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

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Self-assembly and thermal conductivity of
amphiphilic Janus nanoparticles under nanoslit
confinement

i '.) Check for updates ‘

Cite this: RSC Adv., 2025, 15, 23588

Azmil Haris Azhar,? Yusei Kobayashi, & *2° Takahiro Ikeda & 2°¢
and Masashi Yamakawa?®

The interplay between nanoparticle (NP) interaction anisotropy and nanoscale confinement gives rise to
diverse self-assembly behaviors and the resulting macroscopic thermal properties. In this study, we use
molecular dynamics (MD) simulations to explore the relationship between the structural and thermal
properties of nanofluids confined in nanoscale channels. The chemical surface design of NPs alters the
dependence of thermal conductivity on channel width: homogeneous hydrophilic (HI) NPs maintain
thermal conductivity by forming a stable adsorption layer around dispersed NPs, whereas diblock Janus
NPs exhibit clustering effects due to interaction anisotropy. This clustering weakens adsorption layers,
reducing thermal conductivity even under weak confinement. Under strong confinement, solvent
molecules form more pronounced structured layers near the walls; however, NPs disrupt this ordering,
resulting in lower thermal conductivity than in a confined purely solvent system. Diblock Janus NPs, in
particular, disrupt these layers more due to their clustering, further hindering thermal conductivity.
Although both NP types exhibit reduced Brownian motion as channel width decreases, we conclude that
it does not significantly affect the thermal conductivity of nanofluids. For instance, Janus NPs, which

exhibit greater Brownian motion in wider channels, still show lower thermal conductivity than HI NPs.
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1 Introduction

Nanofluids, composed of conventional base fluids with sus-
pended nanoparticles (NPs), have emerged as a promising
solution for enhancing heat transfer in various industrial
applications. These suspensions typically contain NPs less than
100 nm in diameter, dispersed in a base fluid at concentrations
ranging from below 1% to 10%. The concept of nanofluids was
first introduced by Choi et al.,* who proposed that incorporating
NPs into conventional coolants could significantly enhance
thermal conductivity. Since then, extensive research has
focused on understanding the fundamental physics of nano-
fluids, particularly their heat transport mechanisms, stability,
and performance in heat transfer applications.”*®

“Faculty of Mechanical Engineering, Kyoto Institute of Technology, Matsugasaki,
Sakyo-ku, Kyoto 606-8585, Japan. E-mail: kobayashi@kit.ac.jp

*High-Performance Simulation Research Center, Kyoto Institute of Technology,
Matsugasaki, Sakyo-ku, 606-8585, Kyoto, Japan

“Center for the Possible Futures, Kyoto Institute of Technology, Matsugasaki, Sakyo-ku,
606-8585, Kyoto, Japan

23588 | RSC Adv, 2025, 15, 23588-23595

One major finding in this field is that nanofluid thermal
conductivity can be enhanced for various reasons. Sarker and
Selvam’ used equilibrium molecular dynamics (MD) simula-
tions of a Cu-Ar system and concluded that enhanced liquid
atom mobility upon NP addition improves thermal conduc-
tivity. However, other studies®® argue that Brownian motion is
irrelevant because the self-diffusion of NPs is much lower than
that of thermal diffusion. Several theoretical models have been
proposed to explain the observed enhancement in thermal
conductivity, including those based on the molecular layer
effect.*** These models suggest that molecular-scale interac-
tions between the NPs and the fluid enhance thermal conduc-
tivity. Some studies have challenged the applicability of these
models,** arguing that thermal transport in multilayer liquids
cannot fully explain the experimentally observed enhancement
of thermal conductivity. This controversy highlights the need
for a deeper exploration of the mechanisms underlying thermal
conductivity enhancement in nanofluids.

In fine flow channels, such as lab-on-a-chip systems, spatial
constraints and solid-liquid interface effects dominate. Conse-
quently, fluids confined in nanoscale channels exhibit distinct
phase and thermal behaviors not observed in bulk.**?® Even low-
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molecular-weight solutions like water display abnormal thermal
behavior under nanoscale confinement.** For instance, Zhao
et al.”*> used MD simulations to study the thermal conductivity of
monolayer water confined within graphene channels. Their
findings revealed a non-intuitive relationship between thermal
conductivity and factors such as water number density and
channel height. Specifically, they identified density-dependent
structural changes as the primary mechanism influencing the
thermal conductivity of confined monolayer water. Additionally,
the study identified significant effects of channel height on both
the structure and thermal conductivity of monolayer water. In
narrower channels, high channel wall pressure induces a more
ordered, plane-like water structure, resulting in greater thermal
conductivity. Conversely, in wider channels, fewer confined water
molecules form a wrinkled structure, leading to lower thermal
conductivity. These findings provide critical insights into the
interplay between water structure and thermal transport at the
nanoscale. When complex fluids, such as colloidal NP solutions,
are confined in nanoscale channels, both dimensional
constraints imposed by the nanochannel and distinctive chem-
ical interactions between the channel wall, solvent, and NP
surface can disrupt the existing force balance in free solution,
affecting thermodynamic equilibrium.

The interplay between NP interaction anisotropy and nano-
scale confinement leads to diverse self-assembly behaviors and
macroscopic thermal properties. Janus NPs have gained
considerable interest in recent years due to their unique prop-
erties and advances in synthesis.>*** Named after the two-faced
Roman god, Janus particles have two distinct hemispheres with
different physicochemical properties. Recent studies®*”~*° have
demonstrated that Janus particles offer significant advantages
over conventional (homogeneous) NPs, including enhanced
stability, improved dispersion, and more efficient heat transfer
in nanofluids. Cui et al.*® conducted MD simulations on nano-
fluids containing a single Janus NP with hemispheres of
differing wetting properties. Their results showed that nano-
fluid thermal conductivity improves with stronger solid-liquid
coupling on one side of the Janus particle and weaker coupling
on the other, enhancing Brownian motion. Further research has
highlighted the aggregation effects of Janus NPs,*”** where self-
assembled structures, such as micelles or lamellae, form
depending on NP volume fraction and fluid temperature.

In this work, we investigate the structural and thermal
properties of nanofluids containing Janus NPs confined in
nanoscale channels vie MD simulations. The majority of
previous studies have focused on bulk systems with single or
multiple Janus NPs but have neglected nanoconfinement-
induced changes in structural and thermal behaviors. Our
simulation provides a fundamental guide for controlling the
thermal properties of nanoconfined nanofluids through chem-
ical patterns on NP surfaces, spatial constraints, solid-liquid
interfaces, and self-assembled structures.

2 Model and methods

We employ the MD method to investigate the thermal conduc-
tivity of nanofluids confined between two solid walls in
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equilibrium. The solvent (labeled as S) is modeled as a mono-
mer of diameter ¢ = 1 and mass m = 1. The spherical NP of
radius R = 3.0 ¢ is composed of 459 constituent beads on a face-
centered cubic (FCC) lattice with a lattice constant of =1.0 g. As
shown in Fig. 1(a and b), two types of NPs are considered: (i)
homogeneous NPs, consisting entirely of hydrophilic (type A)
beads, and (ii) diblock Janus NPs, composed of both hydro-
philic (type A) and hydrophobic (type B) beads. Hereafter, we
will refer to the homogeneous hydrophilic NP as “HI NP”. For
the Janus NP, 199 and 260 beads are type A and type B,
respectively. Note that the numbers are unequal because the
FCC lattice cannot be evenly divided into two distinct bead types
within the same plane. Based on previous studies,*>*' all
constituent beads in each NP are connected to their nearest
neighbors via a finite extensible nonlinear elastic (FENE)
potential®**** to maintain the spherical shape of the NPs:

2
flfrmaxz Infl— ( ! ) , T <Tmax
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where k = 30 /o is the spring constant, and . = 1.5 o is the
maximum bond extension. ¢ is the pair interaction energy
parameter. Each wall (labeled as W) is built from beads
arranged in a FCC lattice with a lattice constant of =1.0 ¢, and
consists of four atomic layers. The outermost layer lies beyond
the cutoff distance and does not contribute to direct wall-fluid
interactions. This configuration ensures that a sufficient
number of wall atoms participate in wall-fluid interactions
while maintaining the shape of the wall throughout the simu-
lation. The channel walls are fixed perpendicular to the z-
direction (parallel to the xy-plane), with periodic boundary
conditions applied along the x- and y-directions to simulate an
infinitely extended channel. The dimensions in the x- and y-

(a) Hydrophilic Hydrophobic

L =380-

X

Fig.1 Simulation models of (a) HI NP and (b) Janus NP with radius R =
3 0. (c) Representative snapshot of a nanofluid confined between two
solid walls with channel height H. In all panels, hydrophilic beads are
shown in blue, hydrophobic beads in orange, solvent beads in cyan,
and wall beads in gray.
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directions are L, = L, = 38 ¢. To investigate the confinement
effect, the surface separation H is systematically varied from 9 o
to 21 ¢, with a solvent number density of p = 0.75 ¢, resulting
in a NP volume fraction ranging from 3.5% to 7.0%. We use
structured walls with harmonically bound atoms instead of
a structureless potential wall. This approach allows proper
modeling of interactions and heat exchange at the wall-fluid
interface.** To this end, we introduce a harmonic spring
potential, Uy, between wall atoms:

Uur) = 5= o), ©)

where k,, is the wall crystal bonding stiffness, and r; — r, is the
distance between the initial lattice position and current posi-
tion of the wall beads. In this study, we use k,, = 500 ¢e/o® based
on the previous studies.**” These studies have shown that this
stiffness value ensures stable lattice vibrations of wall atoms
while still enabling effective thermal exchange with the
surrounding fluid. In the initial configuration, eight NPs are
randomly placed between two parallel walls, with the remaining
system volume filled with solvent beads.

The interatomic interactions between any two beads are
modelled by the standard Lennard-Jones (L]) potential:
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with particle distance r and cutoff radius r.,s = 2.5 . The
interaction strength between particles of type i and j is
controlled via ¢; (see Table 1). These interaction parameters are
mainly inspired by a previous study®® on amphiphilic Janus NPs
in solution, where similar parameter choices were shown to
successfully reproduce self-assembled structures such as
spherical micelles in systems of Janus NPs. Moreover, compa-
rable interaction parameter ranges have been employed in
previous simulation studies,”** yielding results that are
consistent with predictions from effective medium theory and
with experimental findings on well-dispersed metal NP
suspensions.

All the simulations are carried out using the large-scale
atomic/molecular massively parallel simulator (LAMMPS).*
For the confined systems, thermostat selection is a sensitive
issue, for example, applying a thermostat to the liquid could
potentially cause unrealistic dynamics.**** In this study, the

Table 1 Interaction parameters of U, [see eqn (3)], ¢, between bead
pairs. All values® are given in units of ¢

A B S W
A 0.1 0.1 1.0 0.1
B 0.1 0.1 0.1
S 1.0 1.0
W 0.0

¢ A: hydrophilic NP bead, B: hydrophobic NP bead, S: solvent bead, W:
wall bead.
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fluid temperature is controlled at 7= 1.0 eks ™' with Boltzmann
constant kg through the velocity scaling method to each layer of
the walls separately, as proposed by Kim et al.** The equations
of motion are integrated by the Velocity Verlet algorithm** with
a time step of dt = 0.004t (r = \e/mo®). The systems are first
equilibrated under the NVT ensemble for 10° timesteps. After
the system is equilibrated, we run the NVE simulations for 10°
timesteps to compute the thermal conductivity, 4. To improve
the statistics, we perform 30 independent runs with different
initial configurations. We determine A from equilibrium simu-
lations via Green-Kubo relations:***

i oy |, @O @

where V is the system volume, J is the heat current vector, and
(---) denotes the ensemble average, i.e., the average over time.
For a two-component system, the heat current J can be derived
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where the subscripts o and 8 represent two different species in
a nanofluid, N, and Ny are the number of beads of species « and
B, respectively. v;, is the velocity of the i-th particle of specie «.
Iiaj6, and U(r;,6) are the distance and the pair potential between
the two particles 7 of specie « and j of specie 3, respectively. I is
the unit tensor, and 4, is the average enthalpy per particle of the
species «, which is calculated as the sum of the average kinetic
energy, potential energy, and average virial terms per particle of
species a:
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where K; and P; are the kinetic and potential energy of each
particle of species «, respectively. Here, thermal conductivity in
nanochannels is anisotropic between directions parallel and
normal to the channel walls.***® The normal thermal conduc-
tivity is relatively well understood: as channel width increases,
molecular diffusion also increases, leading to higher conduc-
tivity normal to the walls. Based on these findings,*” we calcu-
late only the thermal conductivity perpendicular to the xy-plane.

3 Results and discussion

We begin by comparing the self-assembled structures of Janus
and HI NPs at different H, as shown in Fig. 2. From these
snapshots, we observe that HI NPs are randomly distributed
and remain unaggregated. In contrast, Janus NPs exhibit
distinctive behavior, tending to cluster and self-assemble into
dimers, trimers, or tetramers, depending on the width of the
nanoconfined slit. As H increases, the enhanced mobility of
Janus NPs perpendicular to the wall surface driven by entropic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Hydrophilic NP

H=90¢ -

H=180¢c

F)

(b) Janus NP
H=90¢o

b

Fig. 2 Representative snapshots of (a) homogeneous HI NPs and (b)
Janus NPs at various channel heights, H, as indicated. In each panel,
the top image shows the side view, while the bottom image presents
the view along the direction normal to the wall surface.

effects leads to the formation of larger aggregates, such as
tetramers. To obtain detailed structural information, we
computed the orientational distributions, P(cosf), of the
confined Janus NPs, where 6 is the angle between the surface
normal of the wall (along the z-direction) and the unit vector
from the HI to the HO pole. A perpendicular orientation with
the surface normal corresponds to cosf = 0, while a parallel
alignment corresponds to cosf = 1. Fig. 3 shows the orienta-
tional distribution, P(cosf), of the confined Janus NPs at
different channel heights H. At H = 9 ¢, P(cosf) exhibits two
peaks at cosf = 0.45 and =0.85. The peak at cosf = 0.85

0.03 T
H=90c —
H=120c —
H=150 —
0.02 H=18c¢c |
6\ \
2] r\
o
o
Q
0.01 8
0'0%. 018 1.0

cosfo

Fig. 3 Orientational distributions, P(cosf), of confined Janus NPs at
various channel heights, H, as indicated. ¢ is defined as the angle
between the surface normal of the wall (along the z-direction) and the
unit vector from the hydrophilic to the hydrophobic pole.
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originates from free Janus NPs orienting their HI hemispheres
toward the solvent layering near the wall (see Fig. 6 for a quan-
titative analysis of the formation of solvent layers). The other
peak at cosf = 0.45 is attributed to clusters such as dimers. In
these configurations, the NPs retain their self-assembled
structure while keeping their HI sides in contact with the
surrounding solvent. These two preferred orientations reflect
the combined influence of wall-induced layering of solvent and
anisotropic interactions of NPs. At H = 12 ¢ and 15 o, the peak
at cosf = 0.85 disappears, and the distribution becomes
broader for cosf < 0.4 with increasing P(cosf) at cosf = 0. This
indicates that Janus NPs more frequently adopt perpendicular
orientations relative to the wall surface as the slit height
increases, as a result of the formation of dimers and trimers
that favor such alignment under weaker confinement. This
reflects a regime in which the confinement is not sufficient to
induce significant orientational ordering of the Janus NPs.
Under relatively weak confinement, larger clusters such as
tetramers are formed in nearly three dimensions without
a preferred orientation, resembling the behavior observed in
bulk-like systems.

We next discuss the thermal conductivity behavior in the
equilibrium state. Fig. 4 shows the thermal conductivity as
a function of the degree of confinement, C, defined as C = H/d,
where d is the diameter of the NP. As a reference, the corre-
sponding data for the confined pure solvent system are also
included in Fig. 4. The thermal conductivity of the pure solvent
increases as the confinement ratio C decreases. This behavior is
qualitatively consistent with previous simulation results,*”
which demonstrated that thermal conductivity parallel to the
wall surface increases as channel height decreases. Our results
also show that the introduction of both HI and Janus NPs into
the nanofluids does not enhance thermal conductivity at
a system height of H =9 ¢; instead, it reduces it. However, as the
channel height increases resulting in a lower volume fraction
due to the fixed size of the NPs, the presence of HI NPs allows
the thermal conductivity to be maintained. In contrast, for
nanofluids containing Janus NPs, a slight decrease in thermal
conductivity is observed as the channel height increases. To
shed light on the mechanisms behind these results, the

following subsection discusses the origin of thermal
6.8 — T T
HINP —m—
66| Janus NP —A— |
: % w/o NP —e—
:p 6.4 +
%
= 62 b
< % }
6.0 ; 1
*8 5 2.0 25 3.0

c

Fig. 4 Thermal conductivity, A of nanofluids as functions of the
confinement ratio C. Blue squares: hydrophilic NPs, orange triangles:
Janus NPs, green diamonds: pure solvent (without NPs).
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conductivity enhancement and explores why Janus particles
exhibit lower thermal conductivity.

An ordered structure of fluid atoms, known as an interfacial
molecular layer, could be responsible for the enhancement of
thermal conductivity, primarily because heat transport through
ordered liquids is more efficient than through disordered bulk
liquids. Several studies'*** have reported that the thickness and
density of the interfacial molecular layer affect the thermal
conductivity of nanofluids and are closely related to the
strength of the binding energy between liquid and solid atoms.
Therefore, the structure of the liquid layer may account for the
observed changes in the thermal conductivity of confined
nanofluids. To examine the effect of the chemical nature of the
NP surface on the liquid structure, we calculated the radial
distribution function (RDF) between the center of mass of the
NPs and solvent particles at various channel heights H, as
shown in Fig. 5. The RDFs for both HI NPs and Janus NPs
exhibit three distinct peaks at approximately r = 3.1 g, 4.3 g,
and 5.1 o, respectively. Moreover, in both cases, increasing the
channel height reduces the density of the solvent layer around
the NPs, as indicated by the decreasing RDF peak intensities.
For all investigated systems, the RDF peaks for HI NP fluids are
consistently higher than those for Janus NP fluids, suggesting
a more structured solvent layer around HI NPs. A similar rela-
tion between interfacial layer and NP wettability was also
observed in our recent simulations of nanofluids in bulk
systems.*® Interestingly, as the channel height increases, the
difference in RDF peak intensities between the two NP types
becomes more pronounced. For confined liquids, decreasing
the channel height leads to the formation of more densely
structured solvent layers around the NPs, which likely contrib-
utes to the enhancement of thermal conductivity.’” However, for
both types of NPs, no significant increase in thermal conduc-
tivity is observed as the channel height decreases (see Fig. 4).
This suggests that the resulting thermal conductivity of
confined liquids arises from the concerted action of various
factors.To gain a more detailed understanding of the combined
effect of various factors, we also analyzed the solvent distribu-
tions to examine the interactions between the wall and solvents.
According to a study by Frank and Drikakis,*” the arrangement

HI NP Janus NP

rlo]

Fig. 5 Radial distribution function, g(r), between NP center of mass
and solvents for two types of nanofluids at various confinement ratio
C, as indicated.

23592 | RSC Adv, 2025, 15, 23588-23595

View Article Online

Paper

HI NP Janus NP

Pg X 102 [0'3]

z[o]

Fig. 6 Density profiles of solvent, p, along the direction normal to the
wall surface, z, for two types of nanofluids at various confinement ratio
C, as indicated.

of solvent atoms into well-ordered, solid-like layers aligned
parallel to the channel walls contributes to enhanced thermal
conductivity in nanochannels. Fig. 6 shows the density profiles
of solvent atoms along the direction normal to the wall surface
to examine the formation of layered structures for both Janus
NP and HI NP fluids at different confinement ratios C. Here, the
pure solvent cases are not shown in Fig. 6, as the results were
nearly identical to those of the nanofluid cases. We observed
a nearly identical solvent distribution in the direction normal to
the wall surface for both types of NPs. This indicates that the
assembled or dispersed configurations of NPs confined in the
nanochannels do not significantly affect the formation of
solvent layers near the wall surface. To gain a deeper under-
standing of the arrangement of the layered structures, we also
plotted the density distributions in the direction parallel to the
wall surface, as shown in Fig. 7. From these plots, the solvent
density profile in the pure solvent system appears evenly
distributed and consistent, exhibiting clear periodic peaks
regardless of the confinement ratio C. For nanofluids under
strong confinement (C = 1.5), the solvent distributions become
disrupted for both types of NPs, resulting in noticeable irregu-
larities in the density profiles, as shown in Fig. 7(a). This is due
to the NPs themselves occupy a substantial volume of the
narrowly confines space. Thus, the introduction of NPs into the
liquids under strong confinement causes disruption on the
orderly arrangement of solvents in the direction parallel to the
wall surface. As a result of the disruption in the orderly
arrangement of solvent molecules parallel to the wall surface,
we consider that the thermal conductivity of nanofluids

1.2 T 1.2 T T
@ C=15 HINP —— (b) C=3.0 HINP ——
Janus NP —— Janus NP ——
4 wio NP —— " wio NP ——
".’:‘ m
2, "
L) i A "
1.0 X !
2 WWW%W' i MWMMMMWMWMMWWW
i il Uy
€ 0.9 " W . L\‘M”v"m
0854 5 0 5 10 15 0850 5 0 5 10 15
X, y[o] X ylo]

Fig.7 Density profiles of solvent, ps, in the direction parallel to the wall
surface, x, y, at (a) C = 1.5 and (b) C = 3.0. Blue: hydrophilic NPs,
orange: Janus NPs, green: pure solvent (without NPs).
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containing either HI or Janus NPs at C = 1.5 is lower than that of
the pure solvent system. Under weak confinement (C = 3.0), the
system with Janus NPs still exhibits a broad peak in the range of
—5.00 < x < 4.0 g, attributed to the presence of relatively large
clusters, such as tetramers, within the nanochannels, as shown
in Fig. 7(b). However, compared to the case of C = 1.5 (¢f.
Fig. 7(a) and (b)), we can see a more uniform distribution for
both types of NPs. In such systems, the influence of the layered
structures near the wall surface becomes less significant, while
the role of adsorption layers around the NPs becomes more
pronounced. Thus, the system with a large confinement ratio C
allows greater mobility of both the solvent and NPs, reducing
the spatial constraints that facilitate phonon transport.*” This
increased mobility leads to a decrease in the thermal conduc-
tivity of the pure solvent system compared to that of nanofluids,
as phonon modes become less long-range and the thermal
behavior approaches that of the bulk liquid.

In addition to the solvent adsorption layer, Brownian motion
of NPs has also been proposed as one of the mechanisms
responsible for the enhancement of thermal conductivity in
nanofluids. We determined the translational self-diffusion
coefficient of the NPs, D, from the mean squared displace-
ment of their centers of mass, defined as

AR(1) = ([R(to + 1) — Ri(to)"). ?)

as a function of time, in combination with the Einstein relation
AR’(t) = 6Dt. We then calculated the ratio of the diffusion
coefficient of Janus NPS (Djanys) to that of the HI NPs (Dyy) and
have plotted it as a function of confinement ratio C in Fig. 8. We
found that dispersed HI NPs exhibit a higher diffusion coeffi-
cient than self-assembled Janus NPs under strong confinement
(C = 2.0). This result is somewhat unexpected, given the NP-
solvent interaction strength, which is 1.0¢ for the HI surface and
0.1 ¢ for the hydrophobic surface, as summarized in Table 1.
Thus, the average NP-solvent coupling strength over the HI NP
surface is higher than that over the Janus NP surface. The
hydrophobic surfaces of the Janus NPs reduce interactions with
the solvent, resulting in more dynamic movement of solvent
particles around the NPs. This increased mobility leads to more
frequent collisions, which would be expected to enhance

2.0
151 i
E .
Q
B 1.0 p-mmmmmmmmm e | Dttt N
S [ |
Q’
0.5 m 1
0.0 1.5 2.0 2.5 3.0

C

Fig. 8 Ratio of the self-diffusion coefficient of Janus NPs (Djanys) to
that of HI NPs (Dyy), as a function of the confinement ratio C.
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Brownian motion.”® The main reason for the lower diffusion of
Janus NPs under strong confinement is the formation of clus-
ters. Amphiphilic Janus NPs interact asymmetrically with the
solvent due to their distinct surface properties, leading to self-
assembly (see Fig. 2). Since the characteristic size of Janus NP
clusters is larger than that of dispersed HI NPs, these clusters
effectively increase the degree of confinement, thereby reducing
the dynamics of Janus NPs due to spatial constraints. As the
channel height increases, Djanus/Dur approaches unity at C =
2.5, and exceeds =1.0 at C = 3.0, indicating that Janus NPs
exhibit higher diffusion than HI NPs under weak confinement.
In such systems, the effect of spatial constraints becomes rela-
tively weak; in other words, the role of solvent adsorption layers
around the NPs becomes more pronounced. Looking again at
Fig. 5, we observe that the solvent layer surrounding Janus NPs
is more loosely structured than that around HI NPs, particularly
under weak confinement (C = 3.0). The tetrahedral clusters
observed under weak confinement exhibit high energetic
stability;** however, it is worth noting that smaller clusters, such
as dimers and trimers, are also present. These small clusters
(micelles) still expose some hydrophobic surfaces (see Fig. 2),
resulting in higher diffusion of Janus NPs compared to HI NPs,
which maintain stable and well-structured adsorption layers
around them. Nevertheless, the obtained thermal conductivity
is not strongly correlated with the diffusion behavior of the NPs.
Based on the analysis of adsorption layers and Brownian
motion, we conclude that adsorption layers play a more critical
role in determining thermal conductivity in nanoconfined
systems than collisions between NPs and surrounding solvent
molecules induced by Brownian motion.

4 Conclusions

In this study, we performed molecular dynamics simulations to
investigate the structural and thermal properties of nanofluids
containing Janus or hydrophilic (HI) nanoparticles (NPs)
confined in a nanoslit. For the pure solvent, thermal conduc-
tivity clearly increases as the channel height decreases due to
the formation of the adsorption solvent layer near the wall
surface. For the nanofluids, we found that thermal conductivity
in nanoconfined systems is governed by the concerted action of
multiple factors. Under strong confinement, decreasing the
channel height leads to the formation of more densely struc-
tured solvent layers around the NPs, which contributes to the
enhancement of thermal conductivity. However, introducing
NPs under strong confinement disrupts the orderly arrange-
ment of solvents parallel to the wall surface, resulting in lower
thermal conductivity in nanofluids containing either HI or
Janus NPs compared to the pure solvent system. Under weak
confinement, the influence of the layered structures near the
wall surface becomes less significant, whereas the role of
adsorption layers around the NPs becomes more pronounced.
Thus, the thermal conductivity of nanofluids containing HI
NPs, which maintain stable and well-structured adsorption
layers, is higher than that of those containing Janus NPs. We
also investigated the effect of Brownian motion of NPs on
thermal conductivity. The formation of clusters of Janus NPs
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leads to confinement-induced slower dynamics compared to the
HI NP case, particularly under strong confinement. As the
degree of confinement decreases, the role of solvent adsorption
layers around the NPs becomes more pronounced. As a result,
Janus NPs exhibit higher diffusion than HI NPs. Importantly, we
found that adsorption layers play a more critical role in deter-
mining thermal conductivity in nanoconfined systems than
collisions between NPs and surrounding solvents induced by
Brownian motion. Our research explored the complex interplay
between heat transport mechanisms, the dynamic behavior of
NPs, and anisotropic surface properties in nanofluid systems
under confinement. Although our simulations were performed
under constant volume conditions, experimental systems typi-
cally operate under constant pressure. Increased pressure could
enhance fluid layering near the walls or modify the self-
assembled structure of NPs. Investigating such pressure-
dependent effects would be an important direction for future
work. Future studies should also investigate the effects of NP
volume fraction, more complex anisotropic NPs such as patchy
particles, and other transport properties such as viscosity, to
gain a deeper understanding of nanofluid behavior under
nanoscale confinement.
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