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ABSTRACT: Understanding defect healing is necessary to control the electronic
and optoelectronic performance of devices based on nanoparticle (NP) superlattices.
However, a key challenge remains to understand how NP interactions and the
resulting dynamics are coupled to defect self-elimination during assembly processes.
Additional degrees of freedom that account for the anisotropic nature of NPs
associated with rotational dynamics and torques further complicate the challenge.
Here, we investigate nanocube (NC) superlattices by employing liquid-phase
transmission electron microscopy, continuum theory, and molecular dynamics
simulations. Our detailed analyses reveal that interparticle forces and torques due to
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ligand interactions dominate those from Brownian motions and van der Waals

interactions. More importantly, NC translations and rotations induced by unbalanced forces and torques are transmitted to
neighboring NCs, prompting “chain interactions” in a two-dimensional (2D) network and expediting self-elimination. The
mechanistic understanding will further enable the design and fabrication of defect-free superlattices as well as those with

tailored defects via assembly of anisotropic particles.

KEYWORDS: collective dynamics, superlattices, defect self-elimination, in situ liquid cell TEM, anisotropic particles,

interplay of forces and torques

1. INTRODUCTION

NP superlattices formed via self-assembly have emerged as
promising platforms for fabricating electronic and optoelec-
tronic devices with superior performance.' Various bottom-up
methods, such as casting,™ dip-coating,”* doctor blading,®’
and Langmuir—Blodgett deposition,”” have been developed.
However, defect generation is inevitable and difficult to control
regardless of the method."'" One of the important reasons
these defects arise originates from nonuniform NP sizes and
morphologies. In addition, aggregation of small clusters of NPs
in solutions or slurries during assembly processes can
introduce defects due to a misaligned or imperfectly matched
lattice between clusters.”'>'" Although various post-treatment
methods, such as thermal annealing, solvent annealing, and
exposure to electric fields, promote defect healing, precise
control of the defects has not been reported in literature due to
a lack of understanding of NP healing mechanisms.'*~"*
Microstructures of the superlattice, analogous to lattice
structures of molecular crystals, are decisive factors in
determining the free energy of an overall superlattice system;
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various types of defects, such as vacancies and dislocations, in
the superlattices can lead to multiple degeneracies and
metastable states of the system. Defect elimination decreases
the free energy of the superlattice. In defective regions,
unbalanced van der Waals (vdW) and ligand interactions,
along with random Brownian motions on NPs, can constantly
disturb NP positions, drive perpetual migration, and lower the
free energy of the superlattice. The interplay between colloidal
interactions (i.e., energetics) and hydrodynamics (i.e.,
dynamics of particle motions) is expected to play a critical
role in determining superlattice structures. Therefore, coupling
energetic driving forces to the dynamic response is necessary to
understand any mechanism of defect healing in superlattices.
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Figure 1. Observations of NC assembly with defects in superlattice and calculated forces and torques. (a) A representative image from in situ
LP-TEM Movie S1 (46.1s). (b) Particle size distribution of the NCs in (a). (c) Measured separation (k) and distributions of the inner and
outer NCs of the superlattice at 6.1 16.1, 26.1, 36.1, 46.1, 56.1, 66.1, 76.1, 86.1, and 96.1 s of the in situ LP-TEM Movie S1. (d—g) TEM
images showing vacancy, point, and edge-dislocation defects, respectively.

The coupling becomes more intricate due to anisotropic
shapes that can impose additional complexity such as torque
(i.e., orientation-dependent interaction) and resulting rota-
tion." !> Unlike isotropic spherical NPs, cubic or cuboidal
particles with nonuniform sizes and shapes introduce a large
variety of separation distances between particle surfaces.'”
Nakouzi et al. demonstrated that the rhombohedral shape of
boehmite crystals induces translational and rotational motions
via the coupling of orientation-dependent colloidal dispersion
forces and hydrodynamic mobilities."®

Because of the lack of efficient mathematical formulations
for interactions between nonspherical shaped NPs, many
previous studies have used scaling arguments to understand the
vdW, ligand, and Brownian forces/torques among NPs based
on limited configurations (e.g, face—face and edge—edge
configurations for rhombohedral particles). For example, Xiao
et al. explained the oriented attachment (OA) processes of Ag
NCs only based on the face-to-face configurations."”
Alternatively, some studies used molecular dynamics (MD)
simulations or theoretical models based on a spherical
approximation.”’ However, MD simulations typically present
dynamics of a limited number of NPs over a few nanoseconds
due to computational cost, or they are inherently limited in
their ability to implement many-body contributions for vdW
interactions between NPs.”'~>* The theoretical models for
NPs based on spherical shapes fail to describe colloidal
interactions at short-separation distances where the shape-
dependent nature of interactions plays a significant role.'®
Therefore, a full mechanistic understanding has not been
achieved, especially regarding the interplay between colloidal
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interactions and hydrodynamics, despite extensive theoreti-

2530 . 16,27,31-36
cal, and experimental "

studies on self-assembly of
anisotropic NPs. To address this challenge, a combination of
complementary schemes covering spatial and temporal scales
of interest and incorporating the distinctive nature of
anisotropic NPs is required (for example, MD simulation

insights into the dynamics and conformation of ligand-coated

nanocrystals””** and a theoretical model based on non-

spherical colloidal interactions to describe long-range inter-
: 37,38

actlons).

In this study, we investigated the self-assembly and
subsequent defect healing of cuboidal palladium (Pd) NC
superlattices by coupling experimental observations from in
situ liquid-phase transmission electron microscopy (LP-TEM)
with theoretical/MD modeling. We developed and imple-
mented models of force and torque (i.e., vdW force and torque
[F

waw and T,qw], steric hindrance force and torque [Fg, and

7g,), and Brownian force and torque [Fy, and 73,]) to obtain
quantitative understanding of observed translational and
rotational motions of cubic or cuboidal NPs that drive the
elimination of point, vacancy, and edge-dislocation defects.
Here, a point defect refers to an extra particle in the lattice.
Classical MD based on well-documented force fields is further
considered to rigorously understand the dominant driving
forces behind the NP motions from an atomistic perspective by
implementing the detailed conformation of ligands that cannot
be captured by theoretical models alone.

https://doi.org/10.1021/acsnano.3c08610
ACS Nano 2024, 18, 32386—32400
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Figure 2. Calculated forces and torques for experiments and three repres

between two face-to-face NCs (7.5 X 7.5 X 7.5 nm) as a function of h. (b) Calculated 7
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6(°)

entative configurations. (a) Theoretical calculation of F,
Tyawy T and 7p, and (c) F,

dW and FSh
waws Fspy and Fg. on all NCs

observed by in situ LP-TEM over time after attaching two clusters in Movie S1. (d, f, and i)) Configurations of assembled NCs. The pink and

blue NCs in (d) and (f), respectively, migrate from the dotted position to

the solid lined position. The second and fourth NCs in the bottom

layer in (f) are rotated by 20° and —20° respectively. The upper NC in (i) rotates clockwise. (¢) The forces acting on the pink NC in (d) as a
function of the position in the z-direction. (g) The forces and (h) torques acting on the blue NC in (f) as a function of position in the z-

direction. (j) The forces and (k) torques acting on the upper NC in (i) as
of 2.5 nm.

a function of §. Cube dimensions are 7.5 X 7.5 X 7.5 nm with an h

2. RESULTS AND DISCUSSION

2.1. LP-TEM Observation of NC Motions and Defect
Elimination in Superlattices. Our synthesis (see Methods
section) yields monodisperse Pd cubes and cuboids coated by
1-dodecanethiol with an average size of ~7.5 nm (Figure la,b).
We use the term nanocube (NC) to represent both true cubes
and cuboidal nanoparticles in this paper. Through in situ LP-
TEM experiments (toluene as the solvent; see Methods
section), we observe that Pd NCs assemble into 2D
superlattices (Movie S1), with one layer of NCs in a square
pattern on the Si,N, membrane of the liquid cell. Occasionally,
we find a few NCs on top of the 2D superlattices. The clusters
are in a dynamic form with translational and rotational motions
of both “inner” and “outer” NCs. The interparticle separation
(h) fluctuates, ranging primarily from 1.2 to 2.4 nm with an
average of ~1.7 nm (Figure 1c). The van der Waals forces
( dw) acting on the inner NCs are canceled out to some
extent by opposite neighbors—thus, F 4y is smaller than that
acting on the outer NCs, leading to a slightly larger h between
the inner NCs than between the outer NCs (Figure 1c). The
unconfined outer NCs on the peripheral boundary of the
cluster move significantly faster (up to ~100 nm/s) than those
inside the cluster (up to ~2 nm/s), whose motion is hindered
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by their neighbors. The rapid movement of the outer NCs can
lead to formation of defects, such as a vacancy on the
peripheral boundary (Figure 1d). Cluster attachments can also
introduce defects, creating an extra lattice line (i.e., an edge
dislocation) at the attachment interface (Figure le). We also
observe vacancies inside the lattice (Figure 1f) and point
defects (extra NC in the lattice in Figure 1g). The dynamic
process closely coupled to the NC interactions leads to the
self-elimination of these defects (Movie S1).

2.2, Theoretical Calculations of Forces Acting on the
NCs in the Superlattice. To understand the transient nature
of the particles/clusters, we developed continuum-based
theoretical models to calculate the interaction forces (F) and
torques (7) among NCs, including F,gw/7,aw, Fsn/Tspy and Fy,/
Tp,, based on the NC positions obtained from detailed TEM
image analyses. Based on the previous report, a volume
element-based model in which a collection of infinitesimal
cubical volume elements represent the particle, is used to
calculate F, qy/7,qw between two NCs at arbitrary config-
urations (see details in SI-1.1, 1.2, Figures S1—S4 and Table
S1).** This model is based on the Hamaker’s approach
complemented by the Lifshitz theory:

https://doi.org/10.1021/acsnano.3c08610
ACS Nano 2024, 18, 32386—32400
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Figure 3. Calculated forces, torques, and measurements of the rotation angle and the translational and rotational velocities of outer NCs on a
flat peripheral boundary. (a—d) Snapshots from the in situ TEM movie, showing the migration of clusters NC 1, NC 2, and NC 3. (e) Force
and (f) torque acting on NCs 1, 2, and 3 along the z-direction, (g) translational velocity along the z-direction, (h) angular velocity (@), and
(j) rotation angle (@) of NC 1, NC 2, and NC 3 as a function of time: (i) x-directional F4, Fgp,, and F,, of NC 1, NC 2, and NC3, and (d) z-
directional F,4y, Fgp, and F, of NC1, NC2, and NC3. (1) Separation distance h of NC 1-NC 2 and NC 2—NC 3, with (k) h of NC1-NC
below, NC2—NC below, and NC3—NC below. The x and z directions are described in (a) as red arrows. The z-direction is defined as 6 = 0°.

A
Uwaw = _( z)UR
V3

where U, 4y represents the van der Waals interaction energy
and A denotes the Hamaker constant. The Hamaker constant

(1)

was computed using frequency-dependent dielectric responses
of Pd and toluene, based on the Lifshitz theory, and its value
was determined to be 2.61 X 107" J. Here, Uy represents the
geometric parameters, which were estimated through numer-
ical schemes based on slices of the NC building blocks (see eqs
S15,16 and SI-1.2). F, 4y and 7,4y are calculated by numerically
differentiating U, 4 with respect to h and the rotational angle
(0), respectively. Note that the formulation does not include
all of the complexities in the experimental system associated
with the Si,N, membrane, thereby underestimating F,qw. The
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details and additional factors influencing particle interaction

analyses are discussed in Section 2.7.

Ligand interactions (FLg) include a repulsive steric hindrance
force (Fg,) when ligands overlap and an attractive force when
ligands are separated. We first developed a method to calculate
Fg, and 7g, for anisotropic cubic NPs via the modified de
Gennes models (see details in SI-1.1,1.3, Figures S1,52, S5—S7
and Table $2).*> The attractive nature of ligands does not
result from the continuum description and will be discussed
later alongside MD (Section 2.5). Based on de Gennes’s

continuum model, Fg, is described as:

https://doi.org/10.1021/acsnano.3c08610
ACS Nano 2024, 18, 32386—32400
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Figure 4. Self-elimination of a point defect. (a—e) Snapshots of an in situ TEM movie demonstrating self-elimination of the vacancy defect.
The length of the arrows indicates the logarithm scale of the calculated magnitude of F,, F,qw, Fg, and 7. (f) Measured h of NCs 5—4,
NCs 5—6, and NCs 5—7 before NC S jumped out. Dashed arrows indicate the moving direction of the NCs with magnitudes scaled

logarithmically.
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where k is the Boltzmann constant, / is the distance between
particles, T is the system temperature, L, is the ligand length in
toluene, s is the mean distance between ligand attachment
points, and A is the area of overlapping ligands. According to
the configuration, we obtained a net directional force (F,.)
and torque (7,,,) from the vector summation of relevant forces
and torques, respectively (details in SI-1.4). Fy can be
calculated by the fluctuation—dissipation theorem for a cubic
particle (see details in SI-1.5 and Figure S8):

(B.(t)E;,(0)) = 8mky TULK, ;5(t) (3)

(z3,(t)75,(0)) = SHkBT:uLS(](r,ijé(t) (4)

where 1/, ; and 1/K, ; are the translational and rotational

mobilities for an isolated cube, respectively, x4 (0.56 mPa-s) is
the viscosity of toluene, L is the cube size, and 5(t) is a delta
function in time.

We first calculate F, 4y and Fg, between a pair of face-to-face
NCs (Figure 2a inset). The equilibrium separation (k) of
~2.25 nm, where Fg, is balanced by F, 4y, is of the same order

as that of the experimental average h (1.6—1.8 nm). A
difference between h, and the experimental average h is
expected due to the complexity of experimental conditions that
are not considered in the calculations (see Section 2.7 for
details), such as the presence of the Si,N, membrane, the
unequal NC sizes (Figure 1a,b), and attraction between ligands
when cubes are separated. In the experiments, the cubes are
not in perfect parallel face-to-face configurations but exhibit a
range of misalignments (Movie S1 and Figures 1—9). The
defects in the superlattice and nonuniformity of particle sizes
(~5—12 nm) introduce dynamic disorder. In addition, we
predict a sharp decay over a distance of ~2 to 2.25 nm for Fgy;
ie, Fg, drops from ~2 X 107 N to zero within 0.25 nm
(Figure 2a). This sharp decrease of Fg, to zero, in contrast to a
slow decrease in F,qy to ~5 X 107! N, introduces “locally”
imbalanced forces among NCs during particle motions. Based
on the NC positions, orientations, and sizes obtained from in
situ LP-TEM images and using the above expressions for the
forces, we calculated Fgw/7.qws Fsn/Tsn and Fg/7p, as a
function of time (Figure 2b,c). On average, Fg,/7g, is larger
than Fy,/7g, while F 4y and 7,4, are the smallest force and
torque, respectively. The majority of Fg, values range from
~107" to 10™® N and are ~1—2 orders of magnitude larger
than F,gy (1071'=1071° N). The imbalance between vdW and
steric hindrance forces/torques is localized at different
locations and different times across the superlattice, inducing

https://doi.org/10.1021/acsnano.3c08610
ACS Nano 2024, 18, 32386—32400
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Figure S. Self-elimination of a vacancy. (a—f) Snapshots of an in situ TEM movie showing self-elimination of the point defect. The length of

arrows indicates the logarithm scale of the F,, and 7, magnitudes. (g) 7, and @ of NC 8 as a function of time, (h) F

and vy of NC 8 as a

net,x’

function of time, and (i, k) F,., and v,, of NCs as a function of time, respectively. (j, 1) 7, and @ of NCs as a function of time.

the dynamics of the superlattice and defect self-elimination,
while the NCs in the superlattice remain assembled. Fg, and
F,qy are in a similar range of 107> to 107" N (Figure 2c),
driving and maintaining the assembled clusters at near-
equilibrium with defects. Therefore, localized perturbations
driven by the stronger steric forces and torques should be
responsible for inaugurating such rich dynamics within the
superlattice. These localized, unbalanced forces across the
assembled structure are consistent with our observations of the
dynamic aspects of the superlattice, such as constant NC
motions of rotation and migration and of defect healing.
Furthermore, the modified de Gennes models do not consider
the attractive interactions among ligands (h is slightly >2 L),
which contributes to holding NCs together. This will be
discussed further in a later section on MD simulations (Section
2.5). Fy, (~107'° N) resulting from thermal energy introduces
additional disorder but lies within the range of Fg, and F gy,
and its mean value is slightly smaller and larger than the peaks
in the distributions of Fg, and F, 4, respectively. The cubical
shape induces 7g, 7,4, and 7y, ranging from 107> to 107"
Nm. In contrast to the forces, 7g, is significantly larger than
both 7,4, and 7y, further demonstrating the dominant role of

32391

steric hindrance, especially in terms of the torque and the
resulting rotational motions induced by ligand interactions.

We find that the direction of F, 4 aligns primarily with the
lattice lines (Figure S9a) toward the neighboring NCs in the
square superlattice, shown as the tetra-modal distribution of
angles at ~ —110°, ~ —20°, ~70°, and ~160° (Figure S9b),
and is primarily determined by the neighboring NCs due to the
large size (~7.5 nm) of the NCs, ie., the effective attractive
F,qw (see details in Figure S9). This tetra-modal distribution is
different from our previous study of ~3 nm Au-NP self-
assembly, in which F,qy points to the center of the cluster.''
Fg, and F,, have a similar tetra-modal distribution (Figure
S9c—f). As a general trend, the direction of Fg, is typically
opposite that of F,gy. Fg, has a more pronounced tetra-modal
distribution due to its stronger dependence on separation than
F,qw, leading to a clear tetra-modal distribution for F,.. To
obtain a mechanistic understanding of the roles of F, 4 and Fgy,
for complicated cases, we consider three simple but
representative benchmark cases (Figure 2d—k) that can
correlate to translational and rotational behaviors of NCs in
the experiments (Figures 3 —6).

Case 1: The translational motion of an NC between two
lines of perfectly aligned NCs (Figure 2d). F,qy , oscillates

https://doi.org/10.1021/acsnano.3c08610
ACS Nano 2024, 18, 32386—32400
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periodically with an amplitude of 2 X 10™"! N (Figure 2e). Due
to the perfect alignment, Fg, ,, F,. ,, and 7 . are zero. The
periodic change of the relative positions of the neighboring top
and bottom NCs leads to oscillation of the F,,, , direction,
demonstrating that an additional driving force is required for
the NC to move from a state of repose (F,, = 0). Similarly, a
driving force is needed for NPs to move toward the most
energetically stable state, because the oscillating F,, acts as a
set of barriers.

Case 2: The translational motion of an NC along with the
disordered (two tilted NCs) bottom line (Figure 2f). When

32392

the moving NC encounters the tilted NC, both Fg, , and Fgy, ,
increase significantly up to the order of 107 N due to the
reduced h, becoming the dominant forces and increasing the
magnitude of force oscillation (Figure 2g). Unlike Case 1, the
translational motion induces a torque, 7g,, that is on the order
of ~107"7 Nm based on the NC interactions (Figure 2h).
Similarly, when we introduce variations in size, shape, and
vacancy defects (Figure S10), these alterations lead to
additional forces along the x-direction, torque generation,
and a disruption in the perfect periodic oscillation of forces
along the z-direction.
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Figure 9. Two cases of MD simulations with 12 NCs. (a, f) The atomic model and definitions of the coordinates for positions and rotation
angles. The position of (z = 0, x = 0) is defined as where NC 2 forms face-to-face configurations with NCs 3 and 8 and in the middle of them.
The positions of other face-to-face configurations are marked by dashed lines. (b, g) The rotation angle # of NC 2 as a function of its
position. Three regions are marked by the four face-to-face positions as their boundaries (dashed lines). (¢, d) The ligand interactions Fi, on
NC 2 from the wall NCs when it passes through NCs 5 and 10 (from z = 6.6 to 11 nm) in Case 1. The interactions along z (FLg_Z) are
dragging forces. Consequently, the ligands on NC 2 lean backward, as is shown in the inset when NC 2 is at z = 10 nm. Positions are marked
where Fy, ; from the top and bottom cross each other, indicating changes in the direction of the torque and subsequently the rotation. (e) 6
of NC 2 during the same process with (c) and (d). The rotation (marked by CW [clockwise] and counterclockwise [CCW]) is generally
consistent with the torque caused by the Fy, ;. (h) The ligand force along the x-direction (FLgix) from the wall NCs on NC 2 fromz=2to 8
nm in Case 2. (i, j) Draging F;, ; on NC 2 from the wall NCs and 6 during the same process as (h).

Case 3: The rotational motion of an NC above two other
NCs (Figure 2i). In this case, Fo y Foet »» and 7, are induced
and the total force is dominated by Fg, (Figure 2jk).
Clockwise (CW) rotation of the NC from the 0° position
induces a positive F, . ,, negative F,. ,, and negative 7,
(direction of CW) due to the decreased /i between the top NC
and the bottom-left NC. At a 45° rotation angle, due to the
perfect reflection symmetry, F,. , and 7, are zero. The
oscillations of F,, , and 7, indicate that an additional driving
force is needed for an NC to move from left to right, as shown
in Figure 2.

Overall, the benchmark calculations indicate that F,, and
Thee oscillate, corresponding to the NC motions, and the
periodicity and magnitude of the oscillations directly result
from the NC interactions. The Fg,/7g, generated by imperfect
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superlattice structures dominate over F gw/Fg, and 7,4,/7g,
respectively, triggering NC movements in the defective region.
Similar results were obtained for several different geometrical
arrangements (Figure S10). Based on our benchmark case
calculations (Figure 2), F, and 7, are dominated by Fg, and
Tgp respectively, in the transient superlattice. In the following
discussion, we only presented F, and 7, for simplicity.

2.3. Case Studies on NC Motion and Defect Self-
Elimination Processes. For the practical experimental
configurations, the NCs are not perfectly aligned due to the
variations in cube size and shape as well as defects. Therefore,
the NC motions are frequently disturbed due to the
unbalanced forces between F, 5y and Fg, at the defective
regions, as well as Brownian forces. Over time, the defects are
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self-eliminated. Here, we categorize several canonical NC
motion behaviors and the resulting defect self-elimination.

2.3.1. NC Migration on the Peripheral Boundary of the
Superlattice Cluster. Three NCs-1, 2, and 3 migrate from left
to right as a whole (Figure 3a—d). At the kink site of the
experimental superlattice, the vertical lattice line is tilted at an
angle of 75.28° with respect to the 90° angle of a perfect
superlattice (Figure 3a). This leads to a small & of 0.75 nm
between NC 0 and NC 1, and thus a calculated repulsive Fg,
along the z-direction (Fg, 5, 1.56 X 107° N) that is stronger
than the attractive Fqy 5 (—2.91 X 107'° N). This repulsive
Fyg, triggers the translational motion of NC 1 to the right (0 s,
Figure 3e). Consequently, the h between NC 1 and NC 2
decreases due to a “chain interaction” by transmitting the
driving force from NC 1 to NC 2 and from NC 2 to NC 3, as
transmitted from NC 0 to NC 1 (0—0.6 s, Figure 3e). The
chain interactions are manifested by the oscillation of F,,,., and
Thew €8 (1) the oscillation of the force magnitude on each NC
(Figure 3e) and (2) the alternating decrease and increase of
F,.., among the three NCs. For example, from 0 to 0.2 s, NC 1
has a decreased F,.,., while NC 2 has an increased F,,,,. From
0 to 0.5 s, the largest positive F,,._, is on NCs 1, 2, and 3 at 0,
0.2, and 0.3 s, respectively. g, follows a similar oscillation
pattern (Figure 3f). While NCs 1—3 move translationally on
the flat peripheral boundary at a velocity (v) of ~36 nm/s on
average (up to ~100 nm/s, Figure 3g), they also rotate within
an angle (0) of ~+20° and angular velocities (@) of up to
~=+170°/s (Figure 3h). All v, 6, and @ are measured based on
NC positions as a function of time obtained from in situ TEM
movies. The average oscillation frequency (f) of Fpuwypy Toew ¥,
and @ is similar and on the order of ~2.5 s™'. In conclusion,
the trigger force induced by Fg, at the defect region initiates
the chain interactions in particle movements.

To understand the subsequent interactions between NCs
and the NCs below them, as well as their resulting motions, we
calculate the force and measured the h between NCs 1, 2, and
3 and the NCs below them (Figure 3ik). The values of h
mostly range from 1.5 to 3.5 nm and are slightly larger than
that (0.5 to 3 nm) between NC 1 and NC 2, and between NC
2 and NC 3 (Figure 31). When F,, , is close to zero, h ranges
from 2 to 2.5, which is close to the h, (~0.4—0.8 s in Figure 3i,
k). The decreased F,, , leads to a significant increase in
particle mobility (e.g, increased v,). Note that although F,., ,
is 1 order of magnitude smaller than F,,, ,, it is sufficient to
affect the motions of NCs along the z-direction.

On a nonflat peripheral boundary that results from the
stepwise assembled NC superlattice, the NC often encounters
obstacles during migration along the peripheral boundary and
vigorous rotational movements (see details in Figure S11).

2.3.2. Point and Vacancy Defects in the Superlattice. The
point defect with an extra NC in the lattice structures is self-
healed through highly enhanced compression, which induces a
strong Fg, acting as a trigger force. Due to the extra NC S in
the lattice line, the angle between two lattice lines (white lines
in Figure 4a) at the kink site is 51° at the 0 s, reducing h
between NC S and its neighboring NCs (0.5—1.8 nm) and
causing compression among them. The small & of 0.5—1 nm
induces a momentary and significantly high Fg;, and thus a F,,
from NCs 4, 6, and 7 toward NC S (Figure 4a bottom),
pushing NC S off the cluster (Figure 4a,b). Afterward, NC 4
has strong Fg, and g, toward the vacancy created by the
departure of NCS (Figure 4b bottom), thus moving to the
vacancy and making contact with NC 7 at a high v (v, =

35.575 nm/s and v, = —4.48 nm/s) and w (—150.99°/s)
(Figure 4b,c S13), leading to a small & between NCs 4 and 7 at
1.8 s. Subsequently, through chain interactions, NCs 1—7 are
roughly aligned, relaxing the angle between two lattice lines at
the kink site from S1° to 77.58° (Figure 4e). The bottom
panels of Figure 4a—d demonstrate that the NC motions
follow the calculated F,, indicating that the calculation
method is reasonable for this work and confirming the
dominant role of ligands. The NCs consistently show their
characteristic oscillations of force, torque, translational
velocities, and angular velocities during the whole process
(Figure S13). The oscillation frequency (f) of h is ~0.67 to 1
s~ from —2 to 0 s before NC 5 jumps out of the lattice (Figure
4f).

The vacancy introduces unbalanced Fg, to its neighboring
NCs, resulting in NCs moving toward the empty space and the
vacancy migrating through dynamic NC motions (Figure Sa—
c). Eventually the vacancy is self-eliminated (Figure Sd—f).
Vacancy defects typically generate tensile strain due to extra
free space in the lattice. However, due to the dynamics of the
superlattice, compressive strains in our study are often
observed temporarily and locally (Figure Sa—e). At 3 s (Figure
Sc), the highly compressive strain between NCs 2 and 3
induces strong repulsive forces and torques that are trans-
mitted to NC S through chain interactions. The magnitudes
and directions of F,, and 7, oscillate and alternate among
NCs 1-5 (Figure 5i,j), similar to the peripheral boundary NC
migration in Figure 3. We note that the chain interactions are
not perfectly sequential from NC 1 to NC 5 (Figure 5ij) due
to the interactions with additional surrounding NCs other than
NCs 1-S5. The chain interactions are not in 1D but are in a 2D
network, eventually leading to NCs 1—$ moving toward the
vacancy (Figure Sd—f).

Due to the slow motion of the NCs inside the superlattice,
we are able to capture the corresponding characteristic
oscillation (both magnitude and direction) of v and @ and
their alternation among NCs during the chain interactions,
showing NCs 1, S, and 6 as examples (Figure Skl). The
average oscillation frequency f of the chain interaction of F,._,
is ~0.33 s~', which is on the same order as the f of both v
(~0.22 s7') and @ (~0.32 s7'). This is significantly slower
than the f of the outer NC motions (2.5 s') (Figure 3e—h).
Through the oscillated chain interactions, NCs fill the vacancy
(Figure Se,f).

The motions (represented by v and @) of the NCs in the
peripheral boundary are faster than those within the cluster
(~101 nm/s and ~5 X 10' °/s vs ~10°nm/s and ~10" °/s)
due to more free space vs limited space, respectively (Figure
3gh and Figure Skl). Correspondingly, it takes longer to self-
eliminate a vacancy defect inside of the superlattice (~22 s,
Figure S) than a point defect in the peripheral boundary (~1.4
s, Figure 4).

2.3.3. Edge Dislocations in the Superlattice. We find that
the attachment of two clusters induces a defect at the attaching
peripheral boundary and that the defect has an extra half-line
of NCs in the 2D superlattice (Figure S15a,b). This extra half-
line is introduced by the step-edge boundary of one cluster
(white dashed line in Figure S15a). We define the defect as an
edge dislocation at the nanometer scale, and it is self-
eliminated after ~30 s via the chain interactions of the
unbalanced forces and torques exerted on the NCs at the edge-
dislocation region (details in Figure S1Sa—f, S16). These
behaviors are analogous to atoms but, instead, originate from
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their nanoscale dimensions.*’ NPs could be described as
“artificial atoms.” At the atomic scale, the OA of two NPs with
a slight misalignment form a defect, called edge dislocation,
where an extra half-plane of atoms is introduced midway
through the crystal lattice and the edge dislocation is self-
eliminated within a few seconds.*”

2.3.4. Flattening of the Peripheral Boundary. Besides edge
dislocation, a vacancy or a line of vacant space (line vacancy)
can also form at the attaching surface after attachment of the
two clusters, resulting in an uneven peripheral boundary
(Figure 6a). When the peripheral NCs reach the region near
the line vacancy, the direction of F, gy is toward the line
vacancy (Figure 6g—i) and attracts NCs to the vacancy,
enabling the collective assembly of NCs. Here, F, 4,y dominates
and typically points toward the cluster’s center of mass,
whereas Fg, is negligible due to no overlap of ligands in the free
space. Although Fy, (0—1.00 X 107'° N) is 1—4 orders of
magnitude larger than F,gqy (107'°—107" N), statistically Fy,
can be disregarded due to its random nature in both magnitude
and direction. Afterward, NCs move slowly within the line
vacancy due to the confinement, with f (~0.2 s™') of the
oscillation of translational and rotational velocities similar to
that of the inner NCs that fill one vacancy (Figure S).

We notice that NCs move very fast on the peripheral
boundary (Figure 3g and Movie S1) and can easily reach the
line vacancy from far away (i.e, no need for the neighboring
NCs to fill the vacant space). They either pass by the vacant
space or are stopped by the stepped peripheral boundary and
fill the vacant line (Figure 6a—f). We noticed that the NCs can
jump over a few NCs or a very long distance to the line
vacancy. NCs 2 and 3 jump over NCs 2 and 4 and reach the
vacancy (Figure 6 and Movie S1). NC 4 moves too fast to be
tracked to its original location, but NC 4 has possibly traveled
across half or one of the superlattices because no nearby NCs
were seen filling the vacancy.

Our study of defect self-elimination mechanisms across
different defect types reveals that these defects can be
alleviated through successive translational and rotational
motions initiated by a driving force. This force, inadvertently
produced by the unbalanced forces and torques in defective
regions or by a momentarily reduced value of h due to
Brownian motion (Figures 3—6 and S11—S17), propagates
through the chain of interactions at specific frequencies,
leading to defect self-elimination. Specifically, point defects and
edge dislocations induce compressive strain at the defective
regions, while vacancy defects result in tensile strains. The
driving forces for point defects, vacancy defects, and edge
dislocations are associated with interactions caused by ligand-
induced steric hindrance among the NCs. On the other hand,
the smoothness of the peripheral boundary is governed by van
der Waals attractive forces, which can pull the moving NCs
along the boundary near the defective regions.

2.4. Evolution of Pair Potential and Shape Effect on
Three-Body Configurations. 2.4.1. Evolution of Pair
Potential During Defect Formation and Elimination
Processes. As noted, the defects introduce imbalances in
forces and torques among the NCs and instability of the
system. To correlate the imbalance to variations in the
potential energy during defect formation and elimination
processes, we calculated the “average” pair potential (U,y;)
over the areas where the defects were formed and eliminated:

XU,

the number of pairs (5)

pair

where U;_; indicates the relevant pairwise interaction potential
(i.e., van der Waals interactions (U,gy) and steric hindrance
interactions (Uy,)) between NC; and NC, in which i and j
indicate the NC index.

The assembled structures exhibited energetic instabilities
due to defects in the system. One representative example is
elimination of a vacancy inside the superlattice (Figure 5). We
see the momentary increase of the individual U ycincy
U neaney U nesncs and U yeancs, and these alternate with
time due to the chain of interactions (Figure 7a,b), resulting,
on average, in stepwise energy barriers (Figure 7c). After the
vacancy is eliminated, Uy, , significantly decreases by about
1 order of magnitude. Other examples show that the assembled
structures exhibit energetic instabilities (increasing) as defects
emerge and are eliminated (Figures S18 and S19).

2.4.2. Shape Effect on Three-Body Configurations. The
calculated pair potentials (Figure S20) show that for cubes the
face-to-face configuration is the most stable, consistent with
our observation that one NC tends to stay on top of another
NC (face-to-face configuration) instead of between two NCs
(brick-wall configuration). Thus, we can capture only clear
images of face-to-face configurations while NCs migrate along
a flat peripheral boundary at a velocity of up to 100 nm/s
(Figure 3a—d). The energy barrier for NCs to pass another
NC is ~1 X 107" J (Figure S20c). In contrast, for spheres, the
triangular configuration (comparable to the brick-wall
configuration) is the most energetically stable rather than the
L-configuration (comparable to the face-to-face configuration),
indicating that the shape of particles plays a critical role in the
resulting pattern of particle assembly.

2.5. Classical MD Simulations. To gain more comple-
mentary insight into the ligand interactions and NC behaviors
from an atomistic perspective, MD simulations of ligand-
coated Pd NCs are conducted using the LAMMPS package
based on the explicit-atom model (see SI-3 for detailed
information), which allows us to consider and investigate the
effect of attractive ligand interactions in addition to the
repulsive steric hindrance interactions.”"*> A comparison of
Fig (normalized ratio) from MD and Fg, from theory for a pair
of parallel NCs (Figure 8a) shows consistent trends in slope
and crossover from repulsive to attractive, where Fy, increases
with increasing ligand density and decreasing h, and the
crossover point moves to larger h with increasing ligand
density (Figure 8b,c). In addition, MD predictions reveal a
stronger dependence of Fj, on h for h < ~2 nm. Therefore, we
expect that MD simulations can capture the steric hindrance
interactions to a reasonably correct extent, while the
magnitudes of forces may deviate from continuum-based
theory (Figure S25). The equilibrium length of coated ligands
for a single cube is ~1.13 nm extending from the Pd (100)
surface with a ligand density of 4.5/nm? which is close to the
experimental value of 4.2/nm? (see SI-3). For this density, Frg
is repulsive when h < 2.25 nm—approximately two times the
length of coated ligands on a free-standing NC—and becomes
attractive when h is larger than 2.25 nm (Figure 8b).

Another advantage of MD is its ability to directly model and
investigate dynamic processes of NC motions that cannot be
captured by static theoretical calculations. Thus, we further
conduct MD simulations to investigate the mechanism of NC
motions from a molecular perspective. Owing to a possible
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difference between the experiments and MD simulations to
directly compare the dynamic nature of NCs, we first examine
the consistency of translational (D,) and rotational (D,)
diffusivities (see SI-3.1 for method detail). Our simulation
predicts D, = 7.53-107" m?/s and D, = 1.18:10” rad*/s, which
are on the same orders as those predicted from the Stokes—
Einstein relation (D, = 1.59-107'° m?/s and D, = 1.90-10” rad?/
s), respectively. Therefore, although MD is not accurate for
vdW interactions at long ranges (>1 nm), we expect that MD
simulations can reasonably explain dynamic behaviors of Pd
NCs that are dominantly triggered by Fy, from ligands.

Simulations of two cases with 12 NCs are subsequently
performed (see SI-3.1 for the method details). Here, we
investigate the behavior of NC 2 because it is only driven by
interactions with other surrounding NCs-only the motion of
NC 2 from z = 4.52—17.69 nm for Case 1 (Figure 9a) and z =
4.54—17.68 nm for Case 2 (Figure 9f) are considered. In those
regions, both NC 1 and NC 2 are entirely inside the channel.
As NC 2 moves through the channels, we observe rotation of
NC 2 consistent with experimental observation of rotation by
inner NCs along with translational motion, but with a smaller
oscillation amplitude (A@ ~ 3—6° in Figure 9b and g vs Af ~
5—10° occasionally up to 20° in Figure Sl4c).

For Case 1, three cycles are manifested in Figure 9b
corresponding to the positions of NCs 9, 10, and 11. In each
cycle, NC 2 rotates CW first and then counterclockwise
(CCW). Each cycle of the simulated rotation corresponds to
the passage of an NC, similar to the oscillation of F gy
magnitude from theoretical calculations in Figure 2d. The
force from the ligand along the x-direction (FLg_X) contributes
little to the rotation of NC 2 because Fy, , from the top and
bottom are almost identical (Figure 9c)—thus, this contribu-
tion is trivial. However, Fy, , from the top and bottom wall
NCs consistently act as dragging forces (Figure 9c,d)—a
feature that is captured only by MD but not by theoretical
calculations (Figure 2). This is corroborated by the
observation of the ligand conformation on NC 2 where all
ligands lean backward (inset of Figure 9¢,d). Fy, , creates
torques on NC 2 due to unbalanced drag forces from the wall
NCs, thus causing rotation. Here, we only show F;, , from the
wall NCs that NC 2 passes through because they are the
closest and have dominant Fy, (Figure $26). For example,
when NC 2 passes through NCs § and 10 (z = 6.6—10.8 nm),
Fig , from wall NCs is mostly dominated by top-wise
interactions between NCs 2 and 10 from z = 7.38 to 8.43
nm (colored in blue in Figure 9d), leading to CCW rotation
(Figure 9e). From z = 8.43 to 9.84 nm, Fy , from the bottom
wall NC 5 (colored in red in Figure 9d) is larger than its top
counterpart (blue), creating a 7, that rotates NC 2 CW
(Figure 9¢). Because NC 2 is tilted ~— 10° while entering the
channel, the @ of NC 2 is negative throughout the channel.
Deviations exist between the regions marked by Fy, , crossing
and NC rotation. This is expected considering the inertia of
the NC, but they are generally consistent.

In Case 2, the disorder introduced by the tilted NCs 4 and 6
leads to a slightly larger amplitude of @ at ~4—6° (Figure 9g)
compared with ~3—4° in Case 1 (Figure 9b). In addition, Fy, ,
from the top and bottom becomes asymmetric (Figure 9h) and
disrupts the three main cycles of rotation corresponding to the
periodic wall NCs 4, S, and 6 in Case 1 (Figure 9b), leading to
a more disordered oscillation (Figure 9g). For example, when
NC 2 passes through NCs 4 and 9 (from z = 3.83 to 4.8 nm),
the tilted NC 4 results in a small & at the bottom of NC 2

(inset of Figure 9h,i) and consequently a larger Fy,  than its
top-wise counterpart. This creates a 7,,, that rotates NC 2 in
addition to F; ,—thus, more factors contribute to the rotation
of NC 2, and there is no explicit correlation between F, , and
6 as in Case 1.

MD simulations capture the attractive ligand interactions in
addition to the steric hindrance forces. This reveals their effects
on NC motions during a dynamic process of NC movements,
while underestimating the vdW interactions between NCs. The
simulations provide further insights that F;, consistently acts as
a dragging (i.e., attractive) force to the NCs and is associated
with the movements of the NCs, while the continuum-based
theory only considers repulsive force from ligands. By
integrating simulations and theory, we explained the NC
behaviors observed experimentally.

Further simulations (see details in SI-3.2) with varying
ligand lengths—including a nine-carbon chain (C9), C12, and
C15, and densities of 3.4/nm? (D3.4), D4.2, and D4.5—reveal
that the longer ligand length and higher density (C12/D4.5
and C15/D4.5) show three clear cycles of oscillation (Figure
S28b,c) in the rotation angle € of NC 2, corresponding to
passage of three NCs below NC 2 (Figure 9a). This aligns with
stronger interactions with the bottom NCs in cases of longer
ligand length and higher density (Figure S28a), as also seen in
Figure 9b. This feature becomes unclear with shorter ligand
lengths and lower density (C9/D4.5 and C12/D3.4, Figure
S28d,e). Such results are consistent with our conclusion that
ligand interactions are the major driving force behind the NC
rotation.

2.6. Analogy of Particle Motions in a Superlattice to
Atomic Vibration in a Crystal Lattice. The NC superlattice
is an assembly of particles governed by attractive vdW and
repulsive/attractive ligand interactions. The NCs can be
considered analogous to atoms in a crystal governed by
interatomic forces. In the experiments, the collective NC
vibration (oscillations of translational and rotational velocities)
can be thought of as analogous to “lattice vibrations” in the
crystal lattice. The oscillation of nanoparticles near their
equilibrium positions due to interactions between adjacent
nanoparticles can be approximated as harmonic oscillations in
which F = —kx, where F is the force, k is the spring constant,
and x is displacement of the particle from its equilibrium
position. Accordingly, an analogous “lattice vibration” can be
calculated by applying lattice dynamics calculations.** The
analogous “phonon” (“lattice vibration”) is related to the NC
mass and frequency of the NC oscillations and is propagated
via chain interactions in the superlattice. We expect that both
stronger spring constants among the NCs and smaller NC sizes
would lead to a higher frequency of vibration or “phonons”
with higher frequency, as predicted by lattice dynamics. Based
on our study, we find that ligand interactions dominate, and
the longer ligand length and higher density can analogously
lead to a stronger spring constant.

2.7. Limitations of the Interpretation Based on
Formulated Forces and Torques. Fg, /7, calculations
from the continuum-based theory that are based on the de
Gennes’ model are only effective when h is smaller than 2L,
(ligand length) and while ignoring the attractive ligand
interactions when two NCs are leaving each other (h >
2Lg).45 The Fy, calculated by our MD simulations clearly
shows attractive interactions when h is slightly larger than 2L,.
This indicates that the NCs exist as one cluster in a dynamic
form.
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In our LP-TEM experiments, NCs are close to the Si;N,
membrane surface. This can change F 4y between NCs
because the Si;N, membrane is an additional object that can
perturb the vdW interactions between NCs.* In general, such
a perturbation due to a nearby interface is expected to result in
a stronger vdW attraction between particles (see SI-1.6, 4). As
a result, the existence of the Si;N, membrane near NCs can
potentially result in an overestimate of h,.

Hydrodynamic nature can provide a valuable perspective for
interpreting our experimental and theoretical results. We
observe that larger forces and torques typically correspond to
faster translational and angular velocities (Figures 3—5).
However, the mobility of NCs is also correlated to the
environment, such as separations from or configurations with
neighboring NCs. First, the hydrodynamic mobility depends
on the size ratio between NCs, which is analogous to the
spherical particle case.*’ This indicates that an unequal pair of
NCs is more mobile in their relative motions and closer to
each other compared to a pair of equally sized NCs, leading to
a smaller experimental / than the calculated h . Therefore, the
unavoidable size difference in NCs can cause a difference
between the experimental average h and .. Second, the strong
separation dependence of the hydrodynamic mobility suggests
a wide range of NC velocities depending on the configurations
around the NCs. The hydrodynamic mobility decreases 2
orders of magnitude, when the 4 is decreased from 4 to 0.8 nm,
considering the face-to-face configuration between NCs.
Consequently, such a drastic decrease in the hydrodynamic
mobilities can account for ¥’ and @, that are 1—2 orders of
magnitude lower at the movements in the step vacancy defect
or inside the superlattice compared to surface migration or
movements in an open space (i.e., no neighbors). For example,
the oscillatory behavior of outer NCs is more pronounced than
that of inner NCs because the additional free space can
increase h, leading to an increase in hydrodynamic mobility
(Figure 3). This increase is associated with higher translational
and angular velocities (e.g,, Figure S11). Details of the effects
of these factors are discussed in SI-4 (3).

3. CONCLUSION

Interaction forces and torques are quantified using continuum-
based theories grounded in the observed NC configurations.
Defects are created during the formation of the superlattice. At
the defect regions (point defect, vacancy, edge dislocations,
etc.), the significantly unbalanced forces and torques trigger
translational and rotational NC motions, respectively, through
which the forces and torques are transmitted to neighboring
NCs via chain interactions in a 2D network on the SiN,
membrane. The rotational motion is characteristic of particles
with anisotropic shapes, and the dynamic feature results from
the interparticle forces/torques dominated by ligand inter-
actions. This leads to defect self-healing. Thermal (Brownian)
motions can cause an initial perturbation in h between NCs,
leading to defect self-elimination processes from metastable
conditions. The triggered chain interactions involve oscillations
of the forces/torques and corresponding translational/rota-
tional velocities, exhibiting specific frequencies depending on
the configurations that the NCs assemble into, such as outer
NCs vs inner NCs and defect types. Our findings indicate that
the anisotropic nature of NCs introduces intricate torques and
rotational motion, affecting the superlattice structures. For
cubes, the face-to-face configuration is the most stable rather

than the brick-wall configuration. In contrast, the triangle
configuration is the most energy-stable configuration for
spheres.

These mechanisms are further corroborated and demon-
strated by well-calibrated MD simulations that produce
realistic NC dynamic responses including diffusivity and ligand
conformation. Combined with the continuum-based theory
and experimental observations, MD confirms that ligand
interactions, especially repulsive steric hindrance forces, are
the major driving factors behind defect elimination. The
attractive force among ligands accounts for NC motions, such
as rotation and contributes to keeping the NCs together as one
cluster. Some differences between the experimental observa-
tions and predictions can be explained by the effect of
membranes, hydrodynamic mobilities, and limitations in the
theories and simulations; thus, they do not invalidate our
analyses.

Our study has established frameworks to understand
translational and rotational NC movements at a level of
fundamental interaction forces and torques, providing in-depth
insights and external conditions to control defect self-
elimination processes. Self-consistency is established by
coupling different frameworks across length scales. The
combined understanding of (1) membrane effects on NP
movements, (2) hydrodynamic mobility as a function of
configuration, morphology, and separation, and (3) the
coupling of NP energetics and dynamics as a function of
morphology will allow one to control the self-assembly
processes. The self-consistent framework can be expanded to
delineate the interaction forces and torques of polyhedron
structures and thus can be employed to develop rational
bottom-up fabrication of various electronic devices. Further,
the knowledge obtained from defect creation to defect
elimination during cluster—cluster attachments can be
expanded to demystify OA crystallizations and understand
vdW and steric hindrance forces and torques for other
anisotropically shaped particles.

4. METHODS

4.1. Synthesis of Palladium Nanocube (Pd Cube).
Potassium bromide (KBr, > 99%), palladium(II) chloride
(PdCl,, >99.9%), ethylene glycol (=99%, EG), 1-dodeca-
nethiol (>98%), and toluene (>99.5%) were purchased from
Aldrich and Sigma-Aldrich. Polyvinylpyrrolidone (Mn = 40
000 g/mol) (PVP) was purchased from Sigma-Aldrich.
Palladium nanocubes were synthesized based on our previous
method.*® These materials were used without further
purification. Nine ml of a 12.5 mM PdCl, aqueous solution
was mixed with 1 mL of EG. Then, 0.111 g of PVP and 0.84
mmol of KBr were added to this solution with stirring. After 1
hour, all chemicals were dissolved in a water/EG solution
completely. This solution was transferred into a Teflon-lined
stainless-steel autoclave (23 mL). The oven was preheated to
160 °C, and the autoclave was put in the oven and maintained
at that temperature for 4 hours. The autoclave was taken out of
the oven after 4 hours and cooled to room temperature. The
solution was transferred to a 1-neck flask. Then, 10 mL of EG
was added. The neck flask with solution was heated to 100 °C
with an oil bath. Immediately after the solution reached 100
°C, 0.2 mL of 1-dodecanethiol was injected. After 5 min, the
neck flask with solution was taken out of the oil bath and
cooled to room temperature. The product was collected by
centrifugation and washed twice with ethanol and acetone to
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remove residual EG, water, and excess 1-dodecanethiol.
Finally, the Pd nanocubes were dispersed in toluene (10 mL).

4.2. Preparation of Liquid Cells with Nanocube
Solutions. In situ TEM experiments were carried out with a
Thermofisher Tecnai microscope at 200 keV. TEM liquid cell
chips were purchased from Hummingbird. The electron beam
window is an ~50 nm thick Si;N, membrane. The liquid cells
consisted of a 500 nm thick spacer to attain sufficient space for
the unconstrained movement of nanocubes. Four uL of as-
synthesized Pd nanocubes were introduced to a liquid cell
sealed by O-rings for in situ TEM experiments. The assembled
liquid cell, including the solution, was placed in a Humming-
bird in situ liquid cell TEM holder. The electron dose rate was
8400 e/nm’. The Direct Detection Device camera from
Direct Electron was used for collecting images at a rate of 10
frames per second.

4.3. Characterization of Ligand Concentration Using
Thermal Gravimetric Analysis. The weight ratio of the
organic compound to the Pd nanocube was investigated by
thermal gravimetric analysis (TGA). The dried Pd nanocube
samples were mounted on the TGA pan (initial weight: 30
mg). TGA (TMA 402F1, NETZSCH) was conducted in
helium by heating the sample from room temperature to 600
°C at a rate of 10 °C/min. The 30 mg of pure 1-dodecanethiol
was performed using the same procedure with Pd nanocube
TGA analysis.

4.4. Atomistic Simulations. All MD simulations were
conducted using the LAMMPS package.” An explicit-atom
model was applied to represent ligand-coated Pd cubes (see SI-
3 for detailed information). The ligand—ligand interactions
were described by the interatomic potentials developed by Paul
et al,>” and the Pd—Pd interactions were described by a
Lennard-Jones (LJ) potential developed for face-centered-
cubic metals by Heinz et al.*’ The Pd-ligand bonded
interactions were developed by our own density functional
theory (DFT) simulations using the Vienna Ab Initio
Simulation Package (VASP).>>*" The core electrons were
represented using projector-augmented-wave pseudopoten-
tials,>>**> and the generalized gradient approximation Per-
dew—Burke—Ernzerhof exchange-correlation functional was
used.”* A universal cutoff of 300 eV was used for all
simulations, and the convergence threshold was set to 107 eV.
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NC, nanocube; NP, nanoparticle; vdW, van der Waals; LP-
TEM, in situ liquid phase transmission electron microscope;
F,qw, van der Waals force; 7,qy, van der Waals torque; Fgy,
steric hindrance force; 7g, steric hindrance torque; Fj,
Brownian force; 7y, Brownian torque; h, interparticle
separation; F, interaction forces; 7, interaction torques; 6,
rotational angle; Fi,, ligand interaction forces; f, oscillation
frequency; v, velocity; , angular velocity; L,, ligand length in
toluene; OA, oriented attachment; CW, clockwise; CCW,
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