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Abstract

We explore microscopic principles governing the self-assembly of colloidal octylamine-coated

platinum nanocubes solvated in toluene. Our experiments show that regular nanocubes with the

edge length of lRC = 5.5 nm form supercrystals with the simple cubic packing, while slightly

truncated nanocubes with the edge length of lTC = 4.7 nm tend to arrange in the fcc packing. We

model by averaged force fields and atomistic molecular dynamics simulations the coupling forces

between these nanocrystals. Our detailed analysis shows that the fcc packing, which for cubes has

a lower density than the simple cubic packing, is favored by the truncated nanocubes due to their

Coulombic coupling by multipolar electrostatic fields, formed during a charge transfer between the

octylamine ligands and the Pt cores.
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In recent years, colloidal nanoparticles (NP) of different materials,1–4 sizes,5 shapes,6–16

and coatings17–20 have been self-assembled into superlattices with many types of packing.21–23

It is crucial to understand microscopic principles governing the processes of NP self-

assembly24 in order to control structural,25chemical,26,27 and physical properties of the

formed superlattices.28,29 These novel metamaterials may exhibit new functionalities when

applied in electronics,30 optics,31,32 magnetism,33 and catalysis.34,35

In most cases, the self-assembly of colloidal NPs is thermodynamically driven by inter-

particle forces determined by the NP type,36 the solvent type,37 and other conditions

used during the evaporation processes.38–40 Typically, NPs interact with each other and

the substrate41 by van der Waals (vdW), steric, and Coulombic coupling,42–44 originating

from the NP bulks and ligands.17,45 The related forces can be obtained in atomistic46 or

coarse-grained modeling47 and approximated by averaged force-fields acting between the

NPs.38,42,43,48–51

Spherical colloidal NPs with isotropic inter-particle coupling tend to self-assemble into

closed-packed fcc and hcp structures.52 Anisotropic forces between the NPs, such as those

originating in electric/magnetic dipole-dipole coupling, can lead to simple hexagonal (sh) or

body-centered cubic (bcc) structures.42,43 Nonspherical particles can have a large range of

packing densities, common interfaces between crystalline facets, and intriguing geometries

of void spaces, which can drastically influence the superlattice properties.53 For example,

polyhedral nanocrystals may self-organize into more open superlattices, such as cubic and

octahedral nanocrystals.10–16,54 Even though many types of superstructures have been pre-

pared, the principles that control their self-assembly are not well understood.16

In this work, we combine experimental and theoretical efforts to investigate the packing

principles in supercrystals formed of regular (RC) and truncated (TC) colloidal platinum

nanocubes (NC). We model with averaged force fields and atomistic molecular dynamics

simulations the vdW and Coulombic coupling forces between RCs and TCs to explain their

observed self-assembly in supercrystals with simple cubic (sc) and fcc packings, respectively.

After careful analysis, we conclude that the looser fcc packing of TCs originates in their

multipolar Coulombic coupling, where a charge is passed to the TCs from their ligands and

asymmetrically redistributed in their metallic cores.

Observed NC supercrystals

We have prepared RCs and TCs coated with octylamine and solvated in toluene,55 using
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a liquid-liquid phase transfer method.13,56 The average edge lengths (between two opposite

{100} faces) of the NCs are lRC = 5.5 nm and lTC = 4.7 nm, with the size distribution of

8% and 9%, respectively. In the insets of Fig. 1 (c) (left and right), we show TEM images of

the {100} faces of the RC and TC, where the TC has {111} facets on its truncated corners.

In our experiments, we observe that the prepared RCs form simple cubic superlattices and

the TCs form fcc superlattices. The sc structures are rare in Nature, but they have been

observed in Po crystals57 and TiO2-P2O5 NC supercrystals.58

In Fig. 1 (a) and (c), we use TEM to show the stacking pattern of 2−4 NC layers of RCs

(left) and TCs (right) lattices, where the white squares denote their primitive cells. The two

types of superlattices are schematically shown in Fig. 1 (b), where the RCs are positioned

in the face-to-face (f − f) configuration (sc lattice) and the TCs are in the shifted corner-

to-corner (c − c) configuration (fcc lattice). Sequential RC layers are stacked on the top

of each other (labeled as AAA), whereas each TC layer (considered along the diagonal of

the fcc cube in the inset of Fig. 5 (b)) is stacked at the interstitial sites of the next layer

(ABCABC), such that each successive layer is shifted by half the repetition distance. The

lattice constants obtained from TEM, asc ≈ 7 nm and afcc ≈ 11 nm, are in good agreement

with those, Asc ≈ 8 nm and Afcc ≈ 11 nm, measured by the selected area electron diffraction

(SAED) at 250 cm.

Recently, Yamamuro et al. have evaluated the vdW (ligand) coupling of model NCs in

different 3D51 and 2D stacking.59 Their results show that the face-to-face assembly in the

sc structure has the lowest potential energy. Our experiments also show that RCs form sc

superlattices, but it is not clear why TCs with small corner truncations form the loose fcc

superlattices. We model the NCs to understand how small changes in their shapes can lead

to remarkably different superstructures.

In Fig. 2 (a), we present SEM images of RCs forming sc supercrystals (lateral size of

0.5 − 2.0 µm), which are rarely formed on the substrate (inset) and often stacked in a

random manner. The high-resolution SEM-FEG images in Fig. 2 (b) clearly show that a

supercrystal can have a long-range order at the length scale of ≈ 1 µm. The face of the

supercrystal is a {100}sp (sp=superlattice) surface (inset Fig. 2 (b)). The magnified SEM-

FEG image reveals stacking faults in the cubic arrangement, which are likely due to local

inhomogeneity of NC shapes or local perturbations formed during the growth process.

Figure 3 (a–d) shows SEM images of TCs forming fcc supercrystals. On the substrate,

3

Page 3 of 27

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



supercrystals with a low polydispersity and two types of morphologies are seen to form:

square pyramids (Fig. 3 (a–b)) and triangular prisms (Fig. 3 (c–d)). The [100]sp axis of

pyramidal crystals and the [111]sp axis of triangular crystals are normal to the substrate.

From the SAED images of a sample at 30◦ tilt,13 we determined the angle between the

substrate and the faces of the pyramidal crystals to be ≈ 45◦. The size of the pyramids is

≈ 12 µm, with the size distribution of 20%, and the size of the triangles is ≈ 9 µm, with

the size distribution of 30%.

In rare cases, we observe TC supercrystals with other morphologies. In Fig. 4 (a–c), we

show SEM images of hexagonal, quasi-hexagonal, and triangular supercrystals. The multi-

layer textured surfaces on the faces of these supercrystals indicate that the supercrystals

have similar growth processes but different growth times. In Fig. 4 (d–f), we show SEM im-

ages of elongated, cleaved (crushed) with a well defined internal structure, and decahedron

supercrystals; the five-fold symmetry could be due to multiple twinning.60 These supercrys-

tals are likely formed due to the presence of faults in the fcc stacking or the emergence of

other growth axes induced by particle-substrate interactions.

Supercrystal growth

In order to prepare uniform supercrystals with a long-range order, shown in Figs. 2-

4, slow crystallization conditions must be guaranteed. We use a glass tube to create a

limited air/solution interface, which allows us to achieve a very slow evaporation rate (8

days) of toluene (bp = 110◦C) at 25◦C. Our TEM specimens are prepared by immersing

a carbon-coated TEM grid in the glass tube containing 200 µL of colloidal solution with

a concentration of 2 × 10−5 mol/L. SEM specimens are obtained by immersing a silicon

substrate (Si wafer) in the glass tube containing 2 mL of the same colloidal solution. It

is useful to describe the nucleation and growth of NC crystals in more detail to disclose

potential principles of their self-assembly.

a) Supercrystal nucleation

The growth of supercrystals of colloidal NCs starts by the spontaneous formation of a

crystalline nuclei, which takes part either homogeneously in the solution or heterogeneously

on a substrate.61 The energy barrier of homogeneous nucleation, ∆Ghomo
N , is usually larger

(more limiting) than the barrier of heterogeneous nucleation, ∆Ghete
N . The barriers can be

affected by the strength of inter-particle interactions, the solvent evaporation rate, NC-

substrate interfacial properties, and other factors.
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In RCs, the strong vdW interactions between their {100} faces may allow the sc super-

lattice to form in solution. Once formed, the crystallites attach to the substrate, where they

continue to grow, as seen in Fig. 2 (a). Their nucleation appears to be mainly homogeneous,

since the supercrystals are in random positions on the substrate. Consequently, diffraction

patterns reveal only homogeneous rings and the small angle x-ray diffraction (SA-XRD)

pattern indicates the absence of a single-growth axis.13

On the other hand, the fcc superlattice aggregates seem to be stabilized by corner-to-

corner interactions of the TCs, which might be difficult to materialize in a repetitive manner

without a substrate. In Fig. 3, we seem to observe that NCs self-organize on substrates,

where they grow into supercrystals with different morphologies, in dependence of the facets

lying on the substrate. The initial square arrangement of the {100}sp basic plane yields a

pyramidal fcc crystal, whereas a hexagonal layer, {111}sp basic plane, yields a triangular fcc

crystal (no C3 symmetry due to NCs in the lattice points). This is confirmed by previous

SA-XRD observations, which reveal the [001]sp growth axis (perpendicular to the substrate)

for the pyramidal supercrystals and the [111]sp growth axis for the triangular supercrystals.13

b) Deliberation of the NC coupling forces

In order to understand what drives the self-assembly in the observed RCs and TCs super-

structures, we will try to characterize the dominant forces between the NCs. Although the

observed superlattices are probably nucleated in the colloidal phase (solution or substrate),

they can be further stabilized during the solvent evaporation. We can estimate these pro-

cesses from the NC-binding Gibbs free energy, ∆G = ∆H − T∆S, in solvent and vacuum.

We briefly discuss the important terms involved in ∆G.

In principle, large polarizabilities of the metal NC cores result in dispersion forces that

can induce the self-assembly of colloidal NPs at room temperature.38,49 The strength of this

bulk vdW core-core coupling, ∆HvdW
core , grows with the polarizabilities of the interacting NPs.

The Pt NC cores are much more polarizable than the toluene solvent and the octylamine

ligands on the NCs, so the strength of vdW coupling (per unit volume) ranks as core-core >

core-ligand > ligand-ligand ≈ ligand-solvent. When the solvent and ligands are chemically

similar, we can neglect the ligand-ligand vdW coupling and consider just the core-core vdW

coupling.42,43 We suspect that this coupling alone can not explain the self-assembly of loose

fcc superstructures formed by the TCs. It is also unlikely that the vdW coupling associated

with the ligands (of different densities)25 close to the (shifted) corners of neighboring TCs
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could create the local minima in ∆G, which is necessary for the fcc lattice stabilization.

The loose fcc superstructures might be self-assembled by directional forces acting between

colloidal TCs and providing the local energy minima in ∆G around their corners. Such local

minima could originate from a multipolar Coulombic coupling, caused for example by partial

charge transfer between the ligands and the Pt NC-cores.62 Electrons in the vicinity of the

ligand binding sites (Pt atoms) can be transferred to the more electronegative octylamine

ligands (N atoms). Inside the metallic NC, the charge can freely redistribute and locally

charge the NC, as schematically shown in Fig. 6 (a). The (neutral) TCs can interact with

each other in toluene at relatively large distances, as characterized by ∆H elec
NC , and direct

the self-assembly of fcc superlattices.

Once the solvent is evaporated (vacuum), the ligand-ligand vdW coupling enthalpy,

∆HvdW
ligand, and the related entropy, ∆Sligand, can dominate in ∆G. When the ligands inter-

digitate more, their entropy, ∆Sligand, decreases (limited space and ligand conformations),

which counter-balances the growth of ∆HvdW
ligand. The ligand-ligand coupling might seal the

superstructure pre-stabilized in solvent by the Coulombic coupling and the bulk vdW core-

core coupling.

Modeling of the NC self-assembly

In the following, we will calculate the various contributions to ∆G to estimate which of

them might activate and guide the NC self-assembly. First, we model the microscopic bulk

vdW core-core coupling between NCs by average force fields. Then, we evaluate by atom-

istic molecular dynamics (MD) simulations the NC coupling associated with their polarized

ligands and NC cores.

A) Microscopic modeling (bulk vdW coupling)

The (NC-core) vdW potential energy between two NCs (ith and jth) can be approximated

by the Hamaker pairwise summation,43,63

V = V vdW
core (ij) = − A

π2

∫
Vi

∫
Vj

1

r6
ij

d~ri d~rj . (1)

where, A is the Hamaker constant that depends on the type of NC core and rij is the distance

between atoms (microscopic elements) of the two NCs.

Due to the fast decay of the vdW coupling (the 1/r6 term), we only consider interactions

between the NC and its first neighbors. We obtain the vdW potential energy per NC in the

6
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sc superlattice,

V sc =
1

2
(6 Vf−f + 12 Ve−e + 8 Vdc−dc) , (2)

where the subscripts in V indicate the face-to-face (f − f), edge-to-edge (e − e), and direct

corner-to-corner (dc − dc) NC coupling terms (in the last term, NC corners are frontally

arranged with respect to each other). Likewise, we obtain the vdW energy for the fcc

superlattice,

V fcc =
1

2
(4 Vf−f + 4 Ve−e + 8 Vc−c) , (3)

where we consider the intra-layer face-to-face (f − f), intra-layer edge-to-edge (e − e), and

inter-layer shifted corner-to-corner (c − c) NC coupling terms (we mean horizontal layers

shown in the inset of Fig. 5 (b)); dc − dc is replaced by c − c because the corner facets of

the TCs in the fcc superlattice are not aligned. In the calculations, we use the averaged

experimental edge lengths (between two opposite {100} faces) of lRC = 5.5 nm and lTC = 4.7

nm. The {111} corner facets of the TC are characterized by the experimental length of the

corner truncation, α = 0.85 nm, measured along the NC edge.

First, we calculate V sc for RCs and TCs by varying the face-to-face inter-nanocube dis-

tance, dsc, as shown in Fig. 5 (a). The Hamaker constant for Pt-Pt coupling (through octy-

lamine ligands) is approximated by its value for gold-gold coupling (through dodecanethiol),

A ≈ 2 eV.64 The results show that V sc is always smaller (more stable) for RCs than for TCs.

The vertical line depicted in Fig. 5 (a) marks the experimentally observed inter-particle

distance of RCs in the sc superlattice. At this distance, determined by the ligand length,

we find that V sc
RC = −13.1 kcal/mol and V sc

TC = −7.5 kcal/mol. The difference is caused by

different sizes of the NCs and the presence of small truncations in TCs.

Next, we calculate V fcc for RCs and TCs, by varying their intra-layer (afcc, bfcc) and inter-

layer (cfcc) distances. Since the fcc superlattice formed of TCs has C4 symmetry (seen in

Fig. 1 (b) (right)), we consider that afcc = bfcc. The NCs in the fcc superlattice have larger

intra-layer distances than those in the sc superlattice, but their inter-layer distances are

smaller due to the ABCABC stacking pattern. In Fig. 5 (b), we show the V fcc energy contour

map calculated for the TCs. The potential energy of V fcc
TC = −6.7 kcal/mol is obtained at

the point afcc = bfcc = cfcc = 11 nm. This point marks the experimentally observed shifted

corner-to-corner TC configuration, where neighboring TCs have sub-nanometer (inter-layer)

face-to-face distance of dfcc = 0.8 nm (based on cfcc = 11 nm and lTC = 4.7 nm). In Fig. 5
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(b), we also show that neighboring TCs in the fcc structure do not have aligned corners.

The sloped line at the bottom of the contour map marks the configurations where the corner

facets of the TCs are aligned (afcc = bfcc =
√

2cfcc).

The energy contour map shows that the large intra-layer distance between TCs in the fcc

superlattice (afcc, bfcc) could be stabilized by the small inter-layer distance (included in cfcc).

The fact that TCs experimentally assemble with a small (inter-layer) face-to-face distance

(dfcc = 0.8 nm) might indicate that the ligand density is lower (less steric repulsion) on the

{111} corner facets than on the {100} faces. However, it is difficult to argue why TCs in the

experiment do not align their corner facets, which should give a stronger corner-to-corner

coupling. The bulk vdW coupling also does not give a clear “visible” local minimum at large

NC separations, which is necessary for the formation of the fcc structure.

B) Atomistic modeling

The above mean-field model shows that bulk vdW forces might allow TCs to self-assemble

into loose fcc structure, but the results do not explain the observed shift of corners and

they do not provide a significant local energy minimum that would prevent the loose fcc

structure from switching to the more compact sc structure. To address these issues, we

use atomistic molecular dynamics (MD) simulations to model molecular forces between

neighboring TCs. We assume that TCs interact through vdW coupling of their octylamine

ligands and Coulombic coupling between partial charges on their ligands and cores, formed

due to the charge transfer along N-Pt bonds.

a) Model of the NCs

In Fig. 6 (a) we show our atomistic model of two TCs in the shifted corner-to-corner

(c − c) configuration. Each TC has a Pt core protected by a monolayer of octylamine

ligands, with the edge length (between two opposite {100} faces) of lTC = 4.704 nm, based

on the experimental value of lTC = 4.7 nm. The {111} corner facets are characterized by

the corner truncation parameter of α = 0.784 nm, obtained by removing 3 Pt layers; it is

close to the experimental value of α = 0.85 nm.

In the MD simulations, we maintain the shape and rigidity of the core by Pt-Pt bonds

with large bond strength of ≈ 104 kcal/mol Å2, added in the force field. The NC core has fcc

packing with the lattice constant of a = 3.92 Å, derived from the equilibrium Pt-Pt bond

length of b0 = 2.77 Å. Each TC core has 7, 758 Pt atoms, where 1, 494 and 24 of them are

exposed on the TC {100} faces and {111} facets, respectively, excluding the 180 Pt atoms
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that are on the edges.

Next, we attach octylamine ligands to the surface of the Pt core. The ligand densities and

distributions cannot be observed from our TEM measurements, due to the low elemental

contrast of molecular ligands. We estimate their local densities by assuming that ligands

preferably bind to less coordinated Pt atoms. The coordination numbers for Pt atoms on

the {100} faces, edges between two {100} faces, {111} facets, and edges around the {111}
facets are 8, 5, 9, and 7, respectively; whereas bulk Pt atoms have the coordination number

of 12. In our model, we attach 1 ligand onto each Pt atom on the edges and distribute

ligands randomly and evenly on the faces with the density of 2 per 5 Pt atoms. We do

not attach ligands on the small corner facets (3 Pt atoms per facet) due to the high steric

hindrance between those ligands and ligands that are already attached to the edges. Even

though these distributions are rather heuristic, their exact form does not seem to influence

much the stability of the self-assembled TCs (see later).

Atomic charges on the (neutral) ligands are based on the CHARMM32 force field.65 We

model the Pt-N charge transfer by adding −0.4 e to the Pt-bound N atoms of the ligands and

0.4 e to the ligand-hosting Pt atoms. The magnitude of the charge transfer is closely related

to the results obtained from ab initio studies of NHx species absorbed on Pt surfaces.62 We

keep the rest of the Pt atoms neutral and do not consider the (slight) charge redistribution

on the metallic Pt core. If the positive charges on the Pt atoms are left to freely redistribute

inside the metallic TC, they would cancel the field in its interior. Their repulsion would

cause a slight shift from the area under the ligands toward the corners and lead to the

surface charge densities schematically shown in Fig. 6 (a). In our MD simulations, the

presence of fixed Pt-N dipoles on the TC faces generates an electric field with the same

multipolar symmetry but a smaller strength. When the TCs self-assemble in the fcc packing

in the experimental system, their charge distribution might be further modified due to the

rearrangement (detachment and reattachment) of ligands. Therefore, it is likely that the self-

assembled structures have some tolerance with respect to the exact distribution of ligands

and the core charging.

b) Modeling of the NC coupling

We will simulate these RCs and TCs as described in Methods. First, we search for

additional local minima in ∆G that can help to stabilize the self-assembled superstructures.

As discussed above, the vdW ligand-ligand coupling should be relatively small in solvent

9
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(toluene) which is similar to the ligands. Therefore, the additional minima can potentially

originate from the Coulombic coupling between the NCs.

During the MD simulations, we keep two adjacent NCs aligned and shifted with respect to

each other in vacuum (to simulate a smaller number of atoms) and evaluate their corner-to-

corner coupling. We mainly focus on their Coulombic coupling, which is not much affected

by the lack of nonpolar solvent, while the vdW coupling is much stronger in its absence.

The NCs are placed in a large cubic unit cell (20 nm in length), with periodic boundary

conditions applied (NVT ensemble). This (simulation) unit cell is oriented the same way as

the unit cells in the sc and fcc lattices (see Fig. 1), so that afcc, bfcc, and cfcc are distances

along the simulation x, y, and z axes, respectively. The centers of two adjacent NCs in the

sc lattice are separated by the distance dNC−NC , whereas those in the fcc lattice (inter-layer)

are separated in the x, y, and z directions by about one half of the lattice parameters afcc,

bfcc, and cfcc, respectively. In the simulations, we vary some of these parameters (while

fixing others) to evaluate the NC-binding energy.

In each simulation, we allow the ligands to relax while the NC-core atoms are spatially

fixed. We first minimize the system energy for ≈ 1 ns and then equilibrate the system for

≈ 2 ns at the temperature of T = 300 K. We use the last 1.5 ns of the simulation trajectories

to evaluate the average Coulombic and vdW (ligand) coupling energy. When we optimize

the binding position of the NCs, we briefly release the core atoms and run longer simulations

to allow NC movements. We evaluate non-bonded (Coulombic and vdW) interactions of the

TCs by pairwise summations of the coupling energies between atoms of both NCs.

The TC binding energies: We first calculate the Coulombic and vdW (ligand) binding

energies between two adjacent TCs in the shifted corner-to-corner (c − c) and face-to-face

(f − f) configurations. In Fig. 6 (b), we present the total Coulombic energy for TCs in

the c − c configurations. We plot the potential energy surface as a function of the afcc and

cfcc parameters (bfcc is not defined here), starting from the experimentally observed TC

separation of afcc = cfcc = 11.0 nm. A 3D view of the energy surface is shown in the inset.

In the studied range of the lattice parameters, the lowest value of the electrostatic energy,

Eelec ≈ −47.0 kcal/mol, is obtained at the experimental TC separation, afcc = cfcc = 11.0

nm. If we remove the charges associated with the charge separation along the Pt-N bonds

(ligand-NC), we get Eelec ≈ 12.9 kcal/mol for the same TC separation. These coupling

energies are significantly larger than those found above for the bulk vdW coupling. Moreover,
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only the coupling between two NC neighbors is (so far) included in the energy.

If we let the ligated TCs to spontaneously stabilize their positions, we find that they go

to the point of afcc = 11.4 nm, cfcc = 11.8 nm (see point in Fig 6 (b)), rather than to the

experimental point of afcc = cfcc = 11.0 nm. This is likely caused by the fact that in the

experiment the ligands can migrate on the NC surfaces and be further redistributed upon

the lattice formation to minimize the coupling energy.66 The simulations of these relaxed

TCs are only done for 2−3 ns to prevent their rotation. In this stabilization, both enthalpic

and entropic contributions are involved in ∆G.

To estimate the local stability of the TCs with shifted corners, we calculate the binding

energy as their truncated corners “slide” on each other. In Fig. 6 (b), this motion goes

along the straight line with the slope of −
√

2, which passes through the chosen point of

afcc = cfcc = 11.8 nm. We evaluate Eelec along this line up to the point where the center of

the two TC facets are at the closest distance and aligned (afcc = 13.8 nm, cfcc = 9.0 nm).

The lowest Coulombic energy along this line is Eelec ≈ −21.4 kcal/mol, which is found at the

point afcc = 12.6 nm and cfcc = 10.7 nm. This gives a small energy barrier of ∆Eelec ≈ 1.6

kcal/mol that keeps the TC corners shifted. If we consider a free redistribution of the charges

in the TCs, the energy barrier will likely be higher.

In Fig. 6 (c), we show the dependence of the total Coulombic and vdW energies in the

TC pair, as we shift one TC with respect to the other along the y-direction. We define

δyfcc as the shift from the symmetric position. We choose two x and z positions of the

TCs, afcc = cfcc = 11.0 nm (double ring in Fig. 6 (b,c)) and afcc = cfcc = 11.8 nm (single

ring in Fig. 6 (b,c)). As discussed earlier, the vdW energy mostly contributes to the NC

stabilization after the removal of solvent (its value is then large, as seen here). We can see

that for the experimental distances, the vdW energy has a minimum at δyfcc = 0, while the

Coulombic energy minimum is shifted to δyfcc = 0.6 nm. This slight asymmetry is caused

by the random distribution of ligands on the TCs. At the larger separation (11.8 nm), the

energy minima are already at δyfcc = 0.

Upon the removal of the solvent, the vdW energy of the coupled ligands becomes large in

the f−f configuration. The question is if the TCs stay in c−c configuration or spontaneously

switch to the f−f configuration. In order to do so, the TCs would need to be lifted from the

potential energy minimum at cfcc = 11.8 nm (equilibrium distance of the c−c configuration)

to the elevation of cfcc = 12.94 nm (equilibrium distance of the f − f configuration), to be
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above the steric (ligand) barrier. This lifting is associated with a Coulombic barrier of ≈ 14

kcal/mol, which is not thermally accessible. The barrier is about 3 times larger if done from

the experimentally observed height of cfcc = 11.0 nm. In Fig. 6 (d), we fix the TC height

to cfcc = 12.94 nm, and show the Coulombic and vdW energies as the TCs slide on their

faces. The variation of the Coulombic energy is very small, but the vdW energy has a deep

minimum at afcc = 0 nm (f − f configuration). We also show by dashed line the partial

dependence of these energies calculated for the experimental TC height of cfcc = 11 nm

(ligand repulsion prevents completion).

Comparison of the TC and RC binding energies: In Fig. 7, we compare the Coulombic

and vdW (ligand) coupling energies of TCs (left) and RCs (right) in the c−c (top) and f−f

(bottom) configurations. These energies are calculated as a function of the center-to-center

distance of two (nearest) NCs with fixed cores, where afcc = cfcc and δyfcc = 0.

First, we consider the c − c configurations (Fig. 6 (a,b)). If we align both the RCs and

TCs in a similar way, dNC−NC in TCs is by ≈ 1 nm smaller than in RCs, due to the smaller

sizes of their cores (lTC = 4.7 nm and lRC = 5.1 nm). If the NC cores are free to move,

the (relaxed) TCs tend to stabilize in the c − c configuration (the dark point in Fig. 6 (b)

at afcc = 11.4 nm and cfcc = 11.8 nm), shown by the vertical line in Fig. 7 (a), while RCs

continue to slide to the f−f configuration. In the c−c configuration the Coulombic coupling

energy (relevant in solution) is negative and larger for TCs, while in the f −f configurations

it is positive and larger for TCs (Fig. 6 (c,d)). Both NCs in vacuum can stabilize in the

f −f configuration; their equilibrium dNC−NC are shown by the vertical lines in Fig. 6 (c,d).

If we compare the vdW (ligand) energies in vacuum for both configurations, we can see

that the f − f configuration is globally more stable for both RCs and TCs. In the solvent,

the vdW coupling should be small, and the ligands might even cause repulsion between the

NPs.67 Therefore, it is the Coulombic coupling (together with the bulk vdW coupling) that

can guide and stabilize the loose fcc structure of TCs.

Conclusions

In summary, we have prepared sc and fcc superlattices of ligated regular and truncated

Pt nanocubes, respectively, and used microscopic and atomistic modeling to explain the

remarkably different observed structures. Our results indicate that the fcc packing can be

stabilized by Coulombic coupling between multipolar electrostatic fields of charged TCs,

which originate from the charge transfer between their ligands and platinum cores. This
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coupling creates a local energy minimum when the TCs have adjacent (shifted) corners,

which can retain the fcc packing in solvent and vacuum against global stabilization of the

sc structure. These results could be used in guiding the experimental preparation of novel

supercrystals with many potential applications.

Methods

We simulate the pairs of RCs and TCs by atomistic molecular dynamics simulations,

using NAMD68,69 and the CHARMM32 force field.65 During our simulations, we keep the

temperature fixed by the Langevin dynamics with the damping constant of γLang = 1 ps−1.

The non-bonded interaction switching distance is set to 8 Å and the cutoff is set to 10

Å. The systems are simulated as NVT ensembles, where the Particle Mesh Ewald (PME)

summation70 is considered for the Coulombic coupling.
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Figure 1: Experimentally observed superstructures of self-assembled regular (RCs) and truncated

(TCs) colloidal octylamine-coated platinum nanocubes in toluene: (left) (a) Square array of RCs.

(b) Scheme of the simple cubic structure. (c) Multi-layers of organized RCs. (inset) TEM image

of a RC. (right) (a) Square array of TCs. (b) Scheme of the fcc structure. (c) Multi-layers of

organized TCs. (inset) TEM image of a TC.
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Figure 2: (a) SEM images of stacked sc supercrystals of RCs. (inset) Individual RC supercrystals.

(b) SEM-FEG images of a RC supercrystal. (inset) Magnified SEM image showing the arrangement

of RCs within the supercrystal.
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Figure 3: SEM images of fcc supercrystals of TCs. (a) Superlattice of square pyramidal shape. (b)

Ensemble of square pyramidal supercrystals and their size distributions (inset). (c) Superlattice of

triangular prism shape. (d) Triangular prism supercrystals and their size distribution (inset).
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Figure 4: SEM images of TC supercrystals. (a) Hexagonal shape. (b) Quasi hexagonal. (c)

Triangular. (d) Elongated. (e) Cleaved (crushed). (f) Decahedral.
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Figure 5: (a) The vdW potential energy per particle for sc structures, V sc, of RCs and TCs in

dependence on the face-to-face inter-nanocube distance dsc. The vertical line marks the experi-

mentally observed dsc for RCs in the sc superlattice. (b) The vdW potential energy per particle

for fcc structures, V fcc, of TCs in dependence on the parameters afcc = bfcc and cfcc. The line

(afcc = bfcc =
√

2cfcc) represents parameters for which the TCs have aligned corner facets.
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Figure 6: (a) Atomistic model of TCs in the experimentally predicted c − c configuration, with H

atoms hidden. The schematic drawing shows one possible charge distribution on the surface of the

TCs that can stabilize the structure through the attractions shown by the arrows. (b) Contour plot

of the Coulombic coupling energy of TCs starting from the predicted c− c configuration. The inset

shows a 3D view of the energy surface. (c) Coulombic and vdW (ligand) coupling energies of TCs

that are slightly shifted from the afcc = cfcc = 11.0 nm and afcc = cfcc = 11.8 nm configurations

along the y-direction. The two configurations are labeled by single ring or double ring icon on the

right of each curve. (d) The Coulombic and vdW (ligand) coupling energies of NCs as a function

of afcc are evaluated to cover the transition from the c− c configuration to the f − f configuration

at the height of cfcc = 12.94 nm and cfcc = 11.0 nm.
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Figure 7: The Coulombic and vdW (ligand) coupling energies of NCs as a function of the (inter-

layer) center-to-center inter-nanocube distance, dNC−NC , for (a) TCs in the c − c configuration.

(b) RCs in the c − c configuration. (c) TCs in the f − f configuration. (d) RCs in the f − f

configuration. Schematic drawings in each plot show the configurations of the two end points. The

vertical lines show the equilibrated distances of NCs with relaxed cores.
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