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ABSTRACT: Polymers attached to spherical particles are widely used in
applications such as nanocomposites, drug delivery, and interfacial modification.
In these systems, curvature-induced variations in monomer density lead to spatially
dependent polymer chain structure and dynamics. Existing theories describing these
effects assume that the polymer chains are anchored by immobile graft sites, but
many experimental systems feature mobile or rearrangeable attachment points. Here,
we use molecular simulations to show that the grafting site mobility significantly
alters the dynamics of spherical polymer brushes. While both mobile and immobile
grafts exhibit signatures of dynamic confinement near the particle surface, graft
mobility reduces the extent of this confinement and shifts the crossover to
unconfined dynamics. We quantify these effects through changes in the confinement
length scale and the radial position at which confined dynamics disappears. In mixed
systems, mobile grafts further facilitate the relaxation of neighboring immobile chains, establishing graft mobility as an important
factor governing polymer dynamics in spherical polymer brushes.

Polymer brushes are widely employed to control interfacial
structure, interactions, and transport properties.1−11 The

covalent tethering of polymer chains to a surface significantly
alters their conformations to be more stretched12−16 and more
slowly relaxing.17,18 Additionally, the increased crowding of
monomers near the surface can result in collective fluctuations
involving many interacting chains.19−24 For polymers grafted
to spherical nanoparticles (NPs), surface curvature produces a
radial dependence to monomer concentration and chain
conformations,25−28 resulting in a transition from a concen-
trated polymer brush regime near the surface to a semidilute
brush regime toward the periphery.29−32

These distinct structural differences of grafted chains are also
accompanied by pronounced changes in their dynamics.
Relaxation times in dense brushes increase strongly with
chain length and grafting density,33,34 depend on monomer
position along the chain and radial distance from the
surface,32,35 and often deviate from simple exponential
decay.32,36,37 Neutron spin-echo measurements further reveal
signatures of confined dynamics and incomplete relaxation in
dense brush regions near the NP surface.36−38 The radial
dependence of the polymer dynamics was confirmed using
molecular dynamics39 and dissipative particle dynamics
simulations.40 Our recent molecular simulation study of
spherical polymer brushes elucidated the mechanism under-
lying these confined dynamics.41 Specifically, we found that
signatures of confined motion disappear at a radial distance
that coincides with the crossover from the concentrated to the
semidilute brush regimes, establishing a direct link between
brush structure and local polymer relaxation dynamics.

To date, investigations of spherical polymer brush dynamics
have largely focused on systems in which the grafting sites are
immobile and remain in fixed positions on the NP surface.
However, in many experimental systems, polymers may instead
be tethered to fluid or deformable interfaces (e.g., lipid
bilayers,42 vesicles,43 and emulsions44−46) as well as through
reversible anchoring points (e.g., Au-Thiol chemistry47,48),
allowing grafting sites to move laterally. Such graft mobility
introduces an additional degree of freedom that can
redistribute local crowding and modify relaxation pathways,
altering polymer dynamics in spherical brushes. These changes
may in turn influence nanocomposite rheology, nanoparticle
self-assembly, the transport of small molecule penetrants in
catalysis and separation applications, and the controlled release
of theranostics. Nonetheless, understanding of the influence of
grafting site mobility on polymer dynamics in spherical brushes
remains poorly understood.
Here, we investigate the dynamics of polymers grafted to

spherical NPs with mobile attachment points. Using molecular
simulations that explicitly resolve both chain motion and graft
rearrangement, we examine how graft mobility alters spatially
heterogeneous relaxation dynamics relative to brushes with
fixed grafting constraints. We find that graft mobility allows
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polymer brushes to escape dynamical confinement more
readily than comparable chains with immobile grafting sites.
Remarkably, in both cases, this confinement scales with the
grafting density according to the grafted polymer structure.
We performed molecular dynamics (MD) simulations with

HOOMD-blue 2.9.249 to study effects of grafting mobility on
the dynamics of chains end-grafted to a spherical NP. Model
parameters and physical quantities are reported in implicit
dimensionless form in which a, m, ε, and =t ma /2 are
defined as the fundamental units for length, mass, energy, and
time, respectively. The polymers were modeled as Kremer−
Grest chains,50 each containing 120 monomers with diameter
aP = 1 adjoined by finite extensible nonlinear elastic (FENE)
bonds.51 The NP was modeled as a sphere with radius RNP = 5,
consisting of 642 monomer-sized surface beads positioned at
the vertices generated by recursively subdividing the faces of a
regular icosahedron into equilateral triangles.52,53 For brushes
with immobile grafting sites (IGS), a FENE bond was used to
adjoin one of the terminal monomers on each polymer chain
to an NP surface bead. For brushes with mobile grafting sites
(MGS), a harmonic potential was used to restrain one of the
terminal monomers at roughly the same radial distance from
the NP’s center of mass (≈ RNP+aP) without imposing any
restrictions on the angular position. To mimic good solvent
conditions, a purely repulsive Weeks−Chandler−Andersen
(WCA) potential54 was used to model excluded volume
interactions between monomer−monomer and monomer−NP
beads. All simulations were performed at a reduced temper-
ature T = 1.
We examined systems with reduced grafting densities γ = σ

Rg,02 from 0.46 to 50, covering the same range as our previous
computational and experimental studies,37,41 where Rg,0 = 8.3 is
the root-mean-square radius of gyration of a free 120-mer
chain in an infinitely dilute solution. Dynamics of the grafted
chains were characterized by computing the time-dependent
mean square angular displacement (MSAD) of individual
monomers
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where i is the monomer index (1 for the grafted monomer and
120 for the free end) and ri is the position vector for monomer
i relative to the center of the NP. The angle brackets ⟨···⟩
denote that the average is taken over multiple time origins with
the same lag time t for monomers with the same index on
different chains. Additional details of the model, simulation
protocols, and analysis procedures (including discussion of the
MSAD versus using the standard mean square displacement
(MSD)) are presented in Supporting Information.
To probe chain segmental dynamics as a function of the

radial distance from the NP surface, we examine the MSAD as
a function of monomer index i for various grafting densities
(Figure 1). On short time scales, the dynamics of monomers
on chains in brushes with IGS and MGS are nearly
indistinguishable and exhibit subdiffusive scaling with
⟨[θi (t) ]2⟩ ∼ tα, where α ≈ 1/2, approximately following
Rouse predictions for segmental fluctuations. Increasing
grafting density γ results in a concomitant decrease in the
short-time MSAD, reflecting the slowing of the segmental
motions as the local friction from interactions with neighboring
chains is enhanced. On long time scales, the MSAD saturates

at a terminal plateau. For brushes with IGS, the MSAD
saturation value increases with monomer index i, suggesting
that monomers farther from the NP surface can sample larger
angular fluctuations. For the same monomer index i, the
saturation values decrease with an increase in grafting density
γ, due to the increased steric hindrance from neighboring
chains. For brushes with MGS, by contrast, the saturation
value is independent of both monomer index and grafting
density, but the time required to reach saturation increases
with the latter. Hence, the chains are able to fully explore the
NP surface given sufficient time, albeit more slowly as it
becomes increasingly crowded with chains. The observed
MSAD saturation behavior for brushes with IGS and MGS is
consistent with theoretical predictions from corresponding
analytical models (Supporting Information).
To characterize the confinement length associated with

these intermediate plateaus, we fit log10⟨[θi(t)]2⟩ to cubic
polynomials and use the inflection point to precisely quantify
the plateau height (Supporting Information). The correspond-
ing confinement l eng th sca l e i s ca l cu l a ted as
lc = Ri ⟨[θi(tc)]2⟩1/2, where tc is the time at which the
inflection point occurs, and Ri is the average distance of the i-th
monomer from the center of the NP. This definition converts
the angular dynamics to linear spatial dimensions, with lc being

Figure 1. Mean square angular displacement ⟨[θi(t)]2⟩ of monomer
(a) i = 10, (b) i = 30, and (c) i = 120 at γ = 10, 25, and 50 for
polymers with immobile grafting sites (IGS, solid lines) and mobile
grafting sites (MGS, dashed lines). Inset to (c): schematic identifying
the angular displacement θi(t) for a monomer i. (d) Renderings of
spherical brush systems at three different grafting densities.
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the effective arc length sampled by the monomers at the
intermediate time plateau in the MSAD. The confinement
length increases with i as monomers are farther from the
particle surface (Figure 2), as we previously found.41

Intriguingly, chains with MGS have a larger lc than those
with IGS at comparable i. For chains with both IGS and MGS,
lc decreases with increasing γ as chains get closer together.
Furthermore, there is a critical monomer index ic at which the
intermediate plateaus disappear and the monomer dynamics
are no longer confined. This index is much higher for chains
with IGS than for those with MGS, increasing from ic = 25 for
MGS to ic = 46 for IGS at γ = 10. From these observations, we
conclude that MGS reduces confinement in two ways. First,
MGS allows monomers to sample larger lateral fluctuations
before experiencing confinement from neighboring chains,
resulting in the larger values of lc. Second, steric interactions
with neighboring chains persist over shorter radial distances for
chains with MGS, enabling monomers closer to the particle
surface to escape confinement and reducing the value of ic.
Thus far, we have interpreted the confined dynamics

observed for chains with both IGS and MGS to steric
interactions between neighboring chains. To gain insight into
the mechanisms underlying this confinement, we examine the
average distance Ridc

of the critical monomer ic from the NP
center as a function of grafting density γ (Figure 3).
Structurally, the extended Daoud−Cotton (EDC) theory25,27
predicts that grafted chains transition from a concentrated
polymer brush (CPB) regime to a semidilute polymer brush
(SDPB) regime at a critical radius RCPB = RNPbRg,0−1ν̃−1γ1/2,
where b is the effective bond size that characterizes the cross-
sectional area of the chain and = / 4 is a rescaled
excluded volume parameter. This critical radius RCPB scales
with γ1/2 and quantifies the distance from the NP center at
which steric interactions governing chain extension weaken
sufficiently for the polymer chains to adopt a swollen coil
conformation.30 In previous work,41 we found that Ri dc

at which
chain dynamics are no longer confined also scales with γ1/2,
indicating that this dynamic mode is controlled by a structural
transition.
We conduct a similar analysis for chains with MGS and

again find that Ri dc
∼ γ1/2 (Figure 3). This scaling confirms that

grafted chains, regardless of the mobility of the grafting site,
exhibit confined dynamics near the particle surface due to
steric interactions with neighbors and escape confinement once
those steric interactions become sufficiently weak, in an

analogous fashion to the structural transition between CPB
and SDPB regimes. Despite similar scaling, Ri dc

is significantly
lower for chains with MGS relative to those with IGS,
indicating that the grafting site mobility facilitates more rapid
escape of monomers from confinement. Furthermore, Ri dc

for
MGS chains has a shallower slope with respect to γ1/2.
Mathematically, according to the structural interpretation of
EDC theory, this slope depends on RNP, ν̃, and b, but RNP does
not vary between simulations with fixed and mobile sites and ν̃
should not vary significantly for these systems because of the
quantitatively identical monomer density profiles (Supporting
Information). The decreased slope for MGS chains therefore
suggests that the grafting site mobility affects the relationship
between the cross-sectional area of the chain characterized by b
and the dynamical transition from confined to unconfined
relaxations.
Additionally, in the limit of γ → 0, Ri dc

is considerably smaller
than expected from the predicted scaling for chains with IGS
and MGS (Figure 3). This deviation is more dramatic for
chains with MGS where monomers are no longer confined

Figure 2. Confinement length lc as a function of monomer index i for
chains with IGS (closed symbols) and MGS (open symbols).

Figure 3. (a) Scaling of the critical radius Ridc
at which monomers no

longer exhibit a confinement plateau as a function of the square root
of grafting density γ1/2 for chains with IGS and MGS. (b)
Representative chain conformations over n = 10 time points for
IGS and MGS chains at γ = 10 and γ = 50. Only one chain per particle
shown for clarity.
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even at finite grafting densities, whereas confinement
disappears only in the limit γ → 0 for chains with IGS. This
observation is consistent with our posited physical mechanism
in which MGS allow chains to move past one another to
facilitate escape from a local confinement tube. This
mechanism is in close analogy to the concepts of constraint
release55 or contour length fluctuations56 for entangled
polymer melts, wherein the mobility of neighboring chains
leads to faster chain relaxations than expected for classical
reptation.57 Thus, although chains with MGS still exhibit
confined dynamics due to steric interactions with neighboring
chains, the mobility of the grafting site relaxes this confine-
ment, allowing chains to fluctuate over longer distances and
escape the confinement tube more readily.
As a final test of the impact of grafting site mobility on chain

dynamics, we conduct simulations in which a fraction f of
chains has MGS and the rest have IGS. An increase in f results
in an increase in the MSADs for both IGS chains (Figure 4(a))
and MGS chains (Supporting Information) on intermediate
and long time scales. Dynamics on shorter time scales are
unaffected by f, because chain fluctuations are unconfined. We
quantify the reduction in dynamical confinement through Ri dc

using only the dynamics of the IGS chains rather than
averaging across both IGS and MGS populations. Consistent
with the qualitative observations from the MSADs, Ri d c

decreases monotonically with f from the most confined case
of all IGS chains to the least confined case of all MGS chains
(Figure 4(b)). Thus, the presence of MGS chains helps to relax
the confinement experienced by the IGSs.
We rationalize this collective impact through the scaling of

the critical radius Ri dc
with grafting density γ. For mixtures of

MGS and IGS chains, we find that Ridc
∼ λ( f)bγ1/2 (Figure

4(c)), where λ( f) is a dynamical reduction factor that modifies
how the effective cross-sectional area of a chain impacts the
confined dynamics. Defining λ = 1 for fully IGS chains, the
introduction of MGS chains causes a monotonic decrease in λ
to a limiting value of λ ≈ 0.66 for fully MGS chains. Physically,
the reduction in λ demonstrates that MGS chains contribute
less significantly to dynamical confinement and facilitates more
rapid escape from confinement even for neighboring IGS
chains. We note that this impact of MGS chains occurs without
any discernible change in the grafted polymer structure,
indicating that the relationship between structure and
dynamics for grafted systems depends strongly on grafting
site mobility.
In summary, our simulations investigate the effect of grafting

site mobility on the confined dynamics of polymer chains
attached to spherical particles. We find that MGS chains
exhibit qualitatively similar confinement to IGS chains,
characterized by a plateau in the MSADs on intermediate
time scales, but that this confinement is quantitatively weaker
for MGS chains. For MGS chains, the confinement length lc is
significantly larger and disappears at lower monomer indices,
resulting in a decrease in the critical radius Ri dc

that quantifies
the transition from confined to unconfined dynamics.
Furthermore, by simulating mixtures of IGS and MGS chains,
we find that IGS chains can more readily escape confinement
in the presence of MGS chains through a dynamical reduction
in the effective cross-sectional area of the chains. We expect
that this dynamical confinement depends not only on the
parameters varied here (i.e., grafting site mobility and grafting

density) but also on the nanoparticle radius, chain stiffness,
and intermolecular interactions, all of which will be the focus
of future simulations. Our findings extend the relationship
between structure and dynamics of grafted polymers to
polymers attached to fluid interfaces, such as lipid bilayers,42

vesicles,43 and emulsions.44−46 We anticipate that these
simulations will motivate experimental investigations of the
confined dynamics of mobile grafting chains using dynamical
techniques, such as neutron spin-echo spectroscopy, which
could reveal faster relaxations or reduced plateaus in the
intermediate scattering function37 relative to polymers grafted
to comparable solid particles.
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Figure 4. (a) Mean square angular displacement ⟨[θi(t)]2⟩ of
monomer i = 30 on chains with IGS for γ = 10 (dotted lines), γ = 25
(dashed lines), and γ = 50 (solid lines) with varying fraction f of MGS
chains. (b) Critical radius Ridc

for IGS chains (closed symbols) and
MGS chains (open symbol) as a function of f. (c) The slope of Ridc

with γ1/2 as a function of f for IGS chains (closed symbols) and for
chains where all chains are MGS (open symbols). The corresponding
value for the dynamic reduction factor λ is shown on the right.
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Detailed computational methods, additional simulation
data, and example analyses (PDF)
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