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ABSTRACT: We model the mechanical response of alkanethiol-passivated gold nanoparticle superlattice (supercrystal)
at ambient and elevated pressures using large-scale molecular
dynamics simulation. Because of the important roles of soft
organic ligands in mechanical response, the supercrystals
exhibit entropic viscoelasticity during compression at ambient
pressure. Applying a hydrostatic pressure of several hundred
megapascals on the superlattice, combined with a critical
deviatoric stress of the same order along the [110] direction of
the face-centered-cubic supercrystal, can drive the roomtemperature sintering (“fusion”) of gold nanoparticles into
ordered gold nanowire arrays. We discuss the molecular-level mechanism of such phenomena and map out a nonequilibrium
stress-driven processing diagram, which reveals a region in stress space where fusion of nanoparticles can occur, instead of other
competing plasticity or phase transformation processes in the supercrystal. We further demonstrate that, for silver−gold (Ag−
Au) binary nanoparticle superlattices in sodium chloride-type superstructure, stress-driven fusion along the [100] direction leads
to the ordered formation of Ag−Au multijunction nanowire arrays.
KEYWORDS: Entropic viscoelasticity, ligand diﬀusion, room-temperature sintering, nanowire array, processing diagram
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of extended nanostructures, such as gold nanowire array,8 3D
nanostructured gold architecture,9 and PbS nanosheet.10 Yet
the conditions under which such stress-driven transformations
happen in NPSLs, as well as the associated molecular-level
mechanisms, are not well understood.
In this work we carried out large-scale molecular dynamics
(MD) simulations to study the mechanical behavior of gold
NPSLs under both ambient and elevated pressures. We ﬁnd
that, due to the dominant roles of organic ligands in mechanical
response,5,6,11 the NPSLs exhibit entropic viscoelasticity during
compressive deformation at ambient pressure. At moderately
elevated stresses, our simulation conﬁrms Wu et al.’s
experimental report8 that gold NPSLs can be transformed
into ordered gold nanowire arrays via deviatoric stress driven
sintering (“fusion”) of gold nanoparticles in the NPSLs. The
following stress conditions are required to enable such fusion:
(a) the presence of a background hydrostatic pressure P of the
order several hundred megapascal (MPa); (b) the presence of a
critical deviatoric stress (uniaxial) τ in addition to the
aforementioned hydrostatic pressure (triaxial) background.

olloidal nanocrystals of metals and semiconductors are
usually passivated with organic ligands to prevent
aggregation in solution. Monodisperse ligand-passivated nanocrystals can self-assemble into long-range ordered superstructures, often called nanoparticle superlattice (NPSL),
supercrystal, or supracrystal. NPSLs have been the subject of
intense research in recent years.1 These soft-sphere colloidal
supercrystals have much richer interparticle interactions than
their hard-sphere counterparts, evidenced by the variety of
crystal structures that can be formed in binary NPSLs.2 Study of
collective phenomena in these “artiﬁcial solids” is a frontier of
materials research. Mechanical properties of NPSLs are
emergent properties in the sense that they derive from the
collective interaction of the constituent nanoparticles. The
study of mechanical behavior of NPSLs has only begun, and
several pioneering experimental studies have appeared.3−7
However, detailed, molecular-level understanding of the
mechanical behavior of NPSLs is still very limited. An
interesting possibility is room-temperature sintering (“fusion”)
of passivated nanoparticles (“artiﬁcial atoms”) under stress, akin
to the nuclear fusion of real atoms under ultrahigh temperature
and pressure. Recent experimental studies demonstrated that
mechanical deformations of gold and PbS nanoparticle
assemblies in a pressurized environment lead to the formation
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Figure 1. (a) Equilibrium conﬁguration of octanethiol passivated gold NPSL at 300 K and zero pressure. The atoms depicted are gold (yellow),
sulfur (blue), and carbon (gray). The system, which is primarily used for studies involving only hydrostatic pressure, contains 108 gold nanoparticles.
(b) Internal energy change (ΔU) per nanoparticle during an isothermal compression−decompression cycle of gold NPSL at 300 K. Inset shows the
change of volume per nanoparticle during the cycle.

can be accounted by the much higher mechanical rigidity of
metallic gold compared to the organic ligands, resulting in the
dominance of ligands in the mechanical response of the NPSLs
at ambient pressure.5,6
Indeed, we ﬁnd the NPSLs exhibit polymer-like entropic
viscoelasticity during compressive deformation at low pressure.
Figure 1b shows the change of internal energy per nanoparticle
of the NPSLs during an isothermal compression−decompression cycle at 300 K, for hydrostatic pressure P varied
between zero to 1 GPa. The initial conﬁguration is fully
equilibrated at zero external stress in the constant temperature,
constant stress, and particle number (TtN) ensemble14,16,18,19
for 20 ns, before cycling pressure in the ensemble over a 10 ns
simulation period. When the pressure is lower than 0.5 GPa,
the internal energy U of the system decreases, while the
pressure is increased. This behavior is contrary to that of
enthalpy-dominated hard materials like simple metals. While
mechanical work W is continuously done to the system, the
system dumps more heat to the environment (thermostat), ΔQ
= ΔU − ΔW < 0. If the compression is performed quasistatically (without dissipation) and reversibly, TΔS = ΔQ, then
the system entropy must decrease rapidly. Analysis of the
loading−unloading cycle indicates that the heat exchange is
mainly due to entropy reduction (dissipation is small), and
T|ΔS| ≫ |ΔU|, which is the deﬁning characteristics of entropydominated (instead of enthalpy-dominated) elasticity. As
shown in Figure 1b, after loading and unloading, the potential
energy and volume of the system almost return to the initial
values. The remaining diﬀerences of potential energy and
enthalpy between the initial and ﬁnal conﬁgurations can be
eliminated after equilibrating the system at zero pressure for
another 1 ns. The small hysteresis during the loading−
unloading cycle indicates that most of the mechanical work
performed on the system is not dissipated, and |ΔQ| ≈ T |ΔS|
≫ |ΔU|. Such entropic mechanical response is also observed in
uniaxial compression of the NPSLs, albeit for uniaxial
compression, viscoelasticity3,6 and energy dissipation become
more pronounced. The entropy reduction of the NPSLs during
compressive deformation comes from the decrease of the
conﬁgurational entropy of the ligands, which results from the
signiﬁcant reduction of free volume accessible to the ligands
under compression (inset of Figure 1b). The simultaneous

The direction of the deviatoric stress should be properly aligned
with the crystallographic direction of the superlattice. In facecentered cubic fcc structure, this is the [110] nearest-neighbor
(Burgers vector) direction of nanoparticles in the superlattice.
On the basis of these insights, we demonstrate that stressdriven fusion of silver−gold (Ag−Au) binary NPSLs can lead to
the formation of Ag−Au multijunction nanowire arrays with
similar kinds of stresses.
The structural units of the gold NPSLs in our simulation are
alkanethiol-passivated gold nanocrystals. To achieve a balance
between computational cost and experimental relevance, each
icosahedron-shaped gold nanocrystal in our simulation has
diameter d ≈ 3 nm, containing 561 gold atoms and exhibiting
only (111) surfaces. The nanocrystals are capped by
octanethiols (S(CH2)7CH3). The ligands are self-assembled
and absorbed onto the gold nanocrystal surfaces via gold−
sulfur interaction in MD simulation. The coverage density of
ligand is 136 molecules per nanocrystal, which corresponds to
full ligand coverage density for the gold nanocrystal under
consideration.12 Individual gold nanoparticles are subsequently
arranged into NPSLs with fcc superstructure. Our extensive
Parrinello−Rahman MD simulation13,14 with variable size and
shape of simulation box conﬁrms that fcc is indeed the most
stable superstructure for the system considered here. After
equilibration, diﬀerent mechanical loads are imposed on the
superlattice. Periodic boundary conditions are employed. The
size of the simulation system is chosen based on the mechanical
behavior under investigation. When plastic deformation is
involved, the system typically contains more than 2500
nanoparticles. Detailed simulation methodology and procedures can be found in the Supporting Information.
Figure 1a shows a typical molecular conﬁguration of the gold
NPSLs. We compute the full elastic tensor of the NPSL at 300
K using strain ﬂuctuation method.11,15,16 The computed three
independent elastic constants are C11 = 1.18 GPa, C12 = 1.15
GPa, and C44 = 68 MPa at P = 0, and the bulk modulus B =
1.16 GPa. Compared to simple atomic elastic solids,17 the ratio
of C44/B is smaller by an order of magnitude, which however is
reminiscent of complex ﬂuids. The computed elastic moduli are
in close agreement with Landman and Luedtke’s simulation of
gold NPSLs,11 although in their study, the gold nanocrystals are
modeled as undeformable rigid bodies. The correspondence
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Figure 2. Stress-driven fusion of gold NPSL along the [110] direction of superlattice at 1 GPa pressure. (a−c) MD simulation snapshots and
schematics showing the structural evolution of NPSL at diﬀerent deformation stages. (a) Conﬁguration of the system equilibrated at 1 GPa. The
superlattice directions are labeled. (b) Conﬁguration at engineering strain ε equal to −0.2. After deformation, neighboring nanoparticles become
closer along the [110] direction. The process is accompanied by ligand conformation change and relocation. (c) Conﬁguration at ε = −0.4. Most of
the gold nanoparticles have fused together along the [110] direction and ordered nanowires are formed. (d) Lattice model of nanoparticle fusion
along the [110] direction of fcc superlattice. Neighboring nanoparticles fuse along the dashed orange lines in the ﬁgure. (e) Evolution of SAXS
patterns computed from simulation data. The incident beam passes along the [110] direction. Diﬀraction peaks due to the fcc superlattice (the
bottom curve) and the nanowire array arranged in triangular lattice (the top curve) are labeled. The X-ray wavelength used for diﬀraction calculation
is the same as in Wu et al.’s experiments.8 (f) Deviatoric stress as a function of compression fraction (absolute value of strain).

hydrostatic high pressures result in the jamming of ligands in
gold NPSLs, reducing the ligands’ surface diﬀusivity and
preventing the gold nanoparticles from sintering with each
other.
While high hydrostatic pressure alone does not induce the
fusion of gold NPSLs in our simulation, we ﬁnd that a
moderate level of pressure, combined with a deviatoric stress τ
of hundreds of MPa along an appropriate direction of the
superlattice, transform the gold NPSLs into ordered gold
nanowire arrays, which is consistent with previous experimental
observation.8 Uniaxial stresses along one of the three low-index
directions of the fcc superlattice, namely, the [100], [111], and
[110] directions, are considered. We build gold NPSLs with
one of the low-index directions orienting along, for example,
the z edge of the orthorhombic simulation box in Cartesian
coordinates. The system, which includes around 2500 gold
nanoparticles, is initially equilibrated in the TtN ensemble at
zero stress. The pressure P of the system is then raised from
zero to 1 GPa in the TtN ensemble over a period of 1 ns. This
is followed by equilibration at 1 GPa for 2 ns, at the end of
which large ﬂuctuations in energy and volume have ceased.
Subsequently, the z dimension of the simulation box is
deformed with a ﬁxed engineering strain rate of −1.0 × 10−4
per ps. Meanwhile, the σxx and σyy of the ensemble are
controlled by barostat at 1 GPa, while σxy, σxz, and σyz are

decrease of potential energy comes from stronger van der
Waals attraction between the ligands.11 The total free energy
change, given by ΔF = ΔU − TΔS = ΔQ + ΔW − TΔS ≈ ΔW
= −∫ PdV, remains positive.
The structural stability of NPSLs under high pressure has
been subjected to experimental studies recently.9,20 However,
whether purely hydrostatic pressure alone can induce fusion of
NPSLs is still under debate. To help answer this question, we
carry out hydrostatic deformation of gold NCSLs under high
pressure. Starting with a fully equilibrated gold NPSL with the
same conﬁguration as in Figure 1a, we increase the normal
stress components of the TtN ensemble (σxx, σyy, and σzz) from
zero to 20 GPa over a simulation period of 20 ns, while setting
the shear stress components of the ensemble (σxy, σxz, and σyz)
to ﬂuctuate around zero. This aims to simulate the hydrostatic
compression of the NPSL in a ﬂuid environment. The normal
stresses of the ensemble are then kept at 20 GPa for another 5
ns. The simulation box is allowed to change in both size and
shape. Over the entire course of the simulation, the system
maintains fcc superstructure. No ﬁrst-order phase transformation, nor fusion of nanoparticles, is observed. This is
consistent with Podsiadlo et al.’s recent high pressure
experiment, where they observed “nearly perfect structural
stability” of PbS NPSL with fcc superlattice for pressure up to
12.5 GPa.20 Our simulation also indicates that purely
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Figure 3. (a−c) Conﬁgurations of gold NPSLs at strain equal to −0.4 after uniaxial deformation along the [110] direction in the presence of
diﬀerent hydrostatic pressure. Panels a−c correspond to pressure equal to 100, 300, and 500 MPa, respectively. Gold nanoparticles are partially fused
together along the [110] direction in panels a and b, while in panel c nanowire array is formed. (d) Nonequilibrium stress-driven fusion processing
diagram of the simulated [110] oriented gold NPSL. The horizontal axis is the pressure applied on the system, while the vertical axis is the maximum
deviatoric stress applied along the [110] direction during deformation. The green line represents the maximum deviatoric stress before fusion or
mechanical yielding of NPSL at diﬀerent pressure. By observing the conﬁgurations of the systems at the end of deformation, diﬀerent regions in the
stress space are determined and labeled in the diagram. Nanowire arrays are formed when both applied pressure and deviatoric stress exceed certain
critical values. (e) Computed elastic moduli C11, C12, and C44 of the NPSL as a function of pressure.

forms as a result (Supplementary Movie S3). This process is
illustrated in Figure 2. Figure 2a shows the conﬁguration of the
gold NPSLs before deformation. The schematic beneath
illustrates the idealized conﬁguration of the nanoparticles in
the (001) plane of the superlattice. In Figure 2b, the
engineering strain of the deformation reaches −0.2. The
associated schematic shows the conformation change and
reorganization of ligands on the nanocrystal surfaces, a picture
supported by our detailed analysis (Supplementary Figure S1).
When strain reaches −0.4 (Figure 2c), neighboring nanoparticles have overcome the passivation of ligands and attached
to each other, forming ligand-passivated gold nanowire array.
In Figure 2d, we illustrate the fusion of NPSL in a
crystallographic model. The fused nanoparticles form parallel
nanowires along the [110] direction. Under compression, these
wires pack closely into triangular lattice, with P6mm symmetry.
The structural evolution is also captured by computing the
small-angle X-ray scattering (SAXS) patterns during stressdriven fusion, which is shown in Figure 2e. The evolution of the
SAXS patterns agrees with Wu et al.’s experimental data.8 The
critical deviatoric stress τfusion needed to drive fusion at P = 1
GPa pressure, as determined from the deviatoric stress versus
engineering strain curve in Figure 2f, is around 330 MPa.
In addition to the orientation of superlattices, the existence
of a moderate pressure background is found to be crucial for
ordered fusion of NPSLs. We carry out uniaxial deformation of
[100], [111], and [110] oriented superlattices at P = 0. In all

controlled to be zero. This aims to simulate the uniaxial
deformation of the NPSLs in the backdrop of a ﬂuid-generated
triaxial pressure. The deviatoric stress along the z direction is
deﬁned as τ ≡ σzz − P. The engineering strain of deformation is
calculated as ε ≡ (Lz − Lz0)/Lz0, where Lz0 and Lz are the
lengths of the simulation box along the z direction at the
beginning and during deformation, respectively.
For deformation along the [100] or [111] direction of the
gold NPSLs, we could not observe ordered fusion of
nanoparticles in the superlattices. Compressive stress along
these two directions induces signiﬁcant variation in the size and
shape of the simulation box, indicating plasticity and/or phase
transformation of the supercrystal, but the ordered fusion of
nanoparticles does not occur (Supplementary Movies S1 and
S2). We note that Wu et al. did not observe ordered fusion of
[111] oriented gold NPSLs in their high pressure experiment9
either.
For uniaxial compression along the [110] direction, however,
we observe stress-driven fusion of gold nanoparticles into
ordered gold nanowire array. The [110] direction is the
nearest-neighbor direction of nanoparticles in fcc superlattice.
Therefore, uniaxial compression along the [110] direction
drives neighboring nanoparticles along this direction closer to
each other. Uniaxial compression overcomes the entropic and
steric repulsion of the ligands between the neighboring
nanoparticles and eventually leads to the sintering of nanocrystal cores along the [110] direction. Ordered nanowire array
4954
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Figure 4. Stress-driven fusion of Ag−Au binary NPSL in NaCl-type superstructure. (a−c) MD simulation snapshots showing the structural evolution
of the system deformed at zero external pressure along the [100] direction. (a) The conﬁguration of the system before uniaxial deformation. The
silver nanocrystals are colored in silver, and the gold nanocrystals are colored in gold. The black region between the nanocrystals contains thiol
molecules adsorbed on the nanocrystal surfaces. (b,c) Conﬁgurations at strain equal to −0.15 and −0.3, respectively. (d) Stress−strain curve
associated with the deformation at zero external pressure. The yield stress is around 90 MPa. (e−g) Structural evolution of the binary NPSL
deformed along the [100] direction in the presence of 500 MPa pressure. Multijunction nanowire array consists of periodic domains of gold and
silver nanocrystals are formed at the end of deformation. (h) Stress−strain curve associated with the deformation at 500 MPa pressure. The critical
deviatoric stress to induce fusion is around 280 MPa.

stress space, corresponding to viscoelasticiy, partial fusion, and
formation of ordered nanowire arrays, respectively. Formation
of nanowire arrays only happens when both the pressure P and
the deviatoric stress τ ≡ σzz − P exceed certain critical values.
The critical fusion pressure is found to be Pfusion ≈ 350 MPa,
and the critical fusion deviatoric stress is found to be τfusion ≈
170 MPa.
We have also studied stress driven fusion of gold NPSLs
consisting of larger-sized gold nanoparticles and found the
same order of magnitude of critical pressure and deviatoric
stress values. For gold NPSLs consisting of dodecanethiol
(S(CH2)11CH3) passivated gold nanocrystals with core
diameter ∼4 nm in fcc type superstructure, the critical pressure
Pfusion and deviatoric stress τfusion needed for formation of
nanowire arrays are both found to be around 200 MPa.
While stress-driven fusion of single-component gold NPSLs
have been demonstrated in experiments,2,9 stress-driven fusion
of binary NPSLs2 has not been shown experimentally. We
hence carried out MD simulation of a model binary NPSL, Ag−
Au binary NPSL in sodium chloride (NaCl)-type superstructure. Binary NPSLs with this type of supercrystal structure
have been created experimentally.2,22 Previous studies demonstrated that the structure of binary NPSLs depends on the size
ratio of small and large nanoparticles, γ = Rsmall /Rlarge.23,24 The
icosahedron-shape gold nanocrystal in our Ag−Au binary
NPSL has diameter around 2 nm, containing 309 gold atoms.
The silver nanocrystal has diameter around 5 nm and contains
3871 silver atoms. This gives γ ≈ 0.4, which is very close to the
most stable value for NaCl-type structure.22 The gold and silver
nanocrystals are both fully passivated by octanethiol ligands.
The simulation system, shown in Figure 4a is a 4 × 4 × 4
supercell, containing 256 silver nanoparticles and 256 gold
nanoparticles. The simulation set up and procedures for stressdriven fusion of the binary NPSL are similar to those for gold
NPSLs discussed earlier.

three cases, ordered fusion could not be observed (Supplementary Movies S4−S6). This is because with C44(P = 0) = 68
MPa, τ of hundreds of MPa would exceed the ideal shear
strength21 and thus the plastic yield strength τY(P = 0) of the
supercrystal, which will trigger supercrystal plasticity before
fusion can happen. A moderate pressure P > 0 is needed so
τY(P > 0) is enhanced, delaying the competing supercrystal
plasticity processes.
This idea motivates us to map out the pressure-dependent
fusion behavior of [110] oriented gold NPSLs. We simulate the
uniaxial deformation of [110] oriented gold NPSLs under
diﬀerent pressures and look at the conﬁguration of the system
at the end of deformation. The system, which is initially
equilibrated at a given pressure P, is deformed along the z
dimension of the simulation box corresponding the [110]
direction, during which the σxx and σyy of the ensemble are ﬁxed
at P. The shear stress components of the ensemble, σxy, σxz, and
σyz, are controlled by barostat to be zero. When P is small,
uniaxial compression leads to twinning-like plastic deformation
of the superlattice along the [110] direction when the strain
reaches around −0.2 (Supplementary Movie S6). This triggers
mechanical yielding of the system. Further deformation leads to
partial structural disordering of the superlattice. When P is
increased to around 100 MPa, partial fusion of nanoparticles
along the [110] direction starts to emerge (Supplementary
Movie S7). If P is further increased, more and more
nanoparticles are fused together along the [110] direction
before the system mechanically yields. Finally, when P reaches
350 MPa, all the nanoparticles are able to fuse together along
the [110] direction. This transition is shown in the simulation
snapshots of Figure 3a−c and Supplementary Figure S2. Such
simulation over a wide range of pressure P enables us to plot a
nonequilibrium stress-driven “processing diagram” of the [110]
oriented gold NPSLs, which is presented in Figure 3d. The
processing diagram indicates the existence of three regions in
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Figure 5. (a) Simulation snapshots of ligands being displaced from the contact region between two nanoparticles during stress-driven fusion. Atoms
belonging to the same ligand molecule are colored the same. (b) Surface conﬁguration of the gold nanocrystal in our model and calculated potential
energy surface for moving a ligand on the surface. In the left panel of b, the top surface layer of the nanocrystal is colored in orange, which is shown
together with the two layers beneath (green and blue). A thiol molecule is also depicted in the ﬁgure. The dashed box represents the region for
potential energy surface calculation, the result of which is shown in the right panel of b. (c) Calculated potential of mean force as a function of
distance between two nanoparticles. The potential of mean force reaches its maximum shortly before the fusion of two nanoparticles.

array is found to occur when the deviatoric stress aligns with
the nearest-neighbor direction of nanoparticles in NPSLs.
If the fusion criterion is τY(P) > τ > τfusion(P), what then
controls τfusion? At the molecular level, the mechanism of
nanoparticle fusion is deviatoric stress induced ligand displacement on nanocrystal surface, which depassivates the gold
nanocrystals locally and allows them to form direct metal−
metal contact (grain boundary) and fuse together. The ligands
between neighboring nanocrystals along the deviatoric stress
direction sustain higher local pressure than ligands elsewhere
on the surface, creating a chemical potential gradient for ligand
surface diﬀusion. It has been shown recently26,27 that surface
diﬀusion on sub-10 nm metallic nanoparticles is so active at
room temperature that it can support Coble creep. The large
surface curvature of nanocrystal facilitates ligand surface
diﬀusion, as the free volume per ligand is higher on surfaces
with higher curvature.28 If the nanoparticles are continuously
pushed toward each other, ligands will eventually leave the
contact region (ligand source) to regions of less local pressure
(ligand sink), followed by the fusion of gold nanocrystal. This
ligand source-to-ligand sink process by surface diﬀusion is
shown in the simulation snapshots of Figure 5a. The possibility
of ligands being displaced by mechanical force on gold surfaces
had been unequivocally demonstrated by Liu et al.,29 where
they found the tip of AFM can displace self-assembled thiol
layers on gold surfaces above a critical contact pressure around
1 GPa.30 Because of the aforementioned curvature eﬀects, the
critical contact pressure for displacing ligands on nanocrystal
surface should be lower, which in our study was found to be
several hundred MPa. The calculated potential energy barrier Q
for displacing of an single ligand on gold (111) surface is
around 50 meV in our simulation (Figure 5b), a value that
agrees with ﬁrst-principles calculated thiol diﬀusion barrier on
gold (111) surface.31 This low energy barrier at P = 0 means
such surface migration can indeed happen at room temperature.32
The critical deviatoric stress for fusion of NPSL can be
estimated by calculating the free energy barrier of fusion
between two individual nanoparticles. The potential of mean
force (PMF) between two nanoparticles can be calculated via
steered molecular dynamics (SMD).12 On the basis of

Figure 4a−d shows that, if we deform the binary NPSL along
the [100] direction of the superlattice under P = 0, no ordered
fusion of nanoparticles occurs. The system mechanically yields
at around τY = 90 MPa before the gold and silver nanocrystal
cores were able to jam together to form contact. Accompanied
with this yielding, the smaller-sized gold nanoparticles are
displaced from their lattice sites along the [100] direction,
which is the nearest-neighbor direction in NaCl-type superlattice (Supplementary Movie S8). In contrast, when the binary
NPSL is deformed in the presence of P = 500 MPa, the system
is superstructurally stiﬀer, and the nanoparticles remain jammed
in their lattice sites during deformation. This pressure-induced
increase in yield strength τY(P > 0) > τY(P = 0), so-called
Mohr−Coulomb25 or non-Schmid yield shown in Figure 4e−h,
allows the uniaxial stress to rise high enough to drive the fusion
of silver and gold nanoparticles along the [100] direction,
forming Ag−Au multijunction nanowire arrays (Supplementary
Movie S9).
Our simulations of gold NPSLs and Ag−Au binary NPSLs
reveal that a few conditions need to be met simultaneously for
ordered fusion of nanoparticles in these NPSLs: (a) the
presence of a pressure background of more than several
hundred MPa. The presence of a moderately high pressure P
on the supercrystal, P > 0.2B, increases its uniaxial yield
strength τY signiﬁcantly (Figure 3d). The computed ﬁnitepressure elastic constants C11, C12, and C44 of the gold NPSLs
also increase signiﬁcantly (Figure 3e). When the mechanical
strength of the system is increased such that the yielding
deviatoric stress becomes larger than the critical fusion
deviatoric stress, τY(P) > τfusion(P), ordered fusion of NPSL
can happen. (b) The applied deviatoric stress needs to be larger
than the critical fusion deviatoric stress, τ > τfusion. It can be seen
from Figure 3d that if the deviatoric stress has not reached the
critical value, the system is still in the viscoelasticity regime.
Physically, neighboring nanoparticles have not come close
enough to enable the contact formation of the nanocrystal
cores. (c) Right alignment of the deviatoric stress with respect
to the crystallographic direction of the superlattice. Our
simulation indicates that proper alignment of deviatoric stress
ensures ordered nanoparticle fusion. Formation of nanowire
4956

dx.doi.org/10.1021/nl5011977 | Nano Lett. 2014, 14, 4951−4958

Nano Letters

Letter

Jarzynski’s equality,33 PMF reﬂects the free energy diﬀerence
between the initial and ﬁnal states during a nonequilibrium
process. During our SMD calculation of PMF, two individual
gold nanoparticles, initially separated over a distance of 150 Å,
are coupled together by a ﬁctitious spring and pulled toward
each other with a constant pulling velocity equal to 0.1 Å per
picosecond. This pulling speed, when translated into engineering strain rate of deformation, is close to the strain rate we used
for stress-driven fusion simulation. The nanoparticles are
allowed to rotate freely about their centers of mass during
the SMD pulling process. The ﬁnal PMF is the average of six
independent trajectories along the same pulling path. Figure 5c
shows the calculated PMF. The PMF has a well-deﬁned
potential minimum where entropic repulsion between the
ligands balances the van der Waals enthalpic attraction. The
PMF also has a steep repulsive region, the maximum of which
corresponds to the “fusion distance”12 between two nanoparticles. Two nanoparticles will fuse together when their
distance is smaller than the fusion distance. From the computed
PMF, the fusion free energy barrier between two nanoparticles
is determined to be ΔF = 3.5 eV. This number can be
approximated as the free energy barrier of fusion per
nanoparticle in the gold NPSL. We can then estimate the
minimum deviatoric stress based on the thermodynamic
principle that work done on the system must be larger than
the free energy change. Assuming the linear stress−strain
relationship, the net work done on the NPSL per particle
before fusion is w = τfusionεcΩ/2, where εc is the critical fusion
strain and Ω the volume per nanoparticle in the NPSL. We
then reach the following inequality:

unpassivated gold nanocrystals. Instead, the majority of the load
in stress-driven fusion was the ﬂow stress to deform and replace
the passivating ligands absorbed on the nanocrystal surfaces.
Once the ligands are displaced, sintering of gold nanocrystals
can happen with much lower applied load. Indeed, Lu et al.
demonstrated that cold welding of gold nanowires can occur
with contact pressure less than a few MPa at room
temperature.34
A potentially important implication of our simulation is that
stress-driven fusion of NPSLs may only require pressure and
deviatoric stress of an order several hundred MPa or even
lower, in which case special pressure-generating devices such as
diamond anvil cell may not be necessary. In Wu et al.’s high
pressure experiment,8 formation of gold nanowire arrays from
gold NPSLs occurs at pressure above 10 GPa. This is because
the deviatoric stress in their experiment is generated only when
the pressure transmitting medium (PTM), namely, silicone oil,
is solidiﬁed in that range of pressure. Yet solidiﬁcation of PTM
is not the only way to generate deviatoric stress. One can
directly compress a NPSL sample immersed in a PTM to
induce deviatoric stress on top of a compressive pressure.
Indeed, hydraulic compression machines, capable of generating
axial deviatoric stress while maintaining radial pressure up to
400 MPa, have been used to study the phase transformation of
zirconia.35 Such instruments are clearly more suitable than
diamond anvil cell should stress-driven fusion of NPSLs
become a viable route for large-scale synthesis of nanowire
arrays.
To summarize, we have studied the mechanical response and
stress-driven fusion of gold NPSLs and Ag−Au binary NPSLs.
We study the conditions under which ordered nanowire array
can be formed via stress-driven fusion and present molecularlevel understanding of the fusion process. First, deviatoric
(uniaxial) stress τfusion of hundreds of MPa is needed to set up
ligand source−sink mass action on the surface of the same
nanoparticle, with suﬃcient chemical potential gradient to drive
surface diﬀusion, which is certainly facile enough at room
temperature (Q ≈ 50 meV) if the pressure is not exceedingly
high. Second, moderate hydrostatic (triaxial) pressure P ≈
0.2B(P = 0) is necessary to elevate the supercrystal yield
strength τY signiﬁcantly. This is because the applied deviatoric
stress can also be relaxed by superstructural plasticity
(dislocation, twinning, phase transformation, etc.) of the
supercrystal, and if these processes happen before fusion, it
will be diﬃcult to have ordered fusion. These conditions are
summarized in a single equation τY(P) > τ > τfusion(P), and we
have given numerical estimates of both τY(P) and τfusion(P) in
this letter, τY(P) by Mohr−Coulomb type of calculation and
τfusion(P) by molecular level energy estimates, and direct
calculations. On the basis of these understandings we have
constructed a room-temperature processing diagram (Figure
3d) that is shown to be eﬀective for both Au and Ag−Au
NPSLs. Our study suggests that stress-driven fusion could
potentially be employed to create novel nanostructures, such as
multijunction nanowire arrays, in a scalable and cost-eﬀective
way. This is an exciting opportunity considering the structural
richness and compositional tunability that can be achieved in
binary and multicomponent NPSLs.2,36 Because both τ and P
required are rather low (several hundred MPa), it should then
be entirely possible that stress-driven fusion of binary NPSLs
could be used for industrial-scale production of multijunction
nanowire arrays, for use in bulk-scale applications such as
photovoltaics37,38 and catalysis.

1
τfusionεc Ω > ΔF
2

Using the numbers from the simulation, εc ≈ 0.2 (Supplementary Figure S2) and Ω ≈ 4.5 × 104 Å3 (Figure 1b), we
calculate the critical deviatoric stress τfusion > 120 MPa. This
number is close to the critical deviatoric stress obtained from
the fusion processing diagram Figure 3d (170 MPa). The
success of this “independent particle” model suggests that at
critical fusion compression τfusion, many-body eﬀects on the
fusion of a nanoparticle in the NPSL are still relatively minor.
We would like to point out that, while we conclude from our
simulations that stress-driven fusion of gold NPSLs require
pressure and deviatoric stress of order several hundred MPa,
these critical values are obtained from simulations with very
high strain rate of deformation and very small simulation
supercell, thereby may not necessarily reﬂect the minimum
critical stress values to achieve fusion in laboratory experiments
with much lower strain rate. Because of the time-scale limit of
MD simulation, strain rates in MD simulation are typically very
high, ranging from 10−1 to 10−5 per picosecond. The strain rate
of deformation in our simulation (−1.0 × 10−4 per picosecond)
is a common value for MD simulation but still many orders of
magnitude higher than common experimental strain rate. We
have carried out preliminary studies on the eﬀects of strain rate
on the critical fusion deviatoric stress and found lower stress
value when strain rate is reduced. This is not surprising
considering the NPSLs are viscoelastic. Therefore, the
experimental critical fusion pressure and deviatoric stresses
could be lower than the values obtained by our simulation, if
the interatomic potentials used in our simulation are suﬃciently
accurate. We also emphasize that the critical fusion deviatoric
stress is not the stress to realize the sintering of bare,
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I.

SIMULATION METHODS

The MD simulations reported in the paper employ the LAMMPS code [1]. Periodic
boundary conditions are always used. The timestep for integration of equation of motion is
set to be 1.0 fs. For stress-driven fusion simulation, the simulation system typically involves
around 2500 gold nanoparticles (∼5 million atoms). To save computational resources, the
fusion processing diagram for [110] oriented gold NPSLs (Fig. 3d in the main text) was
mapped out using a system containing 192 nanoparticles. We have checked the system size
effect and found the results for large and small simulation systems agree with each other
well. A set of well-annotated programs used by us to generate the LAMMPS input files for
simulation of individual ligand-passivated gold nanoparticles and NPSLs are freely available
on github.com at https://github.com/liwenbin/superlattice.

A.

Intermolecular Potential Models

The assignment of interaction potential is a critical issue in MD simulation. In our
simulation, Morse potential was chosen to describe the interaction between gold atoms
[2, 3]. Although embedded-atom method (EAM) potential [4] is known to be a more accurate
potential model for metals, especially for metallic nanostructures, we found in our simulation
that EAM potential has a few problems when used together with pair potential description of
gold-sulfur interaction. Sulfur atoms tend to cause surface roughening of gold nanocrystals
modeled with EAM potential. A small portion of sulfur atoms can penetrate one atomic
layer beneath the gold surface, which no experimental evidence is available for support and
is unphysical in our belief. This motivates our choice of Morse potential to model gold-gold
interaction [2, 3]. While the simulations reported in this paper use Morse potential, we
have nevertheless performed extensive simulations using EAM potential. The conclusions
drawn in our paper are not qualitatively affected. The critical hydrostatic pressure and
deviatoric stress needed for fusion of gold NPSL into gold nanowire array was found to
be higher (within a factor of two) for nanocrystals modeled with EAM potential. The
higher values can be explained by the aforementioned penetration of sulfur atoms beneath
gold nanocrystal surface, which make it more difficult for ligands being displaced from the
contact region between two neighboring nanoparticles before fusion.
2

To describe the interaction of alkanethiol ligands, we use the united atom (UA) potential
by Paul et al [5]. Kushik et al ’s recent work [6] demonstrated that Paul et al ’s UA potential
can accurately reproduce the chain conformation and dynamics of ligands modeled by very
accurate, but computationally demanding all-atom MM3 potential [7]. The UA potential
includes bond, angle, dihedral and non-bonded interactions.
The interaction between thiol ligands and gold nanocrystals is subtle, due to the quantummechanical nature of sulfur-gold bonding. The adsorption configuration of thiol on gold
surface is still under debate [8]. Most studies in the literature use Morse potential to parameterize gold-sulfur interaction [9–12]. Our gold-sulfur interaction model follows Zhang
et al [9], except that we use Lennard-Jones potential instead of Morse potential to fit the
adsorption energies of sulfur atom on gold surfaces, as Morse potential has a relatively soft
core which induces unphysical features at very high pressure. We note that Schapotschnikow
et al [13] also use Lennard-Jones potential to model gold-sulfur interaction in their simulation of interactions between individual gold nanoparticles. We have selected Zhang et al ’s
gold-sulfur model [9] because the thiol diffusion barrier computed from Zhang et al ’s model
is very close to first-principles calculated thiol diffusion barrier on gold (111) surface assuming direct adsorption geometry [14], as well as gold adatom diffusion barrier on gold (111)
surface [15]. The gold adatom model, namely thiol ligands bind to gold surface via gold
adatoms, has recently emerged as a strong candidate for ligand adsorption on gold surface
[8]. Due to the covalent bonding between sulfur and gold, thiol diffusion on gold surface may
involve diffusion of thiol-adatom complex, in which case the thiol diffusion barrier should
be close to that of gold adatom. Indeed, fast diffusion of thiol ligands on gold surface was
experimentally observed [16], suggesting that the thiol diffusion barrier should be close to
thermal energy at room temperature.
For silver-gold (Ag-Au) binary nanoparticle superlattice simulation, we use Morse potential [2] to describe the interaction between the silver atoms. The cross-interaction between
gold and silver atoms are computed using Lorentz-Berthelot mixing rules. As previous studies showed that the interaction strength and equilibrium distance of Ag-S bond is very close
to those of Au-S bond [17, 18], we use the Au-S interaction parameters to approximate those
of Ag-S interaction. The non-bonded interactions between the alkyl group of thiol ligands
and silver are relatively weak. Small variation of these interaction parameters is unlikely to
influence the simulation results much. Hence, the parameters are taken to be same as those
3

between ligands and gold nanoparticles.
The force field parameters for the interaction models described above are listed in details
bellow.

1.

Gold-gold interaction



E = D0 e−2α(r−r0 ) − 2e−α(r−r0 ) ,

r < rc

(1)

−1

where D0 = 10.956 kcal/mol, α = 1.5830 Å , r0 = 3.0242 Å. The interaction cut-off
distance rc = 10 Å is the default value for non-bonded interactions in our simulations.
Interaction potentials are shifted to zero at rc .

2.

Ligand intra- and inter-molecular interactions

The thiol ligands (S(CH2 )n CH3 ) are coarse-grained such that each CH2 or CH3 unit is
treated as a single atom. The total conformation energy of thiol molecules consists of energy
coming from bond-stretching, angle-bending, dihedral-torsion, and non-bonded interactions.

E = Ebond + Eangle + Etorsion + Enon−bonded

(2)

where
Ebond = k(r − r0 )2

(3)

Eangle = k 0 [cos(θ) − cos(θ0 )]2
1
1
1
Edihedral = K1 [1 + cos(φ)] + K2 [1 − cos(2φ)] + K3 [1 + cos(3φ)]
2
2
2
 
σ 12  σ 6
−
,
r < rc
Enon−bonded = 4
r
r

(4)
(5)
(6)

The interaction parameters for the alkyl groups of thiol ligands are the original values
of Paul et al [5, 6]. Interactions parameters involving sulfur were taken from literature
[12, 19–21]. The interaction parameters are listed in Table I.
For non-bonded interactions, the standard Lorentz-Berthelot mixing rules are used to
compute the cross-interaction terms.
4

TABLE I. Interaction Parameters for Ligand Molecules

3.

2

bond

r0 (Å)

k [kcal/(mol/Å )]

S-CH2

1.81

222

CH2 -CH2

1.53

317

CH2 -CH3

1.53

317

angle

θ0 (degree)

k 0 (kcal/mol)

S-CH2 -CH2

114.4

62.5

CH2 -CH2 -CH2

110.01

60.0

CH2 -CH2 -CH3

110.01

60.0

dihedral

K1 (kcal/mol)

K2 (kcal/mol)

S-CH2 -CH2 -CH2

1.6

-0.8670

3.24

CH2 -CH2 -CH2 -CH2

1.6

-0.8670

3.24

CH2 -CH2 -CH2 -CH3

1.6

-0.8670

3.24

non-bonded interaction

σ (Å)

 (kcal/mol)

S

4.25

0.39743

CH2

4.009

0.09344

CH3

4.009

0.22644

K3 (kcal/mol)

Ligand-gold interaction

The ligand-gold interaction consists of sulfur-gold interaction and alkyl group-gold interaction. The interaction between gold and sulfur is modeled by Lennard-Jonnes potential:

 
σ 12  σ 6
E = 4
−
,
r < rc
(7)
r
r
where  = 3.182 kcal/mol, σ = 2.586 Å.
The interaction of alkyl units with gold is modeled by Lennard-Jones potential as well.
The interaction strength, however, is much weaker than sulfur-gold interaction. The interaction parameters are taken from literature [12, 19]. For interaction between Au and CH2
units,  = 0.0678 kcal/mol, σ = 3.42 Å. For interaction between Au and CH3 unit,  =
0.0826 kcal/mol, σ = 3.42 Å.
5

4.

Interaction parameters for silver-gold binary nanoparticle superlattice

For silver-gold binary NPSL simulation, we also use Morse potential to describe the
interaction between the silver atoms:


E = D0 e−2α(r−r0 ) − 2e−α(r−r0 ) ,

r < rc

(8)

The interaction parameters, taken from literature [2], are D0 = 7.499 kcal/mol, α = 1.3535
−1

Å , and r0 = 3.1300 Å. The interaction between gold and silver atoms are computed
−1

using Lorentz-Berthelot mixing rules, which gives D0 = 9.2275 kcal/mol, α = 1.4683 Å ,
r0 = 3.0771 Å.
For the interaction between the sulfur atoms of thiol ligands and silver nanoparticles,
previous studies showed that the interaction strength and equilibrium distance of Ag-S bond
are very close to those of Au-S bond [17, 18]. Therefore, the Ag-S interaction parameters
are taken to be the same as those of Au-S interation, namely

 
σ 12  σ 6
−
,
r < rc
E = 4
r
r

(9)

where  = 3.182 kcal/mol, σ = 2.586 Å.
The van der Waals interaction between the alkyl group of thiol and silver is relatively
weak. Small variation of this set of parameters will not influence the simulation results
much. Hence, the parameters are taken to be same as those of thiol-gold interaction.

B.
1.

Simulation Procedures
Stress-driven fusion simulation

We first build individual ligand-passivated gold nanoparticles through MD simulation.
An icosahedral gold nanocrystal is put at the center of a simulation box, surrounded by of
thiol ligands. The number of ligands is larger than the value corresponding to the maximum
ligand coverage on nanocrystal surface. The simulation box is large enough so that periodic
images do not interact with each other. Initially, the temperature of the system is set to be
450 K in the constant particle number, constant volume and constant temperature (NVT )
ensemble. Due to the strong attractive interactions between gold and sulfur atoms, the thiol
ligands start to self-assemble on the nanocrystal surface. After running simulation for ∼1
6

ns, the temperature of the system is cooled to 300 K over a period of 1 ns. The system is
then allowed to equilibrate at 300 K for more than 3 ns. At the end of simulation, ligands
not absorbed on the nanocrystal surface will be removed and the configuration will be used
for building nanoparticle superlattice.
To build gold NPSLs, the ligand-passivated gold nanoparticles are initially put at the
lattice sites corresponding to fcc superlattice. Previous simulation of gold NPSL using different potential models by Landman et al suggested that the favorable superlattice structure
is controlled by the ratio of ligand length and nanocrystal core size [22]. Our own extensive
(more than 20 ns) Parrinello-Rahman MD simulation [23, 24] with variable size and shape of
simulation box confirm that fcc is indeed the most stable superstructure for the nanoparticle
superlattices considered in this work. If the length of ligand is increased or the size of gold
core is decreased, we are able to observe fcc to body-centered cubic (bcc) or body-centered
tetragonal (bct) structural transitions [22].
The nanoparticles put at the lattice sites of fcc superstructure are initially far away
from each other, with the distance between two nearest-neighbor nanoparticles around two
times the diameter of a nanoparticle. We then put the system under the constant temperature, constant stress (thermodynamic tension), and particle number (T tN ) ensemble.
Nosé-Hoover type thermostat and barostat [24–27] are used to control temperature and
stress, and the simulation box is allowed to change in both size and shape [23, 24]. The
damping coefficients for thermostat and barostat are both 0.01 fs−1 . Barostat damping coefficient equal to 0.001 fs−1 has also been tested but no noticeable difference in simulation
results was found. Subsequently, we set the target pressure of the T tN ensemble to be zero
at constant temperature of 300 K, and run simulation for 1 ns. At this stage, the x, y and z
dimensions of the simulation box were allowed to shrink or expand independently, but not
the xy, yz and xz dimensions. As the barometer couples to the size and shape of simulation
box, the nanoparticles would approach each other and the supercrystal becomes compact.
In the next step, we allow all dimensions of the simulation box to relax, and equilibrate the
superlattice at 300 K and zero stresses in the T tN ensemble for 2 ns. At the end of this
step, the energy and volume of the system would typically have converged.
To study stress-driven fusion of nanoparticle superlattices under different pressure, we
first build gold NPSLs with the one of the low-index superlattice direction, namely the [100],
[110] or [111] direction, orienting along, for example, the z direction of the orthorhombic
7

simulation box in Cartesian geometry. We then equilibrate the system in the T tN ensemble
with zero stress components according to the procedures described above. Afterward, the
xx, yy and zz stress components of the ensemble (σxx , σyy and σzz ) are elevated to the target
pressure P over a 1 ns simulation, while σxy , σyz and σxz are fixed at zero. Subsequently,
we equilibrate the system under stress components σxx = σyy = σzz = P and σxy = σyz =
σxz = 0 for 2 ns, followed by uniaxial deformation of the NPSLs. We deform the z dimension
of the simulation box (corresponding to one of the low-index superlattice direction) with a
fixed engineering strain rate of −1.0 × 10−4 per ps. The length of simulation box dimension
along the z direction will be one half of the original length after 5 ns simulation. During
deformation, barostat controls the stress components to simulate the uniaxial deformation
of the NPSLs in the presence of fluid-generated pressure background. For example, if we
deform along the z direction of the simulation box, σxx and σyy will be fixed at P , while
σxy , σyz and σxz are all controlled to be zero.
The simulation procedures for equilibration and stress-driven fusion of binary NPSLs are
similar to single component gold NPSLs.
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II.

LIGAND CONFORMATION CHANGE AND DISPLACEMENT ON NANOCRYS-

TAL SURFACES DURING STRESS-DRIVEN FUSION

We have studied the conformation change and displacement of ligands on nanocrystal
surfaces during stress-driven fusion along the [110] direction of gold NPSLs at 1 GPa pressure. To measure the ligand conformation change, we calculate the angle between ligand
end-to-end vector and the unit vector along the deformation direction, as schematically
shown in Fig. S1(a). The end-to-end vector for the i-th ligand is defined as ~hi = ~ri,CH −~ri,S ,
3

where ~ri,CH3 and ~ri,S denote the coordinates of the outmost CH3 structural unit and the
sulfur atom, respectively. Defining ẑ to be the unit vector along the deformation direction,


i
~
~
~
the angle between hi and ẑ is then calculated as θ = arccos hi · ẑ/|hi | . The change of θi
during deformation would reflect the rotation of the ligand with respect to the deformation
direction. We calculate the angle for all ligands in the system at strain zero and strain equal
to −0.2, and plot their distributions in Fig. S1(b). It can be seen from the figure that the
distribution, centered at 90 degree, becomes narrower when strain goes from zero to −0.2.
This indicates that the ligands are being pushed away from the deformation direction.
In Fig. S1(c), we illustrate the measure of ligand displacement on nanocrystal surface. d~i
is defined to be the vector going from the center of a nanoparticle, on which the i-th ligands
is adsorbed, to the sulfur atom of that ligand. The location of sulfur atom is considered to
be the binding site of the ligand. The projection of d~i along the deformation direction ẑ,
||
||
written as di , can be calculated as di = d~i · ẑ. d|| gives information about the adsorption

site of a ligand with respect to the center of nanocrystal along the deformation direction.
The distributions of d|| for all ligands at strain zero and strain equal to −0.2 are shown
in Fig. S1(d). We can see that from strain zero to strain equal to −0.2, fewer ligands
have adsorption sites near the “south and north poles” of nanocrystals, where ligands are
subjected to deformation directly. Simultaneously, more ligands adopt adsorption sites near
the “equators” of nanocrystals. This clearly indicates that ligands are being displaced from
the contact regions between two nanoparticles along the deformation direction.

9

FIG. S1.

(a)

(b)

(c)

(d)

Conformation change and displacement of ligands on nanocrystal surface

during stress-driven fusion of gold NPSLs along the [110] direction of fcc superlattice
at 1 GPa pressure. (a) Schematic of a ligand adsorbed on the surface of a gold nanocrystal.
ẑ denotes the unit vector along the direction of uniaxial deformation. ~hi is the end-to-end vector
for the i-th ligand; θi denotes the angle between ẑ and ~hi . Note the actual shape of the gold
nanocrystals is icosahedral, not spherical as we schematically draw here. (b) The distribution of
angle θ for all ligands at strain ε = 0 and ε = −0.2. The red region belongs only to ε = 0, while the
blue region belongs only to ε = −0.2. The purple region is the overlap between two distributions.
(c) Illustration of quantities defined for studying ligand displacement on nanocrystal surface. d~i
is the vector from the center of a nanoparticle to the adsorption site of a ligand adsorbed on it.
||
The dot product between d~i and the unit vector ẑ, written as d~i = d~i · ẑ, is a measure of the

location of binding site with respect to the center of nanocrystal along the deformation direction.
(d) Distributions of d~|| calculated for all ligands at ε = 0 and ε = −0.2.
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III.

DEVIATORIC STRESS VERSUS ENGINEERING STRAIN CURVES AND

FINAL MOLECULAR CONFIGURATIONS OF STRESS-DRIVEN FUSION UNDER DIFFERENT PRESSURE

We present here the deviatoric stress versus engineering strain curves and final molecular configurations of the system for gold NPSLs deformed along the [110] direction of
fcc superlattice under different pressure P . The system contains 192 Au561 (SC8 )136 gold
nanoparticles. We plot the deviatoric stress as a function of compression fraction, which is
defined as the absolute value of engineering strain. We also show the corresponding molecular configuration of the system at compression fraction equal to 0.4, at which value we can
determine whether ordered gold nanowires are formed. We performed a series of simulation
for pressure going from zero to 1 GPa. Below we show the simulation results for P = 1
MPa, 10 MPa, 100 MPa, 300 MPa, and 500 MPa.
80
P = 1 MPa

Deviatoric stress (MPa)

60

40

20

0

−20
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0.1

0.2
0.3
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(a)

(b)

80
P = 10 MPa

Deviatoric stress (MPa)
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20

0

−20
0

0.1

0.2
0.3
Compression fraction

0.4

(c)

(d)
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(e)

(f)

180
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100
80
60
40
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(g)

Deviatoric stress (MPa)

200

(h)

P = 500 MPa

150

100
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0
0

0.1

0.2
0.3
Compression fraction

0.4

(i)

(j)

FIG. S2. Deviatoric stress versus engineering strain curves and molecular configurations of the system at compression fraction equal to 0.4. The left panels are stress-strain
curves. The right panels are the corresponding configurations of the system. Simulation results
are shown for (a-b): P = 1 MPa; (c-d): P = 10 MPa; (e-f): P = 100 MPa; (g-h): P = 300 MPa
and (i-j): P = 500 MPa.
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IV.

COMPUTING THE ELASTIC CONSTANTS OF NANOPARTICLE SUPER-

LATTICES

We use strain-fluctuation method [28, 29] to compute the elastic constants of NPSL. Direct calculation of elastic constants from stress-strain curve for NPSL is challenging at finite
temperature, due to the presence of thermal fluctuation which necessitates careful statistical
averaging. The benefit of strain-fluctuation method is that full elastic tensor can be obtained
in one simulation. However, strain-fluctuation method is known to converge very slowly. In
our simulation, convergence of elastic constants computed via strain fluctuation method
typically takes more than 10 nanoseconds after the simulation cell is fully equilibrated. We
have confirmed that the elastic constants calculated using strain-fluctuation method is the
same as those obtained via direct deformation in constant particle, constant volume and
constant temperature (N V T ) ensemble.

A.

Elastic Constants in Voigt Notation

Before describing our calculation methodologies and simulation procedures, we present
here some background information on the representation of elastic constants.
In linear elasticity, stress and strain are related by Hooke’s law
X
σij =
Cijkl kl ,

(10)

k,l

where σij and kl denote stress and strain tensor respectively. Cijkl is the fourth-rank elastic
stiffness tensor. Symmetry relations between the tensor elements allow the use of Voigt
notation1 to simplify Hooke’s law. The indices mapping scheme in Voigt notation is shown
in Table II:
TABLE II. Indices mapping in Voigt notation
Regular Index 11

22

33

23 or 32

13 or 31

12 or 21

Voigt Index

2

3

4

5

6

1

It then follows C1111 = C11 , C1122 = C12 , C1123 = C14 , C2323 = C44 , etc. The elements of
stress tensor can be written in Voigt notation as σ11 = σ1 , σ22 = σ2 , σ33 = σ3 , σ23 = σ32 = σ4 ,
1

Lecture Notes by Professor Michael Demkowicz is gratefully acknowledged here

13

σ13 = σ31 = σ5 , σ12 = σ21 = σ6 . Elements of strain tensor can be written as 11 = 1 , 22 = 2 ,
33 = 3 , 223 = 232 = 4 , 213 = 231 = 5 , 212 = 221 = 6 . With this index transformation,
Hooke’s law becomes
σi = Cij j ,

(11)

where Cij is now a 6×6 matrix. Cij , the elastic constant matrix, is what we aim to compute
from simulation.
We can invert Hooke’s law as
i = Sij σj .

(12)

Sij , the compliance matrix, is the matrix inverse of Cij . In Voigt notation, Sij is related
to Sijkl (full compliance tensor) as:
Smn = 2Sijkl if one and only one of m or n is equal to 4, 5, or 6;
Smn = 4Sijkl if both m and n are equal to 4, 5, or 6;
Smn = Sijkl otherwise.
The full compliance tensor Sijkl is what we can obtain from strain-fluctuation method,
which we will describe below. Once Sijkl is known, the compliance matrix can be constructed
via the above rules. The elastic constant matrix is then obtained by matrix inversion of Sij .

B.

Fluctuation and Elastic Constants in Molecular Dynamics Simulation

The fundamental equation employed in strain-fluctuation method is [28, 29]
hij kl i − hij ihkl i =

kB T
Sijkl ,
V

(13)

where kB is the Boltzmann constant, V is the volume of the system; h i denotes ensemble
average in constant temperature, constant stress (thermodynamic tension), and constant
particle number (T tN ) ensemble [30]. In practical molecular dynamics simulation, the size
and shape of simulation box are allowed to change according to the method of Parrinello
and Rahman [23, 24]. Let h = {a, b, c} represents matrix constructed from the supercell
vectors a, b and c. The instantaneous strain tensor  is related to the h matrix as [29]
=


1  −1 T T
(h0 ) h h(h−1
0 )−I ,
2

(14)

where h0 is a reference matrix. In our case, h0 is taken to be the time average of h. The
superscript −1 and T stand for matrix inversion and transposition, respectively. I denotes
14

identity matrix. Running sufficiently long simulation after equilibration, one can compute
hij kl i, hij ihkl i and average volume V . The compliance tensor Sijkl is then calculated by
Eq. 13. The elastic constant matrix Cij can be obtained following the procedures described
in the previous section.
The bulk modulus K can be calculated from volume fluctuations in molecular dynamics
simulation. The fluctuation formula for bulk modulus is [31]
K=

C.

hV ikB T
hV 2 i − hV i2

(15)

Simulation Procedures for Calculation of Elastic Constants at Various Pressure

A gold NPSL system consisting of 2×2×2 fcc supercell was created by placing 32 gold
nanoparticles Au561 (SC8 )136 at the initial lattice positions, totaling 57120 (united) atoms.
The configurations of individual gold nanoparticles were fully equilibrated at 300 K. In total,
the superlattice contains 57120 (united) atoms. The relaxation procedures for superlattice
are the same as described in the Simulation Methods section. Enlarging the system from
a 2×2×2 supercell to a 3×3×3 supercell does not change the calculated elastic constants
beyond convergence error limit.
For calculation of elastic constants under different hydrostatic pressure, we first raised
the pressure of the system in the T tN ensemble to a target pressure P over a simulation
period of 1 ns. The system was then equilibrated at P for 2 ns. Both the size and shape
of the simulation box were allowed to change. σxx , σyy and σzz of the T tN ensemble were
independently controlled at the target pressure, while σxy , σyz and σxz were independently
controlled at zero. The simulation system was then fully equilibrated until potential energy
and total volume of the system reach equilibrium values. This step took less than 1 ns
when P is around ambient pressure but could take more than 10 ns when P is larger than
100 MPa, as we found higher pressure leads to slower relaxation dynamics of the ligands.
Production run for computation of elastic constants took 15 ns to 20 ns for the elastic
constants to converge. Fig. S3 shows the convergence plot of hC11 i, hC12 i, hC44 i, and bulk
modulus K at pressure P = 100 MPa. For cubic crystal, C11 = C22 = C33 , C12 = C13 = C23 ,
C44 = C55 = C66 . hC11 i, hC12 i and hC44 i are defined as
hC11 i =

C11 + C22 + C33
,
3

hC12 i =

C12 + C13 + C23
,
3
15

hC44 i =

C44 + C55 + C66
.
3

(16)
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FIG. S3. Convergence of elastic constants as a function of simulation timestep at P =
100 MPa. (a) hC11 i, (b) hC12 i, (c) hC44 i and (d) bulk modulus B.
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