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ABSTRACT: Non-equilibrium molecular dynamics simulations
are used to probe the driving forces behind the formation of highly
ordered, epitaxially connected superlattices of polyhedral-shaped
nanoparticles (NPs) at fluid−fluid interfaces. By explicitly
modeling coarse-grained ligands that cap the NP surface, it is
shown that differences in NP shapes and time-dependent facet-
specific ligand densities give rise to drastically different trans-
formation mechanisms. Our results indicate that the extent of
screening of the inter-particle interactions by the surrounding
solvation environment has a significant impact on reversibility and
ultimately the coherence of the final two-dimensional superlattice
obtained. For the particle shapes examined, a hexagonal pre-assembly and a square superlattice final assembly (upon preferential
ligand desorption from {100} facets) were prevalent; however, cuboctahedral NPs formed intermediate epitaxially bonded branched
clusters, which eventually grew and rearranged into a square lattice; in contrast, truncated octahedral NPs exhibited an abrupt
rhombic-to-square transition driven by the clustering of their numerous {111}-ligands that favored the stacking of linear NP rods. To
track the incipient order in the system, we also outline a set of novel order parameters that measure the local orientation alignment
between nearest-neighbor pairs. The simulation protocols advanced in this work could pave the way forward for exploration of the
vast phase space associated with the interfacial self-assembly of NPs.

1. INTRODUCTION
Recent studies have made great strides in perfecting the
synthesis protocols of not only faceted colloidal nanoparticles1,2

(NPs) but also of the wide range of superlattice structures that
emerge from them. Remarkably, these superstructures have been
shown to possess long-range order and coherence across micron
length scales. These discoveries have poised colloidal NPs as a
promising candidate for the next generation of electronic
materials3,4 with applications in optics5−7 and photovoltaics.8−10

This has also spurred numerous experimental and computa-
tional studies that attempt to shed light on the underlying
thermodynamic and kinetic processes driving the phase changes
associated with superlattice formation.
The fundamental step driving the self-assembly process of

truncated-cube shaped (octahedral symmetry) NPs is the
formation of an irreversible epitaxial connection between the
exposed {100} facets of two colloidal NPs.11−15 Indeed, the
{100} facets are reported to be relatively much more “sticky”
when compared to the other major NP facets, for example,
{111}. In practice, to prevent premature, uncoordinated inter-
NP bonding, the NP surfaces are initially protected by binding
ligands to them. The self-assembly process is therefore divided
into two major sequential steps. First, ligand-covered NPs
aggregate at a fluid−fluid interface to form a “pre-assembled”
structure. This pre-assembly, held together by stabilizing inter-
NP ligand interactions, is allowed to equilibrate. Subsequently,

through the introduction of a chemical trigger16 (typically
ethylenediamine or EDA), the surface-bound ligands are
desorbed, leading to exposed NP facets. The NPs can then
fuse to form epitaxial bonds, and the pre-assembled structure
can undergo transformation into the final connected superlattice
structure.
In previous work,17,18 the local density of NPs was indirectly

constrained by changing the simulation box size for a given
number of NPs, and the long-range interactions due to ligands
were coarse-grained by encoding them directly into the NP
surface beads. However, during experimental synthesis, the
unconnected ligand-passivated NPs are held together in a “pre-
assembled” state through ligand−ligand interactions. Moreover,
as we demonstrate in Section 3.1, the potential-of-mean-force
(PMF) landscape as a function of inter-NP is a complex function
of ligand coverage. As surface-bound ligands are gradually
desorbed away, the free-energy (FE) minimum changes
continuously from a relatively large inter-NP distance to the
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distance where the bare {100}-facets of NPs are in contact. This
change is ultimately observed in the form of a reduction in lattice
spacing with time. By modeling the explicit ligands, their
stochastic removal, and the overall densification of domains, we
strive, in this work, to achieve a more realistic description of NP
surface deprotection and the resulting structural evolution of
multi-NP systems. Our results show that addition of these details
has a major effect on the transformation mechanisms for the
various experimentally observed phases.
In recent years, various mechanisms have been proposed for

the formation of multi-layer NP assemblies.15,19−23 Whitham
and Hanrath15 proposed that this transformation occurs at
coherent grain boundaries through distinct nucleation and
growth steps. Similar efforts have been made to elucidate the
quasi-2D NP self-assembly under interfacial confinement.24−26

Geuchies et al.26 proposed a formation mechanism for the final
square superlattice via a pseudo-hexagonal intermediate,
facilitated by the increased attraction between bare {100}
facets. In Section 3.2, with the use of molecular dynamics (MD)
simulations, we demonstrate that our coarse-grained model can
reproduce the experimentally observed square phase. More
importantly, we observe that based on the choice of NP shapes
and density of the capping ligands bound to the NP surface, the
transformation from a hexagonal, unconnected lattice to a an
epitaxially connected square lattice can occur through different
pathways. In particular, for the cuboctahedron (CO) shape, the
phase change proceeds by a stepwise growth mechanism. This

involves the formation of multiple, small, branched clusters,
which then rearrange to form bigger clusters. However, for the
truncated octahedron (TO) shape, a highly concerted trans-
formation is observed via an intermediate rhombic phase, which
is composed of linearly stacked rods.
The rest of this paper is organized as follows. In Section 2, we

describe the model and simulation methods employed,
including a description of the order parameters introduced for
later analysis. In Section 3, we present the main results of our
study, and in Section 4, we provide some concluding remarks
and an outlook for future work.

2. METHODS
2.1. NP Model. We use a polybead17,20,27,28 model to describe

faceted, hollow NPs, as illustrated in Figure 1c. The simulations are run
using MD29 software. The MARTINI20,30 force-field is used to model
inter-species interactions (as detailed in the Supporting Information).
Instead of using the surface beads as coarse-grained representations of
the ligand−ligand interactions, we explicitly model fully flexible, five-
bead ligands to represent C-18 oleate ligands. Ligands are bound to the
surface beads on the {100} [represented by red beads in Figure 1a] and
{111} (green beads) facets using harmonic bonds. Consistent with the
experimental findings, we allow inter-NP epitaxial connections through
the {100} facets only. Therefore, only the surface beads belonging to
the {100}-facets (white beads, as shown in Figure 1) interact through a
cut and shifted Lennard-Jones potential, while the rest of the surface
beads (gray) are purely repulsive (as detailed in the Supporting
Information). This is also justified by the fact that, in this work, in the
window of simulated conditions and reported transitions, the {111}

Figure 1. (a) Coarse-grained, polybead representation of the NP core fully covered by ligands. As the reaction progresses, the {100} facet-bound
ligands (red beads) are gradually desorbed, relatively fast leading to the (b) intermediate state where only the {111}-facets are (almost) fully ligand
covered, whereas the {100}-facets are completely bare. The “sticky” exposed {100}-facets (white) form the inter-NP epitaxial connections. (c)
Desorption of the {111}-bound ligands, taking place over a much longer time scale, leaves bare the NP core. The gray beads make up both the edges,
and the {111}-facets, and are modeled as purely repulsive. (d,e) PMF for a pair of CO-shaped NPs, with an edge size of 3.1 nm. (d) Dash-dotted line
represents the PMF of fully covered NPs [as shown in (a), left inset] for different solvent parameters (s). (e) Similarly, the dotted and solid lines
represent the PMF of only {111}-covered [(b), right inset] and completely bare NPs [(c), left inset], respectively. All ligand types are functionally the
same but are colored differently to distinguish between the tethering facets.
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facets are almost always fully ligand bound. Therefore, the presence of
attractive forces on these surfaces has a negligible effect on the observed
self-assembly dynamics. The Lennard-Jones interactions on the NP
surface are primarily meant to provide steric hindrance (to preclude
penetration into the NP core) and enact short-range attraction
associated with epitaxial bonds.17,18,20 During experimental synthesis
of PbXNPs, the chemisorption of the oleate ligands onto the NP causes
an enlargement of the {111} facets at the expense of {110} facets, often
giving rise to shapes ranging from CO to TO.31 Therefore, in this work,
we focus on two representative NP shapes: CO with five beads per edge
(e = 5) and TO with e = 4. Moreover, the transition from CO to TO
involves a reduced {100} area, which translates into smaller energy per
{100}-epitaxial connection. This is accompanied by a corresponding
increase in {111} area, which translates into a much larger number of
binding sites for oleate ligands. Therefore, these two shapes, while being
representative of the experimentally observed shapes, also provide an
excellent opportunity to compare the role of {111}-ligands in the
formation of the square phase. The effect of solvation of the ligand shell
in the surrounding fluid is captured by a solvent parameter, s. This
parameter scales the attractive part of the standard 12-6 Lennard-Jones
potential to account for the effect of screening of inter-species
interactions by the surrounding solvent.20

MD simulations were conducted for up to 144 NPs (comprising
between 75,000 and 165,000 coarse-grained beads) whose concen-
tration was controlled as follows. In typical experiments, large
concentration fluctuations occur over the interface, which lead to
both dense and sparse regions of NPs, in part driven by the loss of
ligands and the concomitant reduction of NP footprint area; it is only
the dense regions which are of interest for interfacial self-assembly.
Because of the limited ability to simulate only a small number of NPs,
the dense NP regions would be uncharacteristically small and
disconnected if simulated in a canonical ensemble with constant
interfacial area. Hence, to form larger, more representative dense NP
regions, we implemented an isobaric ensemble. This allows for a
reduction in the total interfacial area, and therefore an increase in the
NP concentration, by squeezing out regions left empty by the loss of NP
footprint area during the ligand deprotection process. The osmotic
pressure was small (P = 1 atm) and was merely intended to keep a
compact interfacial packing of the NPs with or without ligands.
To minimize the computational cost associated with simulating the

surrounding solvent, we use an implicit solvent description
implemented through a Langevin thermostat. The effect of the fluid−
fluid interface is captured by employing the recently developed
quaternion-based orientation constraint (QOCO) scheme.18 By
applying suitable spring potentials to each NP, we can reproduce the
positional and orientational preferences imposed by the interfacial
confinement on each NP. In particular, we are interested in ethylene
glycol (EG) interfaces where PbX NPs capped with oleate ligands have
been shown to preferentially orient with their 100 axes parallel to the
interface normal.15,25,26 We emulate this preference using an
orientation FE landscape previously reported18 for a TO-like shape
(as detailed in the Supporting Information). The position of the center-
of-mass of each NP is allowed to fluctuate about the “vertical” direction
normal to the interface using a harmonic spring. In this study, we limit
ourselves to studying a baseline model case, where the two solvents
making up the interface are not significantly different in their solvation
quality with respect to the NP-ligand system. We hence use a uniform
solvent parameter throughout the entire system, regardless of the
location with respect to the interface.
Ligand-binding energy and surface coverage have been shown to be

facet-specific, E{100} < E{110} < E{111}, such that the surface deprotection
is fastest for the {100} facet.32 This trend is captured in our simulations
by stochastic desorption of ligands from the NP facets.33 The
desorption is modeled by assuming first-order kinetics using a Poisson
process

Δ = = − −L
L

L
1 ef

f

f

r t

,0

f

(1)

where ΔLf is the fraction of ligands desorbed from facet f and rf is the
rate of ligand desorption from facet f. The reported value34 of rate of
desorption of amine-based ligands from NMR data is around 50 s−1.
However, for the time scales accessible in our simulation setup, we are
r e s t r i c t e d t o u s e mu c h f a s t e r r a t e s , s p e c i fi c a l l y

μ μ= × = ={ }
−

{ }
−−

r r5 50 s , 0.5 s100
10
10 fs

1
111

15

3 . We also assume uni-

form concentration of the chemical trigger across the simulation box.
For the length scales corresponding to our simulations (∼100 nm), this
assumption has been shown to be largely true for EDA as a chemical
trigger in an EG sub-phase.25 For specific cases intended to explore the
effect of {111}-ligand removal, we change r{111} to 50 μs−1 once all
{100}-ligands have been removed, to thus make the simulation
temporally accessible. This assumption is justified based on the
separation of the time scales of ligand exchange for different facets.32

2.2. Order Parameters. Owing to the quasi-2D nature of the
system under consideration, we employ the 2D bond-orientation order
parameter35 as a measure of resemblance between the local environ-
ment around the ath NP (NPa) and a perfect k-fold lattice

∑ψ = ∀ ∈θ

=n
b a

1
e NN( )k n

a

b

n
ik

,
1

a b,

(2)

where NN(a) is the set of nearest neighbors of NPa, n is the number of
nearest neighbors that are accounted for, r  a,b is the NP-pair vector
drawn from the center-of-mass of NPa to NPb, and θa,b is the angle
between r  a,b and the positive x-axis. Typically, we only include the k-
nearest neighbors (n = k), such that ψn,n

a = ψn
a for simplicity. We then

report the averaged, scalar, 2D bond-orientation order parameter ψn =
⟨|ψn

a|⟩ as a function of time. Additionally, the shifted and normalized box
projection area ΔAbox ∈ [0,1] is measured as

Δ =
−

−=
∞A
A A

A Amax ( )t
box

box Sq

0 box Sq (3)

where Abox is the area of projection of the simulation box along the
interface normal and ASq (ΔAbox = 0) is the area of a perfect square
lattice made from the NPs in the system. The denominator normalizes
the box projection area for a given trajectory.

In general, the global orientation of the NP at a cylindrically
symmetric planar interface can be defined by the intrinsic (y−z′−y″
coordinate convention) Euler angles (ϕ, θ, ψ). However, owing to their
ease of interpretability in terms of theNP facets, the angles of the closest
approach (αm,f, described in ref 18) provide a better descriptor of the
NP orientation. αm,(hkl) is the smallest rotation angle required to orient
the NP crystallographic direction ⟨hkl⟩ along the interface normal. We
specifically focus on three major crystallographic directions ⟨100⟩,
⟨110⟩, and ⟨111⟩.

2.3. Pair-Alignment Parameter. Traditional bond order36 (ψn,
Qn) and orientational order (Pn, In) parameters do not account for
information about the particle anisotropy in tandem with the bond
order. While we do calculate ψ4 and ψ6 in our systems to capture 2D
square and hexagonal bonding symmetry, respectively, in this work, we
further develop a generalized order parameter to quantify the alignment
of a NP with respect to its nearest neighbors in 3D. Consider an
arbitrary NP a and one of its nearest neighbors b ∈ NN(a). For an
arbitrary NPa, we define βf,a(b) as the angle of the closest alignment of
its facet f, to the NP-pair vector, r  a,b

β ∈ { ∈ | ≤ ≤ ∈ }− 

Ä

Ç

ÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑ
b a a N b a( ) 0, cos

1
3

: 1 ; NN( )f a,
1

(4)

The pair-alignment parameter is similar to the angle of the closest
approach, αm,(hkl) as described in the previous section in all aspects
except that the direction of alignment is changed from a global-fixed
interface normal to a dynamically changing local NP-pair vector. A
detailed treatment on the calculation of the angle of the closest
approach is presented elsewhere.18 Additional details about the pair-
alignment parameter can be found in the Supporting Information and
Movie S1.
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Figure 2. Representative trajectories for the selected cases illustrating different assembly mechanisms. (a−g) Kinetics of self-assembly of 144 CONPs
(cartoon illustration in the inset) in a relatively good (implicit) solvent (s = 0.4). Each column in (a−f) represents a simulation timestamp (0, 50, and
100 ns). The top row shows MD snapshots, viewed along the interface normal. For each NP oriented with their ⟨100⟩ axis parallel (within 10°) to the
interface normal, its in-plane orientation is shown using an arrow color-coded (color bar on the top left) from red (aligned to the box x-axis) to white
(45° from the box x-axis). For other orientations, the NP center is marked by a blue dot. The bottom row shows the respective Voronoi diagrams with
each cell colored according to number of {100}-epitaxially connected nearest-neighbor pairs from 0 (green) to 4 (red). Additionally, the {100}-
epitaxially connected and {100}-aligned pairs are joined, respectively, by red and black overlaid solid lines. Similarly, the {110}-connected and {110}-
aligned pairs are joined, respectively, by yellow solid and thick black dashed lines. Plots in (g) summarize the time evolution of various order
parameters, tracking the transformation (see the main text): the top plot shows the fraction of ligands desorbed from facet f,ΔLf, andψ4,ψ6 and the box
projection area, Abox; the bottom plot shows the epitaxial fep,k (solid line) and alignment fal,k ∀ k ∈ {0,1,2,3,4} (dotted) correlations. A similar layout as
(a−g) is shown in (h−n) for the self-assembly for 144 CONPs in a relatively poor solvent (s = 0.6) and in (o−u) for 64 TONPs with a good solvent (s
= 0.4).
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Furthermore, we can classify a nearest-neighbor pair based on the
individual pair alignments of its constituents. We define a nearest-
neighbor (a,b) pair as f-aligned if

β β β β< ∧ <b a( ( ) ) ( ( ) )f a f b, 0 , 0 (5)

where β0 is a threshold value (typically 10°). We thus identify the NN-
pairs that are {100}-aligned but not necessarily epitaxially connected.
With that we can define the fraction of NPs with exactly k {100}-aligned
pairs as

∑∈ { } =
=

f k f: 0, 1, 2, 3, 4 s. t. 1al k
k

al k,
0

4

,
(6)

As a precursor to the actual epitaxial bond, this parameter tracks the
local (in the first-nearest-neighbor shell) alignment changes as a
measure of the incipient order in the system.
We can also identify the NN-pairs that are epitaxially connected. We

define a nearest-neighbor (a,b) pair as f-connected if

β β β β< ∧ < ∧ | ⃗ | <b a rr( ( ) ) ( ( ) ) ( )f a f b a b, 0 , 0 , 0 (7)

This stronger classification includes a distance cut-off to ensure that
the NPs in the f-aligned pair also lie within a distance, r0, such that the f-
facets of both NPs can come into contact. In a similar fashion, we define
the fraction of NPs with exactly k {100}-epitaxial connections as

∑∈ { } =
=

f k f: 0, 1, 2, 3, 4 s. t. 1ep k
k

ep k,
0

4

,
(8)

For a perfect, infinite square lattice, fep,4 = 1. The fep,4 correlations can
be used as an alternate order parameter (that captures square symmetry
like ψ4) for shapes with octahedral symmetry confined to two
dimensions. The reason for considering only up to the first four (k ≤
4) correlations is because (1) the {100} facets have an octahedral
symmetry, and (2) we only consider the case of formation of monolayer
superlattices. In other words, by restricting the NPs to a quasi-2D
interfacial region, we effectively enforce that a given NP can have a
maximum of 4 {100} facets accessible for epitaxial contacts (parallel
surface-to-surface) in the interfacial plane. This happens when theNP is
oriented with its ⟨100⟩ facet normal along the interface normal. If,
however, the NPs are allowed to fluctuate more about the interfacial
plane, then they can form epitaxial connections through all six {100}
facets, leading to multi-layer structures.

3. RESULTS AND DISCUSSION
We design our simulation protocol to mimic the effects and
trends associated with experimental processing conditions.
Accordingly, the {100}-bound ligands are removed gradually
(at r{100} = 50 μs−1) without significantly desorbing the {111}-
bound ligands (r{111} = 0.5 μs−1). As the driver of the sought-
after change, the fraction of ligands desorbed from facet f,ΔLf, is
depicted as a function of time in the top plot of Figure 2g,n,u.
3.1. Effect of the Solvent. The quality of the solvent is

tuned by the solvent parameter s. A higher value implies poor
screening of inter-species interactions by the solvent resulting in
lower (more negative) energies of interaction (as detailed in the
Supporting Information) between all species and vice-versa. A
value of s = 0 implies complete screening and good solvent
conditions, whereas s = 1 represents interactions in vacuum, akin
to poor solvent conditions. To illustrate this, we calculate the
PMF between two CO NPs in different implicit solvent
environments using an umbrella sampling approach.28,37 One
consequence of improving the solvent quality is the swelling of
the ligand shell. This can be seen in the increasing equilibrium
“contact” distance (corresponding to a minimum in the PMF)
between the fully ligand-covered NPs (as illustrated in Figure
1a), with increasing s (Figure 1d). As the deprotection reaction

progresses, the {100}-bound ligands are gradually removed,
eventually rendering the {100} facets bare (Figure 1b). For this
scenario, the PMF landscape is changed drastically, and the
particles contact at closer distances (Figure 1e, dotted lines). For
each profile, we also observe a relatively shallow, local minimum
at the separation corresponding to interactions between the
{111}-ligand shells of the two NPs. As expected, we observe a
second minimum that represents the epitaxial bond between the
{100}-facets.
While it is true that using a relatively poor solvent would lead

to an overall stronger inter-NP interaction (s = 0.6, dotted green
line), in practice, we find that it also leads to premature sticking
of the pre-assembled structure. In this situation, even 1−2
neighbors can provide enough stability (10−15kBT), that
cannot effectively be overcome by thermal energy. This leads
to irreversible sticking between ligand shells, thereby preventing
the equilibration of NP positions and orientations and
promoting the formation of localized metastable clusters filled
with defects. A very good solvent (s < 0.4), on the other hand,
would screen all inter-ligand interactions and therefore provide
no energetic incentive for the formation of a pre-assembled
structure. In such a scenario, the NPs would require an external
force to bring them together (such as an osmotic pressure, as
discussed in Section 2.1).
We note that an alternate physical interpretation of the

solvent parameter is the extent of solvent evaporation, as
explored by Fan and Grünwald.20 This interpretation is
motivated by the fact that removal of the solvent by evaporation
also results in stronger inter-ligand interactions and more
compact ligand shells. In fact, a more reversible, coherent self-
assembly is achieved experimentally using a smaller evaporation
rate.38−40 In our simulations, we use a fixed value of the solvent
parameter for a given trajectory, to primarily probe the effect of
the solvent environment on the kinetics of structure trans-
formation.
In the limit of complete deprotection of the {111}-facets by

ligand removal, the bare NPs form a stable {100}−{100}
epitaxial bond (Figure 1e, solid lines). We note that using the
MARTINI parameters (as detailed in the Supporting
Information), the energy of contact (Figure 1e, solid lines)
between two {100}-facets at full epitaxial contact is O(101)kBT
[that is, O(101) kcal/mol or O(10−19) J]. This is in line with
previous reports for corresponding values for {100} facets in
PbX NPs.17,41 The presence of {111}-ligands appreciably
changes the PMF, as compared to that for bare NPs (Figure
1e dotted and solid lines, respectively). For a good solvent, due
to the screening effect of the solvent, the enthalpic incentive of
epitaxial bond formation and ligand−ligand interactions is
overshadowed by the strong entropic penalty incurred by
compression of the ligand shells. For a poor solvent, on the other
hand, the PMF profile is dominated by the strong enthalpic
attraction associated with (1) the formation of the epitaxial bond
and (2) increased ligand−ligand interactions. Finally, a
comparison between the PMFs of fully ligand-passivated (Figure
1d) and bare NPs (Figure 1e, solid lines) shows that the
interactions between fully covered NPs of the given size range
are dominated by ligand−ligand interactions.20

3.2. General Trends. Despite displaying two distinct
transformation mechanisms, both NP shapes under consid-
eration, namely CO and TO, eventually assemble into a square
lattice bound by {100}-epitaxial connections. In general, due to
the nature of the imposed orientational behavior [⟨100⟩ axis
parallel to the interface normal, as described in Section 2.1], the
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initial equilibrated pre-assembled structures have a majority of
NPs oriented with their ⟨100⟩ axes parallel to the interface
normal. Owing to a relatively small barrier between the {100}-up
and {111}-up configurations in the underlying PMF (as detailed
in the Supporting Information), a significant fraction of NPs
orients with their ⟨111⟩ parallel to the interface normal. These
fully ligand-covered NPs, oriented with {111}-up, show a strong
tendency for pair-alignment with their {110}-facets. This is
attributed to the fact that, for NPs trapped at the interface, the
{111}-up orientation favors sixfold ligand-mediated binding
with neighbor NPs on the interfacial plane, that is, the ligands
bind to six (out of a total of eight) {111} facets and to all six
{100} facets and are made available for inter-NP interactions.
Therefore, an increased inter-particle ligand−ligand coordina-
tion is made possible in a quasi-2D hexagonal packing with a
{111}-up orientation. This is also seen in a relatively high initial
value of the fraction of {110}-aligned pairs in the 6-NN (as
detailed in the Supporting Information) and a six-fold
distribution of the {110}-aligned pairs visualized as yellow
lines overlaid on the Voronoi diagrams in Figure 2.
3.3. Cuboctahedron. We now consider the contrasting

cases of assembly of 144 CO NPs in a well-solvated (s = 0.4,
Figure 2a−g) and a poorly solvated environment (s = 0.6, Figure
2h−n). As discussed in Section 3.1, pre-assembly in a relatively
poor solvent is fraught with large void volumes (Figure 2h) in
contrast to the relatively well-equilibrated, close-packed
distribution for s = 0.4 (Figure 2a). This fact is also reflected
in the difference of the initial ψ6 values. Also, since the {100}-
facets are initially fully covered by ligands, there are no epitaxial
connections, that is, fep,0 = 1. However, a significant fraction
(15−20%) of the NPs displays a {100}-alignment with their
nearest neighbors without being connected with an epitaxial
bond. This is quantified in terms of the difference fep,n − fal,n
between the bonding and alignment correlations [shaded
regions in the respective bottom plots of Figure 2g,n].
With the gradual removal of the {100}-bound ligands, the

mutually exposed {100} facets in NN-pairs begin to bond. With
the appearance of NP “dimers,”42 fep,1 ≠ 0, there is a
corresponding fall in the fraction of free “monomers,” fep,0.
Initially, no NPs are found with more than one epitaxial
connection, that is, fep,k = 0 ∀ k ∈ {2,3,4}. It is only after the
fraction of dimers reaches an appreciable value that the fraction
of trimers starts to increase, resulting in the formation of both I-
shaped (parallel bonds) and L-shaped (perpendicular bonds)
clusters. The fall of the initial, high sixfold order is highly
correlated with the appearance of NP “trimers.” The increase in
order in the system is stepwise and not continuous as each
subsequent fep,n correlation only emerges after the previous
correlation fep,n−1 and increases to a certain point (Figure 2g,n).
Ideally, if the final structure was a single, continuous lattice, then
the correlations fep,k ∀ k ∈ {0,1,2,3} would decay to zero, while
the ultimate value of fep,4 would remain high.
Interestingly, in a good solvent environment, changes in

alignment occur in the neighborhood of the NPs before the
formation of an epitaxial bond. All bonding correlations ( fep,n)
emerge, after a small delay, once the local alignments ( fal,n) take
place. This delay is visualized in terms of the larger thickness of
the shaded regions in Figure 2g, as compared to that for a poor
solvent, as shown in Figure 2n. The existence of this delay has
two major implications: (1) the screening effect provided by the
solvent helps prevent premature inter-NP bonding, and (2)
formation of epitaxial bonds introduces local alignment changes
to the NP neighborhood, which are then propagated into further

epitaxial bonds. For a poorly solvated system, this delay is rather
short, which translates into insufficient equilibration time and
the formation of fast, irreversible epitaxial bonds that preclude
the concerted changes observed for the well-solvated case. This
causes the emergence of multiple small domains, which are
rotated with respect to each other and give a weaker fourfold
order, as seen in the relatively small values of ψ4 and fep,4.

3.4. Truncated Octahedron. We now consider the
assembly of 64 TO NPs in a well-solvated medium (s = 0.4,
Figure 2o−u). The observed transition path can be divided into
two distinct parts. Like the transformation seen in CO, with the
removal of the {100}-bound ligands, the initial emergence of
“dimers” is observed. Thereafter, an increase in fep,2 is driven
exclusively by the formation of linear rodsa result of two
parallel {100}-epitaxial connections. This is a direct conse-
quence of the greater stability of the initial sixfold symmetry
(high ψ6), which does not break down by the formation of
epitaxial bonds (Figure 2u). The formation of branching (L-
shaped clusters) would in principle induce local fourfold order,
as observed for the CO shape. However, due to the formation of
the linear rods, the hexagonal unit cell gradually shifts to a
rhombic one. This stable rhombic structure is held together by
the larger number of {111}-ligands for TO, as compared to CO.
We also note that for a TO (with edge e ≥ 2), the number of
beads per close-packed, hexagonal {111} facet [3(e − 1)(e − 2)
+ 1] is greater than that per square-packed, square {100} facet
[(e − 2)2]. Eventually, the rods shift with respect to each other
by a distance equal to half the lattice parameter for a perfect
{100}-connected square lattice, giving rise to a “stacked rods”
phase (Figure 2q,r).
For a fraction of the observed trajectories, the system remains

stuck in this “stacked rods” configuration described above.
However, in some cases, the system spontaneously and abruptly
transitions from this phase to the square phase. The trans-
formation is brought about by a concerted sliding of the rods
relative to each other. This is marked by a sharp transition in the
various order parameters, for example, an abrupt increase in ψ4
and fep,4 with a correlated decrease in ψ6 and fep,2 (Figure 2u).
Expectedly, for the cases where the system gets stuck in the
“stacked rods” phase, a subsequent gradual removal of the
{111}-ligands leads to breaking of the sixfold symmetry, causing
it to sharply transition into the square phase. This phase change
is also accompanied by a change in the box shape and a
significant decrease in the area of the system, Abox. SinceΔAbox <
0 for the transition, increasing the pressure would also tend to
favor the transition. This coordinated sliding of rods is
reminiscent of the displacive (Martensitic) transformations
observed in intermetallic alloys.43 This process can be visualized
in Movies S2 and S3 of the Supporting Information.
By virtue of their longer persistence on the NP surface, {111}-

ligands stabilize and hold the hexagonal bond order and enable
the formation of the linear rods. Interestingly, such structures are
stabilized by the formation of a serpentine network composed of
{111}-ligands (see Figure 3b). These serpentine moieties are
localized between any two adjacent rods. In this configuration,
each NP on average gains ∼40kBT of stabilizing energy by the
inter-{111}-ligand interactions alone, when compared to the
hexagonally distributed, unconnected configuration of the pre-
assembly [see Figure 3e]. In some cases, as these ligands
gradually desorb, the thermal energy eventually becomes
sufficient to cause a concerted phase change into the square
lattice. At this stage, the {111}-ligands can drive the sliding of
these rods to reduce the global energy of the interaction between
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the {111}-ligand beads (Figure 3e). This is because in the square
phase, in addition to the formation of two additional, stabilizing
{100}-epitaxial bonds per NP, each square inter-NP interstice
“void” is filled with ligands bound to 2 {111}-facets each from
four different NPs. The {111}-ligands take on a blob-like
conformation, when localized in such voids, as visualized in
Figure 3d. The serpentine-to-blob transformation (as featured in
Movies S3 and S4 in the Supporting Information) can be
explained in terms of the large, correlated drop in the energy of
interactions between the {111}-ligand beads, which amounts up
to 40kBT per NP. In contrast, the stability gained, by the
increased interactions between the {100} facet beads, is an order
of magnitude smaller (∼4kBT). In this way, {111}-ligands play a
dominant role in mediating the orthorhombic to square
transformation via the formation of an intermediate “stacked
rod” phase. It is interesting to note that the sliding process also
induces a slight, overall rotation in the superlattice directions

(notice the difference between the initial and final orientations
in Figure 3a,c respectively and also Movie S2 in the Supporting
Information).
Due to the kinetic nature of the assembly process (which

would be more appropriately described by a transition path
ensemble in a future study), in some trajectories, the
transformation from the “stacked rods” to the square phase is
not as dramatic as for the “affine” deformation shown in Figure
2o−u, which occurred in about 4 out of 15 replicate runs.
Instead, it manifests as the transformationthrough the sliding
mechanismoccurring for only a portion of the simulation box,
while the rest of the box remains stuck in the “stacked rods”
phase. Expectedly, for these non-affine transformation trajecto-
ries, the change in the box size is not as pronounced (as detailed
in the Supporting Information). Unlike the case of the CO
shape, the local transformations still occur in a concerted
fashion, mediated by the ligand−ligand interactions. Finally,
using poorer solvents (i.e., by increasing s) has a similar effect
of creating disjoint, localized, and ordered clustersto the CO
shape.
Why do we observe such vastly different transition pathways

for the two similar sized but differently shaped NPs? We address
these differences from an energetic perspective. Recall that the
CO-shaped NPs have a relatively smaller {111} and a
correspondingly larger {100} facet area. This also results in
fewer {111}- and more {100}-bound ligands. Owing to the
relatively large area of {100} facets for CO, the energy per
epitaxial bond is higher than that for TO. This, combined with
the effect of faster desorption kinetics of the {100}-bound
ligands, promotes more substantial {100}-epitaxial bonding in
the CO’s vicinity. This leads to the formation of L-shaped
clusters, thereby inducing fourfold symmetry in the system.
Breaking of the sixfold symmetry during the early stages of the
process inhibits the formation of larger clusters via concerted
processes. Larger clusters are eventually formed by the
reorganization of smaller clusters. On the flip side, for the TO,
the smaller incentive for the formation of {100}-epitaxial bonds
along with the numerous {111}-ligands promotes the formation
of linear structures. As demonstrated above, the {111}-ligands
enhance favorable energetic contacts by forming serpentine
networks in the NP interstitial spaces, leading to a “stacked rods”
phase. In this way, the presence of {111}-ligands smoothly
guides the system from a hexagonal to a square phase, via an
intermediate pseudohexagonal phase. Moreover, the pointed
{110} facets of the CO shape create a jagged interface between
different small-sized clusters, which makes the self-assembly for
the CO NPs more difficult than that for TO. Indeed, the CO
{110} facets sterically prevent re-organization through sliding
between different clusters. The TO shape, on the other hand, has
more rounded {110} facets (edges instead of vertices).

4. CONCLUSIONS
In this work, we have probed the self-assembly of faceted,
colloidal NPs under interfacial confinement. To aid the analysis,
we also developed order parameters that describe the emergence
of incipient local order in terms of generalized pair-alignment
parameters. We show that with explicit coarse-grained ligands,
our model and analysis tools are able to capture key aspects of
the self-assembly process. We observed that CO-shaped NPs
assemble via the formation of intermediate branched clusters
with 1, 2, 3 {100}-epitaxial connections. However, the breaking
of local sixfold order induced by the formation of proximal, L-
shaped epitaxial bond-pairs initially inhibits the formation of

Figure 3. (a−d) Close-up snapshots from the simulation of 64 TONPs
in a relatively good solvent (s = 0.4), as depicted in Figure 2o−u,
corresponding to different timepoints. The “stacked rods” phase
depicting (a) only the TONP-core beads and (b) only the {111}-ligand
beads. This phase is stabilized by the formation of isolated serpentine
networks, made up of {111}-ligand contacts, between adjacent rods.
The average conformation of {111}-ligands (between two epitaxially
connected NPs) for the top-left and bottom-right rods is depicted by
red and black semicircles, respectively. (c,d) Eventually, the rods slide
past each other to form the square phase, while the {111}-ligands
change from the serpentine to cylindrical blob-like clusters. (e) Top
plot tracks reaction progress in terms of extent of ligand removal from
the {100} (in red) and {111} (in green) facets. The bottom (e) plot
depicts the energy of epitaxial bond (black, dotted) and energy of
interaction between the {111}-ligands (blue, solid) per NP, on average,
in kBT units; the phases shown in (a,b) and (c,d) correspond to the
points marked by the left and right, vertical dashed lines, respectively.
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bigger clusters. Eventually, these smaller clusters rearrange to
form the final square lattice. For the TO shape, this hexagonal to
square transformation is mediated by the {111} surface-bound
ligands through an intermediate phase made of linear, stacked
rods that has a quasi-hexagonal bond order. During this
assembly, typically no L-shaped branching emerges until the
abrupt rhombic to square transition. We note that while changes
from hexagonal to square structures have been experimentally
observed in interfacial NP assemblies,15,25 the precise
intermediate structures and pathways predicted here have not.
We also demonstrated a direct correlation between the

solvent quality and the degree of reversibility of inter-NP
contacts at various stages of the assembly. An alternate
interpretation of the solvent-quality parameter is as the extent
of the evaporated solvent.20 Therefore, one can argue that a
faster rate of evaporation of the solvent could also explain the
formation of irreversible defects, as described for the case of a
poor solvent. We have employed an isobaric ensemble to ensure
that, as ligands are gradually removed, the projection of the
simulation box on the interfacial plane shrinks to eliminate the
void area and promote the well-packed structures of larger
clusters despite the small system sizes being accessible to our
simulation. In this way, the laterally applied osmotic pressure is
intended to mimic the moving boundary of a much larger
transformation.
A similar effect (to changing the solvent quality or the

evaporation rate) of altering the inter-NP binding free energy
could be achieved by tuning the ligand chemistry directly.
However, the choice of physical parameters like solvents or
ligand chemistry is heavily constrained by the experimental
setup, the choice of NP compound, and so forth. Inspired by our
findings, we suggest an alternate experimental protocol that
maintains close inter-NP contacts in the NP pre-assembly stage.
Instead of using a strong enthalpic attraction between ligand
shells, the pre-assembly can be driven and maintained by a small
external lateral pressure that constrains and “compresses” the
interfacial area. In this scenario, if the inter-NP contacts are
designed to be sufficiently reversible (i.e., order of most a few
kBT), then the formation of defects will likely beminimized. This
protocol can potentially be realized experimentally using, for
example, a Langmuir Trough.44,45 One potential limitation of
the current formulation is the range of values that the solvent
parameter can take on for the system to remain physically
relevant. Consider, for example, the PMF for a pair of NPs in a
very good solvent, s = 0.3 (Figure 1e, blue squares). For
completely bare NPs (solid lines), the epitaxially bonded state,
while favorable, has a very shallow well-representing reversible
contact. Physically however, regardless of the quality of the
surrounding solvent, epitaxial bonding entails the formation of
irreversible, strong covalent and ionic bonds. A very good
solvent only lowers the chances of NP facets coming together in
the first place, and this is reflected in the modeled PMF. In the
current study, we only consider cases (s ≥ 0.4) where epitaxial
attachment leads, with high probability, to effectively irreversible
bonds between {100} facets. Accordingly, we expect that the
main results and trends in behavior reported in this work will not
be significantly affected by the specific strength of the modelled
epitaxial bonds. In future studies, this formulation could be
updated to account for the large cohesive energy upon contact of
the NP surfaces, independent of the solvation characteristics of
the ligand shells.
In our ongoing work, we will attempt to describe the

continuously varying landscape with a more economical implicit

ligand model. One possible approach could be the calculation of
the FE of the inter-NP approach for a wide range of surface-
ligand coverage using an explicit ligand system and incorpo-
ration of such a FE into an effective inter-NP potential energy
function. In such a scenario, the NP surface beads would encode
the specific patchy or directional interactions exhibited by
explicit ligands. Another productive direction would be the use
of mean-field approximations to model ligand−ligand inter-
actions, typically used for the calculation of interactions between
DNA-coated colloids.46−50 This would allow for a very large
reduction in the computational cost of simulating large number
of ligand beads and a corresponding increase in the system sizes.
It would also be interesting to study the effect, of vastly different
solvation qualities of the fluids that make up the fluid−fluid
interface, on the self-assembly process. This can be approached
by ascribing a different solvent parameter to interactions above
(say air, i.e., s ≈ 1) and below the interface dividing plane (say
liquid with s≪ 1). This would also involve careful calibration of
the imposed PMF of vertical fluctuation on each NP.
Additionally, using the simulation protocol described in this
work as a base, it would be interesting to explore the other
aspects of “ligand engineering”, for example, the distinct steric
effects of different NP ligand geometries (i.e., linear vs
branched) and chain lengths, and how to pre-program the
ligands to undergo transitions between different clustering states
to steer NPs along target assembly pathways. In a different front,
apart from their use as order parameters, the pair-alignment
parameters introduced in this work can be used for adding
alignment biases in a simulation methodology. This strategy
could be used for enforcing specific relative orientations
between nearest-neighbor pairs or for implementing force
(torque)-based (MD) or energy-based (Monte Carlo) biased-
sampling techniques.
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