temperature. The LJ potential is truncated and shifted at
a cutoff distance r. = 2"/°c for all pairwise interactions.

The bonded interactions between the neighbouring mono-
mers are modeled by the finite nonlinear extensible elastic
(FENE) potential,>”*°

1 o\’
Ubond (}") - _Eksprinngax2 111 |:l - (R ] ) :| (2)

with the spring constant kgpring = 30kpT/0”, Rimax represents the
maximum length of a bond and equals to 1.5¢. The combina-
tion of FENE and LJ potentials prevents unphysical bond
crossing during the simulation run and gives an average bond
length of 0.980.%

The stiffness of the matrix PE chain is mimicked by using
a harmonic angle potential,

Uunsel0) = ko0~ 00 ©)

where 6 is the angle subtended between the neighboring bonds.
o is the equilibrium value of the angle and equals to . The
prefactor k, is the bending energy constant, which is used to
tune the chain rigidness.
The electrostatic interactions between charged segments are
modeled by the Coulomb potential,
Ucou (1) = e 72291 (4)
Tij
where g; and g; are the valences of particles i and j. Az = €*/
(4mepecksT) is the Bjerrum length (¢ and ¢, are the vacuum
permittivity and the dielectric constant), which is used to
modulate the strength of electrostatic interactions. coulombic
interactions are calculated by the particle-particle/particle—
mesh (PPPM) algorithm with estimated accuracy 103.3
Simulations are carried out in a constant number of parti-
cles, volume, and temperature (NVT) ensemble. The Langevin
thermostat is applied to maintain the constant temperature 7=
1.0. The motion of any bead is described by Langevin equation,

d’r;(2) dr;(r) &
dl2 dlz + Fi (Z) (5)

=V,U-¢
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where m = 1.0 is the mass of the bead regardless of bead type. U
represents the total potential energy of the system, that is, U =
Ury + Upond t Uangle + Ucour- £ is the friction coefficient. FR is the
random force with zero average value <FX(t)> = 0 and with the
correlation function <F()FF(f)> = 6£kgTo(t — t). And the
correlation function of the random force is used to couple the
system to the heat bash. The value of the friction coefficient is
set to £ = 0.143m/t, where 7 is the standard LJ-time unit.

The velocity-Verlet algorithm with a time step of At = 0.0057
is used for the integration of the equations of motion. To
characterize the role of matrix PE chains more clearly, the
length of matrix chains Ny, is varied from 1 to 48 in our simu-
lations. Specifically, Ny, = 1 corresponds to the case of the
coated NPs in monovalent counterions. Furthermore, the
effects of the matrix chain rigidness and electrostatic interac-
tion strength on the self-assemble structures are also investi-
gated in our simulations, that is, ky = 0, 5.0, and 100.0
respectively, Az = 3.0, 10.0, and 20.0 represents the increase of
electrostatic interaction. The side lengths of the cubic simula-
tion box are selected as L, X L, X L, = 45.40, and the number of
grafted NPs is fixed at 36. The total number of beads in our
simulation box contains the number of grafted monomers,
matrix monomers, and the beads for constructing the spherical
surface of nanoparticles, which corresponds to the bead density
0.16.3%% The selected bead density can assure that the pres-
sure of system is reasonable.

Simulations are performed in the following procedure.
Initially, 36 PE grafted NPs are placed in a simple cubic struc-
ture and the grafted chains stretch along the radial direction of
the NP. The matrix chains are dispersed randomly in the
simulation box. In order to remove any monomer overlaps, an
increasingly repulsive soft potential between non-bonded
monomers is employed to generate the disordered initial
conformation of our system. Then, the full L] potentials
described above take the place of soft potential and the system
is equilibrated for 3 x 10° steps. After the equilibrated run,
another production run is performed for 4 x 10° steps. During
the production run, one configuration is sampled every 2 x 10°
steps and 2001 configurations are saved to collect data for
analyzing the self-assembled structures by our programs. In
addition, all simulation processes are repeated independently
three times for statistical consistency.

The relaxation of PE grafted NPs can be investigated by
monitoring the fluctuations in the ligand chain parameters.
Specifically, to identify a steady state is reached in our simula-
tion, the auto-correlation functions of radius of gyration of
grafted PE chains are calculated, which is defined as

~ (0R,(1)6R,(0))
=S
<Rg > N <Rg>

where R, is radius of gyration of tethered PE chain. For clarity,
the autocorrelation functions of radius of gyration of grafted PE
chains at different matrix chain parameters are plotted in Fig. 1.
And other autocorrelation functions are similar to those cases,
which are shown in ESI (Fig. S27).

Cr, (1)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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As shown in Fig. 1, it is observed that the autocorrelation
functions decay to zero before ¢ = 1000t (= 2 x 10* steps) in all
illustrated cases, which is much shorter than the lasting time of
equilibrated run (3 x 10° steps). Therefore, it is convinced that
the system approaches the steady state in the production run.

3 Results and discussions

We now turn to the self-assemble structures of PE grafted NPs
induced by the oppositely charged matrix chains. The simula-
tion snapshots can provide an visual summary of morphologies
of grafted NPs, which are demonstrated in Fig. 2. The effects of
length and rigidness of matrix chains as well as the electrostatic
interaction strength on the self-assembled structures are
explored systematically.

For the flexible matrix chains shown in Fig. 2a, we find that,
when the electrostatic interaction is weak Az = 3.0, the PE
grafted NPs adopt a well-dispersed morphology in the presence
of the short matrix chains N,, = 3. Note that N,, = 1 corre-
sponds to the PE coated NPs are immersed in the monovalent
counterion solution, which can be understood from the
“osmotic brush” regime of PE brushes.****® Specifically, a part of
counterions are confined in the brush layer due to the electro-
static attraction (see the density distributions along the radial
direction of nanoparticles shown in Fig. S3 in ESIT) and other
counterions are dissociated outside the brush layer owing to the
translational entropy compensation. The electrostatic repulsion
of the residual charges on the grafted PE chains renders the
grafted corona in a stretched state, which promotes the repul-
sive interaction of NPs and the formation of a disordered
structure. With increasing Ny, > 3, the FENE bonds binds several
charged monomers in one matrix chain together, which
provides the matrix chain an electrostatic correlation effect
similar to the multivalent counterions. The electrostatic corre-
lation of oppositely charged matrix chains begins to play the
roles of intrachain/interchain bridging. This bridging effect can
introduce attractive interactions between PE grafted NPs, and
a series of micelle-like aggregates of grafted NPs can be
observed with the increase of matrix chain length. This is the
manifestation of the electrostatic correlation induced phase
separation of PE grafted NPs, which is beyond the description of
mean-field theory.’” The similar microphase separations of PE
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brush systems induced by electrostatic correlation of multiva-
lent counterions were also reported experimentally.*®**° With
the increase of electrostatic interaction strength, the most
distinguished morphological change is the formation of more
micelle-like structures of grafted NPs, even in the case of Ny, =1
(see the third row of Fig. 2a). It was reported that the hetero-
geneous domains of PE brushes were also formed in the pres-
ence of monovalent counterions when the strength of
electrostatic interaction is strong enough,*>** which coincides
with our simulation results. The enhanced electrostatic inter-
action will lead to the closer combination between the positively
charged monomers of grafted PE chains and negatively charged
monomers of matrix PE chains. The Coulomb screening effect
weakens the electrostatic repulsion between charged mono-
mers, which is manifested by the appearance of more compact
aggregated structure of grafted NPs. The string-like micelles
and the coral-like cylindrical structures are observed in turn
with the increase of matrix chain length.

The rigidness of matrix PE chains is a crucial parameter
determining the structures and properties of PE grafted NPs.
Thus, the self-assembled structures of PE coated NPs induced
by the semi-flexible and rigid matrix chains are also investi-
gated, which are plotted in Fig. 2b and c respectively. Since the
stiffness of the matrix chain is taken into account through
a three-body potential (see eqn (3)), the self-assembled snap-
shots mediated by semi-flexible and rigid matrix chains for Ny,
= 2 are consistent with those of flexible matrix chains. With
the increase of matrix chain length for N, = 3, the
pronounced bending energy renders the matrix chain to
extend relatively. The oppositely charged matrix chains with
preferred linear conformations act as the gluing agent to
promote aggregation of the grafted NPs in a relatively loose
way, which corresponds to the various larger micelle-like
morphologies. Very recently, Skandalis et al.** reported that
the spherical cationic micelles comprising hydrophobic cores
and mixed coronas prepared by triblock terpolymers could
self-assemble in colloidally stable micelleplexes with DNA
molecules of different lengths. By means of different experi-
mental characterization methods, they further evidenced that
the micelleplexes with short DNA were found to have more
spherical morphologies, on the contrary, the micelleplexes
with long DNA were preferred to have elongated structures.

T T T T T —TT

i sl PR

1000

al il

10 100
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Fig.1 Autocorrelation functions of radius of gyration of the grafted chains with different matrix chain lengths. (a) g = 3.0 and ky, =0, (b) 23 = 10.0

and ky = 100.0.
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Fig. 2 Self-assembled morphologies for the PE grafted NPs at different Bjerrum lengths Ag as a function of matrix PE chain lengths N, with
different chain rigidness. (a) k, = 0, (b) ks = 5.0, (c) ks = 100.0. The green spheres represent the grafted NPs, the purple beads correspond to the
monomers of matrix PE chains, and the grafted PE chains are not shown for clarity.

The similar dependence of aggregated structures of PE grafted micelles becomes less pronounced with the increase of
NPs on the matrix chain length is also observed in our simu- matrix chain length, especially for the semi-flexible conditions
lation system, that is, the sphericity of the self-assembled shown in Fig. 2b.
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Fig. 3 The brush thickness of grafted NPs as a function of matrix PE chains with different rigidness. (a) ky = 0, (b) k, = 5.0, (c) k, = 100.0. Error bars
are smaller compared to the symbols.
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Fig.4 The number of NPs aggregated in clusters as a function of matrix chain length with different chain rigidness. (a) k, = 0, (b) k, = 5.0, (c) kg =

100.0.

To explore the underlying physical mechanism of self-
assembled structures of grafted NPs tuned by PE matrix
chain length, the mean thickness of grafted PE chains along
the radial direction of the central NPs is calculated, which can
be defined as,

_ 2 [y o (r)dr B
Jo pm(r)dr

where py,(r) is the radial density distribution of monomer as
a function of distance from the center of corresponding NPs,
and R, is radius of grafted NPs.

The dependences of the brush thickness on the matrix PE
chain length with different chain stiffness are plotted in Fig. 3.
In the case of flexible matrix chains depicted in Fig. 3a, the
thickness of grafted PE chains demonstrates a pronounced
decreasing profile for Ny, = 6 regardless of electrostatic inter-
action strength, which can be attributed to the enhanced elec-
trostatic correlation accompanied by the increasing matrix
chain length. It is noted that each relatively short matrix chain
is more likely to be adsorbed onto the PE chains tethered on the
same NP, which displays the intra-nanoparticle bridging and
lowers the brush thickness. Further increasing the matrix chain
length Ny, > 6, the profile of brush thickness is leveled off at Az =
3.0. On the other side, the grafted corona swells slightly and
then levels off at Az = 10.0 and 20.0. The slight increase of brush
thickness indicates that the relatively long matrix chains begin
to adsorb the PE chains grafted onto different NPs, play the
inter-nanoparticle bridging role, and increase the brush thick-
ness. Furthermore, the brush thickness decreases with the

R, (7)

increase of electrostatic interaction strength for fixed matrix
chain length, which is similar to the height of the PE brush in
inorganic salt solutions.**** As shown in Fig. 3b and c, when the
bending potential energy is introduced into the backbone of the
matrix chain, the curves of the brush thickness as a function of
the matrix chain length at Az = 3.0 (the solid squares) is
consistent with those of the flexible matrix chains, which
conveys that the rigidity of matrix chains has slight effect on the
self-assembly structures of the grafted NPs under the weak
electrostatic interaction strength. However, the brush thickness
fluctuates obviously with the increase of the matrix length,
which is more pronounced at Az = 20.0 (the filled triangles).
These oscillatory profiles corresponds to the transformation of
aggregations of PE grafted NPs induced by the matrix chain
length, which are also confirmed by the mean number of
nanoparticles aggregated in clusters by means of cluster anal-
ysis technique.

The cluster analysis technique, is employed for moni-
toring the self-assembled structures of PE grafted NPs. The
inter-nanoparticle distance is used for determining whether
a monomer belongs to a cluster, that is, if NP 7 has an interval
less than or equal to reytorr with any NP already in the cluster, it
will be included in this cluster. Here, the 7. is equal to the
first minimum in the NP-NP pair correlation function. Based on
the cluster analysis technique, the mean number of clusters as
a function of matrix chain length are calculated, which are
shown in Fig. 4.

As observed from Fig. 4, the number of NPs aggregated in
clusters also demonstrates an oscillatory profile in the range 3 <

46,47
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Fig. 5 The radius of gyration of grafted PE chains as a function of matrix
Error bars are smaller compared to the symbols.
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PE chains with different rigidness. (a) k, = 0, (b) ky = 5.0, (c) k, = 100.0.
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Fig. 6 Pair correlation functions between PE grafted NPs for different matrix chain lengths at different matrix chain rigidnesses and electrostatic
interaction strengths. Upper panels (a—c) correspond to k, = 0, middle panels (d—f) refer to k, = 5.0, and lower panels (g—i) stand for k, = 100.0.
The same electrostatic interaction strength is arranged in one column, namely, the left column (a, d, g) corresponds to Ag = 3.0, the middle
column (b, e, h) refers to g = 10.0, and the right column (c, f, i) represents Az = 20.0. For clarity, only five matrix chain lengths are presented.

N < 24 when Ag = 10.0 and 20.0 (filled circles and triangles),
which confirms that the transformation of aggregations of PE
grafted NPs is induced by the matrix chain length.

The global configurations of tethered PE chains are charac-
terized by the radius of gyration R, and the results are plotted in
Fig. 5. For the case of flexible matrix chains shown in Fig. 5a, the
radius of gyration decreases sharply, fluctuates slightly, and
then levels off with the increase of matrix chain length, which is
almost irrespective with the intensity of electrostatic interac-
tion. The transition point from decreasing to fluctuation locates
at N, = 6 regardless of Ag, which can be understood from
analyzing the correlation effect of the matrix PE chains.
Specifically, the increase of length of matrix chains combined
with the increase of charges of one single matrix chain
enhances the electrostatic correlation effect, which shrinks the
grafted PE chains. From the other side, the increase of poly-
merization of matrix chains leads to the increase of geometric
size of matrix chains, which swells the grafted PE chains. The
competition induces the transition point occurred at N,,, = 6. As
depicted in Fig. 5b and c, the trough located around the first
minimum of R, profile becomes pronounced when the rigid-
ness of matrix PE chains changes from semi-flexible to rigid for
fixed electrostatic interaction strength. Furthermore, the loca-
tion of the first minimum shifts towards to the small N,, side
with the increase of Ag, which is distinguished with those of
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flexible matrix conditions shown in Fig. 5a. The value of R,
increase clearly at Az = 10.0 and 20.0 for N, > 18 and rigid
matrix chain condition (see filled circles and triangles in
Fig. 5¢), however, the brush thickness does not change signifi-
cantly (see filled circles and triangles in Fig. 3¢), which indicates
that the grafted PE chains only adjust their configurations in the
lateral direction to adapt to the enhancement of matrix chain
stiffness. Furthermore, it is observed that the R, for N;,, = 48 is
lowest for Az = 20.0 at ky = 0 (see Fig. 5a) and it is the highest for
other k, values (see Fig. 5b and c). To understand this
phenomena, the snapshots of one PE grafted nanoparticle and
matrix chains for N, = 48 for different Az values are shown in
Fig. S4.1 When the matrix chains are flexible, the grafted PE
chains adopt an extended conformation at Az = 3.0, which is
manifested as the largest R, value. For Az = 20.0, the like
charged repulsion of grafted PE chains is weakened due to the
enhanced electrostatic interaction, which corresponds to the
shrink of grafted chains and decrease of R,. When the matrix
chains are rigid, one grafted chain is inclined to be adsorbed
tightly to one rigid matrix chain for 2z = 20.0 due to the
enhanced electrostatic attraction, and the grafted chains are
straightened by the rigidness of the matrix chains, which leads
to the largest value of R, for the grafted chains. The similar
phenomenon was also reported by Cao and Bachmann?® for one
single PE chain complexed with PE grafted nanoparticle.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Three fractions of matrix PE chains as a function of the matrix chain length with different chain stiffness: (a—c) k, = 0, (d—f) k, = 5.0, and
(g—i) ks = 100.0. The left panels (a, d and g) correspond to Ag = 3.0, the middle panels (b, e and h) refer to Az = 10.0, and the right panels (c, f and i)

represent Ag = 20.0. Error bars are smaller compared to the symbols.

In order to further clarify the local structuring of PE grafted NP
systems, we calculate the pair correlation functions (PCF) of NP-
NP gnn(7), and the results are plotted in Fig. 6. For clarity, only five
different matrix chain lengths are provided. For the flexible matrix
chains, it is expected that there exists no correlations between NPs
at N, = 1 in the case of Az = 3.0, which is in fact shown in Fig. 6a
(the solid squares). With increasing the matrix chain length N,
a broad peak is developed in the gy profile demonstrated in
Fig. 6a. The location of this broad peak shifts towards to the small
r side for Ny, = 6 and is almost unchanged for N, > 6, which is
consistent with the evolution of R, as a function of matrix chain
length shown in Fig. 5a (filled squares). Furthermore, on
increasing electrostatic interaction strength, both the nearest
neighbor correlation and the long-range correlation become
pronounced for fixed matrix chain length without rigidness. For
example, at Ny,, = 3, the profile of gxn demonstrates two apparent
peaks at Az = 10.0 (see the filled circles in Fig. 6b), in contrast,
three distinct peaks are observed at Az = 20.0 shown in Fig. 6¢ (the
filled circles). This enhancing electrostatic interaction strength
induced order has also been reported for the PE brush system
with the presence of multivalent counterions.***

The nanoparticle-nanoparticle PCFs mixed with semi-
flexible and rigid matrix chains are presented in Fig. 6d-f and
g-1i respectively. One can find that the amplitude of the primary
peak demonstrates a nonmonotonic dependence on the matrix

© 2022 The Author(s). Published by the Royal Society of Chemistry

chain length, namely, the peak becomes higher firstly and then
lower with the increase of matrix chain length, and the transi-
tion occurs at different N,. On the other hand, in PCF of N,, =
12 with the semi-flexible matrix PE chains (the solid down
triangles in Fig. 6f), a sharp peak is manifested at r = 5.2,
suggesting aggregation of NPs. Moreover, when the two NPs
come together bridged by the matrix chains, they push the
surrounding grafted chains to the side, which in turn prevent
other NPs joining the side of the aggregate, which leads to
a formation of sheetlike or string structures. These structures
are inclined to form a percolating network (see the second row
in Fig. 2b), which is a characteristic of a gel.**** Furthermore, for
semi-flexible and rigid matrix chains N,,, = 12 at Az = 10.0 and
20.0, the primary peak is faded off, however, the secondary and
higher order peaks are more distinct, especially for N,, = 48,
indicating that oppositely charged matrix chain induced order
gets longer with the increasing chain length. And the position of
the primary peak in all pair correlation functions as a function
of Ny, are shown in Fig. S5.F

Due to the importance of electrostatic correlation of matrix
PE chains in the self-assembled morphologies of PE grafted
NPs, we further investigate the states of matrix PE chains by
classifying them into three states, namely, the free, the intra-
nanoparticle bridging (IAB), and inter-nanoparticle bridging
(IEB), respectively.* The three fractions are defined as the ratios

RSC Adv, 2022,12,19726-19735 | 19733
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of the number of matrix chains that are in the corresponding
states to the total number of matrix chains. The states of matrix
PE chains are identified by constructing the neighbor list of
grafted monomers for each matrix chain based on a cutoff
distance R. = 2*°, which corresponds to the cutoff distance of
the pairwise interactions between monomers of grafted chains
and matrix chains. Specifically, if no grafted monomers in the
neighbor list, the matrix PE chains are in the free state. If
monomers in the neighbor list are grafted onto the single NP,
the matrix chain is confirmed in IAB state, however, if the
monomers in the neighbor list tethered onto different NPs, the
matrix chain is considered in IEB state. The fractions of matrix
chains as a function of chain length with different chain
rigidness under different electrostatic interaction strength are
illustrated in Fig. 7.

As shown in Fig. 7, the fractions of matrix PE chains in the
free states (filled squares) demonstrate a sharp decreasing
profile and remain a constant with the increase of matrix chain
length, however, the fractions of matrix chains on the IEB states
(filled triangles) increase significantly and level off with
increasing Ny,. Specifically, the two fractions Y. and ¥;gp as
a function of N,, demonstrate similar profiles regardless of
matrix chain stiffness and electrostatic interaction strength, but
the magnitude of both fractions decrease clearly with increasing
Ag especially when N, < 5. At Az = 3.0 shown in the left panels of
Fig. 7, the y;ap profile demonstrates an apparent peak located at
N = 4 (see the filled circles) regardless of matrix chain stiff-
ness. When the matrix chains are short N,,, = 1, most of matrix
chains are in the free state and a small part of matrix chains are
in the IAB state due to the relatively weak electrostatic interac-
tion strength at Az = 3.0. The increase of matrix chain length N,
promotes more matrix chains to play the IAB role due to elec-
trostatic attraction firstly, which is manifested as the rapid
increase of y,5. However, more matrix chains are inclined to
play the IEB role once the matrix chain is long enough, which
induces increase of y;gg and the decrease of Y5. On the left
side of this peak, the fractions of matrix chains in IEB state are
much tiny and the effect can be negligible. The increase of
fractions of matrix chains in IAB state renders the grafted
chains to adopt a relatively compact conformation, which is
manifested as the decrease of thickness of grafted brush shown
in Fig. 3a. On the right side of the peak, the fraction Yigp
increases sharply and exceeds 5, Which causes the PE grafted
NPs in a binding-together fashion and promotes the slight re-
expansion of brushes. The competition between the intra-
nanoparticle bridging and the inter-nanoparticle bridging of
matrix chains results a fluctuated profile of brush thickness and
radius of gyration illustrated in Fig. 3 and 5. Furthermore, once
Nm = 12 (equals to the grafted chain length), the overwhelming
majority of matrix PE chains are in the IEB state (filled triangles
in Fig. 7), which induce more long-range order in the self-
assemble morphologies of grafted NPs.

4 Conclusions

The self-assembled morphologies of PE sparsely grafted NPs
tuned by the oppositely charged matrix chain length with

19734 | RSC Adv, 2022, 12, 19726-19735

View Article Online

Paper

different chain rigidness are studied systematically by means of
MD simulations. In the presence of charges on the grafted and
matrix chains as in the case of PE grafted NPs, the electrostatic
interactions between the charged segments will govern the self-
assembled structuring of NPs, which are also investigated by
varying the electrostatic interaction strength. A series of aggre-
gated structures are predicted, in particular, some of them have
been observed experimentally. An increase in matrix PE chain
length will result in an enhancement of electrostatic correla-
tions, which will modulate the stretching of the tethered PE
chains. The nearest-neighbor distance between NPs is found to
be nonmonotonic with the increase of matrix chain length. The
self-assemblies of NPs have more spherical micelle-like struc-
tures with short matrix chains, however, the network aggrega-
tions are preferred due to the long-range order provided by long
matrix chains. Our simulation results demonstrate the
responses of self-assembled structures of PE grafted NPs to
external stimuli, such as, electrostatic interaction strength,
volume excluded interaction, as well as stiffness and length of
matrix chains, which can serve as a guide to smart polymer
nanocomposites design and understanding of PE physics.
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