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ABSTRACT: Bimetallic Janus nanoparticles (BJNPs) have gained
more attention due to their unique catalytic and optical properties.
The self-assembly of BJNPs is expected as an effective way to
fabricate metamaterials suitable for different potential applications.
However, the self-assembly dynamic process of BJNPs, which is
key to achieving a controllable synthesis, is limited in both
experimental and theoretical investigations. Herein, all-atom
molecular dynamics (MD) simulations were employed to
investigate the self-assembly process of 1-dodecanethiol (DDT)-
decorated Au−Ag BJNPs at an oil−water interface. We
demonstrate that DDT’s van der Waals (vdW) interaction
dominates the self-assembly process. BJNPs form close-packed structures at both fast and slow evaporation rates. Au−Ag BJNPs
exhibit relatively larger rotations at a low evaporation rate than those at a high evaporation rate, suggesting that the evaporation rate
influences the orientation of the Au−Ag BJNPs. BJNPs tend to orient their electric dipole moments toward the external electric field,
according to the ab initio MD simulation results. Based on the energy comparison and model analysis, it is found that the parallel
array is more stable than the antiparallel one for the Au−Ag BJNP arrays. The dipole−dipole interaction difference between the
parallel and antiparallel BJNP arrays obtained according to dipole moment obtained from ab initio calculation is qualitatively
consistent with that obtained from MD simulations, indicating that the dipole plays a decisive role in determining the orientation of
the BJNP array. This work uncovers the self-assembly dynamic process of BJNPs, paving the way for future applications.

1. INTRODUCTION
Bimetallic nanoparticles (BNPs), with two different metals
integrated into a single particle, have broadened the roadmap
of nanoparticles. The combination of two metals leads to
interesting properties and potential applications compared
with homogeneous nanoparticles, which benefit from elec-
tronic interactions induced by the versatile compositions and
spatial arrangements.1−4 Based on the atomic spatial
distribution, the structures of BNPs are classified into four
main categories (Figure S1): alloys or compounds, core−
frame, core−shell, and Janus NPs (JNPs).5,6 Within the family
of BNPs, bimetallic Janus nanoparticles (BJNPs) exhibit
enhanced catalytic properties and optical properties due to
the asymmetrical distribution of metals.1,7−9 Au−Ag JNP is a
representative example. The interaction between the localized
surface plasmon resonance of the Au part and that of the Ag
part in Au−Ag JNPs induces Fano resonance signals, showing
the potential for applications in ultrasensitive chemical or
biological sensors. By changing the size of both components
and the contact area, the optical property of Au−Ag JNPs can
be rationally tuned since it depends on the individual metals
and plasmonic coupling in BJNPs.10

The self-assembly of NPs provides a simple and powerful
way to achieve ordered and well-defined nanoarchitec-
ture.11−18 These complex NP superstructures with unique
and enhanced properties can satisfy advanced technological
requirements, such as photovoltaics, energy, and storage
devices.13,18−21 The excellent physicochemical properties of
BJNPs make them ideal building blocks self-assembled to form
functional nanoarchitecture.22−24 However, there are rare
experimental investigations on the self-assembly dynamics
process of BJNPs.25 In addition, molecular dynamics (MD)
simulations are mainly focused on exploring the stability,26

formation,27,28 and melting behavior29 of BJNPs. A physical
picture that captures the detailed mechanisms of BJNP self-
assembly, which is crucial for precise control in metamaterial
synthesis, remains elusive.
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Herein, we performed all-atom MD simulations to
investigate the evaporation-induced self-assembly process of
1-dodecanethiol (DDT)-capped Au−Ag BJNPs at the oil−
water interface. By analysis of the interaction energy of
different components in DDT-capped NPs, it is found that the
van der Waals (vdW) interaction between the capping layers is
dominant in the self-assembly process. It is worth noting that a
slow evaporation rate gives rise to a notable rotation of Au−Ag
BJNPs. Furthermore, the effect of an external electric field on
the movement of an Au−Ag BJNP is explored by ab initio MD
simulation. The results show that the electric dipole moment
of the Au−Ag BJNP tends to be consistent with the external
electric field. Finally, we designed two ordered, parallel, and
antiparallel Au−Ag BJNPs arrays and investigate their structure
stability. The antiparallel one is found to be a more stable state,
verified by the energy comparison and the analysis of the
dipole−dipole interaction models.

2. MODELS AND METHODS
Bimetallic Au−Ag Janus Nanoparticles in the

Solvent. Figure 1a presents the initial structure of the whole
simulation system consisting of the water layer, oil layer, and
16 Au−Ag BJNPs decorated by capping ligands (DDT). The
thicknesses of the toluene and water layers are 10 and 8 nm,
respectively (Figure S2). The Au−Ag BJNPs are randomly
distributed in the oil layer with TOL molecules serving as the
solvent (Figure 1b). 88 DDT molecules attach to every Au−Ag
BJNP, improving the stability of BJNPs by saturating dangling
bonds (Figure 1c). The water layer is a mixture of ethanol and
water (Figure 1d).
Molecular Dynamics Simulation Method. The all-atom

MD simulations were performed based on the Gromacs-4.6.7
software package.30 The intra- and intermolecular interactions
of ethanol, DDT, and TOL (toluene) molecules are described
by the General AMBER force field. Partial atomic charges for
three molecules were obtained from the restrained electrostatic
potential (RESP) fitting method.31,32 We chose the trans-
ferable intermolecular potential with 3 points (TIP3P) for
water molecules.33 As for Au and Ag atoms, the interaction was
described by the 6−12 Lennard-Jones potential.34 In the xy-
plane, we applied the periodic boundary condition, and there
were two virtual walls in the z-direction.

The force-field for the interaction of walls/surfaces (parallel
to the xy-plane) with the rest of the system is described by the
9−3 Steele potential, which is expressed in the following
formula:35
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where ρs is the number density of the atoms for each wall and z
is the distance between atoms in the system and the wall. (σs,
εs) and (σm, εm) are parameters of Lennard-Jones potential for
the wall and the rest of the system (e.g., BJNPs, water
molecules, ethanol molecules, and toluene molecules),
respectively. Here, we use the values of σs = 0.3 nm, εs = 0.8
kJ/mol, and ρs = 125/π nm−3, which are reported in previous
ref 36, in the MD simulation. The combination rules, σms = (σm
+ σs)/2 and εms = (εmεs)1/2, were used to describe the Lennard-
Jones interaction between BJNPs, water molecules, ethanol
molecules, toluene molecules, and the wall.
The temperature and pressure were controlled by the

thermostat and barostat, respectively.37 The time step was set
as 1 fs; the cutoff distance for short electrostatic interactions
and van der Waals were set as 12 Å. As for long-range
electrostatic interactions, it was calculated by the particle mesh
Ewald (PME) method.
The whole simulated system consists of a water layer and an

oil layer. The water layer is a mixture of ethanol and water, and
the oil layer includes the TOL molecules as the solvent and 16
spherical Au−Ag BJNPs with DDT capping ligands, in which
the diameter of the BJNPs is about 4 nm.
There are 645,908 atoms in the system, including 14,528 Au

atoms, 17,232 Ag atoms, 1408 DDT molecules, 3600 ethanol
molecules, 12,960 TOL molecules, and 110,812 water
molecules. The surface density of the DDT ligands is 0.0175
Å−2, obtained by the following formula:

= N
S

0.0175Å 2

where the term ρ is the surface density of DDT ligands; N is
the number of DDT molecules on the surface of an Au−Ag
BJNP; and S is the surface area of an Au−Ag BJNP surface
(Figure S3). After energy minimization, a 50 ns NPT (1 atm,
300 K) MD simulation was performed to equilibrate the

Figure 1. Models of the Au−Ag BJNPs structure. (a) The simulation system consists of the water and oil layers with 16 Au−Ag BJNPs capped by
DDT ligands. (b) The oil layer: TOL serving as the solvent. (c) Au−Ag BJNPs with DDT ligands. (d) The water layer: a mixture of ethanol and
water.
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system before the TOL molecules evaporated. In solvent
evaporation, a quasi-equilibrium method was applied by
randomly extracting a certain number of solvent molecules

from the solution at a predefined time interval, Δt (1 ns)
(detailed process shown in Figures S4−9). There were two
evaporation rates, with extracting 1000 and 200 TOL

Figure 2. Structures and energy evolution of Au−Ag BJNPs during the self-assembly process. (a) Initial (left panel) and final configurations (right
panels) in the self-assembly processes at different evaporation rates of 1000 ns−1 and 200 ns−1, respectively. The left panel shows the initial
structure with TOL molecules (the yellow part), while the right panels are structures after all the TOL molecules evaporated at different rates. (b)
The energy variation as the TOL evaporates at 1000 ns−1 (red dots) and 200 ns−1 (blue circles). The vertical axis shows the vdW interaction
energies between BJNPs (ENPs‑vdW, top panel with yellow background), between DDT capping ligands (EDDT‑vdW, middle panel with apricot
background), and Coulombs interaction between DDT ligands (EDDT‑ele, bottom panel with gray background). The lateral axis is the number of
TOL molecules evaporated (N).

Figure 3. Au−Ag BJNPs and the rotation and in-plane mass-center displacement during the self-assembly process. (a) and (b) Top views of Au−
Ag BJNPs before (light-colored balls) and after (dark-colored balls) TOL evaporating with rates of 1000 ns−1 and 200 ns−1, respectively. The cyan
lines represent the periodic boundary. (c) The variation of rotation angles (upper panel with apricot background) and in-plane mass-center
displacements (lower panel with light gray background) of the 16 Au−Ag BJNPs during the self-assembly processes at 1000 ns−1 (red dots) and
200 ns−1 (blue dots), respectively. The purple (green) ellipses highlight BJNPs with similar displacements (rotation angles).
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molecules per nanosecond. Finally, a 30 ns NVT simulation for
parallel (antiparallel) structure follows.
Au−Ag BJNP Dipole and ab initio MD Simulation

with an External Electric Field. Density functional theory
(DFT) calculations were performed to calculate the Au−Ag
BJNP dipole moment using the Vienna ab initio simulation
package (VASP) with a plane-wave basis and projector.38−40

The cutoff energy was 400 eV, and a 1 × 1 × 1 Monkhorst−
Pack k-points mesh was used in the calculation. The Au−Ag
BJNP includes 908 Au atoms and 1077 Ag atoms. The ab initio
MD simulations were performed at 300 K in an NVT
ensemble. The external electric fields (0.1 and 0.05 eV/Å)
were applied in the x-direction.

3. RESULTS AND DISCUSSION
Structure and Energy Evolution of Au−Ag BJNPs in

the Self-assembly Process. Figure 2a gives representative
snapshots of the simulation process. The system used for self-
assembly goes through an energy minimization, followed by
equilibration in the NPT ensemble for an additional 50 ns. The
self-assembly process is achieved by evaporating the TOL
molecules. Two evaporation rates (1000 and 200 ns−1) are
considered here to evaluate the influence on the self-assembly
behavior of the Au−Ag BJNPs. The final self-assembly
configurations obtained under two different evaporation rates
are shown in the right panels of Figure 2a, representing
negligible differences. To elucidate the order evolution during
the self-assembly process, we categorized Au−Ag BJNPs into
three types, unconnected, chain, and packed, as visually
represented in Figure S10. The results reveal a notable
increase in the population of packed BJNPs as the solvent
evaporates (Figure S11), indicating that the system tends to
adopt a more ordered structure. The result is consistent with
the conclusion in previous work that a two-dimensional
triangular (hexagonal) structure should be more stable.41

To further understand the self-assembly process, the energy
(E) evolution of vdW interactions among BJNPs (NPs-vdW),
DDT capping ligands (DDT-vdW), and Coulombs inter-

actions between DDT capping ligands (DDT-ele) is plotted in
Figure 2b. As the TOL solvent evaporates, these interaction
energies decrease, indicating that a more stable structure
gradually forms. It is found that the DDT-vdW interaction
energy remains the lowest during the whole evaporation
process. In addition, it decreases the fastest among these
interaction energies. Thus, the DDT-vdW interaction is
dominant during the evaporation process, which determines
the motions of BJNPs. It is noteworthy that the variation of
these interaction energies at different evaporation rates (1000
and 200 ns−1) roughly overlaps, suggesting that the self-
assembly process is insensitive to the evaporation rates.
Au−Ag BJNPs Mass Center Displacement and

Rotation. To elucidate the reason the self-assembly process
is insensitive to the solvent evaporation rate, we extensively
analyzed the change of Au−Ag BJNPs during the self-assembly
process. The darker (bottom) and brighter (top) Au−Ag
BJNPs (Figures 3a and b) correspond to the structures before
and after complete solvent evaporation at evaporation rates of
1000 and 200 ns−1, respectively. BJNPs display apparent
displacement in the xy-plane and orientation changes after
evaporation. However, it is difficult to distinguish the
configuration differences of the BJNPs obtained from the
two evaporation rates only by comparing the topograph figure.
To clarify the effect of evaporation rates in detail, we

analyzed the mass-center rotation (MCR) and in-plane mass-
center displacement (MCD) before and after evaporation
(Figure 3c). The MCD under 1000 ns−1 is generally larger
than that under 200 ns−1. The MCDs of BJNPs in green
ellipses (numbers 10, 12, 15, and 16) change more
dramatically, although they have similar MCRs. Due to the
strong DDT-vdW interaction, once the capping ligands on
neighboring BJNPs are in contact, it hinders the BJNPs from
adjusting their positions. As for the MCR, it shows a relatively
larger change at the low evaporation rate of 200 ns−1. In
particular, the BJNPs with similar MCDs in the purple ellipses
(numbers 3, 9, 11, and 13), have a much higher MCR at a low
evaporation rate (200 ns−1). At a low evaporation rate, BJNPs

Figure 4. Structures and interaction energies of antiparallel and parallel BJNP arrays before and after the self-assembly process. (a) and (b)
Structures of antiparallel (a) and parallel (b) BJNPs before and after evaporation at a rate of 200 ns−1. (c) The energy variation of antiparallel (red
dots) and parallel (blue circles) BJNP arrays as the TOL evaporates at a rate of 200 ns−1. The vertical axis shows the vdW interaction energies
including ENPs‑vdW, EDDT‑vdW, and EDDT‑ele. The lateral axis is the evaporation time. (d) The variation of ENPs‑vdW for antiparallel and parallel BJNPs
during the 30 ns NVT equilibrium process.
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approach each other slowly, generating gradually increased
interaction among the DDT capping layers of neighboring
BJNPs. Therefore, there is more time for BJNPs to rotate than
those at an evaporation rate of 1000 ns−1.
Furthermore, due to the asymmetric spatial structure, the

mass center and the geometric center differ, resulting in the net
torque and subsequent rotation. Based on the comparison of
energy-change behavior under different evaporation rates, self-
assembly is insensitive to the evaporation rates. However,
structure differences among the BJNPs are evident from MCD
and MCR analysis. Thus, adjusting the position and
orientation of BJNPs by modifying the solvent evaporation
rate proves to be an effective approach for obtaining diverse
ordered structures.
Antiparallel (Parallel) Au−Ag BJNPs Arrays Solvent

Evaporation Process and Stability. The asymmetric spatial
structure of the Au−Ag BJNP gives rise to a dipole oriented
perpendicular to the Au−Ag interface. Next, we performed an
ab initio MD simulation to evaluate the change in the dipole
orientation by an external electric field. The results present that
the electric dipole moment of the Au−Ag BJNP tends to align
with the external electric field (Figures S12−13), suggesting
that an external electric field could potentially be employed as
a method to control the orientation of the nanoparticles.
Similar to ferromagnetic and antiferromagnetic configura-

tions in magnetic systems, we designed parallel and antiparallel
Au−Ag BJNP arrays (Figure 4a) to investigate the stability and
differences between the two configurations. The distinct
orientations of electric dipole moment in Au−Ag BJNPs are
expected to generate alternative ordered superstructures. By
iteratively performing the simulation process outlined in Figure
2a, the antiparallel and parallel Au−Ag BJNPs arrays undergo
the self-assembly process. Since a two-dimensional hexagonal
phase should be the stable phase,41 here, we used hexagonal-
packed BJNP arrays as initial structures. The schematic
diagrams of the Au−Ag arrays illustrate that both structures
maintain their ordered arrangement throughout the self-
assembly process with minimal rotation or detachment of
BJNPs, signifying the stability of these structures. Moreover, to
quantitively present the interaction energies of NPs-vdW,
DDT-ele, and DDT-vdW during the self-assembly process, the
corresponding data are plotted in Figure 4b. Notably, the
DDT-vdW interaction remains dominant in both antiparallel
and parallel structures during the self-assembly process,
thereby reinforcing the strong interaction of the DDT capping
ligands.
Interestingly, the NPs-vdW, DDT-ele, and DDT-vdW

interaction energies of the parallel structure are all higher
than those of the antiparallel structure in the self-assembly
process. However, the interaction energies keep decreasing
during the DDT evaporation process, as shown in Figure 4b
(Figure S14), until they go through the following 30 ns NVT
equilibrium. Figure 4c depicts the variation of the NPs-vdW
interaction energy of the two configurations during the 30 ns
NVT equilibrium. The interaction energy eventually con-
verges, indicating that the system arrives at equilibrium. The
parallel configuration exhibits a NPs-vdW interaction energy of
approximately 0.075 eV lower than that of the antiparallel
structure, meaning that the parallel configuration is more stable
than the antiparallel one. Considering the Berendsen thermo-
stat may not necessarily generate the canonical ensemble, we
performed a 2 ns NVT simulation by employing the Nose−́
Hoover thermostat based on the structure obtained after the

30 ns NVT simulation using Berendsen thermostat. The
interaction energies (ENPs‑vdW) of the antiparallel and parallel
BJNP arrays are provided in Figure S15. It is found that the
energy of the parallel BJNP array is lower than that of the
antiparallel ones, confirming that the parallel BJNP array is
more stable than the antiparallel BJNP array.
The NPs-vdW interaction is described by the 12−6

Lennard-Jones potentials without consideration of the electro-
static interaction. The force field parameters for Au and Ag
used here are based on experimental results. Therefore, the
origin of the energy difference is evaluated by combining the
classical dipole−dipole interaction formula as in Figure S16
with first-principles calculations. According to the DFT results,
the dipole induced by the asymmetry distribution of Au−Ag is
about 13.151 eÅ. Utilizing the formula, the dipole−dipole
interactions for the 16 BJNPs in parallel and antiparallel
configurations are −0.456 and 0.456 eV, respectively, as shown
in Figure S17. The dipole−dipole interaction difference is
about 0.912 eV, in agreement with the NPs-vdW interaction
energy difference in MD results. This suggests that the
orientation of the BJNP array is primarily determined by the
dipole−dipole interaction. Besides, it confirms that the parallel
configuration is much more stable than the antiparallel
configuration. The specific difference in numerical values
may arise from temperature effect, the simulation time, and the
potential function used to describe the dipole interactions in
MD simulations.

4. CONCLUSIONS
In conclusion, the self-assembly process of Au−Ag BJNPs is
thoroughly investigated by using the all-atom MD simulation
method. The energy change analysis reveals that the DDT-
vdW interaction is approximately 1 order of magnitude larger
than the NPs-vdW and DDT-ele interactions, making it
dominant in the self-assembly process. The solvent evaporation
rate has a negligible influence on the change behavior of the
interaction energies during self-assembly. However, the MCD
and the MCR suggest that a slower evaporation rate is
advantageous for the position and orientation adjustment.
Additionally, similar to the evaporation rate, applying an
external electric field proves to be a feasible strategy for
manipulating the self-assembly configuration. The dipole
interaction leads to a more stable configuration with parallel
Au−Ag BJNPs array compared with the antiparallel one.
Therefore, a combination of solvent evaporation and external
electric field holds promise as a potential approach for
designing ordered orientation super nanocrystal self-assembly
BJNPs.
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