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ABSTRACT Molecular dynamics simulations are performed on capped and uncapped PbSe nanocrystals, employing newly developed
classical interaction potentials. Here, we show that two uncapped nanocrystals fuse efficiently via direct surface attachment, even if
they are initially misaligned. In sharp contrast to the general belief, interparticle dipole interactions do not play a significant role in
this “oriented attachment” process. Furthermore, it is shown that presumably polar, capped PbSe{111} facets are never fully Pb- or
Se-terminated.
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The field of nanoscience has rapidly evolved from the
study of isolated nanocrystals (NCs) to the fabrication
and manipulation of mesoscale nanomaterials,1 which

can be either two- or three-dimensional arrays of (hetero-
geneous) nanocrystals,2-5 or continuous nanostructures
with complex dimensional configurations such as nanowires
formed by oriented attachment of nanocrystals.6-8 Single,
isolated PbSe NCs display peculiar electronic and opto-
electronic properties such as strong quantum confinement,
and multiexciton generation.9 Assemblies made of PbSe
nanocrystals feature in IR photon detectors10-12 and in
nanocrystal thin-film transistors.13 Furthermore, PbSe nano-
crystals show a remarkable propensity for crystal unification
and have therefore been used as building units for the synthesis
of larger nanostructures such as nanorods, nanorings, and
nanostars.3,6,14,15 The process of fusion of (initially) randomly
oriented nanocrystals into larger single crystals is commonly
referred to as “oriented attachment”.14,16,17 Recently, the
mechanism of crystal fusion was observed in real time
during in situ heating in a high-resolution transmission
electron microscope (HRTEM).16 Upon heating, surfactant
molecules are removed from the surface, and after initial
attachment rotations of the nanocrystals over multiple axes
enable crystal fusion.

Dipolar interactions18,19 between the NCs are presumed
to play an important role in the fusion process, although

direct experimental evidence is lacking. This assumption is
based on the argument that a random distribution of polar
{111} facets generates a permanent electric dipole moment
(of variable strength) in multifaceted NCs with a rocksalt
crystal structure.14 However, recent first-principles calcula-
tions20 suggest that energetically very favorable reconstruc-
tions render the {111} surfaces much less polar, which
implies that surface energy may play a more prominent role
than is currently presumed.

Molecular simulations with classical potentials can be
used to elucidate the relevant physical mechanisms behind
the efficient oriented attachment. In contrast to HRTEM
experiments, there is no influence from any supporting sub-
strate, the exact ligand coverage of the NCs at any moment is
known, and dipole moments can be computed directly during
the simulation. In the past, useful insights have been obtained
with classical atomistic simulations performed on bare and
ligand-covered CdSe nanocrystals.21-23 Since no force fields
for PbSe were available thus far, we derive the potentials
in the present work. Next, we investigate by means of
molecular dynamics simulations the mechanical and
energetic stability of (ligand-covered) facets, including the
presumably polar {111} facets, and the nanocrystal
fusion mechanism of initially aligned and misaligned PbSe
nanocrystals. We consider ethylamine as the capping
agent in the present work because (i) alkylamines are
commonly used in investigations of the oriented crystal
attachment of PbSe NCs16,20 and (ii) they have a well-
defined chemical state, unlike carboxylic (or phosphonic)
acids or thiols.
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We have developed interatomic potentials for PbSe within
an interaction model that (i) has a minimum number of
fitting parameters, (ii) reproduces the properties of bulk PbSe
in the solid state, and (iii) can be straightforwardly combined
with atomistic interaction models for ligand and solvent
molecules. The approach of classical force fields is used,
whereby the interaction between the atoms is described by
a sum of Lennard-Jones (LJ) and Coulomb potentials

Here rij is the distance between atoms i and j; εij and σij

are the LJ parameters; qi and qj are partial charges on atoms
i and j; and ε0 is the dielectric constant of vacuum. To reduce
the number of independent interaction parameters, only the
LJ coefficients for the atoms of the same type are usually
defined. The remaining cross-coefficients are then obtained
from the Lorentz-Berthelot mixing rules. We apply the
united atom model for ethylamine capping molecules (NC2),
where CH2 and CH3 groups are represented by single
pseudoatoms. The N atoms are modeled explicitly, and
amine H atoms are modeled as point charges. Atoms of the
same molecule interact via bond stretching, bond bending,
and torsional forces. Atoms of different molecules interact
via the Coulomb and LJ potentials eq 1. The parameters for
the intra- and intermolecular interactions for NC2 are taken
from the TraPPE force field.24 The five interaction param-
eters for PbSe (four LJ coefficients and the partial charge)
were fitted to the available elastic and lattice constants using
the GULP code.25,26 The fitted parameters are given in the
Supporting Information.

In Table 1, the lattice parameters and elastic constants
calculated using our potentials are compared with the cor-
responding experimental values and results of quantum

mechanical (QM) computations from literature. All values are
in excellent agreement, even for the properties that were
not used for the development of the model (see caption of
Table 1). It is important to note that the QM calculations are
performed at zero-temperature and zero-pressure condi-
tions, and therefore they do not account for thermal effects
such as expansion and softening. Thus, it is natural to
compare our calculation results at 0 K to the QM data, and
our calculations at 300 K to the experimental measurements.
The computed pressure-enthalpy diagram for bulk PbSe in
different crystal structures is also in good agreement with
experiment (details in the Supporting Information).

In the molecular dynamics (MD) simulations, the equa-
tions of motion were integrated using the velocity Verlet
algorithm with a time step of 2 fs. Details of the simulation
settings are given in the Supporting Information. Our main
attention is focused on a multifaceted nanocrystal in the
commonly observed morphology, as shown in Figure 1
(bottom left).20 To generate such structure, a cube is cut out
from a bulk PbSe lattice with rocksalt crystal structure, and
this cube is truncated at corners and edges. The resulting
NC consists of 672 atoms, has a diameter of 3.4 nm, and
exposes {100}, {110}, and {111} facets. Next, 214 ethy-
lamine-capping molecules are added to this structure without
allowing for the movement of atoms in the NC. This is done
using a grand-canonical Monte Carlo (MC) simulation at 300
K (details in the Supporting Information). The resulting
capped structure is showed in Figure 1 (left). The number
of capping molecules is larger than the number of surface
Pb atoms (132) but is smaller than the number of dangling
bonds on Pb atoms (264). It is not possible to passivate all
missing bonds, since steric hindrance prevents three amine
molecules from adsorbing to the same surface cation on a
{111} facet.

First, the importance of the capping molecules for the
mechanical stability of faceted NC morphologies is investi-
gated. To release the surface strain, we run a gradient
descent optimization (GDO, equivalent to MD at 0 K) of the
multifaceted NC with or without ligands with the purpose

TABLE 1. Computed and Experimental Lattice Parameters and Elastic Constants of PbSe in the Rocksalt (NaCl), CsCl, and Zincblende
(ZB) Crystal Structuresa

present model QM (literature) experiment (literature)

a (NaCl) [Å] 6.06 (0 K) 6.05f; 6.20f; 6.10g; 6.21e; 6.23-6.27b 6.11d,6.13c

6.10 (300 K)
a (CsCl) [Å] 3.66 (0 K) 3.67f, 3.77e 3.38c (300 K, 30.3 GPa)

3.40 (300 K, 30 GPa)
a (ZB) [Å] 6.77 6.88f

B (NaCl) [GPa] 54.3 58.3f; 49.1f; 60.8g; 49.5e; 44.5-48.3b 54.1h

B (CsCl) [GPa] 60.4 63.0f; 62.0e

B (ZB) [GPa] 36.7 32.0f

C11 [GPa] 124.7 160f; 121f 123.7h

C21 [GPa] 19.02 7.8f; 8.9f 19.3h

C44 [GPa] 19.02 18.0f; 17.2f 15.9h

a All QM calculations were performed for zero pressure conditions and for a temperature of 0 K. The experimental data were obtained at room
temperature and at ambient pressure, except for the CsCl lattice parameter obtained at a pressure of 30.3 GPa. The values in bold face were used
for fitting the potential. b Reference 27. c Reference 28. d Reference 29. e Reference 30. f Reference 31. g Reference 32. h Reference 33.
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of reaching the closest local potential energy minimum. If
the NC undergoes a significant structural transformation to
reach such a minimum, it is a clear sign that the initial
morphology is mechanically unstable due to a structural
strain. Figure 1 (top center) shows the capped NC after strain
relaxation. The structures before and after relaxation are
very similar. It is of importance to note that all facets remain
intact. Close inspection shows that the {111} facets in the
relaxed structure are not purely Pb or Se terminated, but that
some atoms of the subsurface layers have migrated to the
surface. Thus in contrast to what is generally assumed in the
literature, the facets are not terminated by a single, perfectly
smooth atomic layer. Another interesting observation is that
the structure remains symmetrical. This is nontrivial since
the amine ligands bind primarily to cations, so that the
surface anions are not passivated.

In contrast with the capped NCs, a bare NC is unstable in
the faceted morphology. Figure 1 (bottom center) shows a
NC after strain relaxation without capping molecules. The
drastic reconstructions in the {111} direction shows that the
initial morphology is mechanically unstable, implying that
much tension is present in the bare, multifaceted morphol-
ogy due to the presence of facets different from the {100}-
type. Because ligand-covered, multifaceted NCs are me-
chanically stable, it can be concluded that the capping

molecules significantly reduce the surface tension caused by
polar facets.

We proceed by studying the energetic stability, thereby
mimicking experimental conditions. During an in situ TEM
experiment,20 it was observed that upon annealing at a
temperature of 450 K, the ligands evaporate from the NC
surface. During this process, the morphology of the NCs
changes from multifaceted to cubic, whereby the {110}- and
{111}-type facets have reconstructed into tiny {100} fringes.
The very beginning of the TEM experiment is simulated
using the capped relaxed NCs (Figure 1 top center) as initial
structures. We carry out a MD simulation of 20 ns at a
temperature of 450 K, out of which the first 1 ns serves
equilibration. We observe that after a few hundred picosec-
onds, some ligand molecules begin to come off from the NC
surface and move into the gas phase inside the simulation
box. After a few nanoseconds, an equilibrium between the
NC surface and the surrounding gas phase is established with
frequent adsorption and desorption events. At the same
time, surface reconstruction takes place. In particular, the
polar {111} facets are affected by this reconstruction: atoms
from the subsurface layers migrate into the outer layer. As
a result, the surface of the {111} facets changes into a
configuration with irregularly distributed Pb and Se add-
atoms on top of the surface, see Figure 1 (top right). One
can also clearly see that the {110} facets remain fully intact.
Because TEM can only visualize rows of atoms and not
individual atoms, such a NC would be recognized as a regular
multifaceted NC under TEM.

Next, we simulate the second stage of the TEM experi-
ment, where the ligands have eventually all evaporated from
the surface. Considering that the amine ligands begin to
desorb from the surface already after a few hundred pico-
seconds, it is reasonable to assume that after a few nano-
seconds the vast majority will have evaporated. We realize
this situation by taking the NC core from a simulation with
ligands as initial configuration but without including the
ligand molecules (otherwise, these would always readsorb
from the gas phase because of the periodic boundary condi-
tions in the simulation). The final structure is shown in Figure
1 (bottom right). In contrast to the capped NC, the {111}
facets disappear entirely; steps and fringes form instead.
Both the transformation into a cubic NC morphology, and
the formation of the {100}-nanofringes in the simulation are
in excellent agreement with the experimental TEM observa-
tions.20 A few representative TEM images are included at the
right-hand side of Figure 1.

The potential energy of the NC, during the transformation
of multifaceted to cubic, decreases upon annealing. How-
ever, both the number of surface atoms (ca. 350) and the
number dangling bonds (ca. 600) are increased by more
than a factor two in comparison with the initial configura-
tion. This means that the potential energy of a specific
morphology is not solely determined by the area of its
surface or by the number of dangling bonds; there is a large

FIGURE 1. Simulation of relaxation and annealing of multifaceted
PbSe NCs with a size of 3.4 nm, {PbSe}336. Each structure is shown
in the [100] (upper image) and [110] (lower image) projections. The
Pb and Se atoms are represented by black and yellow spheres,
respectively; blue lines represent NC2 capping molecules. The
starting configuration is shown on the left, simulations with ligands
on top and simulations without ligands at the bottom. Black arrows
pointing downward imply removal of ligands before the simulation.
The initial morphology is relaxed through a GDO optimization (MD
at 0 K), which yields the structures at the center. The structures on
the right are obtained from a MD simulation at 450 K. The experi-
mental TEM images20 are obtained from as-dropcast nanocrystals
(bottom left, [110] projection) and after annealing to a temperature
of 450 K for 30 min (bottom right, [100] projection). Short, orange
arrows indicate {100} nanofringes.
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contribution to the surface energy from the subsurface
layers. The questions now arises which facets mainly con-
tribute to the observed mechanical instability of bare mul-
tifaceted NCs, the {111}-type facets or the {110}-type
facets. To investigate the influence of the different types of
facets, a relaxation study was performed on PbSe NCs
having only {100}-, only {110}-, or only {111}-type facets.
Cubic, fully {100}-terminated NCs are mechanically stable;
A GDO of a bulk PbSe cube leads to a slight contraction of
surface bonds (1-2%) without any structural changes (not
shown). To study the mechanical stability of {110} and
{111} facets, respectively, we consider two octahedral
morphologies as shown in Figure 2 (left). The first morphol-
ogy is the “classical” octahedron that is obtained by truncat-
ing a cube in all {111} directions at the edge midpoints. This
structure has purely Pb (or Se) terminated facets. The second
morphology is constructed by truncating a cube along all the
{110} directions at the edge midpoints. Its facets have the
shape of a step pyramid with alternating anion and cation
layers. Although this structure looks like an octahedron, it is
{110} terminated. The GDO shows that the first structure,
the {111}-terminated octahedron, is mechanically unstable,
while the {110}-terminated octahedron is mechanically
stable.

This is of importance for the understanding of the elec-
trostatic properties of octahedral PbSe NCs, as the {110}
facets are not polar while the {111} facets are. We can
conclude that any morphology with purely anion or cation
terminated {111} facets is subject to structural strain. This
strain can be relaxed in three (not mutually exclusive) ways:
(i) passivation with appropriate ligands, (ii) formation of
mixed-terminated structures including ad-atoms and ad-
rows,20 islands, and step pyramids, and (iii) structural
transformation leading to elimination of {111} facets.

In a MD simulation at 300 K, the {110}-terminated
octahedron slowly transforms into a star with tips along the
{100} directions, see Figure 2 (right). We have made similar
observations for cubic NCs truncated in the {110} direc-
tions. Note that these shapes (multifaceted, octahedral,
starlike) are well-known from experimental work on PbSe
NCs; and the stability of individual morphology depends in

a very sensitive way on the ligands present in the reaction
mixture during synthesis.6,15

We have computed the electrical dipole moment during
the various simulations. It has a rather small magnitude (in
the order of 50 D) and has no permanent direction with
respect to the NC orientation. This electric dipole is induced
by thermal displacements of individual ions and by surface
defects and is fluctuating randomly at the same time scale
as the atomic displacements. Therefore, the chainlike align-
ment of PbSe NCs in solution, as observed by means of cryo-
TEM,15 is unlikely to be the result of an orientation directed
by permanent NC dipoles.

In order to study the alignment and fusion into detail, we
have also simulated the attachment and fusion of nanocryst-
als at 450 K, whereby again the conditions of a TEM
experiment16 are mimicked. A pair of annealed NCs is
positioned at a surface-to-surface distance of ∼0.5 nm at a
certain mutual orientation, and a MD simulation of 20 ns is
conducted. Figure 3 (top) and Supporting Information Movie
1 show the evolution of a pair of NCs in an aligned {100}
facet-to-facet orientation. Already after 200 ps, an atomic
bridge forms between the two surfaces, along which atoms
move back and forth. This bridge persists for a few nano-
seconds. During this time, the gap between the two surfaces
gradually becomes smaller, until the actual fusion begins
after 6.5 ns whereby the gap is closed in two swift move-
ments. First, the two NCs spontaneously tilt to bring their
edges into contact. Second, the two NCs tilt back again to
close the gap, whereby a defective interface (with a disloca-
tion half-plane) is formed. These interface defects are then
healed during the remaining simulation time so that full
crystal fusion is achieved.

In the simulations, we have also studied the situation
where the NCs have an initial mistilt of 27°/11° in two

FIGURE 2. Relaxation and annealing of PbSe NC in two different
octahedral morphologies. Representations as in Figure 1. Top: the
octahedron is obtained by truncating a cube in the (110) directions
at the edge midpoints. Bottom: the octahedron is obtained by
truncating a cube in the (111) directions at the edge midpoints.

FIGURE 3. Fusion of bare NCs from MD simulations. Top: The NCs
are initially {100} facet-to-facet aligned. Bottom: The NCs have an
initial mistilt in two directions of 27 and 11°, respectively. Full
animations (Movies M1, M2) can be found in the Supporting Infor-
mation.
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directions. Figure 3 (bottom) and Supporting Information
Movie 2 show the fusion for such a configuration. First, the
NCs rotate to bring their surfaces into contact. The mistilt
angle increases substantially, up to 35°, during this step.
Second, the two NCs rotate back to close the gap and two
align the two crystal lattices. No atomic bridges are observed
in this case. The fusion itself is a spontaneous process and
occurred only in a few simulations due to the limited
simulation time. We did not observe NC fusion in simula-
tions with ligands present, but we expect this to be a purely
kinetic effect, that is, the fusion is likely to happen after
longer simulation times. It has previously been shown34 that
the energetic fusion barrier caused by ligands disappears
already after the removal of 15% of the maximum coating.
The fusion of the ionic PbSe NCs occurring via direct attach-
ment of planar surfaces is very different from the fusion
process of, for example, Au nanoparticles, which occurs
through the growth of a bottleneck.35

The fusion of PbSe NCs via swift rotations is in excellent
agreement with the earlier HRTEM study16 where it was
shown that rotations of the NCs over multiple axes enable
crystal unification. During these in situ experiments, the
fusion process took place in seconds or minutes rather than
in nanoseconds. Apart from the different nanocluster size
(small nanocrystals move more easily than larger nanocryst-
als), this difference is most likely due to the more compli-
cated experimental situation; in a hexagonal array, every NC
is surrounded by six other NCs, which also interact with the
NC under consideration. Moreover, also the substrate (SiN
membrane) and the beam-induced presence of carbon
contamination may have an influence on the fusion kinetics.
In addition to the nanocrystal rotations, also the interface
relaxation is a feature of the fusion process that is confirmed
by the simulations. More importantly, these simulations
reveal that fusion can happen very efficiently in the absence
of permanent dipole-dipole interactions (as discussed pre-
viously, the NC electric dipoles were small, variable, and
randomly oriented), and therefore it can be concluded that
reduction of surface energy constitutes the main driving
force for the fusion process.

The question now arises, though, why under certain
experimental conditions PbSe NCs align to form nanowires.
If surface energy is the only driving force, crystal fusion into
three-dimensional structures can be expected, indeed. Here
we should remark that very recently, the formation of
extended 2D sheets by attachment of PbS nanocrystals in a
suspension has been reported.36 In addition, during the in
situ heating TEM experiment16 performed with dropcasted
NCs, the nanocrystals fused into two-dimensional nano-
crystals on the two-dimensional support. However, in other
experimental investigations,7,8,14 efficient formation of one-
dimensional nanowires has been reported. It is thus clear
that the self-organization of the Pb-chalcogenide nanocryst-
als leads to a wide variety of isotropic and anisotropic
architectures, and that subtle changes in the surface chem-

istry may have strong effects. Several factors may induce
dipole moments or promote in another way the one-
dimensional alignment of nanocrystals. In the current simu-
lations, the PbSe nanocrystals are stoichiometric, while
experimentally it has been found that PbSe NCs can also be
off-stoichiometric and deficient in Se.37,38 Furthermore, both
in the current simulations and in the mimicked TEM experi-
ments, only alkylamines are considered as capping mol-
ecules, while in the literature the more polar oleic acid
capping molecules are often used.

The atomic bridge shown in Figure 3 (top) was observed
a few times during the simulations, however the formation
of the bridges could not be directly correlated with crystal
fusion, as in most cases the formation of a bridge did not
result in fusion (within the simulation times). We also have
experimental evidence that such bridges occur in reality.
Supporting Information Movie M3 shows a real-time TEM
recording, whereby a thin, crystalline bridge is connecting
two NCs (although in this case, the bridge is present on top
of the SiN membrane support and not suspended in vacuum).
This recording shows that the bridge can grow and shrink
and is often disrupted by the lateral motion of the PbSe NCs
at both ends. Although similar experimental observations
were made more often, it is usually difficult to distinguish
between atomic bridges and fringes on the membrane,
contamination caused by carburization of the ligands, etc.
The bridge shown in Supporting Information Movie M3
however displays very clearly the PbSe rocksalt lattice.

In summary, a classical interaction potential for PbSe was
developed, which very well reproduces the bulk properties
of this material. This potential was employed to perform
molecular dynamics simulations of nanocrystal fusion and
morphological transformations. It is found that two PbSe
nanocrystals at close proximity fuse within nanoseconds via
direct surface attachment, even for different initial orienta-
tions. Crystal fusion occurs via direct attachment of planar
surfaces, realized by small, swift rotations, reorientation and
interfacial relaxation. In sharp contrast to the general belief,
interparticle dipole-dipole interactions were found not to
play a significant role in this “oriented attachment” process
of stoichiometric PbSe nanocrystals. Using evidence from
experiments and simulation, it is shown that atomic bridges
occur between the surfaces of adjacent PbSe NCs. These
bridges require further investigation to asses their stability,
the underlying physical mechanism and potential function-
alities. Furthermore, it was found that surfactant-capped,
multifaceted nanocrystals do not have fully polar {111}
facets, as in thermal equilibrium they are not purely Pb- or
Se-terminated. Upon removal of surfactants, all facets dif-
ferent from {100} reconstruct into {100}-terminated fringes
within nanoseconds. This reconstruction is in excellent
agreement with earlier electron microscope and first-
principles studies.
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