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ABSTRACT: Rational approaches to impart a robust organic interface on
nanoparticle (NP) surfaces for increasing the NP stability and repulsion are
critical for advancing nanocomposite-based technologies. However, for
applications where the choice of NP cores, binding groups, and ligand
chemistry is restricted, the molecular parameter of polymer ligands becomes a
crucial design variable. Here, we employ coarse-grained molecular dynamics
simulations to examine the effect of ligand architecture, grafting density, and
NP size on the dispersion behavior of polymer-grafted NPs. Among the
ligand architectures studied (linear, dendron, and comb), comb ligands with
short backbones (BBs) and high side chain densities (SCDs) (i.e., number of side chains per BB bead) yield the highest magnitude
of repulsion at small interparticle distances followed by the dendrimer ligands and comb ligands with low SCD. Overall, our results
underline the importance of precision design for brush ligands to dramatically improve the dispersion behavior and long-term
stability of polymer-covered 'hairy' NPs.

1. INTRODUCTION
Embedding small (micron or nanosized) fillers in the polymer
matrix enhances the intrinsically lower mechanical properties
of polymers without compromising the desired benefits of
polymers such as ductility and low weight.1,2 For example,
PEEK reinforced with zirconia has been demonstrated to
almost double the storage modulus of the composite at low
temperatures,3 while PEEK reinforced with PEI-modified
boron nitride nanoparticles (NPs) showed significant increases
in tensile strength elongation at break and thermal
conductivity.4 In addition to enhanced mechanical properties,
polymer-nanoparticle composites (PNCs) display improved
thermomechanical stability, charge transport, and cyto-/
biocompatibility due to synergistic interactions between the
inorganic NP core and the organic polymer interface.5,6 Thus,
the use of PNCs as advanced alternatives to pure polymers has
increased in emerging technological applications such as
flexible electronics,7,8 heterogeneous catalysis,9−11 bio/chem-
ical sensing,12−14 food packaging, biomedical devices,15−21 and
drug/molecule delivery.22−26 Consequently, the performance
of PNCs strongly depends on the dispersibility and
stabilization of the NPs.
The enhanced properties of PNCs compared to that of their

constituents are attributed to the strong interfacial interactions
between the polymer matrix and NP fillers, as seen in the
formation of interphase layers around the NPs.27−30 Well-
defined interphase layers are only achieved when the
composite possesses a large interfacial surface area per unit
volume, i.e., when NP fillers are uniformly dispersed inside the
host polymer matrix.31,32 The disruption of this layer leads to
the deterioration of PNC performance and is primarily

attributed to irreversible NP aggregation.33,34 Grafting ligands
on NP surfaces allows for controlling the spatial distribution of
NPs to achieve desirable properties in PNCs. Such control
over the dispersion behavior can be achieved via various
parameters such as ligand and matrix polymer chemistry and
molecular parameters, grafting density, NP size, and even
polymer functionalization as shown by computational and
experimental studies.35−54 However, for various applications
such as dispersants, flexible electronics, and sensing, the choice
of NP cores, binding groups, and ligand chemistry are already
limited, leaving the molecular parameter of polymer ligands as
a design variable that can be broadly tailored to increase NP
stability and repulsion.55−59

The molecular parameters of polymer ligands, including
their binding strength, determine the magnitude of their steric
repulsion and ligand density (number of ligands per nm2). The
binding nature of surface ligands can be covalent (e.g., silane
groups on SiO2 NPs

60), or a robust but noncovalent one (e.g.,
thiol/carboxylate/amine groups on Au NPs56,58). The latter is
notable for allowing one type of surface ligand to be exchanged
with another while preventing NP aggregation. The combina-
tion of the 3D volume occupied by the polymer ligands and
their surface mobility enables the organic layer to rearrange
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under different conditions, making polymer grafting one of the
most versatile and scalable strategies to improve the solution
stability of NPs. Polymer-covered NPs are traditionally
prepared through metal precursor reduction in the presence
of polymer ligands or ligand exchange to afford densely grafted
‘hairy’ nanoparticles (HNP). HNPs are increasingly used as
dispersible fillers in emerging technological applications such
as filtration membranes,61,62 structural applications,63 and
mixed matrix membranes.64

Simulation and experiment support improving steric
stabilization through increased polymer grafting density,46,65,66

with the upper limit of grafting density for polymer ligands
being ∼0.7 chains/nm2 (determined from thermogravimetric
analysis of NPs rigorously purified from excess ligands).67

However, recent developments in the synthesis of branched
and topological polymer architectures have opened up new
strategies to impart robust polymeric layer coverage to NP
surfaces through a minimal number of grafted ligands. Among
these new architectures are dendrons and comb-type surface
ligands. Dendrimers or dendrons are highly branched polymers
with fractal-like shapes and exponentially increasing molecular
weights per generation.68 Comb polymers are made up of a
linear backbone (BB) densely grafted with polymeric side
chains (SCs). Modular synthetic strategies have enabled each
structural parameter of dendritic and comb polymers
(branching number, BB length, SC length), thus their
functions and properties, to be tuned with high precision
through judicious choice of molecular building blocks and
macromonomers.69 Further advances, as we recently reported,
have enabled topologically uniform and discrete comb
polymers to be synthesized, allowing even greater control
over material properties and responses through designer
structures.70 Recent studies focused on the properties of
these polymer classes71−74 have indicated that although these
classes are distinctly different, both have potential use in the
creation of HNPs with high grafting density and potentially
better dispersion characteristics. Modica et al.69 studied the
effect of comb polymers on interparticle attraction in the
athermal limit and found an increased attraction caused by
greater crowding of the polymer and subsequent poor wetting
of the grafted layer. LaNasa and Hickey have demonstrated the
ability to synthesize comb grafts using ring-opening metathesis
polymerization and suggest a variety of other grafts are possible
in a similar manner.75 However, a clear picture of how the
structural parameters of dendrimers and combs are correlated
to the dispersion characteristics does not exist. With
experimental samples having their structural accuracy
improved over time, here we sought to examine the
performance of precision branched polymers; by comparing
the ability of linear and branched polymer ligands in improving
the dispersibility of NPs, the results of which will provide
valuable insights for future experimental studies.
In particular, we focus on three ligand architectures: linear,

dendrimer, and comb (Figure 1a) and analyze the contribution
of various parameters including BB and SC length, side chain
density (SCD), and grafting density. Here, we clarify that
throughout this paper, grafting density refers to the number of
ligands attached to the surface of a NP, while SCD refers to the
number of SCs attached to each individual BB bead of an
individual ligand. We create systems with two polymer-grafted
NPs in an explicitly defined solvated environment, while
designing the ligand−NP interactions such that the ligands can
freely migrate over the surface of the nanoparticle (Figure 1b),

to reflect the well-documented surface mobility of thiol-based
ligands on a gold surface.76−80 Additionally, a system
composed of two bare particles (i.e., no ligands) was simulated
as a control case. We employ coarse-grained MD simulations
to calculate the potential of mean force (PMF) and quantify
the interactions between the two polymer-grafted NPs (Figure
1c). The PMF is a useful tool for quantifying the effective
interactions between the NPs and has previously been used to
study the effect of polydispersity of grafted chains,81 the
molecular weight of polymer matrix,82 and chain length of
polymer matrix40 on the effective interactions between
polymer-grafted NPs in polymer matrices.

2. METHODOLOGY
2.1. Ligand Structures. Different variations of three ligand

architectures (linear, dendrimer, and comb) were deliberately
designed to have a similar total number of monomers, except
for a short linear ligand simulated at higher grafting density.
Two different groups of linear chains, one that is made up of 7
beads (L-7) and one that is made up of 14 beads (L-14), are
used (Figure 1a). Dendritic ligands are made up of third-
generation dendrons that are composed of dimeric segments,
thus resulting in each chain having a total of 14 beads
(designated D3). As for the comb ligands, 11 different
structures with a different number of BB beads (i.e., BB
length), SC beads (i.e., SC length), and SCD are studied in this
work. Ligands with a SCD of 1 are designated as low SCD,
those with a SCD of 2 are designated as medium SCD, and any
ligands with a SCD of 3 or greater are designated as high SCD.
The comb ligands are labeled based on their BB and SC
lengths as well as their SCD. For example, a comb ligand with
3 BB beads, 3 SC beads, and a SCD of 1 is labeled C-3-3-1.
These ligands are composed of 13−16 beads per chain (Table
1 and Figure 2).

2.2. Simulation Details. The model used consists of three
different particle types: one representing polymer beads, one
representing the solvent, and one representing the NPs. The
polymer was modeled using beads of diameter σ. Here, σ
represents the size of a polymer bead. For example, the L-14
ligand corresponds to a polystyrene chain with an averaged
number molecular weight of 10 kDa. For this model, σ ∼ 1.5
nm83 (see SI for detailed description). Polymer beads are
bonded together using finitely extensible nonlinear elastic
(FENE) bonds84:

Figure 1. (a) Schematics of linear, dendrimer, and comb ligands with
low and medium SCD. The anchoring graft beads are colored red.
Dendrons of different generations have different colors. (b)
Schematics of dendrimer ligands grafted on NPs. (c) Schematic of
PMF calculations.
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Here, a force constant of k = 30 and an equilibrium distance of
r0 = 1.5 is used. The nonbonded polymer beads as well as the
solvent interact via the Lennard-Jones potential:
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where r is the vector between particles, and ε = kBT with
Boltzmann constant kB and temperature T. The ε used for the
solvent-solvent interaction was the same as that used for the
solvent−polymer interaction. Moreover, a cutoff radius of 3σ

was used for both interactions. Following reference,83 this can
correspond to a polystyrene chain with a bead size of 1.5 nm
and a Kuhn segment length of 1.8 nm. The NPs were modeled
in the fashion of Li et al.85 NPs are considered spherical
clusters of LJ beads of unit reduced density, ρ* = ρNPσ3, where
ρNP is the number density of LJ beads within each NP and set
to σ−3. Following Everaers and Ejtehadi,86 the potential
between NPs is found by integrating over all LJ particles in
the two NPs and is

= +U r U r U r( ) ( ) ( )NP,NP A R (3)

where the attractive component, UA, is
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and the repulsive component, UR, is
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HNP‑NP is the Hamaker constant and is evaluated as 4π2εNP.
Experimental measurements85−87 of the Hamaker constant for
gold is ∼5 times that of polystyrene, so, following Li et al.,85

εNP is set to 5kBT and therefore HNP−NP = 20π2kBT. The
potential between the NP and a polymer or solvent bead is
found to be86:

Table 1. Molecular Parameters of Ligands Used in this
Studya

type name repeat units (N) Ntotal

linear L-7 7 8
L-14 14 15

type name Nbeads/gen generation Ntotal

dendritic D3 2 3 14
type name Nbackbone Nside chain z Ntotal

Comb−low z (SCD (z) = 1) C-3-3-1 3 3 1 13
C-4-2-1 4 2 1 13
C-6-1-1 6 1 1 13
C-7-1-1 7 1 1 15

Comb−medium z (SCD (z)
= 2)

C-2-3-2 2 3 2 15
C-3-2-2 3 2 2 16
C-4-1-2 4 1 2 13

Comb−high z (SCD (z) > 3) C-2-2-3 2 2 3 15
C-2-1-6 2 1 6 15
C-3-1-3 3 1 3 13
C-3-1-4 3 1 4 16

aNtotal: the total number of beads per chain. Nbeads/gen: the number of
beads per generation of the dendritic ligand. Nbackbone, Nside chain, and z
are the BB length, SCD, and the SCD of the comb ligands,
respectively. All comb ligands were denoted as C-x-y-z. The subscripts
x, y, and z represent Nbackbone, Nside chain, and z.

Figure 2. Ligand architectures simulated in this study (linear (L), dendritic (D), and comb polymers, denoted as C-x-y-z, where x: BB length, y: SC
length, z: SCD). Different colors correspond to different BB lengths, while variations of the same color correspond to variations in SCDs.
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where HNP−P/S = 24πkBT.
In addition to studying the effect of polymer architecture, we

also studied the effects of variation in particle size and grafting
density are also studied. Five grafting densities of 0.1125,
0.16875, 0.225, 0.3375, 0.39875, and 0.45σ−2 (units of ligands
per unit area, where the diameter of a polymer bead is σ) are
considered for all the systems studied (except the L-7 systems
the grafting densities for L-7 systems are doubled to keep total
polymer content comparable). For the L-14 and D3 systems,
the different particle diameters used are 3.33, 5, 6.67, and
8.33σ, while only a particle diameter of 3.33σ is used for the
comb and L-7 systems.
All the simulations were conducted using the HOOMD-blue

software package.88 For the particle−particle, particle−
polymer, and particle−solvent potentials, the pair table
function was used with a width of 1000 (that is, 1000 points
are calculated and used to interpolate the force and potential).
A cutoff of σNP + 3.5σ was used for the particle−particle
interaction, and a cutoff of + 3

2
NP was used for the particle−

polymer and particle−solvent interaction. A summary of all of
the interaction parameters and cutoff radii can be found in the
SI (Table S1). The constant number of particles, volume, and
temperature (NVT) ensemble at a temperature of T = 1 and

with a time step (Δt) of 0.01τ was used, where = m/ . The
time constant for the NVT integrator was set to 0.1τ. The graft
points (i.e., anchoring beads) for each of the ligands were kept
at a fixed distance from the centers of the particles using a
distance constraint between said particle and the graft particle
of the ligand. This allows the graft to move freely over the
surface of the particle. Two cell-type neighbor lists were used
to improve calculation efficiency because of the large difference
in diameter between the particles. One was used for the
polymer−polymer interactions and the other for the particle−
polymer and particle−particle interactions.
NPs were built according to the specific architecture and

grafting density with the grafts uniformly distributed across the

surface of the particle, using an algorithm that had been used
previously.89 Two copies of these particles are placed 30σ apart
along the x-axis in a simulation volume that is 60σ × 40σ ×
40σ. A harmonic potential:

=U r
k

r r( )
2

( )PMF
PMF

0,PMF
2

(7)

between the NPs was applied. Initially, kPMF = 5 and r0, PMF =
15 + σNP and the simulation was warmed up for a duration of
1000τ (i.e., 100,000 steps using a time step of 0.01τ). This
initial distance ensures no interaction between the NPs or their
grafts and is the reference point for the PMF. The spring
constant kPMF was then increased to 50, and r0, PMFwas
decreased in increments of 0.2 for 81 steps, creating 81
potential windows for the PMF calculation. Each window was
sampled for 100,000 steps (i.e., a duration of 1000τ) with
snapshots of NP positions taken every 100 steps (i.e., every
1τ), leading to 1000 samples for every window. The PMF was
calculated (Figure 1c) using the weighted histogram analysis
method (WHAM)90−92 and the code developed by Grossfield
and coworkers92 with a tolerance of 0.000001. Figure S1 plots
the relative probability of distances for each window in a
representative simulation. Good overlap is found between each
window. The compression of windows at low distances is
caused by the significant increase in the force required to
continue pushing particles together.

3. RESULTS AND DISCUSSION
3.1. PMF. The PMF versus the particle spacing r (i.e., the

distance separating the facing surfaces of the two NPs) for the
bare particle, linear L-14, and D3 systems with a NP radius of
3.33σ are presented in Figure 3, while the results for the low-
SCD comb, medium-/high-SCD combs, and L-7 systems are
presented in Figures S4−S6, respectively. The grafting
densities studied are 0.1125, 0.16875, 0.225, 0.3375, 0.39375,
and 0.45σ−2, which, based on a conversion of σ ∼1.5 nm,
translates to 0.05, 0.075, 0.1, 0.15, 0.175, and 0.2 nm−2,
respectively.
As two particles approach each other, the PMF between

them increases sharply at a particle spacing of ∼4.7σ, reaches
its maximum value at ∼2 to 2.5σ and decreases sharply as r
approaches zero. This sharp decrease can be attributed to the
strong interparticle interaction, as they lose their polymer
ligand shell (that is otherwise shielded by the polymer shell).

Figure 3. Plot of PMF versus the particle−particle distance (r) for (a) L-14 and (b) D3 systems at grafting densities (Σ) of 0.1125σ−2 (red),
0.16875σ−2 (blue), 0.225σ−2 (green), 0.3375σ−2 (purple), 0.39375σ−2 (orange), 0.45σ−2 (brown), and 0 (bare nanoparticle, pink). Vertical
transparent lines represent statistical uncertainties.
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In particular, the onset of the increase in the PMF
corresponds to the point where significant interactions
between the grafted polymers on each particle become
apparent. For comparison, the unperturbed end-to-end
distance of the linear grafts =h n( )0 is 3.6σ. Therefore,
significant ligand interaction should occur around approx-
imately twice that distance at 7.2σ. The PMF increases slightly
smaller than this, partly due to the curvature of the particles,
which increases the distance between most grafts. The peak
occurs a little beyond a single polymer bead radius. Beyond
this critical distance, because the polymer ligands are mobile
on the NP surface, they will be effectively “pushed away”,
leaving no organic layer to shield the particle interactions, and
the attractive force starts to dominate. This agrees with
experimentally observed aggregation for NPs compressed
under high pressure (>3 GPa).93

Notably, the increase in PMF (the energy cost to push the
two particles toward each other) increases more rapidly for the
dendrimer structure as compared to the linear structure for all
of the grafting densities with decreasing r (Figure 3). For
example, the magnitude and onset of the interparticle repulsion
increases with increasing ligand grafting density and is more
significant in D3 systems when compared with L-14 systems at
any given ligand grafting density. While this is expected, our
result underscores the significance of ligand architecture for
enhancing steric repulsion. Moreover, our calculation shows
that there is a small repulsion effect even for particles with no
ligands, presumably due to solvent−particle interactions. As
the solvent beads are depleted from between the particles,
there is a net potential energy loss until the particle−particle
interaction dominates.
To examine the effect of NP size, we calculated the PMF for

linear systems (L-14) for NPs having diameters of 5, 6.67, and
8.33σ (Figure 4). The results for the D3 systems with different
particle diameters are presented in Figure S7. The PMF values
are higher for larger particle diameters for a given grafting
density. This is likely because the larger particles have a ‘flatter’
surface (because of a larger radius of curvature) and will have a
higher total number of grafted chains for a given grafting
density, resulting in a stronger repulsion).

Each of the PMFs in Figure 4 shows the same trend of
sharply decreasing about σ (i.e., 1 polymer bead diameter)
separation between the particle surfaces. Interestingly, the
onset of the PMF increase occurs at slightly larger distances,
even after subtracting the particle diameters. While the PMF
for the 3.33σ diameter particles began increasing at about ∼
4.5σ, the diameter 5σ particle PMF increases at ∼6σ, while the
6.67σ diameter PMF increases at ∼ 7σ and the 8.33σ diameter
PMF at ∼ 8σ. This is caused by the decreased curvature of the
particles, leading to more ligands interacting even when the
particles are farther apart.

3.2. Energy Barrier. Having calculated the role of polymer
architecture on PMF, next, we investigated the repulsion
magnitude. Calculating the steric repulsion will give a
quantitative idea of the steric barrier for NPs to aggregate.
The magnitude of the close-range repulsion or the energy
barrier (ΔF) versus the grafting density for all the systems with
a NP diameter of 3.33σ (≈5 nm) is presented in Figure 5.
Generally, ΔF increases proportionally with the grafting

density because the denser polymer interface imparts a higher
energy penalty for flocculation and aggregation in the form of

Figure 4. Plot of PMF vs the particle−particle distance (r) for L-14 systems with a NP diameter (a) 5σ, (b) 6.67σ, and (c) 8.33σ at grafting
densities (Σ) of 0.1125σ−2 (red), 0.16875σ−2 (blue), 0.225σ−2 (green), 0.3375σ−2 (purple), 0.39375σ−2 (orange), 0.45σ−2 (brown), and 0 (bare
NP, pink). Vertical transparent lines represent statistical uncertainties.

Figure 5. Plot of energy barrier (ΔF) versus grafting density (Σ) for
linear (crosses), dendrimer (diamonds), and comb (circles) systems.
The coloring scheme is the same as the one described in Figure 2.
Vertical transparent lines represent statistical uncertainties. Inset: Plot
of ΔF versus Σ for the dendrimer and five of the comb systems.
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steric hindrance. Progressing from the highest overall steric
hindrance, the comb polymer with two BB beads, two beads
per SC, and three SCs per BB bead (C-2-2-3) has the highest
ΔF at all but the highest grafting densities, followed by four
other combs, the dendrimer, and the remaining systems. As
expected, the linear ligand systems have the lowest steric
repulsion, emphasizing the role of ligand architecture in
influencing the repulsion between grafted NPs. Moreover,
comb ligands with an architecture closest to that of linear
ligands (C-6-1-1 and C-7-1-1) possess the lowest values of ΔF
among the comb ligands. For comb polymers with the same
BB length, increasing SCD (z) is more important than
increasing SC length (y), as seen in C-2-2-3 vs C-2-3-2
(inset of Figure 5). Interestingly, the high z samples, such as C-
2-2-6 and C-3-1-4, have a greater slope at high Σ, suggesting
that high grafting densities of these architectures are especially
effective at limiting particle interactions. In general, our results
show that comb ligands with shorter BBs and higher z induce a
repulsion that is stronger than that of the dendrimers (inset of
Figure 5).
Next, we sought to determine the effect of NP size on steric

repulsion. Values of ΔF for linear and dendrimer systems with
various NP diameters are presented in Figure 6. As mentioned
before, for all ligand grafting densities, ΔF increases with a
larger NP diameter since the overall density of the interphase
increases because of more chains being present on a bigger NP.
Additionally, for smaller particles, the volume of shells a given
distance away from the particle increases rapidly, while for
larger particles this increase is reduced. This can be seen by
calculating the surface area of a shell a distance Δr away from

the surface of a particle = +( )( )rSA D
Shell

4
3 2

3
relative to

the surface area of the particle =( )( )SA D
Particle

4
3 2

3
. After

simplification, this ratio is = + ( )SA 1 r
DRatio / 2

3
. As D

increases, the increase in surface area becomes smaller for a
given Δr, so the chains remain more constrained and must
pack densely at that distance.
Finally, we consider the effect of the total number of

polymer beads since the nature of the comb and dendrimer
topologies means that the total number of monomers per graft
is not the same among dendrimers and combs studied here.
The results for L-14, L-7, D3, and five comb ligands that have a
higher ΔF than the D3 ligands (C-2-3-2, C-2-2-3, C-2-1-6, C-

3-2-2, and C-3-1-4) are presented for comparison in Figure 7a.
D3 and L-14 ligands are composed of 14 monomers, C-2-2-3,

C-2-3-2, and C-2-1-6 are composed of 15, and C-3-2-2 and C-
3-1-4 are composed of 16 (Table 1). Interestingly, the shorter
L-7 ligands result in the highest ΔF followed by the three
comb systems with a BB length of 2 (i.e., C-2-y-z), then the
dendritic D3 ligands followed by the comb systems with a BB
length of 3 (i.e., C-3-y-z) and finally L14. The C-3-y-z systems
are shifted right, resulting in lower ΔF values compared to
those of other systems at the same total polymer content. The
high repulsion in the L-7 system is likely due to a high density
of polymers at the surface relative to other systems, consistent
with existing literature.36,66,94

3.3. Density of Polymer around the NP. The above
results suggest that the packing density of polymer monomers
around the particle is the main driving force for steric
repulsion. This also explains the minor energy barrier
differences at low graft density because the architectural

Figure 6. Plot of energy barrier (ΔF) versus grafting density (Σ) for (a) L-14 and (b) D3 systems for NP of diameter of 3.33σ (blue), 5σ (green),
6.67σ (purple), and 8.33σ (orange). Vertical lines represent statistical uncertainties, which are mostly smaller than the data markers.

Figure 7. Plot of energy barrier (ΔF) versus polymer beads per NP
linear (cross), dendrimer (diamond), and five comb (circle) systems.
Vertical lines represent statistical uncertainties.
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features that give rise to differences in polymer packing density
are accentuated at high graft density but mitigated at low graft
density. The L-7 system has the highest ΔF of all systems when
comparing the total amount of polymer beads per particle
because it restricts beads closer to the surface. A similar effect
would explain why the dendrimer and comb systems with
shorter BBs also have high ΔF, since both these topologies
reduce Rg compared to linear polymers (see Figure S7). They
might be expected to have higher density near the particle
surface. To investigate this, we calculated the density of
polymer beads as a function of distance from the surface for all
of the systems with a NP diameter of 3.33σ, when the two NPs
are far apart. The results for the case with a grafting density of
0.45σ−2 are plotted in Figure 8, and the rest are shown in
Figure S9. A bin size of 1σ is used for all of the calculations.

Due to the presence of SCs, all systems with branched
ligands exhibit an increase in polymer density near the surface.
For all the systems, polymer density diminishes as the distance
from the surface increases, i.e., as the volume available for
polymer beads to occupy increases. At a distance of ∼ 1.5σ�
the peak of the density histogram for all except the linear
ligands�the densities correlate well with the ΔF; combs have
the highest values followed by dendrimers and linear ligands.
The C-2-1-6 system exhibits the highest peak, corresponding
to the largest ΔF at the grafting density of 0.45σ−2. Moreover,
at a distance greater than 4σ, the trend becomes reversed: L-14
has the highest densities followed by the comb ligands and the
rest. The C-2-1-6 system has the highest peak in density
histogram at all grafting densities, but its ΔF is not the highest
at grafting densities besides 0.45σ−2. Overall, these trends
indicate that comb (with medium to high SCD) and
dendrimer systems have more beads packed close to the
surface compared with comb (with low SCD) and linear
systems. To investigate such observation further, the radius of
gyration (Rg) was calculated for systems with a NP diameter of
3.33σ when the particles were far enough away as to be
noninteracting, and the results are shown in Figure 9.
There is virtually no statistical difference with grafting

density but significant differences between graft topologies. L-

14, as expected, shows the highest Rg, while L-7, as expected,
shows the lowest. The dendrimer and comb topologies show a
significant decrease compared to the linear grafts, consistent
with the increase in the density of polymer beads near the
surface of the particle. The C-2-1-6 system has the lowest Rg
among all the ligands, which explains its corresponding high
peak in the density histogram; short BB and SCs enable the
ligands to be packed closer to the NP surface. It is evident that
packing more polymer beads close to the surface leads to a
larger ΔF, and the architecture of ligands significantly affects
such packing density. These trends are observed at all grafting
densities and for systems with larger NPs. The statistical
uncertainties become more significant as the grafting density
decreases due to the smaller number of grafted chains per NP
at lower grafting densities.
To investigate the invariance of Rg with respect to the

grafting density, we calculated a number of shape descriptors
that are obtained from the gyration tensor.95 A detailed
description of these parameters and their values for all systems
(Table S2) is presented in SI. We observed that ligands with a
higher degree of sphericity result in a stronger energy barrier
(Figure S13). A more spherically shaped graft will invariably
exhibit a greater repulsion force than a more asymmetric graft,
as they begin to overlap sooner. However, changes to the shape
of the grafts with the graft density were minor. The minimum
grafting density required to fully cover a NP of radius RNP with
ligands having a radius of gyration of Rg,

96 which also has been
described as the onset of stretching,97 can be found as follows:

=
+R R

R R
1
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For the L14 system, the ideal Rg is about 1.53σ (considering
each ligand as a freely joined chain, Rg can be calculated as
Nσ2/6). Thus, the Σmin for our L14 system with a NP diameter
of 3.33σ is about 0.5σ‑2, which is higher than the highest
grafting density studied in this work. Thus, for the specific graft
densities, particle sizes, and graft lengths used in this work, the
perturbation of the graft shape is minimal. Larger particles or

Figure 8. Plot of number density (ρ) versus distance from the particle
surface (r) for the case with D = 3.33σ and Σ = 0.45σ−2 for linear
(crosses), dendrimer (diamonds), and comb (circles) systems. The
coloring scheme is the same as the one described in Figure 2. Vertical
lines represent the standard errors, which are smaller than the data
markers.

Figure 9. Plot of radius of gyration (Rg) versus grafting density (Σ)
for linear (crosses), dendrimer (diamonds), and comb (circles)
systems. The coloring scheme is the same as the one described in
Figure 2. The vertical transparent lines represent the standard errors,
which are mostly smaller in size than the data markers.
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longer grafts would perhaps exacerbate crowding and lead to a
greater change in the graft shape.
The densities of polymer beads were also compared when

the particles were far apart, and when they were close (close is
defined as when r0, PMF ≤ D + 1) for the L-14 and D3 systems,
a grafting density of 0.45σ−2 was also calculated and compared.
A comparison for the case with a NP diameter of 8.33σ is
shown in Figure 10, while the comparison for cases with other
NP sizes is shown in Figure S10.
As the particles get close, polymer density far away from the

particle increases (Figure 10b) likely because the grafts become
more restricted because of the encroaching polymer and
particle. Such a trend, while present at all grafting densities, is
most noticeable at the highest grafting density and for the cases
with the largest NP size. As mentioned earlier, statistical
uncertainties associated with these calculations are more
significant at lower grafting densities/for cases with smaller
NPs due to a smaller number of total polymer beads being
present in the system.
Moreover, given that the graft beads can move around on

the surface of the NP, it is expected that the ability of the
chains to move away from the NP surface would be affected by
their ability to shift around the NP and vice versa. An example
of this is shown in Figure 11 for the L-14 system at a grafting
density of 0.45σ−2.
A clear bare spot is visible in Figure 11b where the grafts

were pushed away from the particle−particle interface. Thus,
the spatial configuration of the graft beads was also quantitively
analyzed by assigning them to be either on the front or on the
back of the NP, determining what fraction of those graft beads
stayed in the front of the NPs or got pushed toward the back as
the two NPs get close to each other.
The graft bead is designated as a front bead if the distance

from the center-of-mass of the other NP to that bead is less

than +d Dcc
2 2 , where dcc is the distance between the two

NPs’ center of masses (i.e., it is located on the one-half of
surface area of the NP that is closer to the other NP), and D is
the NP diameter. Given that the graft beads are initially
uniformly distributed, the fraction of graft beads that are
located on the front of a NP ( f f) is ∼ 0.5. We define a
parameter Θf as the ratio of f f when the two NPs are close to f f
at the beginning of the simulation (i.e., when the two NPs are
far apart, and graft beads are distributed almost uniformly on

the NP surface). As mentioned earlier, f f ∼ 0.5 is obtained
when particles are far apart. Hence, Θf < 1 indicates that the
ligands have gotten pushed toward the back of the NPs when
the two NPs are close. Θf versus the grafting density is plotted
in Figure S11 for all the systems with a NP diameter of 3.33σ.
The results for the rest of the systems are presented in Figure
S12. The comb ligands with medium and high SCD (especially
C-2-2-3 and C-2-1-6 systems) show the highest resistance
toward spatial reconfiguration of grafting beads (i.e., highest
Θf). In other words, more comb ligands tend to stay in front of
NPs when the two NPs are close, thus resulting in a greater
magnitude of polymer−polymer repulsion that contributes
toward the NP dispersion. We must note that the noticeable
statistical uncertainties associated with Θf are due to the
relatively low number of chains grafted on each NP (which is
at most 40 for systems with a NP diameter of 3.33σ).
In summary, our observations indicate that the performance

of grafted polymer chains in terms of their ability to induce a
repulsion between the two NPs is governed (a) primarily by

Figure 10. (a) Plot of number density (ρ) versus distance from the particle surface (r) for L-14 and D3 systems with D = 8.33σ and Σ = 0.45σ−2,
and (b) zoom-in to 4 < r < 6 from (a). Filled markers and solid lines represent data from when the two NPs are close, and hollow markers and
dotted lines correspond to data from when they are far apart. Vertical lines represent the standard errors, which are smaller in size than the data
markers.

Figure 11. Illustration of (a) distribution of graft beads when the two
NPs are far apart and (b) distribution of grafted ligands when the two
NPs are close. The NPs, polymer beads, and grafted beads are colored
blue, gray, and red, respectively. The polymer beads are depicted as
transparent to improve visibility.
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their packing density close to the surface of the NP and (b)
secondarily by the conformational properties of the ligands,
both of which are in turn influenced by the architecture of the
ligands.

4. CONCLUSIONS
Using molecular dynamics simulations, the dispersion behavior
of the polymer-grafted NPs as a function of polymer
architecture, grafting density, and particle diameter was studied
via analyzing the PMF at varying particle−particle distances.
Comb polymers with a short BB and high SCD yielded the

largest repulsion force, whereas dendritic grafts exhibited a
repulsion force comparable to that of medium BB length comb
polymers and linear polymers showed the lowest repulsion. For
experimentalists, the main point of this work may be that
combs and dendrimers show a higher energy barrier to
aggregation than linear polymers, suggesting that they will
exhibit enhanced dispersion properties (when solvent−
polymer interactions are the same as polymer−polymer
interactions). Additionally, comb polymers can potentially
surpass the efficacy of dendrimers with the benefit of a broader
range of potential chemistries and fine-tuning of the chemistry
and structure.
The repulsion strength was also observed to increase with an

increasing grafting density and increasing particle diameter.
Thus, increasing either the grafting density or the nanoparticle
diameter will lead to an overall increase in the density of the
grafted layer, which in turn results in an increase in the short-
range repulsion between the two hairy nanoparticles.
The configurational changes in the polymer layer were also

studied by calculating the density as a function of the distance
from the particle around the nanoparticles. Moreover, the
spatial configuration of graft beads was also analyzed by
measuring the fraction of graft beads that are located on the
front side of the nanoparticle when nanoparticles are close
relative to those when they are far apart. The magnitude of
particle−particle repulsion correlates decently with an increase
in the polymer packing density close to the surface of the
nanoparticle and a relatively lower decline in the fraction of
graft beads located on the front of nanoparticles as particles,
indicating that the particle−particle attraction overcomes the
polymer−polymer repulsion through the ligands moving away
from the surface and getting pushed toward the back of
nanoparticles.
Overall, precision-synthesized comb polymers show per-

formance surpassing that of dendrimers in terms of increasing
the range and magnitude of induced repulsion between
polymer-grafted nanoparticles. Comb polymers with various
BB and SC lengths as well as different SCD were investigated
in this work. It was found that decreasing the BB length while
increasing the SCD generally increases the magnitude of the
induced repulsion, while a higher SCD and short SCs may
reduce the magnitude of induced repulsion at all but the
highest grafting densities. Additionally, ligands with a higher
degree of sphericity result in a stronger repulsion. The
interplay among these parameters affecting the architecture
of comb and bottlebrushes needs to be comprehensively
studied to increase the potential of this type of polymer to be
specifically engineered to have consistently better performance
compared to other types of ligands, such as dendrimers,
especially for application where design parameters such as
ligand chemistry are limited.
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