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Effect of the graft architecture of polymer-grafted
nanoparticles on tribological behavior in polymer-
brushed nanochannels
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Although polymer brushes reduce friction by suppressing solid contact, performance degradation can
occur under high shear and load. To address this, polymer-grafted nanoparticles (PGNPs) have been
proposed as nanoscale spacers between wall brushes to stabilize the lubricating film and modulate the
frictional response. In this study, dissipative particle dynamics were used to study PGNP solutions confined
between polymer-brushed walls and relate self-assembly to the friction coefficient, g, and shear viscosity,
n. AB and BA diblock PGNPs (A: hydrophilic and B: hydrophobic) are compared with Janus architectures
while varying the wall brush affinity from hydrophilic to hydrophobic. For hydrophilic wall brushes, AB-type
PGNPs dimerized at equilibrium, whereas BA- and Janus-type PGNPs remained dispersed. Under shear,
the viscosity exhibited shear-thinning, and architectural differences were minimal due to the dominance of
wall brush alignment. Consequently, the tribological properties were similar across all PGNPs. For
hydrophobic wall brushes, the PGNP architecture more strongly influenced self-assembly. At rest, AB-type
PGNPs formed network-like aggregates, while BA-type and Janus PGNPs remained dispersed. Janus-type
PGNPs preserved a solvent-rich core, yielding the lowest g and 7. At intermediate shear, BA-type PGNPs
became less viscous than the Janus-type due to their low abundance in the channel center, reopening a
low-resistance core pathway. The Janus-type PGNPs appeared in the channel center, which narrowed the
solvent-rich core. At high shear, both architectures reconcentrated toward the center, and the differences
in g and n diminished. This work reveals how nanoscale self-assembly governs macroscopic tribological
responses, offering design principles for next-generation PGNP-based lubricants.

Polymer-grafted nanoparticles (PGNPs) are positioned as “programmable building blocks” that can freely control self-assembly tuned through molecular

design. Furthermore, PGNPs function as a nanoscale bearing, reducing friction between polymer brush walls. We present design principles for

systematically controlling the hydrophilic/hydrophobic balance, interfacial affinity, and brush-NP interactions under confinement by varying graft

architectures, including diblock (AB- and BA-type) and Janus structures. These nanoscale design elements provide a guideline for directing self-assembly

and optimizing tribological properties in lubricating nanolayers. Using dissipative particle dynamics simulations, we quantified the nanoscale friction and

viscosity in the shear flow of PGNP solutions confined between hydrophilic and hydrophobic polymer-brush walls. Under hydrophilic conditions, wall-

brush alignment dominated, resulting in minimal differences among architectures. Under hydrophobic conditions, architecture-dependent self-assembly
emerged: AB-type PGNPs formed networks, while BA and Janus types remained dispersed, yet distinct spatial distributions caused a shear-induced viscosity
crossover. These findings establish a mechanistic link between molecular design and tribology properties, providing guidelines for rational design of next-

generation nanolubricants. The framework also extends to confined soft-matter systems, such as precision components, biomimetic bearings, and micro-
or nanofluidic devices, where controlled self-organization and flow alighment govern macroscopic functionality.

1 Introduction

Polymer brushes are dense assemblies of polymer chains
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surfaces meet, a fluid layer forms and direct solid-to-solid
contact is suppressed, thereby reducing friction and wear,
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the application of polymer brushes in precision components,
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biomimetic bearings, and micro- or nanofluidic devices.'™
Despite these advantages, the performances of polymer
brushes can deteriorate under demanding conditions.
Specifically, at high shear rates or under large normal loads,
the polymer chains can stretch, degrade, or detach from the
surface, undermining both lubrication and the mechanical
integrity.”

To address this issue, polymer-grafted nanoparticles
(PGNPs) placed between opposing brushes have been
proposed. In such systems, the PGNPs function as nanoscale
spacers that limit interpenetration, redistribute stress, and
stabilize the fluid film under flow.”"" Because the
tribological response of these hybrid interfaces depends not
only on the component properties but also on the self-
assembled structure under confinement, establishing a
quantitative link between the morphology and tribological
properties is essential for rational design.

Through careful NP design, it is possible to treat particles
as programmable building blocks, wherein their interactions
are encoded by the surface chemistry, topology, and patch
symmetry. Key interfacial properties, such as the brush
softness, wettability contrast, and directionality can be
controlled by adjusting the grafting density, block sequence,
and patch geometry. These choices direct self-assembly
across multiple length scales, enabling structures to be
programmed with specific functions in mind. Foundational
studies into block copolymers and NP composites have
shown that compatibilization and symmetry determine the
resulting mesophases and particle placement.’*'® PGNPs,
including patchy and Janus architectures, extend this concept
and enable the formation of superlattices, finite clusters, and
hierarchical frameworks that cannot be accessed using bare
particles.”” " Soft brushes introduce a dual-length scale
consisting of a rigid core and a programmable shell, which
opens the design space for interfacial activity and selective
adsorption at soft or liquid interfaces.”>>® Asymmetric
grafting and the use of sequence-programmed ligands,
including DNA and amphiphiles, have also broadened the
design space.”’° From the perspective of such building
blocks, the particle architecture can be tailored to program
both self-assembly and function.

Confinement reshapes the patterns by which these
building blocks are assembled. In brushed nanochannels,
spatial restrictions and wall interactions steer the layered,
chain-like, or networked organization of PGNPs, with strong
consequences for flow resistance and dissipation.** In our
recent study into PGNP solutions confined between polymer-
brushed walls, the solvent quality, grafting density, set
dispersion, aggregation, and shear response were
investigated. Under good solvent conditions, the particles
remained dispersed, and shear-thinning behavior emerged
with minimal sensitivity to the grafting density, wherein the
wall-brush alignment dominated the response. Under poor-
solvent conditions, the particles formed aggregates, and the
friction and viscosity curves exhibited three regimes as the
shear rate increased, namely aggregate growth, onset of
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breakup, and complete dispersion. Additionally, it was
confirmed that stronger confinement promoted the flow
alignment of the clusters and shifted the regimes. These
guidelines provide a baseline for controlling friction and
viscosity, and suggest that the surface architecture and
explicit wall-to-polymer affinity are decisive levers that
remain underexplored. However, the interplay between
regime shifts and confinement is challenging to capture
experimentally, especially under nanoconfinement and
nonequilibrium shear. Consequently, a mesoscale simulation
approach was considered.

Thus, in the current study, our previous work*® is
extended beyond homopolymer brushes to the design of graft
architectures. Specifically, a graft polymer is programmed to
form diblock brushes (AB and BA, where A is a hydrophilic
segment and B is a hydrophobic segment) and Janus
configurations. Under confinement, these designs are
expected to yield more complex self-assembled structures,
wherein the resulting morphological changes could translate
into measurable differences in the tribological properties.>*”
Additionally, the interactions of the wall-brushes are tuned
from hydrophilic to hydrophobic to probe the coupling
between the architecture and the wall. Furthermore, using
the dissipative particle dynamics (DPD) method, the density
redistribution across the slit and the orientational order of
the particles and brushes are related to the friction
coefficient and shear viscosity over a broad range of shear
rates.

2 Methods and model

2.1 Dissipative particle dynamics (DPD) method

DPD is a particle-based mesoscopic simulation technique
that was originally introduced by Hoogerbrugge and
Koelman®® and was subsequently refined by Espafiol and
Warren.>>*® In DPD simulations, a DPD bead represents a
group of atoms or molecules, enabling longer simulation
times and the exploration of larger spatial scales compared
with classical molecular dynamics simulations. As one of the
most powerful mesoscopic simulation tools, the DPD method
has been applied to numerous self-assembling systems with
polymer brushes, including confined liquids.®?'***"** The
DPD method is governed by Newton's equations of motion,
wherein each DPD bead is subjected to three types of
intermolecular forces, namely conservative, dissipative, and
random. Newton's equation of motion for a particle 7 is
expressed as follows:

dv;
mig = h= Y

J#i J*El J#i

where m is the mass, v is the velocity, F€ is the conservative
force, F® is the dissipative force, and F® is the pairwise
random force. The sum of the forces acting on all beads
between particles i and j is calculated. The conservative force
is softly repulsive and is given by

This journal is © The Royal Society of Chemistry and IChemE 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5me00195a

Open Access Article. Published on 26 January 2026. Downloaded on 4/6/2026 5:10:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

MSDE

¢ aij(l— |rij|)"tj7 i <re
Fy = Te ) (2)

0, |rij‘ >Te

where r; = 17 — r; and ny = r/|ry|. a; describes the magnitude
of the repulsive force between beads i and j, while r. is the
cutoff distance. The dissipative force F; and random force Fj

can be expressed as follows:

F? = _wa(‘rijD (n’j'vij)n% ’rij| =T (3)
o Iyl > re
and
Fij= {awR(|rﬁ|)fszt_1/2nyw |rg| < re (a)
0, |ry| > re

where v; = v; - v;, o is the noise parameter, y is the friction
parameter, and ; is a random number based on a Gaussian
distribution. Here, ®" and ®” are r-dependent weight
functions that can be expressed as follows:

{ lry'lr
1-—|, rj=<re

re

(5)

0, Ty >Te

In this case, the temperature T is controlled by the balance
between F}; and Fj. The values of ¢ and y are related to one
another by the fluctuation-dissipation theorem through the
following equation:

0" = 29ksT, (6)

where kg denotes the Boltzmann constant. Notably, reduced
units are often used in the DPD simulations. In this case, the
length units represent the cutoff distance, r., the unit of mass
is the bead mass m, the unit of energy is kg7, and the time
unit defined by z = r(m/ksT)"’%. The thermal energy is used as
the energy scale and we set kgT = 1.0 in reduced units.*®
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2.2 Models and conditions

The coarse-grained PGNP models and polymer-brushed walls
employed herein were constructed based on previous
studies.*® Fig. 1(a—c) illustrate the coarse-grained models,
wherein each NP is represented as a rigid body.?” The radius
of each NP, Ryp, was defined as 3.0r., comprising 1684 DPD
beads arranged on a diamond lattice with a lattice constant
of 0.73r. (ref. 32, 33 and 48) (Fig. 1(a)). The graft polymer
comprising the NP or wall brushes is linear, with the nearest-
neighbor particles connected by a harmonic spring force:

Fiy = =K(rgl = rony (7)

where k = 150 kgT/72 is the spring constant and rg = 0.857, is
the equilibrium bond length. The chain lengths of the NP
and the wall brushes were M = 6 and 18, respectively, where
M represents the number of monomers in each grafted chain.
The chain lengths considered here are relatively short.
Accordingly, the present simulations are most relevant to
unentangled brush systems, and the effects of entanglements
are beyond the scope of this study. These parameters were
inspired by a previous simulation of a single PGNP in
solution confined within polymer-brushed walls, as reported
by Nguyen et al.’ Harmonic spring forces Fz are also applied
to the bonds connecting one end of the polymer bead to the
NP or wall surface. As represented schematically in Fig. 1(b),
three types of polymers were used to cover the NPs, namely a
hydrophilic (labelled A) homopolymer with M, = M = 6, a
hydrophobic (labelled B) homopolymer with My = M = 6, and
diblock copolymers with M, = 3 and Mg = 3. As shown in
Fig. 1(c), the PGNPs were constructed in three architectures:
(i) an A-B diblock (AB), (ii) the same A-B diblock grafted with
the opposite orientation (BA), and (iii) a Janus type where A
and B homopolymers are grafted on opposite hemispheres.
The graft density " = N,/(2nR¥p) was set as I = 0.77r.
(87), where the numbers in parentheses indicate the
corresponding values of N,. Each wall (labelled W) has a

polymer-grafted
nanoparticles

AB type

BA type

Janus type

Fig. 1 (a) Nanoparticle (NP) with radius Ryp = 3.0r.. (b) Schematic view of four types of NP brushes: a purely hydrophilic homopolymer, including
a purely hydrophobic homopolymer, a hydrophilic-hydrophobic (denoted by AB type) diblock copolymer, and a hydrophobic-hydrophilic (denoted
by BA type) diblock copolymer. (c) Polymer-grafted NPs (PGNPs) coated with AB-type diblock copolymers, BA-type diblock copolymers, and
homopolymers forming a Janus surface. (d) Schematic representation of the PGNPs in solution confined within a nanochannel coated with

polymer brushes.
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surface area of A = 50 x 5072 and is constructed from DPD
beads arranged in a face-centered cubic lattice with a
lattice constant of 0.5r.. The distance between the two
(bare) wall surfaces was set to H = 15r.. Two distinct types
of wall-brushes were examined, namely hydrophilic (block
A) and hydrophobic (block B) homopolymers. For the
polymer-brushed walls, the graft density was fixed at I, =
2.072> (5000).*>°° Grafting points were randomly distributed
on the NP and wall surfaces, and the solvent was treated
as a single bead.

The interaction parameters for F§; were set between any
two DPD particles a; based on previous studies.”*® All
interaction parameters are listed in Table 1. We fixed the self-
interaction parameters at a; = 30kg7/r. for all bead types,
following common practice in DPD simulations and
consistent with previous studies.”*® Here, the DPD fluid is
treated as an effective coarse-grained solvent, and we focus on
relative trends when varying the PGNP graft architecture and
the affinity of the wall-grafted brushes. The NP core beads
were treated as chemically neutral, ie., the conservative
interaction parameters between NP beads and all other bead
types (A, B, S, and W) were set to the self-interaction value
(anpy = a;;). With the NP modeled as a rigid sphere composed
of multiple DPD beads, geometric excluded-volume effects are
already captured at the level of the core geometry. This
modeling choice enables us to isolate the influence of grafted
polymers and wall-grafted brushes on self-assembly and
tribological response. The interaction contrasts that control
hydrophilicity/hydrophobicity and A-B  mixing were
intentionally kept modest to represent a weakly amphiphilic
system (a; = 28 kgT/r. or 32 kgT/r vs. a; = 30 kgT/r.), consistent
with previous DPD studies on related PGNP/brush systems.”*®
Despite this modest contrast, the parameters are sufficient to
induce equilibrium self-organization, such as dimerization/
clustering of amphiphilic PGNPs and network-like
aggregation under nanoconfinement.

A schematic illustration of a representative system is
shown in Fig. 1(d). In the initial configuration, PGNPs and
the solvent were randomly positioned within the confined
system. In all simulations, the number of PGNPs was fixed at
Nnp = 16. The PGNPs were confined between two polymer-
brushed walls and the remaining system volume was filled
with solvent beads to achieve a number density p of 4.07:°.
The total number of solvent beads was Ng = 142761. The

Table 1 Interaction parameters, aj, in F f [see egn (2)] between all pairs.
All values” are given in units of kgT/r.

NP A B S w
NP 30 30 30 30 30
A 30 32 28 30
B 30 32 30
S 30 30
W 0
% NP: nanoparticle, A: hydrophilic monomer, B: hydrophobic

monomer, S: solvent, W: wall.
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temperature was set as 1.0 kg7, while the noise parameter o
and friction parameter y were set as 3.0 and 4.5, respectively.
The time step d¢ was 0.047, and a periodic boundary
condition was applied in the x- and y-directions.

Prior to shear flow application, equilibrium simulations
were conducted under each condition for at least 2 x 10°
steps. Shear simulations were subsequently performed once
the potential energy reached a stable plateau. Although the
systems may become trapped in metastable states that persist
longer than the accessible simulation timescales, even in
DPD simulations,’® this criterion is commonly used to verify
that a thermodynamic equilibrium has been reached. Shear
flow was applied by imposing a constant sliding velocity +V,
on the upper and lower walls (see Fig. 1(d)). The shear rate
was defined as y = 2V,/H. Additionally, the imposed sliding
velocity, V,, varied from 2.0 x 107r/t to 1.07./z
corresponding to an apparent shear rate in the range of 2.7 x
10°71 5§ £ 1.3 x 107" To characterize the shear
conditions in a dimensionless manner, we evaluated a
representative relaxation time, 7z, of the hydrophilic wall-
grafted polymers from equilibrium simulations. We
computed the normalized autocorrelation function of the
end-to-end vector of a wall-grafted chain, R.(¢), as

(Re(2)Re(0))

Cr() = R (0) R (0))

(8)

where (---) denotes averaging over all wall-grafted chains and
multiple time origins. We then determined 7 by fitting Cg(?)
to a single-exponential form, Cg(f) ~ exp(-t/tz), so that zx
corresponds to the characteristic decay time (equivalently,
the time at which Cg(rz) = €™'). Using this relaxation time,
which was estimated as 7z =~ 2007, the Weissenberg number
was defined as W; = tzy. For the shear-rate range investigated
in this study, the corresponding Weissenberg number spans
0.5 < W; S 26.

The shear viscosity was determined by 7 = {o,,)/y, where
(---) denotes the time average, and o,, represents the xz
component of the stress tensor. The friction coefficient was
defined as the ratio of shear stress to normal stress, given by
# = {6:)K0,,). All simulations were performed using GPU-
accelerated versions® of the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) package.**

3 Results and discussion

Initially, the equilibrium morphologies of the amphiphilic
PGNPs exhibiting different architectures were investigated.
Fig. 2 shows representative snapshots of the PGNPs confined
between the hydrophilic (panels (a-c)) and the hydrophobic
wall-brushes (panels (d-f)). For the system employing
hydrophilic brushes, the diblock AB-type PGNPs self-
assembled into dimers, whereas the diblock BA- and Janus-
type PGNPs remained well dispersed. Notably, the Janus-type
PGNPs remain well dispersed under the hydrophilic brushes
at equilibrium. This behavior is likely promoted by the strong
confinement imposed by the dense hydrophilic wall brushes

This journal is © The Royal Society of Chemistry and IChemE 2026
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Fig. 2 Representative snapshots of equilibrium morphologies under
(a-c) hydrophilic (HI) wall brushes and (d-f) hydrophobic (HO) wall
brushes for the different grafting architectures of PGNPs, as indicated.
For each case, the upper panel shows the top view and the lower
panel shows the side view. Solvent beads and wall-grafted brush
chains are omitted for clarity.

and the resulting restriction of translational and rotational
motions. In addition, the hydrophilic hemisphere (M, = 6)
tends to be more extended under hydrophilic conditions,
which effectively increases the steric footprint of the particle
and can hinder the approach and mutual reorientation of the
B hemispheres required for fusion-like aggregation. A
systematic assessment of how the wall-brush grafting density
influences this aggregation behavior is left for future work. In
the case of hydrophobic brushes, the diblock AB-type PGNPs
tended to form large network-like aggregates, and an
apparent wetting of the B domains of PGNPs was also
observed (Fig. 2(d)). We believe that this wetting is promoted
by the high grafting density of the wall brushes used in this
study. At this grafting density, the hydrophobic wall brushes
form a dense, B-rich layer near the walls. The B blocks of the
AB-type PGNPs therefore preferentially contact this layer, and
the PGNPs position themselves to maximize B(PGNP)-B(wall)
contacts. The diblock BA-type PGNPs exhibited a comparable
dispersion to that observed in the presence of hydrophilic
brushes. Additionally, although the Janus-type PGNPs were
also effectively dispersed, their hydrophobic hemispheres
were in clear contact with the hydrophobic wall brushes.

To quantify the molecular distributions in these systems,
the density profiles were computed for the polymers grafted
on the diblock AB-type PGNPs, the wall brushes, and the
solvent along the wall-normal direction (Fig. 3). Under the
hydrophilic brush conditions (Fig. 3(a)), the density of the
polymer grafted on the NPs exhibited a pronounced
maximum at the center of the system (z = 0r.). Similar
distributions have been previously reported and are
attributed to a reduction in the conformational entropy of
the wall brushes upon the sequestration of NPs.*®**°> The
solvent, which interacts favorably with both the NPs and the

This journal is © The Royal Society of Chemistry and IChemE 2026
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Fig. 3 Number density profiles of the confined NP brushes, solvent,
and wall brushes along the wall-normal (z) direction for diblock AB-
type PGNPs at equilibrium under (a) hydrophilic (HI) and (b)
hydrophobic (HO) wall brushes. For clarity, panel (c) shows the NP
number density profile alone for both cases.

hydrophilic wall-brushes, remained essentially uniform
throughout the slit, and the wall-brushes
correspondingly extended owing to their affinity for the
solvent. In contrast, under hydrophobic wall brush
conditions (Fig. 3(b)), the NP brushes did not accumulate at
the center; instead, they were distributed within —47. < z <
-2r. and 2r. S z S 4r. The solvent was enriched in the
central region (-4r. S z S 4r.), avoiding contact with the
outer hydrophobic blocks of the PGNPs and the wall-brushes,
and was depleted near the walls. The wall-brushes contracted
and became localized at the walls, with essentially negligible
density in the central region. Although Fig. 3 shows only the
results for the diblock AB-type PGNPs, qualitatively similar
trends were observed for the BA- and Janus-type architectures
(data not shown).

Following the equilibrium simulations, shear was applied
to investigate the frictional response in the steady state.
Fig. 4 shows representative snapshots of the sheared PGNPs
confined between the hydrophilic wall brushes. For the
diblock AB-type PGNPs, small aggregates aligned with the
flow direction, while some aggregates coalesced into larger
clusters as the shear rate y was increased (Fig. 4(a) and (b)).
At a high shear rate (j = 1.3 x 107 ¢"), the aggregates were
elongated in the flow direction, as shown in Fig. 4(c). For
the diblock BA-type PGNPs, the dispersed state persisted at
low shear rates, as under equilibrium conditions (cf

were
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Fig. 4 Representative snapshots of steady-state morphologies under
hydrophilic wall brushes for (a-c) diblock AB-type, (d-f) diblock BA-
type, and (g-i) Janus-type PGNPs, and shear rates y, as indicated. For
clarity, only the PGNPs are shown. Flow direction is along x and the
velocity gradient is along z.

Fig. 2(b) and 4(d)). As the shear rate was increased,
aggregation occurred and ultimately yielded flow-aligned
structures similar to those observed for the AB-type PGNPs
(Fig. 4(e) and (f)). For the Janus-type PGNPs, initial
aggregate growth was observed at low shear rates (cf
Fig. 2(c) and 4(g)), as also observed for the AB-type PGNPs.
Similar shear-induced aggregate growth has been reported
in previous simulations of Janus colloidal suspensions®® and
Janus colloidal-polymer mixtures under dilute conditions.>”>°
Upon increasing 9, the PGNPs self-assembled into trimers and
eventually large flow-aligned aggregates were formed, as shown
in Fig. 4(h) and (i). Fig. 5 shows representative snapshots of the
sheared PGNPs confined between the hydrophobic wall
brushes. Compared with the case of the hydrophilic wall-
brushes, the differences in the self-assembled structures among
the PGNP grafting architectures were more pronounced under
hydrophobic wall-brush conditions. For the diblock AB-type
PGNPs, large network-like aggregates persisted at low y values
(Fig. 5(a)) and flow-aligned clusters were formed as the shear
rate was increased (Fig. 5(b) and (c)). The diblock BA-type
PGNPs remained dispersed over the entire j range (Fig. 5(d-f)),
while the Janus-type PGNPs came into contact with the
hydrophobic wall-brushes at low shear rates (Fig. 5(g)). Upon
increasing y, the PGNPs were desorbed from the wall brushes,
as shown in Fig. 5(h) and (i).

To further characterize the structural response of the wall-
grafted polymer brushes under shear, we analyzed the
orientational distribution P(cos 8), where @ is the angle between
the end-to-end vector of a grafted chain, R, and the wall-
normal direction e, (Fig. 6). We found that the orientational
behavior of the wall-grafted polymers showed no pronounced
dependence on the PGNP architecture for either hydrophilic or
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Diblock BA Diblock AB
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"

y=8.0x10%1"
Fig. 5 Same as Fig. 4, but under hydrophobic wall brushes for (a-c)

diblock AB-type, (d-f) diblock BA-type, (g-i) Janus-type PGNPs. Flow
direction is along x and the velocity gradient is along z.

hydrophobic wall brushes. Under hydrophilic wall conditions (-
Fig. 6(a-c)), the grafted polymers were predominantly oriented
normal to the wall (cosd = 1) in equilibrium. With increasing
shear rate, the fraction of vertically oriented chains decreased
and the orientational distribution shifted toward smaller cos 0,
indicating progressive tilting toward the flow direction. At high
shear rates, an increased population was observed around cos 8
~ 0.5, indicating partial alignment toward the shear flow. In
contrast, for hydrophobic wall conditions (Fig. 6(d-f)), vertical
alignment remained dominant up to intermediate shear rates,
whereas at high shear rates a clear peak emerged around cos ¢
~ 0.4. These results indicate that shear flow induces a gradual
reorientation of the wall-grafted polymers, while the overall
orientational response is only weakly dependent on the PGNP
architecture.

Fig. 7 shows the friction coefficient g and shear viscosity 7
as functions of the shear rate y. For reference, we also
performed simulations without PGNPs under otherwise
identical conditions. The corresponding normalized friction
coefficient and viscosity, u, = p/u, and 5, = n/n,, are provided
in the SI (Fig. S1), where y, and 75, denote the values for the
corresponding brush-only systems under each wall condition.
Under hydrophilic wall-brush conditions, the friction
coefficient ¢ increased with the shear rate j, whereas the
shear viscosity #n decreased, representing typical shear-
thinning behavior (Fig. 7(a) and (b)). These trends are
consistent with our previous simulation results obtained
under good solvent conditions.*® Furthermore, no significant
differences in y or  were observed across the different PGNP
architectures. Taken together, these results indicate that in
the presence of hydrophilic wall-brushes, the frictional ¢ and
viscous 5 responses are dominated by wall-brush-mediated
contributions rather than by self-assembled or dispersed

This journal is © The Royal Society of Chemistry and IChemE 2026
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Fig. 6 Friction coefficient, 4, and shear viscosity, 7, as functions of shear rate, y, under (a and b) hydrophilic wall brushes and (c and d)
hydrophobic wall brushes for various grafting architectures of PGNPs, as indicated.

PGNP structures. In the presence of hydrophobic wall-
brushes, both the friction coefficient x4 and the shear
viscosity # remained lower than those under hydrophilic wall-
brush conditions, and the differences among the PGNP
architectures were more pronounced. Specifically, for 1.3 x
107°7" £y < 1.3 x 107", the Janus-type PGNPs exhibited
the lowest ¢ and # values. However, at 7 2 1.3 x 1027z, the
ordering of x and 75 between the diblock BA and Janus
architectures reversed, with the BA-type PGNPs exhibiting the
lowest values. This crossover is discussed in detail below.

To rationalize the tribological behavior shown in Fig. 7,
the density profiles were computed along the wall-normal
direction for the solvent, the wall-brushes, and the polymers
grafted onto the PGNPs (NP brushes), as shown in Fig. 8. In

T
(a) (b) Diblock AB —li—
0 160 Diblock BA 1
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ko & 1401 g
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Fig. 7 Density profiles of confined NP brushes, solvent, and wall
brushes along the wall-normal direction, under hydrophilic wall
brushes for various grafting architectures of PGNPs, and shear rates 7,
as indicated.
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the presence of hydrophilic wall-brushes, increasing the
shear rate y led to a decrease in the wall-brush density in the
central region (i.e., |z| < 2r.), whereas the densities of the NP
brushes and the solvent increased in the same region. These
behaviors arise from the shear-induced alignment of the
wall-brushes along the flow direction, which is in near-

quantitative agreement with previous simulations.*®®
NP brush  Solvent Wall brush
?:80x162{1
7=40x102¢! —e—  —e—  —e—
j=13x10"s"  —— —a— —A—
3 , : .

Diblock AB

Diblock BA
px102[r 3

Janus
px 102 (.3

z[r]

Fig. 8 Same as Fig. 7, but under hydrophobic wall brushes.
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Importantly, the grafted architectures of the PGNPs (diblock
AB, BA, and Janus) did not disrupt this alignment
mechanism and their effects on the friction coefficient and
viscosity were negligible under hydrophilic conditions. These
results indicate that in the presence of hydrophilic wall-
brushes, the flow behavior is governed primarily by wall-
brush-mediated shear alignment rather than by the dispersed
or self-assembled structures of the PGNPs.

Fig. 9 shows the density profiles of the hydrophobic wall
brushes. As shown in Fig. 3, in the equilibrium state (y =
07"), the system exhibits the characteristic segregation
typical of hydrophobic wall brushes. Specifically, the wall-
brush density was found to be strongly localized near the
walls, the solvent was enriched at the central region (i.e., |z| S
4r.), and a peak corresponding to the NP brushes appeared at
|z| = 3r., respectively. Upon increasing y, the wall-brush
localization remained pronounced, the solvent peak at |z| = 2
r. intensified slightly and narrowed, and the NP-brush peaks
observed at |z| = 3r. shifted modestly toward a smaller |z|
and became broader. These changes reflect shear-induced
redistribution within a solvent-rich central zone while
maintaining strong brush-NP incompatibility near the walls.

To further investigate the shear-induced structural
changes occurring in the PGNPs and determine their
relationship with the tribological properties, Fig. 10 shows
the density profiles of the NP centers-of-mass along the wall-
normal direction, together with representative snapshots at

Fig. 10 Density profiles of centers-of-mass of NPs of (a) diblock BA- and (b) Janus-type PGNPs along the wall-normal direction under
hydrophobic wall brushes for various shear rates 7, as indicated. Side view of (c) diblock BA- and (d) Janus-type PGNPs at the corresponding j.
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low, intermediate, and high y values. For the BA-type PGNPs,
at a low shear (j = 2.6 x 1077 "), the NP distribution
exhibited a single central peak at z = 0r.. Upon increasing y
to 2.6 x 10727 ", the central peak split into two, and an
additional probability appeared closer to the walls (ie., |z| =
1.07.), indicating migration toward the walls. At high shear
rates (7 = 1.3 x 107" ¢7"), the peaks near each wall become
markedly broader; as a result, they overlap and appear as a
single merged peak in the recentered representation
(consistent with the snapshots in Fig. 7(c)). In contrast,
the Janus-type PGNPs displayed pronounced near-wall
localization at low shear with a reduced central probability
compared with that observed for the BA-type PGNPs. Upon
increasing 7, the probability in the central region (<17, Sz S
1r.) became finite (without forming a distinct peak);
however, the distribution retained pronounced near-wall
localization, yielding a bimodal profile over an extended j
range. The tribological behaviors shown in Fig. 7(c) and (d)
can therefore be rationalized based on the structural changes
induced by shear. Under low shear conditions, Janus-type
PGNPs residing near the walls produced a solvent-rich central
region to yield a low-resistance pathway, resulting in a lower
viscosity than the BA-type PGNP system, whose particles
occupied the center and impeded the central flow. At
intermediate shear, BA-type PGNPs were almost absent from
the channel center, thereby producing a solvent-rich core and
lowering the viscosity. In contrast, for the Janus-type PGNPs,
the NPs were distributed both near the walls and in the
central region (z = 0r.), which narrowed the core pathway
and maintained a higher viscosity over the same j range.
Consequently, the viscosity ordering reversed at intermediate
shear (1.5 x 1027 "' < j < 6.0 x 1027 ") and the BA-type
PGNPs became less viscous than the Janus-type structures. At
high shear (j 2 6.0 x 107°7¢"), the Janus-type PGNPs also
exhibited distinct shear-thinning behavior, which originated
from the shear-induced alignment and breakup of
aggregates. Similar shear-induced density modulations
perpendicular to the flow, and their sensitivity to small
differences in effective interactions, have been reported for
related confined-particle systems.®' In this sense, the trends
in Fig. 10 can be viewed as phenomenologically consistent
with such observations.

4 Conclusions

Using dissipative particle dynamics, the organization and
flow of polymer-grafted nanoparticles (PGNPs) confined
between polymer-brushed walls were examined, along with
the roles that their grafting architectures play in defining the
tribological properties. Specifically, the equilibrium and
shear conditions were investigated, along with the affinities
to hydrophilic and hydrophobic walls, and three different
grafting architectures (AB and BA diblocks and Janus-type
structures). In the presence of hydrophilic wall-brushes at
equilibrium, the AB-type PGNPs dimerized, whereas the BA-
and Janus-type PGNPs remained dispersed. Under shear

This journal is © The Royal Society of Chemistry and IChemE 2026
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stress, the friction coefficient (#) and apparent viscosity (1)
exhibited shear-thinning behavior. Architectural differences
were limited in this case because the response was
governed primarily by the shear-induced alignment of the
wall brushes. Consequently, # and » were similar across
the AB-, BA-, and Janus-type architectures. In contrast,
under hydrophobic wall-brush conditions, the equilibrium
structures diverged. Specifically, the AB-type PGNPs formed
network-like aggregates, the BA-type PGNPs remained
dispersed, and the Janus-type PGNPs remained dispersed
while orienting their hydrophobic hemispheres toward the
hydrophobic brushes. Under shear conditions, the values of
u and n were lower than those in the presence of
hydrophilic wall-brushes, and the differences among the
architectures became prominent. At low shear, the Janus-
type PGNPs yielded the lowest g and 5 values by occupying
the near-wall regions and preserving a solvent-rich channel
at the center of the slit. At intermediate shear, crossover
occurred, wherein the BA-type PGNPs became less viscous
than the Janus-type PGNPs since the former were
essentially absent from the channel center, which reopens
a low-resistance core pathway, whereas the latter retained a
finite center population that constricts this pathway. In
the case of high shear conditions, both architectures
reconcentrated toward the center under strong alignment,
and the differences in g and » diminished. These findings
establish a mechanistic connection between the density
redistribution under confinement (wall-adjacent vs. central
occupancy), the orientational ordering of the PGNPs and
the brushes, and the macroscopic dissipation. They also
provide practical design guidelines for brush-PGNP
lubricants under confinement, wherein Janus architectures
should be selected for low-shear operation to maintain a
solvent-rich core wvia near-wall occupation, and BA
architectures should be selected for intermediate-shear
operation to minimize dissipation by clearing the channel
center. The propensity of AB-type PGNPs to aggregate under
hydrophobic wall-brush conditions indicates that this
architecture is less suitable for low-dissipation operations
in the present geometry.

Overall, the obtained results indicate that the grafting
architecture and wall affinity are the two primary
determinants of self-assembly and flow in nanoconfinement.
By explicitly linking the grafting architecture, wall affinity,
and shear, this framework complements prior maps based
on the solvent quality and grafting density, and establishes a
basis for the design of next-generation nanolubricants with
predictable performances. Future research incorporating
polydispersity, wall roughness, electrostatic interactions,
and topological constraints associated with polymer
entanglements (e.g., using slip-spring or related approaches)
could extend the generality of this design rule.
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