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Abstract

Pressure-driven assembly of ligand-grafted gold nanoparticle superlattices is a
promising approach for fabricating gold nanostructures, such as nanowires and
nanosheets. However, optimizing this fabrication method requires an understanding of
the mechanics of their complex hierarchical assemblies at high pressures. We use
molecular dynamics simulations to characterize the response of alkanethiol-grafted
gold nanoparticle superlattices to applied hydrostatic pressures up to 15 GPa, and
demonstrate that the internal mechanics significantly depend on ligand length. At low
pressures, intrinsic voids govern the mechanics of pressure-induced compaction, and
the dynamics of collapse of these voids under pressure depend significantly on ligand
length. These microstructural observations correlate well with the observed trends in
bulk modulus and elastic constants. For the shortest ligands at high pressures, coating
failure leads to gold core-core contact, an augur of irreversible response and eventual
sintering. This behavior was unexpected under hydrostatic loading, and was only
observed for the shortest ligands.
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FIGURES

Figure 1. (a) Bare gold nanoparticle of 5.9 nm diameter (6662 atoms), cut from a bulk fcc gold
lattice. (b) Gold nanoparticle grafted with C12H25S ligands at a coverage of 4.7 chains/nm2 (red:
sulfur atoms, purple: carbon atoms, and yellow: gold atoms). (c) fcc unit cell of the (C12H25S)-
grafted nanoparticle superlattice at ambient pressure P =104 GPa. Black arrows represent the
application of an increasing pressure P to the superlattice. Black lines represent the 3D periodic
cell boundaries. (d)fcc unit cell of the superlattice at a pressure P =15 GPa 10

Figure 2. Average (center-to-center) separation d between adjacent nanoparticles in the fcc
superlattice as a function of applied pressure for (a) varying ligand lengths at the maximum ligand
coverage of 4.7 ligands/nm2, and (b) varying coverage for C12H25S ligands. From top to bottom,
the curves correspond to a ligand coverage of 4.7, 4.2, and 3.8 ligands/nm2. The insets in (a) and
(b) show d/do as a function of pressure, where do is the inter-particle separation at ambient pressure
P=104 GPa 11

Figure 3. (a) Bulk modulus K as a function of applied pressure P. The solid lines represent K
calculated from pressure-volume evolution during pressure ramp and symbols represent
calculations from volumetric compression data at discrete values of pressure. Blue squares, green
circles and red triangles correspond to ligand lengths with 6, 12, and 18 carbon atoms respectively.
(b) and (c) Elastic constants C11 and C12 for the three ligand lengths  .12

Figure 4: Evolution of void space in gold nanoparticle superlattices. (a) From top to bottom each
row represents a cross-section of the microstructure along [001] and [010] fcc lattice directions in
gold NPSLs grafted with alkanethiols containing 6, 12 and 18 carbon atoms at three different
pressures: ambient (0 GPa), 1 GPa and 2 GPa from left to right respectively. (b) Void fraction v
within the superlattice as a function of pressure for three ligand lengths. The solid vertical lines at
the bottom of the graph denote the pressure at which voids completely collapse within the
superlattice. The inset shows the variation of void fraction with the relative change in average gold
core separation d from ambient separation do, and the arrow points towards data for increasing
ligand length  .13
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Figure 5. Cross-sections of gold nanoparticle superlattices with alkanethiol ligands containing (a)
6, (b) 12, and (c) 18 carbon atoms along [001] and [100] fcc lattice directions at an applied pressure
of 15 GPa. The black ellipses highlight the contact region in (a), which is magnified to the right of
the figure following the black arrows 14

Figure 6. (a) Two neighboring nanoparticles within a gold nanoparticle superlattice with 108
(C6Hi3S)-grafted nanoparticles. From left to right: microstructure at ambient (0 GPa), 15 GPa, and
ambient after pressure reversal. Gold atoms of the two nanoparticles are separately colored as gold
and cyan. Carbon atoms and sulfur atoms are colored as red and blue respectively. (b) and (c)
Microstructures of the magnified region of core-core contacts at 15 GPa and ambient after pressure
reversal respectively. (d) Volume V of the fcc lattice supercell with 108 nanoparticles, normalized
by the supercell volume Vo = 2.7 x 104 nm3 at ambient, during pressure ramp-up and reversal in
red and blue respectively (see arrows). The inset displays zoomed-in variation at low pressures.
(e) Average inter-particle spacing d between all neighboring pairs of 108 nanoparticles, normalized
by the average spacing do=7 nm at P=10-4 GPa, during pressure ramp-up and reversal in red and
blue respectively (see arrows) 15
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NOMENCLATURE

Abbreviation Definition

NPSL Nanoparticle superlattice

fcc Face centered cubic

GPa Giga Pascal
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1. INTRODUCTION

Nanoparticle superlattices (NPSLs) are highly-ordered hierarchical structures assembled from
passivated nanoparticles. They have wide-ranging applications in plasmonics," photonics,4
catalysis5 and gas separation6 technologies. They possess remarkable mechanical properties, as
demonstrated in 2D nanoparticle membranes 7-1° and 3D nanoparticle superlattices,1"3 which
makes them attractive in their potential applications. Particularly, NPSLs exhibit unusual optical
properties that are tunable based on the size and shape of constitutive nanoparticles as well as the
geometry of the superlattice. Recently, Li et al.3 have demonstrated that modulating the applied
pressure on NPSLs provides a convenient approach to tune their geometry, and thereby reversibly
control their optical properties. However, optimizing such pressure-based methods requires a
detailed understanding of the mechanical response of NPSLs to external stress.

Recent experiments and simulations have demonstrated the possibility of transforming 3D NPSLs
into functional low-dimensional nanostructures, such as nanowires and nanosheets, by subjecting
them to a large external stress, both in quasi-static loading and superfast dynamic compression.3' 13-
15 The mechanics of such transformations, however, are not entirely established. For example, it
has been suggested that the quasi-static transformation of NPSLs into nanowires occurs as a result
of a combination of applied hydrostatic pressure and deviatoric stress on the superlattice.3'13'16
Furthermore, it is desirable to reduce the operating hydrostatic pressures and deviatoric stresses by
modulating ligand morphology in order to make the fabrication process more scalable. However,
the dependence of such pressures and stresses on the morphology of grafted ligands is unknown.
A comprehensive investigation of the internal mechanics of NSPLs at high external pressures—
for various ligand morphologies—provides a rational starting point towards optimizing these stress
driven nanofabrication methods.

The structure and dynamics of ligand-grafted nanoparticles has been a subject of several
computational investigations. Early work has characterized the structure of ligand-grafted
nanoparticles," and many subsequent studies have sought to understand their dynamics in
solution,18-2° their aggregation and assembly into superstructures21'22 such as superlattices,23 and
the mechanical properties of their assemblies.24 Simulations have also identified the role of
temperature, relative size of gold cores and ligands, and ligand end-group functionalization on the
structure of grafted ligands,25-3° and its correlation with the effective interaction between grafted
nanoparticles.27'30'31 It is, therefore, apparent that the structure of grafted ligands in NPSLs
significantly controls their bulk mechanical response to external loading.

In this work we use molecular dynamics simulations to characterize the bulk mechanics of
alkanethiol-grafted gold NPSLs that are compressed to high hydrostatic pressures. We correlate
their bulk mechanics to the evolution of ligand and void space microstructure with increasing
applied pressure, and observe them to be significantly dependent on the length of the grafted
ligands. For the shortest simulated ligands with six carbon atoms, we find unexpected evidence of
irreversible gold core-core contacts at high hydrostatic pressures. Lastly, we discuss the
implications of these findings on designing stress-driven nanofabrication methods for transforming
3D gold NPSLs into low-dimensional nanostructures such as gold nanowires and nanosheets.
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2. RESULTS AND DISCUSSION

2.1. Gold Nanoparticle Superlattice

The hierarchical design of gold NPSLs is comprised of an alkanethiol-grafted gold nanoparticle as
the basic building block of a fcc superlattice. Bare gold nanoparticles were constructed by carving
5.9 nm diameter spheres from fcc gold crystal, which were then annealed and cooled at ambient
temperature to create nearly spherical nanoparticles
such as shown in Fig. 1(a). A uniform coating of
alkanethiol (C.H2n+iS) ligands was grafted onto the
surface of bare gold nanoparticles, as shown in Fig.
1(b). To study the effect of ligand length, gold NPSLs
were constructed with three different alkanethiol
ligands corresponding to 6, 12 and 18 carbon atoms.
For the case of ligands with 12 carbon atoms, three
ligand grafting densities were also analyzed: 4.7, 4.2
and 3.8 ligands/nm2. 4.7 ligands/nm2 corresponds to a
full coverage density as observed in experiments.32-33

The alkanethiol-grafted gold nanoparticles were
assembled into a fcc superlattice, and equilibrated at
ambient conditions. Past simulations 13 and
experiments14-16have demonstrated thatfcc is the most
stable structure for gold NPSLs. In the present
simulations, we constructed gold NPSLs with 108
nanoparticles. Additionally, gold NPSLs consisting of
4 nanoparticles—i.e., the smallest structural unit
needed to define a fcc superlattice—were also studied.
Fig. 1(c) shows the image of a fcc superlattice
consisting of 4 nanoparticles, which was equilibrated
at ambient conditions. No significant deviations in the
mechanical properties were observed between gold
NPSLs constructed from 4 and 108 nanoparticles.
Periodic boundary conditions were imposed to
simulate the bulk behavior of the superlattice. Detailed
simulation methodology including details of
interatomic potentials is described in Materials and
Methods section.

Figure 1. (a) Bare gold nanoparticle of
5.9 nm diameter (6662 atoms), cut
from a bulk fcc gold lattice. (b) Gold
nanoparticle grafted with C12H25S
ligands at a coverage of 4.7 chains/nm2
(red: sulfur atoms, purple: carbon
atoms, and yellow: gold atoms). (c)fcc
unit cell of the (C12H255)-grafted
nanoparticle superlattice at ambient
pressure P =10-4 GPa. Black arrows
represent the application of an
increasing pressure P to the
superlattice. Black lines represent the
3D periodic cell boundaries. (d) fcc
unit cell of the superlattice at a
pressure P =15 GPa.

2.2 Pressure Compression

Gold NPSLs, equilibrated at ambient conditions, were volumetrically compressed to 15 GPa by
ramping up the hydrostatic pressure at a rate of 1 GPa per nanosecond using NPT molecular
dynamics with isotropic constraints on the deformation of the simulation cell. Fig. 1(d) shows the
configuration of a gold NPSL depicted in Fig. 1(c), which was compressed to P = 15 GPa. Thefcc
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superlattice structure remained undistorted even at
the highest simulated pressure for all ligand lengths
and coverage densities.

Ligand length has a significant effect on average
nanoparticle spacing d, with longer ligands resulting
in higher d at all pressures, as show in Fig. 2(a).
Ligand grafting density has only a moderate effect on
nanoparticle spacing, and a denser grafting results in
moderately higher d, as shown in Fig. 2(b). For the
shortest ligand, the relative decrease in the average
nanoparticle spacing upon compression is higher than
the case of longer ligands, as seen by the variation of
d/do is inset of Fig. 2(a). Ligand grafting density has
a small effect on d/do, and higher grafting density
exhibits a slightly larger relative decrease in d with
pressure, seen in the inset of Fig. 2(b). As seen in
Figs. 2(a) and 2(b), d reduces rapidly at low pressures,
and this is followed by a slow reduction at high
pressures. Here do is nanoparticle spacing at I 0-4 GPa.
The rapid reduction in d at low pressures is attributed
to affine volumetric compaction of the
microstructure, which is accompanied by a collapse
of the internal voids. At high pressures, a slower
reduction in d with pressure results from the
deformation of ligands as neighboring gold cores are
pushed against one another in response to the applied
pressure.

2.3 Elastic Moduli

To characterize the mechanics offcc gold NPSLs at
high pressures, we compute the bulk modulus K and
two elastic moduli C11 and C12 of gold NPSLs at
various values of applied pressure. The pressure-
dependent bulk modulus was calculated by two
different methods: (i) using the definition K(P) = -V
ap 

bulk modulus is computed from the localav '
derivative of pressure-volume evolution during
pressure ramp simulations; and (ii) at discrete values
of applied pressure, the unit cell is volumetrically compressed (within linear response regime), and
bulk modulus is extracted from the resultant evolution of stress. A variation of method two, with
uniaxial deformation of the unit cell at constant volume, was used to extract C i i and C12. The
methodology is elaborated in the Materials and Methods section.
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Fivre 2. Average (center-to-center)
separation d between adjacent
nanoparticles in the fcc superlattice as a
function of applied pressure for (a)
varying ligand lengths at the maximum
ligand coverage of 4.7 ligands/nm2, and
(b) varying coverage for C12H25S
ligands. From top to bottom, the curves
correspond to a ligand coverage of 4.7,
4.2, and 3.8 ligands/nm2. The insets in
(a) and (b) show d/do as a function of
pressure, where do is the inter-particle
separation at ambient pressure P=1 04
GPa.
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Gold NPSLs with the shortest ligands have the largest
bulk modulus, while the ones with the longest ligands
have the smallest bulk modulus at all pressures, as
shown in Fig. 3(a). This is expected because the
longest ligand superlattice has the largest volume
fraction of soft polymeric matter that is significantly
more compressible that metallic gold. The bulk
moduli calculated using method one (continuous
lines) and method two (scatter points) at all pressures
are equivalent, and this is demonstrative of rate-
independence in elastic moduli calculations. This was
further verified by compressing gold NPSLs at ten
time slower pressure ramp rate, i.e., 0.1 GPa/ns. No
difference in the measured bulk modulus was
observed.The elastic moduli Cii and C12 of gold
NPSLs lie between 3 and 1 1 GPa at the lowest
calculated pressures of 2 GPa, as shown in Fig. 3(b).
These values are consistent with experimentally
characterized elastic constants of various
NPSLs,12'34'35 and are also similar to elastic constants of
polymer glasses, thereby indicating a dominant role of
ligands in the mechanical response a low pressures. All
elastic constants increase with applied pressure, and
while Cii is greater than C12, both are lower than K at
all pressures. Unlike the observable dependence of K
on ligand length, we do not observe a clear ligand-
length dependence of C11 and C12 at low and medium
applied pressures.

2.4 VOID COLLAPSE
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Figure 3. (a) Bulk modulus K as a
function of applied pressure P. The
solid lines represent K calculated from
pressure-volume evolution during
pressure ramp and symbols represent
calculations from volumetric
compression data at discrete values of
pressure. Blue squares, green circles
and red triangles correspond to ligand
lengths with 6, 1 2, and 1 8 carbon atoms
respectively. (b) and (c) Elastic
constants c11 and C12 for the three

Due to the spherical nature of bare and ligand-grafted nanoparticles, their fcc packing at ambient
pressures is not completely dense and contains voids within the microstructure. The left column
in Fig. 4(a) shows representative cross sections of the microstructure of gold NPSLs for three
ligand lengths at ambient pressure, and the white space represents the void region. The total
volume of voids is largest for the shortest ligand, and it is significantly reduced for longer ligands,
which stretch out to occupy the void space. The total void volume is measured by constructing a
surface mesh that divides the superlattice unit cell into a solid region containing ligands and gold
cores, and a void region. The ratio of total void volume and total volume of superlattice unit cell
is defined as the void volume fraction v. The space characterized as voids in the present simulations
is typically occupied by a solvent in experiments14-16 whose presence can influence the ligand
microstructure and the bulk mechanics of the superlattice.

During early stages of compression at low pressures, void fraction decreases rapidly, as shown by
the variation of v with pressure in Fig. 4(b). This occurs as a result of pressure induced affine
motion of gold cores towards each other, and is accompanied by a rapid decrease in gold core
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Figure 4: Evolution of void space in gold
nanoparticle superlattices. (a) From top to
bottom each row represents a cross-
section of the microstructure along [001]
and [010] fcc lattice directions in gold
NPSLs grafted with alkanethiols
containing 6, 12 and 18 carbon atoms at
three different pressures: ambient (0 GPa),
1 GPa and 2 GPa from left to right
respectively. (b) Void fraction v within the
superlattice as a function of pressure for
three ligand lengths. The solid vertical
lines at the bottom of the graph denote the
pressure at which voids completely
collapse within the superlattice. The inset
shows the variation of void fraction with
the relative change in average gold core
separation d from ambient separation do,
and the arrow points towards data for
increasing ligand length.

2 0

spacing as indicated by a concomitant increase in
(1-d/do) in the inset of Fig. 4(b). Gold NPSLs with
shortest ligands exhibit largest relative reduction in
void volume fraction during early stages of
compression, and this is because the large initial
void space provides least resistance to compression
within superlattice microstructure. After rapid
initial void space reduction, further removal of
voids at higher pressures is not as rapid because
ligands of neighboring gold nanoparticles resist
additional deformation, as also seen by a slow
reduction in d at higher pressures in Fig. 2. Upon
approaching a certain threshold pressure, voids are
completely collapsed within the microstructure, as
shown in the middle and right panels of Fig. 4(a).
The threshold pressure of complete void collapse
depends significantly on ligand length, and is
highest for shortest ligands as indicated in Fig.
4(b). In the presence of a typical solvent in
experiments, a complete collapse of the voids is
indicative of complete ejection of the solvent from
the system.

2.5 Gold Core-Core Contacts

Typically, the presence of polymeric ligands
prevents any contacts between gold cores upon
hydrostatic compression, because the resultant
volumetric compaction confines the ligands within
the space between them, thus inhibiting their
motion towards each other. In fact Li et al.13
observed that a deviatoric stress (such as uniaxial
stress), in addition to hydrostatic pressure, is
necessary to drive contact formation and sintering
between metal cores in nanoparticle superlattices.
Fig. 5 shows cross-sections of fcc superlattices
containing four nanoparticles at 15 GPa of applied
pressure for three ligand lengths. For the cases of
C12H25S and C181137S ligands, the gold cores are
well separated as expected, with the densely-
packed ligands occupying the interstitial space.
However, in the case of C6H13S ligands, we find
that the short ligands are able to deform enough to
enable contact formation between gold cores even
under hydrostatic pressure, as depicted by black
ellipses in Fig. 5(a) and the accompanying
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(b)

(a) magnified images. In addition to ligand
deformation, the contact formation is also
aided by ligand migration away from the
contact region.

We analyzed in further detail the
phenomenon of gold core forming
contacts by simulating fcc superlattice
with 108 (C6H13S)-grafted gold
nanoparticles. The superlattice was
compressed from ambient to 15 GPa, then
held at 15 GPa for 30 ns, followed by
pressure reversal back to the ambient
value. As the pressure was increased
beyond 10 GPa, we found several (but not
all) pairs of neighboring gold
nanoparticles beginning to form contacts.
While the system was held at the highest
pressure of 15 GPa, we observed that
some contacts grew in size to — 6 - 8 atoms
wide The left and middle images Fig. 6(a)

[100] show two neighboring nanoparticles at
ambient and after being held at the highest
pressure. Fig. 6(b) shows the magnified
contact region at the highest pressure.
Prior simulations have demonstrated that
contact formation between bare gold
nanoparticles during sintering involves
migration of surface gold atoms to reduce
the total surface area, and therefore reduce
the total free energy of the system.36

Furthermore, this process occurs over a finite time that is dependent on nanoparticle size and
temperature. Unlike bare nanoparticles, the contact region does not grow beyond a few gold atoms
per contact over 30 ns of simulation time, and this could be attributed to the presence of ligands.

Upon reversing the pressure back to ambient, some of the contacts remained despite a reduction
in their size. Fig. 6(c) shows the same magnified contact region in Fig. 6(b) after pressure reversal.
The residual contact region contains a mix of gold atoms from both the neighboring nanoparticles,
and we also observe the migration of some gold atoms from one nanoparticle surface to another.
The persistence of gold core contacts is also reflected in the hysteresis offcc superlattice volume
V. In Fig. 6(d), the variation of V/Vo with pressure exhibits an incomplete relaxation of the
superlattice volume (about — 92 % of the original value) as the pressure is reversed back to ambient.
Here VO is the volume at the start of the simulation. However the average spacing between all
neighboring gold nanoparticles d exhibits little hysteresis, with its value relaxing back to —98% of
the original value do. This is because permanent contacts are not formed for all possible
neighboring nanoparticles, but the ones that do form contribute to the hysteresis in the volume of
the fcc superlattice. The observation of gold cores forming contacts at high pressure is observed
even in the absence of any long-ranged interaction between them. A recent study has indicated that

Figure 5. Cross-sections of gold nanoparticle
superlattices with alkanethiol ligands containing
(a) 6, (b) 12, and (c) 18 carbon atoms along [001]
and [100] fcc lattice directions at an applied
pressure of 15 GPa. The black ellipses highlight
the contact region in (a), which is magnified to the
right of the figure following the black arrows.
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significant long-range van der Waals attraction
between gold cores can occur depending on the
size of gold cores and the length of grafted
ligands.3° Such long-ranged interactions are
expected to further drive irreversible sintering
between the cores, and possibly at lower
pressures.

3. CONCLUSIONS

We have demonstrated the effects of grafted
ligand morphology on the mechanics and
microstructure of gold NPSLs at high
pressures. Ligand length significantly controls
the elastic moduli at all values of applied
pressure, and gold NPSLs with shorter ligands
exhibit stiffer mechanical response. When the
applied pressure on gold NPSLs is increased,
the spacing between gold cores first decreases
rapidly followed by a slower steady decrease,
as the grafted ligands provide increased
resistance to deformation at higher pressures.
The void space in self-assembled gold NPSLs
at ambient pressures governs the mechanical
response at low pressures, and their removal
upon densification is correlated with initial
rapid decrease of the spacing between the gold
cores. At very high applied pressures, we
observe unexpected contact formation between
neighboring gold cores that persist even when
the pressure is reduced to its ambient value.

Our results imply that pressure-driven
assembly of nanowires and nanosheets from
NPSLs is likely to depend significantly on
ligand morphology. Future work will directly
explore the role of ligand properties on the
limits of the non-hydrostatic loads required to
induce sintering. Our focus, here, on
hydrostatic stress states led to the surprising
finding that sintering can occur even without
deviatoric stresses. This finding and the
pressure dependence of the elastic moduli point
toward the need for further study of sintering
hydrostatic and deviatoric stress. We believe
necessary for pressure-driven assembly (i.e. na
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Figure 6. (a) Two neighboring nanoparticles
within a gold nanoparticle superlattice with
108 (C6H13S)-grafted nanoparticles. From left
to right: microstructure at ambient (0 GPa), 15
GPa, and ambient after pressure reversal.
Gold atoms of the two nanoparticles are
separately colored as gold and cyan. Carbon
atoms and sulfur atoms are colored as red and
blue respectively. (b) and (c) Microstructures
of the magnified region of core-core contacts
at 15 GPa and ambient after pressure reversal
respectively. (d) Volume V of the fcc lattice
supercell with 108 nanoparticles, normalized
by the supercell volume Vo = 2.7 x 104 nm3 at
ambient, during pressure ramp-up and
reversal in red and blue respectively (see
arrows). The inset displays zoomed-in
variation at low pressures. (e) Average inter-
particle spacing d between all neighboring
pairs of 108 nanoparticles, normalized by the
average spacing do=7 nm at P=10-4 GPa,
during pressure ramp-up and reversal in red
and blue respectively (see arrows).

and nanoparticle assembly under combinations of
such a study could dramatically reduce pressures
nostructure fabrication).
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4. MODEL AND METHOD

Gold nanoparticles are prepared by a procedure outlined in previous works.9'18'27 The 5.9 nm gold
nanoparticle studied here is cut from a gold fcc lattice and contains 6662 gold atoms. Au-Au atomic
interaction is modeled by embedded atom method potentia1.37 The temperature of the nanoparticle
core is maintained at 300K for 1 ns, then raised to 800K for 1 ns to anneal the nanoparticle edges
and corners, followed by cooling back to 300K for 1 ns. The heating and cooling of gold
nanoparticle is simulated in a NVT ensemble with a temperature damping constant of 1 ps and a
simulation time step of 1 fs.

The gold nanoparticle is then exposed to a gas of sulfur atoms, which adsorb on the surface of gold
nanoparticles, thus describing the placement of thiol headgroup on the nanoparticle. During sulfur
placement, interaction between Au and S atoms are modeled via Lennard-Jones parameters GS-S =
4:64 A and GS-Au = 3:7 A, and interaction strength US-S = 5 kcal/mol and us_A. = 10 kcal/mol. The
interaction parameters govern the density of Au-S binding sites, and these parameters are chosen
to reproduce experimental observations of alkanethiol grafting density of 4.7 ligands/nm2.32'33 For
lower grafting densities corresponding to 4.2 and 3.8 ligands/nm2, 10% and 20% respectively of
the adsorbed S atoms on the gold nanoparticle surface are randomly removed.

Alkane ligands are initially attached to the thiol-headgroup binding sites such that they are oriented
radially outward from the nanoparticle. The interaction between the atoms of alkanethiol ligands
are modeled by optimized potential for liquid simulations—all-atom force field,38 modified with
an updated dihedral potentia139 and with non-bonded interactions modeled using an exponential-6
form.° Long-ranged electrostatic interactions are computed using particle-particle-particle-mesh
method with a precision of 1 x10-5.41 The interaction between Au and S atoms is modeled with a
Morse potential with parameters from Henz et al.,42 which results in a binding strength that is
consistent with reported values in the literature 43 The RESPA multi-step integrator44 is used that
integrates bond, angle, dihedral, van der Waals interactions, and direct interactions part of the
electrostatic interactions, and time steps 2.0 fs for the k-space contribution to the long-range
electrostatic interactions. All simulations are performed using LAMMPS molecular dynamics
package.45

An fcc superlattice is constructed by placing as-prepared grafted nanoparticles on the fcc lattice
sites, such that center-center spacing of neighboring nanoparticles is 8 nm, 9 nm and 11 nm for
ligand lengths with 6, 12 and 18 carbon atoms respectively. Gold NPSLs are then volumetrically
compressed at 300K using Langevin thermostat with a time constant of 1 ps such that the center-
center spacing is reduced to — 6.8 nm, 7.3 nm and 7.5 nm for increasing ligand lengths. The
compressed gold NPSLs are relaxed at 300K and 1 bar pressure for 4 ns in an NPT ensemble46

with a temperature damping constant of 0.2 ps and pressure damping constant of 1.0 ps. The
equilibrated gold NPSLs are then subjected to a constant-temperature pressure with pressure
damping constant of 2.0 ps.
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