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1 Abstract

Ligand-mediated superlattice assemblies of metallic nanocrystals represent a new type of
mesoscale materials whose structural ordering directly influence emergent collective properties.
However, universal control over the spatial and orientational ordering of their constitutive compo-
nents remains an open challenge. One major barrier contributing to the lack of programmability
in these nanoscale building blocks revolves around a gap in fundamental understanding of how
ligand-mediated interactions at the particle level propagate to macroscopic and mesoscale behav-
iors. Here, we employ a combination of scaling theory and coarse-grained simulations to develop
a multiscale modeling framework capable of bridging across hierarchical assembly length scales
for a model system of ligand-functionalized nanocubes (here, Pd). We first employ atomistic
simulations to characterize how specific ligand-ligand interactions influence the local behaviors
between neighboring Pd nanocubes. We then utilize a mean-field scaling theory to both rationalize
the observed behaviors as well as compute a coarse-grained effective pairwise potential between
nanocubes capable of reproducing atomistic behaviors at the mesoscale. Furthermore, our simula-
tions reveal that a complex interplay between ligand-ligand interactions is directly responsible for a
a shift in macroscopic ordering between neighboring nanocubes. Our results, therefore, provides a
critical step forward in establishing a multiscale understanding of ligand-functionalized nanocrys-
talline assemblies that can be subsequently leveraged to design targeted structures exhibiting novel,
emergent collective properties.

2 Introduction

Recent advances in nanoscale synthesis have revolutionalized our ability to control the self-
organization of microscopic components into long-range, macroscopic structures. [[1-4] In partic-
ular, metallic nanoparticles with surface-functionalized ligands have emerged as a suite of versatile
building blocks that can reliably and reproducibly self-assemble into both 2D and 3D structures ex-
hibiting a wide range of interesting optical,[, |6] plasmonic,[7, 8|] and/or magnetic[9] properties.
Such diverse emergent properties, coupled with control over spatial and orientational ordering,
suggest that ligand-functionalized nanoparticles can provide an ideal design space for materials
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discovery spanning a wide range of technologically open challenges.

Despite these fundamental advances, however, there are still major limitations that hinder the us-
age of nanoscale self-assembly on an industrial scale. Firstly, directing structural organization is
typically system-specific, making it challenging to decouple the effect of an individual nanoparti-
cle size/shape, its functionalized ligands, and inter-nanoparticle interactions from the structure into
which they are assembled. [10-13]] Secondly, in the limit of anisotropic nanoparticle cores (i.e.,
polyhedral nanoparticles), robust control over orientational alignment is often limited to special
“lock-and-key” interactions. [[14-16]] Universal control over the orientational ordering of arbitrar-
ily shaped nanoparticles remains elusive.

To address this grand challenge, a large repository of simulation studies have been performed,
aimed at characterizing the role of particle shape in driving self-assembly. []1, 2 [17-20] How-
ever, these studies rely on coarse-graining strategies that create an effective shape (core + ligand
shell) to attain the computational efficiency needed to capture mesoscale assemblies in molecu-
lar simulations. Such an approach prevents direct mapping between how ligand-ligand interac-
tions influence emergent orientational ordering between ligand-functionalized nanoparticles. This
knowledge gap in fundamental understanding of how ligand-mediated interactions propagate to
macroscopic behaviors makes it hard to decouple the role of the ligand shell versus nanoparticle
core in driving self-assembly. While there have been computational efforts developed to tackle this
key question,[21H23]] they are often limited in system size due to the need to simulate the entire
ligand shell coating the nanoparticle core and therefore cannot predict, a priori, the emergent self-
assembly superlattices. Conversely, thermodynamic perturbation theory based approaches have
been successfully employed to design co-assemblies of ligand-functionalized anisotropic nanopar-
ticles,[[12,/13,15]] but these efforts focus on free energy-based phase predictions and do not provide
an explanation regarding how ligand-ligand interactions propagate across multiple length scales.
As a result, developing a multiscale modeling approach that is capable of bridging atomic-level
simulation findings to mesoscale, hierarchical organizations is critical to further push the limits of
computational materials designs.

Through this lens, ligand-functionalized nanocubes serve as the ideal model system. Nanocubes
can be readily synthesized in bulk, with high precision and reproducibility.[24] Recent experi-
mental work has discussed in depth how a superlattice rotation can critically influence structural
transformations and nanocube assembly as well as thermodynamic contributions to this process.
[25527]] Therefore, understanding how ligand-mediated interactions between nanocubes propagate
to long-range structural organizations results in a convenient test bed in which predictions by the-
ory and simulation can be rigorously validated in experiments. Furthermore, nanocube synthesis
can easily incorporate more exotic metals, such as Ag, Pt, and Pd. This means that a fundamen-
tal understanding of hierarchical nanocube self-assembly can be immediately leveraged to design
metallic nanocubes for use in catalytic, [28430] biomedical, [31]] fuel cell, [32] and hydrogen
storage [33]] applications.

In this paper, we use a combination of scaling theory and coarse-grained simulations to investi-
gate interactions between nanocubes during the self-assembly process. To ground our studies in
experimentally realizable systems, we choose dodecanethiol-functionalized palladium nanocubes
as the system of interest. [34-38|] We first characterize the thermodynamic and kinetic behav-
iors for ligand-coated Pd nanocubes using coarse-grained atomistic molecular dynamics simula-
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tions as a function of both ligand length and solvent quality. Simulations reveal that the ligand
length plays a significant role in controlling the free energy barriers between two competing lo-
cal configurations — “face-to-face” and “brick-wall” — that ultimately influence the rotational and
translational assembly pathways of the nanocube superlattices. To bridge atomistic behaviors to
mesoscale assemblies, we employ our previously developed scaling theory to predict the shape of
the ligand shell (corona) about a nanocube. We then utilize the predicted corona shape to compute
an effective pairwise potential between ligand-functionalized nanocubes that captures the trends
observed from atomistic simulations. This effective potential is then employed to perform large-
scale assembly simulations, reproducing atomistic behaviors at the mesoscale. Theory as well
as atomistic and coarse-grained simulations additionally reveal a cooperative, translation-rotation
process that drives transition from a brick-wall to face-to-face assembly motif with decreasing
ligand lengths.

The agreement between atomistic and coarse-grained simulations, coupled with a predictive theory
capable of bridging behaviors across scales, suggest that our modeling framework can be used as
a tool to design nanoscale building blocks. Furthermore, the observed tunability in self-assembled
morphology indicates that ligand engineering can be employed as a powerful “handle” to select for
different orderings in nanocube assemblies. Our results provide a critical step forward in the estab-
lishment of a multiscale understanding of ligand-functionalized nanoparticle self-assembly, where
interactions between individual particles can be tuned at the molecular level to target assemblies
with novel, emergent collective properties.

3 Theory and Computational Methods

3.1 Force fields and Molecular Dynamics simulation set-up

The coarse-grained models used in this paper are designed to capture relevant intra- and inter-
molecular interactions to represent their intrinsic behavior. We used the semi-empirical force field
developed by Paul ef al. to represent the alkyl-groups for the ligand molecules grafted onto the Pd
metal core, as this model is known to avoid the tendency to form unphysical “brush”-like structures
exhibited by models such as OPLS. [35} 37, |38|] More details of this comparison are provided in
the SI, including a list of parameters used in these models.

All the atomistic molecular dynamics (MD) simulations performed in this work were conducted
using LAMMPS, a popular MD code developed by Sandia National Laboratory.[39] We used hol-
low nanocubes of Pd consisting of a 7x7x7 supercell which has length of 27 A. We fixed in place
the outer layer of atoms comprising the Pd cubes such that each cube then moved as a rigid body to
maintain structural integrity. We defined the interactions between Pd atoms to consist only of van
der Waals interactions to be consistent with the parameterization used to fit a force field for transi-
tion metals like Pd. [34] The Pd nanocubes are covered in ligands with a density of 6 ligand/nm?,
based on typical experimental values, and attached to the Pd particle by the formation of a sin-
gle Pd-S bond at the Pd surface. These attachment points are randomly chosen from amongst
the available surface Pd atoms and the Pd-S bond is not breakable. We defined the interaction
between palladium and sulfur atoms on the ligand as a simple harmonic bond, approximated as
being the same as those for platinum-sulfur interactions for which parameters already exist. [35]
We used a coarse-grained “united atom” (UA) model [36, 37] to represent the ligand molecules
and a TraPPE-UA coarse-grained force field to represent the toluene solvent molecules. [38] The
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parameters used in this work are provided in the Supplemental Information Table S1-S7.

3.2 Free energy studies using Thermodynamic Integration and Steered
Molecular Dynamics

3.2.1 Thermodynamic Integration

We used the well-established Thermodynamic Integration (TI) method [40-42] to calculate the
free energy change that results when a single Pd nanocube moves laterally across the surface of a
Pd surface from an initial position in a face-to-face configuration, through an intermediate brick-
wall configuration, and back to a final face-to-face configuration, as illustrated in Figure|l} In the
TI method, the distance travelled by the nanocube as it traverses the reaction coordinate between
face-to-face and brick-wall configurations is divided into a set of “frames” (or “windows”). At
each frame of the TI calculations, we fixed the positions of the Pd atoms within each nanocube so
that it moved as a coherent cubic entity but allowed the ligand molecules and solvent molecules to
move freely to minimize their free energy.

Initially, we ran an MD simulation in the microcanonical ensemble, NVE, for 0.5 ns to allow any
overlapping atoms time to move out of the way of one another. Then we ran MD in the isothermal
(NVT) ensemble at 298 K for at least 3 ns for each of windows (15 to 17 windows, depending on the
length of the ligand) in the TI or until the errors in the forces were less than 0.5 kcal/mol/A.

3.2.2 Steered Molecular Dynamics

Like TI, Steered Molecular Dynamics (SMD) also allows us to calculate the free energy associated
with a reaction pathway. But each of them serves a different purpose. The TI method assumes that
you know the reaction coordinate and want to establish an accurate free energy barrier to move
from point A to point B (from an initial to a final position). SMD makes few, if any, assumptions
of the nature of the reaction coordinate; it simply “pulls” two entities together (or “pushes” them
apart) using one (or more) tethering points between the two moieties (typically, their centers of
mass). But it does not prescribe the reaction coordinate that it takes during the pulling/pushing
process. A key parameter here is the “pulling” velocity that determines the speed at which the
entities are pulled apart. SMD has the reputation of producing less accurate free energy barriers
than those from TI.

We have found it best to deploy both methods in this fashion: SMD is used to determine the
reaction coordinate in a relatively unbiased fashion. Then we employ TI (adopting the SMD-
determined reaction coordinate) to determine more accurate values of the free energy barriers. In
this case, however, there was no need to link the two methods in this way, as we had a clear idea
of the trajectories that we wanted to investigate.

3.3 Tendency for vacancies to “self-heal” in a 2D array of Pd
nanocubes

The second study investigated the experimental observation that vacancies in a 2D array of Pd
nanocubes would be filled (“healed”) by the movement of other ligand-clad nanocubes near the
vacancy. For this study, we took advantage of the periodic nature of the simulation box to create
a 3 x 5 lattice of nanocubes that mimicked an infinite 2D Pd superlattice array. This simulation
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(b) brick-wall config. (¢) back to face-to-face config.

(a) face-to-face config.

Figure 1: Reaction pathway (L-R) used for the TI and SMD calculations to cal-
culate the free energy change from face-to-face (a) to brick-wall (b) and back
again to face-to-face (c) in a three-nanocube system. Here, we only display
nanocubes with short, “C-6", ligands containing a six-carbon-atom chain. Pd
atoms are shown in brown, carbon atoms in blue and sulfur atoms in yellow. Sol-
vent molecules are not included in this figure for clarity.

fixed the positions of the center of mass (CoM) of all the nanocubes, except for two nanocubes
in the center of the array (marked as A and B in Figure [2) that are separated by a vacancy in the
array. Nanocubes A and B were allowed to move freely to move under the influence of the forces
between them. The ligands on the surrounding (“frozen”) particles were also allowed to move.
A spring force was applied between connection points at the CoM of the two nanocubes to pull
the mobile nanocube B towards the vacancy and ultimately to reside next to mobile nanocube A.
This is the essence of a Steered Molecular Dynamics (SMD) simulation. The pulling speed of the
spring was 0.25 nm/ns.

3.4 Effect of ligand length

We ran a set of TI simulations in which we varied the ligand length, studying 6-, 9-, 12- and
15- carbon-atom backbones. We refer to this later as “C-n” where n is the number of the carbon
atoms, to examine how the length of the ligand affected the free energies associated with the
configurational change between face-to-face (F2F) and brick-wall (BW) stacking. We adjusted the
distance between each Pd nanocube based on the length of the ligand so that the unrelaxed ligand
molecules were fully interdigitated, but not touching the Pd atoms.

3.5 Scaling theory for ligand shell shape prediction

To predict the shape of the ligand shell (corona) about the nanocube, we employ our previously
developed scaling theory that has shown successes designing co-assemblies of nanocubes and
nanotriangular prisms.[13] Briefly, our theory predicts the ligand distribution about the core
nanocube as a function of experimental handles such as grafting density (o), ligand length (N),
and core size (r,). For ligand-functionalized nanocubes, the predicted end-to-end distance (R) of
an end-functionalized ligand takes the form: R ~ r,c'/*b!/2N1V/2Q=3/4 [/ ro]l/ 2 where b is the
Kuhn monomer size and € is a composite parameter defining both shape and surface position of
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Figure 2: The initial set up of the Steered Molecular Dynamics simulation that will
pull particle B towards particle A and hence “heal” the vacancy. Nanocubes in the
surrounding outer layer of the lattice were fixed in place; the central two particles
(A and B) can move freely. We applied a spring force to pull nanocube B towards
the vacancy as illustrated by the red arrow. All the toluene solvent molecules are
hidden for clarity. Pd atoms are shown in brown, C atoms in blue and S atoms
in yellow. Solvent molecules are transparent in this figure. The background is
painted black to better visualize the ligand molecules.

the nanoparticle core. We note that this relation is a generalization of the brush scaling theory
to the limit of shorter ligand lengths, where the n-alkanes are too short to span into the brush’s
semi-dilute regime. Using the above equation for R, the Flory energy (F) can then be defined
as: BF ~ R2/Nb*+ vN2f/(QR)?, where v is the monomer’s excluded volume. Using this free
energy, we then perform Monte Carlo (MC) grafting simulations to anchor chains at different po-
sitions on the nanocube’s surface using the standard Metropolis acceptance criterion, where the
acceptance probability is defined as Py p ~ e BF, Averaging over 1E5 MC simulations yields a
thermodynamic average of the effective shape of the ligand shell about the nanocube core.

3.6 Coarse-grained mesoscale simulation of ligand-functionalized
nanocubes

In order to achieve mesoscale assemblies, we first develop a coarse-grained model using the pre-
dicted corona shapes obtained from scaling theory. Our goal here is to preserve the range of inter-
actions between ligand-functionalized nanocubes but reduce force calculations between particles
into one, single effective pairwise potential. Here, we compute a potential of mean force (PMF) be-
tween two ligand-functionalized nanocubes, as a function of their center-to-center distance. PMF
calculations are performed by explicitly considering all ligands on the nanocube surface and sum-
ming up all possible interactions with ligands from the neighboring nanocube. The computed
PMFs are then taken to be an effective interaction potential, V (r), between nanocubes for use in
simulations (Fig. ,c). By inspection, the computed V (r) have functional forms similar to that
of a Lennard-Jones potential, albeit with varying ranges of interactions. This immediately suggest
the use of the Mie potential for implementation within a traditional molecular dynamics engine.
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As such, we fit the computed potential to different exponents of the Mie potential to capture the
correct range of interaction for assembly simulations.

Since the computed V () is isotropic, we additionally employ our generalized anisotropic potential
fo rigorously simulate the nanocube core to preserve the correct particle geometry.[43] This poten-
tial is already implemented and readily available in the HOOMD-Blue simulation engine, motivat-
ing our usage of HOOMD for all mesoscale simulations.[44]] All simulations are performed using
an NVT integrator for 1000 nanocubes at a particle volume fraction of 0.425 (below the shape-
driven crystallization transition for cubes), kT = 1.0, and an integration time step of dtr = 0.00025.
Equilibration and production run times are 2E6 and 1E7, respectively.

4 Results and Discussion

4.1 Stacking proclivities for Pd nanocubes

We calculated the free energy in the three-nanocube system using TI, which allowed us to include
the rather significant entropic contributions to the stacking behavior between two different config-
urations of Pd nanocubes, face-to-face and brick-wall. We used Thermodynamic Integration (TI)
and Steered Molecular Dynamics for this purpose.

The free energy landscape obtained from TI calculations of nanocubes in vacuum is shown in Fig-
ure [3] As is typical in vacuum simulations, when the Pd nanocube was slid across the nanocubes
below it (from Figure [Tp to Figure [Tp), it experienced a large free energy barrier, regardless of
ligand length, as we shall show in the next section. The maximum free energy occurs when the
system is in the brick-wall configuration. As the top Pd nanocube returns to a F2F configuration
(from Figure [Tp to Figure [Ic), the free energy returned essentially to its initial, near-zero, free
energy value. This change in free energy suggests that, for each system we studied, a F2F con-
figuration is more thermodynamically favorable than the BW one. This confirms the experimental
results of Quan et al. for Pt nanocubes.

4.2 Effect of ligand length

Ligand length has a pronounced effect on the free energy barrier. Figure [3| shows that the energy
barrier between F2F and brick-wall configurations for short C-6 ligands in vacuum is extremely
high (1356 kcal/mol). Such high energy barriers are not uncommon for systems in vacuum. The
actual values are less important here than the trend as we vary ligand length. The barrier drops
non-linearly and dramatically to 387, 329 and 209 kcal/mol as the ligand length increases to C-9,
C-12 and C-15, respectively. As the ligand length increases, the nanocubes, of necessity, move
further away from each other. The distance between nanocubes covered in C-6 ligands is 15 A, but
the distance between C-15-covered nanocubes is 24 A. This 9 A change in inter-nanocube distance
alters the forces significantly.

We performed the T1 simulations both in vacuum and in a toluene solvent to examine if, and to what
extent, the presence of solvent molecules affected the stacking preference. Replacing the vacuum
by including solvent molecules, here, using a TraPPE model for the toluene solvent, we found that
changing the ligand lengths (from C-6 to C-9 to C-12) produced similar trends in the free energy
landscape to those found in vacuum in that the free energy decreased with increasing ligand length.
Longer ligands are better able to stabilize the stacking of Pd nanocubes and hence lower the free
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Figure 3: TI-derived free energy as a function of the location of the top nanocube
in vacuum as illustrated in Figure [l At 0 A, the system is in the original face-
to-face configuration shown in Figure [l and the free energy is set to zero for
each system. By 22-31 A, depending on ligand length, the system has moved to
the brick-wall configuration shown in Figure [Ib. As the top nanocube resumes
its move towards the face-to-face configuration, as shown in Figure , the energy
falls until it returns to the same energy value as its initial condition at 0 A distance.
The orange bar on the x-axis indicates the location of the brick-wall configuration
at 22-31 A, as the ligand length increases from C-6 to C-15. The purple bar in-
dicates the location of the face-to-face configurations at 42-51A, again depending
on ligand length.

energy barriers. A comparison between results in vacuum and in toluene are plotted in Figure S2
and values of peak heights are given in Table S8. It is instructive to look at the changes in the
maximum barrier height of free energy in the presence of toluene as you change the ligand length.
For shorter C-6 and C-9 ligand lengths, the change in barrier is the largest in C-6 (a change of 284
kcal/mol), compared to C-9 (a change of 48 kcal/mol). On the other hand, for C-12, the peak in
free energy is smaller in toluene compared to vacuum (a change of -75 kcal/mol). This interesting
result indicates that in a solvent of coarse-grained toluene molecules, the nanocubes in brick-wall
configuration are destabilized when covered with short ligands, but stabilized by longer ligands.
This trend is consistent with simulation results for ligand-covered lead chalcogenide truncated
nanocubes where the presence of solvent makes an FCC superlattice the preferred stacking, with
a diminishing effect for longer ligand lengths. [35] Again, this reinforces the suggestion that the
lack of solvent is at least partially responsible for the large free energy barriers in vacuum.
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Figure 4: Effect of ligand length on TI-measured free energies in a toluene solvent.
The energy barrier for movement across the surface of a nanocube decreases with
ligand length. As for the vacuum results, the maximum in the free energy barrier
occurs at the brick-wall configuration. The orange bar on the x-axis indicates the
location of the brick-wall configuration at 22-27 A, depending on the ligand length
for C-6 to C-15. The purple bar indicates analogous locations of the face-to-face
configurations at 42-47 A, again depending on ligand length.

To determine the trajectory along a more unbiased reaction coordinate, we also ran a Steered
Molecular Dynamics (SMD) simulation of the three-nanocube configuration shown in Figure
with a pulling speed of 0.25 nm/ns, watching the trajectory as the upper nanocube moved across
the two lower ones. We used C-9 ligands for the SMD run as this maintained roughly the same
ratio of ligand length-to-cube diameter as in the experiments. It was also computationally more
tractable than using longer ligands. SMD simulations allowed us to probe the origin of the large
energy barriers.

In SMD simulations of the three-nanocube system in vacuum, see Figure [I| we observed a small
“hop” in the horizontal direction when sliding the top nanocube moved towards the brick-wall
configuration. This trajectory change in the SMD correlated well with the time point at which
the system experiences a large energy barrier (1200 kcal/mol; shown in Figure S3(a)) associated
with transitioning to the brick-wall configuration. There is a strong similarity between the free
energy landscapes in Figure S3(a) predicted by SMD [Left] and TI [Right], since the distance in
SMD is a linear function of simulation time. Both exhibit a significant energy barrier, though -as
is typical- the SMD barrier height is far higher in value. Figure S3(b) [Left] shows that moving
the top nanocube across the surface caused it to rotate relative to the nanocubes below it in re-
sponse to the force field it experienced as it approached the brick-wall configuration. It reached
a maximum rotation of 11-12° by about 10 ns and remained rotated by about 10-11° thereafter.
Figure S3(b) [Right] shows that the rotation is uncorrelated with the free energy profile during
the configurational change. Previous work has shown that similar positional entropy affects struc-
tural transformations in superlattices of face-centered cubic (fcc), body-centered cubic (bcc) and
simple cubic (sc) configurations across different metal and metal oxide nanocube systems. [25,
26] We provide a visualization of the “hopping” and rotational change of the top nanocube in
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Figure S4.

To explain the observed trends from a theoretical perspective, we first characterize the predicted
corona shapes obtained from scaling theory and MC grafting simulations. Analysis of our results
reveal two distint corona shapes - conformal and convex — that emerge as a function of varying
ligand length (Figure [Sp). Conformal shapes define coronas whose shape is analogous to the in-
trinsic geometry of the nanocube core. These coronas occur in the limit of short ligands, where
ligands experience a uniform degree of confinement from their neighbors and thus organize into
a uniform brush on the nanocube surface. This regime is analogous to the classical Alexander-de
Gennes brushes from planar grafting.[45]] As the ligand lengths increase, the chain feels a contin-
uously greater degree of confinement from their neighbors due to the presence of more monomers
within the same solid angle volume occupied by the ligand. This means that ligands will switch
to more extended configurations to maximize their local free volume and reduce steric repulsions
with their neighbors. Center face locations on the nanocube surface experience higher confinement
due to a smaller volume available given the same solid angle. As a result, centered face ligands
experience increased extension relative to their counterparts at locations nearer to corners/edges.
The augmented extension at the faces shifts the planar morphology to that of a spherical cap, which
we define as the convex corona.

Given that the conformal corona define short, uniform brushes about the nanocube surface, the
net inter-nanocube ligand-ligand interaction is stronger for conformal coronas. This is because
the total area of interaction for conformal corona is the entire face of each nanocube due to the
flat geometry of the ligand shell. As such, transition via sliding (Figure [3) from face-to-face to
brick-wall has to break all ligand-ligand interactions across the entire nanocube’s face, giving rise
to a large free energy barrier. Conversely, the convex corona has a spherical cap-like motif at cen-
ter face locations. This extends the spacing between neighboring cubes, causing ligands nearer
to corners and edges that are not as extended as centered face ligands to fall out of interaction
range with each other. In other words, the net number of ligand-ligand interactions between neigh-
boring faces decreases upon transition from a conformal to convex coronas, producing a decrease
in the free energy barrier of the face-to-face to brick-wall transition. To quantitatively analyze
the effect of corona shape in governing interparticle interactions, we compute an orientationally
averaged potential of mean force (PMF) between nanocubes. Briefly, we first place ligands at
nanocube surface locations predicted from scaling theory. We then assign an isotropic Lennard-
Jones (LJ) interaction potential between all monomers making up the functionalized ligands. The
LJ potential is employed to capture both the isotropic aggregation between monomers while si-
multaneously accounting for steric repulsion between neighboring ligands. We then sum over all
ligand-ligand interactions, given a relative orientation, as a function of the center-to-center dis-
tance between nanocubes. This process is repeated for all relative orientations between nanocubes
and then Boltzmann averaged to yield a pairwise PMF between nanocubes. The resulting PMFs
confirm the trends, revealing a deep, short-range attraction for conformal coronas and a shallow,
long-range attraction for convex coronas (Figure [Sp).

4.3 Mechanism of nanocube reorganization as a self-healing process

We built a 2D superlattice of Pd nanocubes in a 3 x 5 array. Each nanocube was covered with
C-9 ligands, consistent with our preceding smaller 3-cube SMD simulations. This array included
a centrally located vacancy. We observed a similar rotation of the moving nanocube as discussed

10
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Figure 5: Theory prediction of ligand length effects. a) Visualized shape
of the ligand shell (corona) as a function of alkane chain length. b) Com-
puted PMF between two interacting ligand-functionalized nanocubes. c¢) Fits
to PMFs from b) using the Mie potential: V(r) = Ce[(c/r)" — (o /r)"], with
C = [n/(n—m)] (n/m)™ "™ and n = 12. PMFs in b) and ¢) are unitless as they
are scaled to the maximum well depth.

above, and shown in the snapshot in Figure S5. Nanocube B underwent a rotation as we pulled it
towards the vacancy and in the direction of nanocube A, as marked in Figure[2] The space available
for nanocube B to rotate was limited due to the fixed nature of the Pd atoms in the outside layer
of the superlattice. The SMD simulation shows that nanocube B reached the vacancy (marked
as the white dot in Figure [2) and, since the spring force was applied continuously, nanocube B
kept moving towards nanocube A until it filled the original vacancy, resulting in vacancy diffusion.
Analogous behaviors have been also observed in systems of hard, non-interaction nanocubes.
We noticed that nanocube A initially started to move towards the vacancy, but nanocube B eventu-
ally pushed it back to its original position. The net result is a disruption of a perfect face-to-face
alignment in favor of a dynamic, reorganizable brick-wall-like motif. We have plotted the cor-
responding degree of rotation and free energy change during the simulation, and the relationship
between the rotation and free energy in Figure S6(a-d).

These results indicate that a cooperative translation-rotational process, coupled with a reduc-
tion in free energy barrier, can shift the mesoscale assembly behaviors for ligand-functionalized
nanocubes. To study propagation of this process to the mesoscale assembly level, we perform
coarse-grained molecular dynamics simulations using a combination of the computed PMF and a
generalized shaped potential[43] using the HOOMD-Blue simulation engine. To define a compu-
tationally efficient potential, we fit the computed PMFs (Figure[Sp) to a Mie potential of the form:
V(r)=Ce[(c/r)" — (6/r)"], where C = [n/(n —m)] (n/m)™ "™ nis always equal to 12, and m
varies to tune the width of the potential (Figure[Sk). Note that increasing m tightens the interactions
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range and is equivalent to decreasing ligand length.

We first performed 2D simulations of nanosquares to mimic the single layer study shown in Figure
[2l We then measure the distribution of nanosquares rotation angle, averaged over the entire produc-
tion run of the simulations (Figure[6p). Rapid clustering and statistical averages across the large set
of simulation data are facilitated by the freud analysis package.[47] Results from 2D simulations
reveal a broadening in the angle distribution (P(0)) with increasing ligand lengths (decreasing m).
This means that nanocubes with longer ligands are able to rotate more freely (due to the decrease in
energy barrier), in good agreement with the reduction in the computed free energy barrier obtained
from atomistic simulations (Figure [3). We then confirm the shift from brick-wall to face-to-face
lattice arrangement by computing the radial distribution function (g(r)) of the self-assembled lat-
tices for different ligand lengths (Figure [6b). To extend to bulk, 3D systems, we additionally run
simulations of nanocubes. Measurements of the angle distribution and radial distribution func-
tion reveal an identical P(0) broadening and a shift from brick-wall to face-to-face alignments,
respectively (Figure [6k,d). Visualization of both brick-wall and face-to-face configurations from
2D nanosquares and 3D nanocubes simulations are shown in Figure [6g-h.

To complement the g(r) and snapshots in Fig. |§], we additionally compute the average Steinhardt
order parameter ({g;)) for both 2D and 3D assemblies. We set [ =4 ({q4)) and [ = 6 ({gs)) for
2D and 3D systems, respectively (Fig. [7). For 2D systems, the perfect values of (g4) are 0.525
({qa) p,aw) for brick-wall and 0.825 ({(g4) . rF) for face-to-face configurations. For 3D systems,
the perfect values of (ge) is 0.476 ({ge)p,pw) for brick-wall and 0.363 ({g¢) ,Fr) for face-to-face
configurations. These values are plotted as solid horizontal lines in Fig. [/l By inspection, Fig.
corroborates the transition observed from Fig. [6] where increasing m drives a transition from the
brick-wall to face-to-face configuration. Lastly, to show that particle mobility and vacancy diffu-
sion drive the brick-wall to face-to-face transition, we compute the average fraction of particles
with a rotated angle greater than 12° across the production run for both 2D and 3D systems (Fig-
ure [§). Results from Figure [§| reveal an exponential decay in the fraction of rotated particles with
decreasing ligand lengths (decreasing m), confirming both the sharp drop-off in free energy barrier
from atomistic simulations, as well as a proposed mechanism of vacancy diffusion-driven lattice
reorganization.
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Figure 6: Coarse-grained mesoscale simulations of nanocube self-assembly. An-
gle distribution (P(6)) for a) 2D nanosquares and c¢) 3D nanocubes as a function of
increasing Mie exponent m (decreasing ligand length). Radial distribution func-
tion (g(r)) for b) 2D nanosquares and d) 3D nanocubes as a function of increas-
ing m reveal a transition from brick-wall to face-to-face configurations. Values
of g(r) are offset in y for visualization purposes. Simulation snapshots for 2D
nanosquares in e) brick-wall and f) face-to-face configurations and 3D nanocubes
in f) brick-wall and h) face-to-face configurations.
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5 Conclusions

In summary, we report a multiscale modeling approach that captures assembly behaviors for
ligand-functionalized nanocubes. We employ both thermodynamic integration and steered molec-
ular dynamics at the atomistic level to calculate the free energy of the interacting nanocubes, show-
ing differences in stability between face-to-face and brick-wall nanocube configurations as a func-
tion of different ligand lengths and solvents. We additionally reveal a unique translation-rotation
process by which nanocubes diffuse into vacancies that arise during the assembly process, where
nanocubes rotate by about 10-12° as it enters the interstitial space between two face-face-aligned
nanocubes. We then utilize brush scaling theory to explain the changes in both nanocube configura-
tion and free energy barriers, directly connecting observed behaviors to ligand-ligand interactions
and the emergent ligand brush morphologies for ligand-functionalized nanocubes. Lastly, we em-
ploy our theory to develop a coarse-grained simulation model that is capable of reproducing the
trends reported in atomistic simulations at the mesoscale. Our work provides both a fundamental
understanding of ligand-functionalized nanocubes interactions across hierarchical length scales as
well as a modeling framework that can be readily extended to other nanocube core geometries to
aid in the design of novel materials.
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