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ABSTRACT: Semiconductor superstructures made from assembled
and epitaxially connected colloidal nanocrystals (NCs) hold promise
for crystalline solids with atomic and nanoscale periodicity, whereby
the band structure can be tuned by the geometry. The formation of
especially the honeycomb superstructure on a liquid substrate is far
from understood and suffers from weak replicability. Here, we
introduce 1,4-butanediol as an unreactive substrate component,
which is mixed with reactive ethylene glycol to tune for optimal
reactivity. It shows us that the honeycomb superlattice has a NC
precursor state before oriented attachment occurs, in the form of a
self-assembled hexagonal bilayer. We propose that the difference
between the formation of the square or honeycomb superstructure
occurs during the self-assembly phase. To form a honeycomb
superstructure, it is crucial to stabilize the hexagonal bilayer in the presence of solvent-mediated repulsion. In contrast, a square
superstructure benefits from the contraction of a hexagonal monolayer due to the absence of a solvent. A second experiment shows
the very last stage of the process, where the increasing alignment of NCs is quantified using selected-area electron diffraction
(SAED). The combination of transmission electron microscopy (TEM), SAED, and tomography used in these experiments shows
that the (100)/(100) facet-to-facet attraction is the main driving force for NC alignment and attachment. These findings are
validated by coarse-grained molecular dynamic simulations, where we show that an optimal NC repulsion is crucial to create the
honeycomb superstructure.

■ INTRODUCTION

For the fabrication of inorganic crystals that feature atomic and
nanoscale periodicity, top-down lithographic approaches have
been used.1 However, due to high costs and wavelength
limitations, this method reaches its limits at a period of roughly
20 nm.2 A cheaper method, while achieving even smaller
features (down to 6.5 nm), would be the well-controlled
oriented attachment of monodisperse nanocrystals.3 In the
classical crystal growth model, monomers are attached one-by-
one to the growing crystal. By utilizing differences in chemical
composition and reactivity of facets, it is often possible to
manipulate the direction of this growth. In oriented attach-
ment, this principle of distinctive facet reactivity also holds but
now for the facet-specific attachment of nanocrystals to form a
periodic solid. Such superstructures have been obtained with a
variety of nanocrystals and under different conditions.
Advanced structures and control of the process have only
been obtained in apolar solvents by attachment via
stoichiometric facets.4−8

Lead chalcogenide NCs covered by deprotonated fatty acids
lead this research field.3,5,6 These NCs have six chemically

identical stoichiometric {100} crystal facets and eight non-
stoichiometric {111} facets. It has been shown that the {100}
facets can epitaxially attach to a (100) facet of a neighboring
NC, if ligands are removed. Attachment does not happen for
the inactive {111} facets, where ligands are bound much
stronger and therefore not easily removed.9 The epitaxial
connection ensures strong electronic coupling between
NCs10,11 and may even result in a specific electronic band
structure depending on the geometry of the superstruc-
ture.12−14 Of special interest is the two-dimensional (2D)
silicene-type honeycomb superstructure, which could combine
typical semiconductor properties, with Dirac cones in the
valence and conduction band.13,14 Unfortunately, a full
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understanding and control of the honeycomb superstructure
formation from PbSe NCs has not yet been achieved.
A growing number of studies demonstrate the importance of

the NC organization preceding oriented attachment.15−18 A
study by Geuchies et al. (using grazing-incidence small- and
wide-angle X-ray scattering, GISAXS/GIWAXS) showed that a
hexagonal assembly of PbSe NCs contracted in-plane and
transformed gradually to a square assembly, prior to NC
attachment with (100)/(100) interactions as the driving
force.19 This structural contraction from the hexagonal NC
assembly to a square assembly is necessary to reach the correct
bonding geometry and to bring the opposing (100)/(100)
facets close enough. This transition is presumably due to the
soft character of the ligand shell and the removal of residual
solvent.20−23 After that, the ligands strip from the surface, NCs
align, and stoichiometric {100} facets become free, which
makes a reduction of the surface energy possible by an epitaxial
connection (attachment) between opposing {100} facets.24−26

To form structures with other nanogeometries, i.e., honey-
comb structures, the continued presence of the residual solvent
in the ligand shell or additional unbound ligands was found to
be essential.23,27,28

In this work, we use transmission electron microscopy
(TEM), selected-area electron diffraction (SAED) and
molecular dynamic simulations to study the honeycomb
superstructure formation by casting a PbSe NC dispersion
on ethylene glycol and controlling solvent evaporation.
Samples, taken during the process, were immediately placed
under vacuum to preserve the sampled superstructure, enabling
an ex situ, real-time study of self-assembly and attachment. The
first experiment utilizes 1,4-butanediol, mixed in varying ratios
with the ethylene glycol liquid substrate, to slow down the
ligand stripping and therefore the attachment of NCs. It
provides a powerful method to balance and study the attraction
between the {100} facets. NCs which are too reactive attach
quickly and form uncontrolled structures. In contrast, without
ligand stripping, NCs do not align and stay in the precursor
state of hexagonal mono- or bilayers. The second experiment
studies the last stage; NCs are then organized in a hexagonal
bilayer and are initially only slightly oriented with a preferred
orientation of the ⟨111⟩ axis upwards. Over time, NC−NC
alignment becomes more and more pronounced, until
attachment occurs. To complement the experiments, we use
coarse-grained molecular dynamic simulations. With these
modeling results, we substantiate the hypothesis that solvent
inclusion in the NC ligand shell allows the formation of the
hexagonal bilayer precursor phase and provides the stability
and NC density necessary to form honeycomb superstructures.
Without these space-filling molecules, the NC precursor phase
is not stable enough, resulting in disordered or square
structures.

■ METHODS
Chemicals. Benzene (99.8%, anhydrous), n-butanol

(99.8%, anhydrous), 1-chloropentane (99%), cyclohexyl
isocyanide (98%), diphenylphosphine (98%), hexane (mixture
of isomers, ≥99%, anhydrous), isopropanol (99.5%, anhy-
drous), lead acetate trihydrate (≥99.99%), methanol (99.8%,
anhydrous), 1-octadecene (90%), octane (≥99%, anhydrous),
oleic acid (90%), pyrrolidine (≥99%), selenium powder
(99.99%, −100 mesh), tetrachloroethylene (≥99%, anhy-
drous), toluene (99.8%, anhydrous), triethylamine (≥99%),
trifluoroacetic acid (99%), trifluoroacetic anhydride (≥99%),

trimethylbenzene (98%), and trioctylphosphine (90%) were
purchased from Sigma-Aldrich and used without further
purification. Lead (II) oxide (99.999+%) was purchased from
Strem Chemicals. 1,4-Butanediol (BD, 99%, ReagentPlus),
diethylene glycol (DEG, 99%), diphenyl ether (≥99%),
ethylene glycol (EG, 99.8%, anhydrous), and hexadecane
(≥99%) were purchased from Sigma-Aldrich and degassed
under vacuum for ∼14 h at 60 °C prior use. For superlattice
formation, a distillation of the EG did not result in a significant
difference in the quality of the formed superlattice (see Figure
S1).

PbSe Synthesis. PbSe NCs were synthesized with two
different procedures. The first method was developed by
Steckel et al.29 In brief, 4.77 g of Pb(C2H3O2)2·3H2O, 10.35 g
of oleic acid (Pb/oleic acid ratio of 1:2.91), and 39.75 g of 1-
octadecene were mixed and degassed at 120 °C under vacuum
for 5 h to remove water and acetate. The selenium precursor
was prepared by dissolving 3.52 g of selenium powder in 0.41 g
of diphenylphosphine and 46.59 g of trioctylphosphine. The
selenium precursor was injected into a heated solution of the
lead precursor (180 °C) under vigorous stirring. After 70 s, the
reaction was quenched via injection of 30 mL of a methanol/
butanol mixture (1:2). The mixture was centrifuged, and the
black residue was dispersed in toluene (10 mL). Methanol was
added (8 mL) to precipitate the suspension, which was
subsequently centrifuged. The black residue was dispersed in
toluene, and the cycle was repeated two more times. The
second method was developed by Campos et al.,30 with a lead
oleate precursor (Pb(oleate)2 ) prepared via the method of
Hendricks et al.31 In short, lead(II) oxide (10.00 g, 44.8 mmol)
and acetonitrile (∼20 mL) were added to a 100 mL round-
bottom flask. The suspension was stirred while being cooled in
an ice bath, after which trifluoroacetic acid (0.7 mL, 8.96
mmol, 0.2 equiv) and trifluoroacetic anhydride (6.2 mL, 44.8
mmol, 1 equiv) were added. After 10 min, the yellow lead
oxide dissolved, resulting in a clear and colorless solution that
was allowed to warm to room temperature. Oleic acid (25.44 g,
90.05 mmol, 2.01 equiv), isopropanol (∼180 mL), and
triethylamine (10.25 g, 101.25 mmol, 2.26 equiv) were
added into a 500 mL Erlenmeyer flask. The lead trifluor-
oacetate solution was slowly added to the oleic acid solution
while stirring, resulting in the formation of a white precipitate.
The mixture was heated to reflux, to dissolve the precipitate,
after which a clear and colorless solution was obtained. The
heat was turned off, and the flask was allowed to cool slowly to
room temperature, followed by further cooling in a −20 °C
freezer for >2 h. The resulting white powder was isolated by
suction filtration using a glass fritted funnel, and the filtrate was
thoroughly washed with methanol (3 × 300 mL). Large pieces
were crushed to get a white powder, which was subsequently
dried under vacuum for >6 h to get a fluffy white Pb(oleate)2
powder. Which was reacted with the selenium precursor
discussed below.

Selenium Precursor. The selenium precursor (N-cyclo-
hexylpyrrolidine-1-carboselenoamide) was prepared by mixing
selenium (0.71 g, 9.0 mmol), pyrrolidine (0.64 g, 9.0 mmol),
cyclohexyl isocyanide (0.983 g, 9.0 mmol), and 10 mL of
toluene. This mixture was heated to ∼100 °C until the solution
turned clear. Additional pyrrolidine and/or cyclohexyl
isocyanide was added if not all selenium reacted. The mixture
was allowed to cool to room temperature where the selenourea
precipitated. The liquid was decanted, and the obtained white
solid was placed under vacuum for 24 h. Subsequently, the
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solid was redissolved in 10 mL of toluene at 100 °C and
allowed to cool down. The precipitate was filtered and the
solid was placed under vacuum for another 24 h. The synthesis
of PbSe NCs was performed in a Schlenk line, where 1.6 g
(2.08 mmol, 1.2 equiv) of Pb(oleate)2 was dissolved in 140 mL
of hexadecane in a 250 mL three-neck flask. Then, 0.45 g (1.7
mmol, 1 equiv) of N-cyclohexylpyrrolidine-1-carboselenoa-
mide was dissolved in 8 mL of diphenyl ether. Both precursors
were heated to 100 °C to yield clear colorless solutions. The
selenourea was quickly injected into the Pb(oleate)2 solution,
which turned brown in approximately 8 s. After 110 min, the
reaction was cooled down with an ice bath and brought inside
the glovebox. Then, 90 mL of n-butanol and 60 mL of
methanol were added to precipitate NCs. The mixture was
centrifuged, and the black residue was dispersed in 10 mL of
toluene. This solution was washed three more times with
methanol. The ligand density was determined via a previously
published method.9 We used NMR spectroscopy to determine
if no free ligands were present and FTIR with a Pb(oleate)2
calibration curve to determine the number of ligands per NC
(see Supporting Information 2).
Superstructure Formation. All experiments were per-

formed based on the experimental procedure as previously
reported.32 A small Petri dish (Ø 27 mm) was filled with 6.5
mL of ethylene glycol (or a mixture of EG and BD), creating a
flat surface. This Petri dish was placed in a bigger Petri dish
containing 2 mL of toluene. Subsequently, 350 μL of a diluted
NC solution (7.7 × 10−8 M) in toluene was dropcasted on top
of the 6.5 mL of EG (or a mixture), resulting in the height of
∼0.061 cm, and both Petri dishes were covered with a beaker
(400 mL). The honeycomb structure was formed on top of the
liquid substrate during 15 h of slow toluene evaporation and
could then be transferred to any substrate. The whole
experiment is performed in a glovebox containing <0.1 ppm
O2, free of amines and other volatile gasses. The superstructure
formation was successful for NCs with sizes between 5 and 7
nm. To minimize distortion, every sample in the time series
(Figure 3) was prepared independently.
FTIR measurements were performed with a Bruker Vertex

70. A special airtight liquid cell was used, purchased from
International Crystal Laboratories, with a path length of 0.5
mm and two KBr crystals at the back and front side to make it
transparent for IR light. Spectra were recorded from 400 to
7500 cm−1, with a KBr beam splitter, a DLaTGS D301
detector, and a mid IR source. For all of the measurements,
tetrachloroethylene was used as a solvent. A calibration curve
with Pb(oleate)2 was used to determine the concentration
ligands on NCs. The NC concentration was determined by the
integration of the exciton peak.33

1H NMR measurements were performed using an Agilent
MRF400 equipped with a OneNMR probe and Optima Tune
system. Spectra were recorded according to the following
parameters: 400 MHz, CDCl3 25 °C. PbSe NCs were
measured to determine if there were free ligands or other
pollution present. Measurements of PbSe were performed
using a longer relaxation delay (30 s) to allow complete
relaxation. For NC-Pb(oleate)2 Δ = 5.54 (m, 4H, HC = CH),
2.37 (t, 4H, 3JHH = 7.3 Hz, CH2), 2.15 (m, 8H, CH2), 1.77
(p, 4H, 3JHH = 7.8 Hz, CH2), 1.5−1.2 (m, 42H, CH2), and
0.93 (t, 6H, 3JHH = 6.7 Hz, CH3).
TEM and SAED measurements were performed at a Philips

Tecnai operating at 200 kV. In bright-field TEM, the contrast
in the images scales relative to the highest contrast in the

image; therefore, without additional measures quantitative
comparison between different samples is not possible. To
ensure the reproducibility of the measurement of the SAED
peak width, the sample needs to be perpendicular to the
electron beam while it is made sure that the diffraction peaks
do not oversaturate the detector (see example in the main text
and Supporting Information 5).

■ RESULTS AND DISCUSSION
In Situ Sampling of Nanocrystal Structures, Avoiding

Perturbative Drying Effects. The typical synthesis for two-
dimensional PbSe honeycomb superstructures is as follows: a
PbSe quantum dot dispersion is dropcasted on an ethylene
glycol (EG) liquid substrate, after which the toluene solvent
evaporates under atmospheric nitrogen pressure3 or under
nearly solvent-saturated conditions.32 After toluene evapora-
tion, NCs were shown to float on top of the EG.34 The EG
plays a crucial role in the experiment, as it gradually removes
ligands from the NC surface and makes {100} NC facets
available for attachment.3,6,9 The mechanism behind oleate
removal by EG is not yet fully understood; however, in
literature, two mechanisms have been suggested. When oleate
ligands are considered to be X-type,33,35,36 a proton transfer
could induce displacement and exchange of the oleate ligand.37

Previously, short-chain alcohols were suggested to enable this
proton transfer to ligands.35 More recent work has shown that
amines injected in the EG liquid can induce epitaxial fusion in
assembled PbSe NCs.25,38 The amines (or other L-type
ligands) induce ligand displacement as a metal carboxylate
complex (Z-type displacement of lead oleate) from the NC
surface, allowing attachment between bare {100} facets.39

Although these publications have given tentative hints at a
mechanism for ligand removal during superstructure for-
mation, a complete understanding has not yet been achieved
(see Supporting Information 1).38 As soon as enough ligands
have been stripped or exchanged, the facets become reactive
and attachment can occur. Often, this results in a super-
structure which is a mixture of different geometries instead of
an ordered superstructure. We hypothesized that slowing the
removal of ligands with an effectively less reactive liquid
substrate would give us a method to improve control over the
superstructure formation, even when using highly reactive NCs
with a low ligand density. We narrowed the search by
concentrating on a compound with similar properties as EG; it
should be a liquid with two hydroxide groups to keep it barely
mixable with apolar NCs solvents.
In Figure 1, TEM images show the results of casting the

dispersion on 100% 1,4-butanediol (BD), which has two
hydroxide groups and the proper melting point. As can be
observed in the upper left of Figure 1a and the upper left of
Figure 1b, monolayers are (pseudo-)hexagonally ordered, and
NCs show no attachment, indicating that {100} facets have a
significantly lower reactivity. We concluded that BD is not able
to remove ligands from PbSe NCs on similar time scales as EG,
making it a good candidate to vary the liquid substrate
reactivity. Nevertheless, as shown in Figure S1, at higher
temperatures, BD can induce removal of sufficient ligands to
induce attachment.
It is important to note distinct differences in the double

layers of these samples. In Figure 1a, the hexagonal bilayer is
preserved with random orientation of NCs, as seen in the
SAED inset, which shows full diffraction rings. The double
layer in Figure 1b shows a structural change with a preferred
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orientation of NCs. This difference is attributed to the TEM
sample treatment immediately after sampling of the super-
structure. Prompt placement of the TEM sample under
vacuum, in the small antechamber of the glovebox, “freezes”
the structure and retains randomly rotated NCs (Figure 1a).
Thus, the NC system that is absorbed at the interface or NCs
which are present in a thin layer of toluene can be collected
and preserved. Waiting too long before applying the vacuum
allows evaporation of the residual solvent present in the ligand
shell. Then, the NC shape becomes a more prominent factor,
which induces structural changes in the superstructure and the
preferred orientation of NCs. In three-dimensional structures
(3D), a similar effect is observed in several NC systems, where

it is described as the Bain deformation.23,27,28,40−46 In all
experiments presented below, the TEM samples were placed
under vacuum immediately after sampling, “freezing” the
superstructures as they have formed on the liquid substrate.
The next step is to synthesize PbSe superstructures on the
mixtures of BD and EG, to tune the superstructure attachment.

Tuning the NC Reactivity, Utilizing the Liquid
Substrate. The conditions for these experiments are similar
to previously described; slow solvent evaporation occurs under
a nearly saturated toluene gas phase above the glycol/NC
dispersion system (see Figure S5).32 For this experiment, we
used 7 nm PbSe NCs with a relatively low ligand density of 2.2
oleate/nm2, as determined by FTIR and NMR (see Supporting
Information 2). In Figure 2, we increased the ratio of BD to
EG going from a 0:1 (a) to a 3.33:1 ratio (f). Without the
addition of BD, attachment of NCs is observed, resulting in
disordered nonperiodic structures (Figure 2a). With an
increasing ratio of BD:EG, the degree of nanoscale periodicity
increases, forming larger periodic superstructures with a
honeycomb geometry (Figure 2b−d). The optimal liquid
substrate mixture has a BD:EG ratio of 1:1.17, yielding long-
range honeycomb superstructures with areas up to 10 μm2

(Figure 2d). This long-range order is also illustrated by Fourier
transforms (Figure S6). At the same time, the SAED image
inset shows six sharp peaks on the 220 ring, indicative of NCs
oriented with their ⟨111⟩ axis perpendicular to the substrate
and no rotational freedom within the plane. With this
orientation, three of the {100} facets face the {100} facets of
neighboring NCs, forming a honeycomb structure.6 A further
increase of the BD:EG ratio results in unattached NCs ordered
in mixed phases of hexagonal mono- and bilayers (Figure 2e,
2f). It is important to note that while these hexagonal bilayers
look exactly like attached honeycomb superstructures in TEM
images (see Supporting Information 3, Figure S7 for a detailed

Figure 1. Two examples of self-assembled mono- and bilayer PbSe
NCs formed over a 15 h experiment on 100% BD, in which we waited
(a) 5 s and (b) 10 min between sampling and applying vacuum to
“freeze” the sample. The small amount of toluene remaining on the
sample does not result in strong turbulence during evaporation.
However, when waiting before vacuum application, the organization
of NCs changed from a hexagonal mono- or bilayer with random
orientation (a) to a denser quasihexagonal mono- or bilayer with a
preferred orientation of NCs with a (100) facet upwards (b).

Figure 2. Honeycomb formation with an increasing concentration of 1,4-butanediol. The amount of 1,4-butanediol to ethylene glycol is,
respectively, in (a) 0:6.5, (b) 1:5.5, (c) 2:4.5, (d) 3:3.5, (e) 4:2.5, and (f) 5:1.5 mL. The quantity and quality of the honeycomb structure improve
with an increasing amount of BD, until no attachment is observed in (e) and (f). The insets in (d) and (e) are the SAED patterns of the bilayer
area, showing strongly aligned and attached NCs in (d) and NCs with random orientations in (e). The right part of (d−f) shows a lower
magnification TEM image, where the large domains of a linearly attached (see Figure S10a), honeycomb and self-assembled structures are visible.
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comparison), the SAED image inset still shows rings, i.e.,
random orientation, confirming that NCs are not attached.
These results demonstrate the tremendous improvement in

quantity and quality of the honeycomb structure with an
increase in the relative amount of BD in the liquid substrate.
The addition of the less reactive BD to EG provides a direct
method to tune the formation of superstructures for NCs with
different ligand densities. The results presented in Figure 2
confirm that ligand removal from the NC surface by EG is
crucial to induce attachment of {100} facets, which is driven by
surface energy reduction. They also suggest that the hexagonal
bilayer is a precursor phase to the honeycomb superstructure,
something additionally inferred from the similarities of the
nanoscale and microscale organization of NCs between Figure
2d, 2e and 2f.
Final Stage of Alignment and Attachment, Facet-to-

Facet Interactions. Below, we show a second experiment
that monitors the formation of PbSe NC honeycomb
superlattices in real time, confirming the key role of (100)/
(100) facet-to-facet interactions in aligning NCs. Ideally, this
study involves GISAXS/GIWAXS, as utilized in previous
studies.19,38,40,47 However, the formation of honeycomb
structures requires ultraslow evaporation of the toluene solvent
over 15 h in a nearly closed system under an inert atmosphere.
In principle, in situ X-ray measurements over such a long
period are possible. Nevertheless, they demand long
occupation of the synchrotron measurement station, while
self-assembling structures might be prone to beam damage and
residual oxidation, making in situ GISAXS/GIWAXS very
demanding. We have chosen for an ex situ, real-time study of
superlattice formation by monitoring the sample at gradually
longer times of toluene evaporation using TEM, tomography,
and SAED. To avoid ex situ drying effects and preserve the in
situ state of the structure (see above), the samples were
immediately placed under vacuum. Figure 3 shows the
representative TEM images of samples obtained after 3, 9,
and 15 h of slow toluene evaporation at 20 °C for 6.1 nm PbSe
NCs with a medium ligand density of 3.7 oleate/nm2, as
determined by FTIR and NMR (see Supporting Information 2,
additional results are presented in Figures S8 and S9). We
dropcasted the equivalent of approximately 1.5 monolayers of
PbSe NCs on the liquid substrate surface. After 1−3 h (Figure
3a left, S8), only some of the NCs are present at the interface,
while the rest is still suspended. The SAED diffractogram inset
shows two rings corresponding to 200 and 220 diffraction rings
with uniform intensity, an indication that NCs near an
interface still have a random orientation.
The samples acquired at 6−12 h (Figure 3a middle and S8)

show an increased density of NCs resulting in mono- and
bilayers with a hexagonal geometry. The number of NCs on
the TEM grid suggests that all NCs originally present in the
dispersion are now at, or close to the interface. The SAED
diffractogram inset top right shows that NCs in the monolayer
are not aligned and thus still have random orientations. This is
in line with GISAXS/GIWAXS patterns obtained previously
for experiments with more rapid toluene evaporation.19

However, bilayers show SAED patterns (top left), with a
lower intensity on the 200 ring, a relatively strong intensity on
the 220 ring, and the occurrence of six broad spots. These
spots originate from an interference pattern of diffraction on
the three sets of {110} crystal planes, showing that the ⟨111⟩
axis of NCs is oriented vertically to the interface, while NCs
have limited rotational freedom. Thus, these bilayers should

not be considered as consisting of “hard” spheres with a
random orientation; the gradual alignment is due to NC
rotations that try to maximize the attractions between the
{100} facets of NC neighbors in the hexagonal bilayer.
The samples acquired after 15, and even 24 h (Figures 3a

right, S8, and S9), show large bilayer domains. The SAED inset
now shows almost no intensity on the 200 ring, while the 220
ring has six intense and small-angled spots, indicative of
improved ⟨111⟩ orientation and alignment in the bilayer
superstructure. This means that {100} facets must have a 45°
orientation with respect to the plane, and it is very hard to
discern from these TEM pictures whether attachment has
already taken place (see below).
Besides large bilayer domains, monolayer domains are

observed as well. In the monolayer (Figure 3a right, left
corner inset), NCs are clearly attached in a linear geometry
and oriented with {100} facets upwards (Figure S10a). These
linear structures imply a symmetry breaking, as bonding sites
are available in two orthogonal directions; the origin of this
symmetry breaking is not well understood. The SAED and a
Fourier transform of linear structures in Figure S10 show that
although NCs are linearly attached, they are still organized in a
disordered hexagonal symmetry. This indicates that unattached
NCs in the hexagonal monolayer attach via opposing (100)
facets that are vertically oriented in these linear structures
while retaining some of their original position. Attachment of
NCs in this area is an indication that NCs in the bilayer are
attached as well.

Formation of Square versus Honeycomb Super-
structures, the Importance of Solvent Inclusion. As
was previously shown in Figure 1, the presence of residual

Figure 3. Real-time, ex situ study of the formation of a honeycomb
superlattice. (a) TEM images of samples obtained by horizontal
contact of TEM grids with the toluene−air interface, after 3, 9, and 15
h of experiment time. The sample at 9 h shows PbSe NC hexagonal
mono- and bilayers. The upper-left inset shows the SAED of a bilayer:
the spots indicate limited random orientation. The upper-right inset is
a diffractogram of the hexagonal monolayer, indicating random NC
orientations. After 15 h, all NCs in the bilayer are oriented with the
⟨111⟩ axis perpendicular to the plane of the superlattice. The lower-
left TEM inset of the hexagonal monolayer at 15 h shows that linear
structures have been formed as well. (b) TEM image of the
superstructure formed after 3 h of experiment time and an additional
1 h after the removal of the cap (resulting in a low solvent vapor
pressure). (c) Width of the six spots on the 220 ring after 9 h and the
background scattering intensity on the azimuthal trace are analyzed
using Gaussian fits (red). The values are presented in Table 1 and
discussed in the text.
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solvent in the ligand corona already plays a huge role in the
geometry observed in the sample. A similar phenomenon was
observed during the formation of the superstructures in Figure
3. When the cap of the setup is removed at different times
during the experiment, the solvent vapor pressure drops and if
superstructure formation is allowed to continue for another
hour, different structures than those under near solvent
saturation are formed. If the cap is removed during the first
3 h, only some of the NCs are present at the interface while the
rest is still suspended (Figure 3a left). As shown in Figure 3b,
an experiment continued at low solvent pressure for 1 h forms
a superstructure with a square geometry, for which the detailed
formation mechanism has been described before.19 However, if
the cap was removed in a much later stage of the process, after
6−12 h, the self-assembled hexagonal double layer evolved into
an attached honeycomb structure. It suggests that the dif ference
in the formation of square or honeycomb structures occurs during
self-assembly, prior to NC alignment and attachment. The solvent
makes up approximately 40% of the space in a self-assembled
hexagonal layer, compared to ∼20 and ∼40% for the NC core
and ligands, respectively, as shown by a simple calculation in
Supporting Information 4. It is therefore no surprise that the
NC organization in a self-assembled superlattice can change by
solvent removal. This effect was previously described in
literature for several NC systems.22,27,40,48−50

For the honeycomb formation, it is beneficial to have an
ordered, unattached, “hard” sphere like hexagonal bilayer as a
precursor phase, before (100)/(100) interactions between
NCs pull them together. Losing solvent molecules from the
ligand shell before this precursor phase causes too much
contract ion, result ing in square- l ike superstruc-
tures.22,27,40,48−50 We therefore hypothesize that the removal
of the solvent early in the hexagonal (bi)layer precursor phase,
changes the NC self-assembly from barely interactive NCs at
long NC−NC distances to an assembly with attractive
interactions resulting in a denser structure with shorter NC−
NC distances. This indicates that the number of solvent
molecules incorporated in the structure is critical for the stage
at which (100)/(100) interactions come into play; if this
occurs in an early stage, square-type monolayers are favored,
while assembly under a nearly solvent-saturated atmosphere
favors large bilayer domains that eventually evolve in buckled
honeycomb structures.
SAED Analysis of NC Alignment during Honeycomb

Formation. A way to study the NC alignment in this
experiment is to analyze the 200 and 220 diffraction rings in
SAED patterns. The total intensity of the rings, as compared to
a powder diffraction pattern of bulk PbSe gives information on
the percentage of NCs with a random orientation that are still
present in the selected area. Table 1 lists the percentage of
NCs in a random orientation observed in the experiments of
Figure 3, which gradually decreases from 32 to 3% (see
Supporting Information 5). At the same time, an interference
pattern of six peaks begins to emerge on the 220 ring. In Figure
3c, this 220 ring is represented as an azimuthal trace (blue),
and the six peaks are fitted with Gaussians (red). This provides
quantitative values for the FWHM of the peaks during the
entire 24 h after the dispersion was dropcasted on the liquid
substrate. Additionally, the decreasing background intensity of
the ring shows the increasing percentage of NCs aligned to
neighboring NCs. To validate this analysis, the measured
superlattice values are compared to the instrumentational

broadening and background values, measured with a
molybdenum single crystal.
Over the 6−15 h period, the 220 peak widths gradually

decrease from 6.1 to 2.7°, while the overall percentage of
oriented and aligned NCs increases from 64 to 96%, due to the
increasing order in bilayers, i.e., a smaller and smaller number
of PbSe NCs have a random rotation. However, for all of the
SAED values, after 15 h, no further improvement of the
alignment is observed, suggesting that irreversible necking
between the (100)/(100) facets has occurred. The decreasing
trend of randomly oriented NCs (Table 1, column 2)
corresponds to the increasing percentage of NCs aligned to
neighboring NCs (Table 1, column 3) and the decrease in
average peak width (Table 1, column 4). This suggests that the
alignment in the last stages of the process is caused by NC
reorientations, which maximize the (100)/(100) attractions
between NC neighbors. Other sources of NC alignment, for
example, caused by NC−interface interactions are therefore
less likely.
After 15 h, linear attachment observed in the hexagonal

monolayer region suggests that NCs in the bilayer are also
attached, but the conclusive proof is still missing. This is
complicated by the fact that attachment occurs in ⟨100⟩
directions,6 which have a 45° angle compared to the substrate
plane. Therefore, shading from PbSe NCs prevents direct
observation of bonds in this structure. By rotating the TEM
samples over a 45° angle, the connections become visible and
NC attachment can be confirmed. In Figure 4, the TEM
samples taken at 9 and 15 h are shown at a 0° and 45° tilt. At a
45° rotation, the simple cubic bonding pattern32,51 of the
silicene-type honeycomb structure becomes clearly visible.
The sample taken at 9 h shows that all of the PbSe NCs are

aligned and face each other via {100} facets, but except for a
few positions, crystalline necks between nanocrystals are not
present. This suggests that the NC alignment is driven by
attractive interactions between these facets, resulting in an
average peak width of 5.0° at the 220 ring. In contrast, the
sample acquired after 15 h shows that nearly each NC in the
structure has necks to its nearest neighbors (with a maximum
of three in a silicene-type honeycomb structure). Therefore,
this sample represents an attached honeycomb superlattice,
with the smallest peak width of 2.7°.
The combination of all experiments shown above points to

three distinct steps in the formation of honeycomb super-
lattices: (1) the formation of a well-ordered hexagonal bilayer,
from unconnected “hard sphere like” NCs with the solvent
incorporated in the ligand shell, as a “precursor” phase, (2)
increasing alignment of NCs driven by (100)/(100)
interactions, and (3) NC attachment by the formation of
necks between nanocrystals, resulting in the final super-

Table 1. Overview of the Average Peak Width and the
Percentage of Background Scatteringa

time
[h]

NCs with random
orientation [%]

NCs aligned to
neighboring NCs [%]

average 220 peak
width [deg]

6 32 64 6.1
9 13 86 5.0
12 12 86 4.5
15 4 96 2.7
24 3 92 2.7

aThe data is extracted from SAED patterns at different stages after
NC deposition, for further discussion see Supporting Information 5.
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structure. To achieve long-range order, separation of these
steps is crucial; this means that the precursor phase should
result in large well-ordered domains, which should be retained
until NC alignment due to (100)/(100) attraction occurs.
Modelling Superstructure Formation for NCs with

Different Repulsion Potentials. As indicated by earlier
theoretical predictions,52 NCs fully covered by ligands are
thought to have rotational freedom at the solvent−air interface,
while NCs having ligands chemisorbed only on their {110}
and {111} facets, but not on their {100} facets, are expected to
have a preferred orientation (with a (111) facet up) at the
solvent−air interface. Therefore, it was previously thought that
the interface-induced orientation of NCs could play a role in
the formation of the buckled honeycomb structure.52−54 In
previous models, the self-assembly pathway was based on an
early NC orientation at the solvent−air interface to move to
the correct position to form square or honeycomb super-
lattices. However, the ex situ, real-time study of superlattice
formation presented above shows the importance of a well-

ordered hexagonal bilayer before the introduction of the
(100)/(100) interaction for the alignment of NCs (see Figures
2e, 2f, and 3a).
To further investigate the self-assembly pathway, we present

results from coarse-grained molecular dynamics simulations of
up to 104 NCs. In these simulations, each NC is modeled as a
polybead structure with a rhombicuboctahedron shape of
roughly 6 nm (Supporting Information 6, Figure S11), where
each bead in the structure represents a few atoms. Such a
simplified coarse-grained model requires a lower computa-
tional cost for the simulations than a fully atomistic model,
allowing the study of larger-scale systems. The dynamics of
NCs are simulated using the position-Verlet algorithm,55 while
the distance between beads belonging to the same NC is kept
fixed by constrained forces.56 Bead−bead pair potentials are
used to reproduce the NC−NC short-range facet-specific
interactions, while the solvent is treated implicitly by modeling
the NC Brownian motion. Further details on this model are
reported in Supporting Information 6 and a recent
publication.53 In the simulations presented here, up to 104

NCs are initially randomly dispersed in a cubic box of side L
aligned with a Cartesian coordinate system x,y,z and with
periodic boundary conditions. The external force −dU2D(zc)/
dzc is applied to each NC center of mass, with zc the z
coordinate of the NC center of mass, to model the effect of the
evaporating solvent, which compresses the NCs in a 2D plane.
The external potential U2D is defined as
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mass is not within a planar film of 4 nm thickness, then their
center of mass is pushed toward this film forcing NCs to form
a self-assembled mono- or bilayer. The parameter uz is 10

−19 J,
in line with predicted solvent−air adsorption potentials of
NCs.53 During the first 0.1 μs of simulation, the beads of
different NCs interact with each other only by a soft repulsive
pair potential, mimicking the effect of ligand molecules
chemisorbed on the NC surface
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Figure 4. Electron tomography of a PbSe NC bilayer (a, b) and
honeycomb superstructure (c, d) obtained after 9 and 15 h,
respectively. (a) TEM image after 9 h viewed in the ⟨111⟩ direction,
while panel (b) shows a TEM image of the same sample with a 45°
tilted TEM grid. Similar for (c, d), except that the sample is taken
after 15 h. Note that the top view of the nontilted samples (a, c) looks
similar. When tilted, the images show the simple cubic structure in
which NCs are not attached in (b), while crystalline necks have
formed in (d).

Figure 5. Top view of the quasi-2D structure formed in a molecular dynamics simulation with different parameters. In panels (a−c), NCs are
randomly dispersed in a 3D box with dimensions L = 70 nm at the beginning and L = 32 nm at the end of the simulation, but before {100} facet
attraction is turned on. In panel (a) with a ϵR = 8 × 10−21 J repulsion, a free rotational hexagonal structure is formed. In panels (b, c) with a ϵR = 0.2
× 10−21 J repulsion, a square structure with predominantly {100} facets up is formed both in the monolayer (with 35 NCs) and double layer (with
70 NCs) simulation.
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where r is the bead−bead center-of-mass distance, ϵR is the
magnitude of the repulsive potential, and σR is the ligand
length. After 0.1 μs, the attractive pair potentials between
beads belonging to NCs’ {100} facets are (gradually) turned
on, mimicking ligands detaching from {100} facets (thus
allowing the facet−facet interaction). This second simulation
phase, in which NCs attract each other by {100} facets, is
continued for at least 0.05 μs. A complete overview of the
parameters used in the simulations is reported in Supporting
Information 6.
Initially, we performed small-scale simulations, with 35 and

70 NCs, for only the first phase, i.e., before turning on
attractions between {100} facets. The NCs are placed in a box
shrinking linearly from L = 70 nm (at the beginning) to L = 32
nm (at the end of the simulation), to simulate the evaporating
solvent. This reduction is slow enough to allow equilibration of
NCs. The resulting top view (the z-direction is orthogonal to
the paper plane) of these simulations is shown in Figure 5.
When NCs are allowed to self-assemble with a strong

repulsive potential (of ϵR = 8 × 10−21 J, Figure 5a), emulating
NCs with a full ligand shell and solvent inclusion, a hexagonal
monolayer is formed by randomly oriented NCs. However, in
simulations with a lower repulsive potential (of ϵR = 0.2 ×
10−21 J), the particle shape becomes more dominant during the
self-assembly. Then, square geometries are formed with the
particles predominantly oriented with their {100} facets up,
both in the monolayer and the bilayer (Figure 5b, 5c). It is an
indication that with high repulsive potential, both in simulation
and under experimental conditions with high solvent vapor
pressure (Figures 1a and 2e, 2f), the particles can self-assemble
like barely interactive (hard) spheres and form hexagonal
geometries with free orientation.
In larger simulations with 280 NCs, the entire attachment

process was studied in two phases. During the first simulation
phase (Figure 6a), the soft repulsive pair potential again
emulates a full ligand corona with solvent inclusion, allowing
NCs to self-assemble as barely interacting spheres. Then,
during the second phase, the facet−facet interaction is
gradually turned on (Figure 6b). Both the top view and side
view are displayed at the end of each simulation phase. As NCs
only interact via a soft repulsive pair potential during the first
phase, they self-assemble into a hexagonal double layer, with

some particle orientation of (100) and (111) facet up. During
the second simulation phase, the overall thickness of the
double layer decreases, as the facet−facet interaction allows a
closer approach of NCs. At the same time, the previously
formed hexagonal bilayer clearly evolves into a silicene-type
honeycomb structure. The honeycomb structure is formed
both in the areas initially showing PbSe NCs with ⟨111⟩
orientation and ⟨100⟩ orientation. An indication that the
formation of the ordered precursor phase, a double hexagonal
layer without aligned NCs, is more important than the
individual NC orientation in the initial stages of the self-
assembly. The increasing alignment of nanocrystals agrees with
our experimental observations (Table 1). In addition, the
defects observed in the self-assembly phase and after
attachment are very similar (red circles in Figure 6) to what
we already observed. These defects are discussed further in
Figure S13.
In simulations performed at an even larger scale with 104

NCs, the final structure is obtained with L = 620 nm and the
complete simulation is shown in Figure S12 (Figure 6c shows a
part of Figure S12). The formation of silicene-type honeycomb
superstructures, by turning on attractions between NC {100}
facets, is observed only in areas where a hexagonal bilayer
precursor phase was preformed.
The results obtained in simulations suggest that a coarse-

grained model can reproduce the NC self-assembly and the
defects in the structure. The results corroborate the hypothesis
that for honeycomb formation, a large steric repulsion is
needed during the self-assembly of NCs to form hexagonal
double layers. In experiments, this was achieved using nearly
solvent-saturated conditions, which swell the ligand coro-
na.27,28,48,50,57 Previous works on the self-assembly of NCs
show that this causes a larger NC−NC separation and more
repulsion.27,28,48,57−59 The results of time-monitoring reported
here, supported by large-scale simulations with compressive
and slow solvent evaporation, show that honeycomb formation
is driven by the formation of hexagonal bilayers in a confined
quasi-2D space. NCs not (yet) aligned with the ⟨111⟩ axis
upwards, in the hexagonal bilayer, are able to reorient, allowing
for maximal attraction between opposing (100) facets and
eventually neck formation.

Figure 6. Top view of the quasi-2D structure formed in large-scale molecular dynamic simulations. In panels (a,b), the top and side views of a
simulation with 280 NCs are shown with only repulsive potential (a) and with {100} facet−facet attraction turned on (b). In panel (a), a hexagonal
double layer is formed with areas of (100) facet up (yellow facet) and (111) facet up (red). This hexagonal double layer then evolves to a silicene-
type honeycomb superstructure (b). In panel (c), a zoomed-in portion of Figure S12 is shown, a simulation with 104 randomly dispersed NCs in a
3D box of sides L = 620 nm compressed in a thin planar film. NC−NC attraction by {100} facets (yellow) is switched on after 0.1 μs forming
domains of silicene-type honeycomb superstructures. The red circles indicate defect areas in all simulations, which are shown in detail in Figure
S13.
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■ CONCLUSIONS
We show that the formation of PbSe honeycomb super-
structures proceeds via the following sequence: NC self-
assembly, alignment, and oriented attachment. Both the
experimental and model results show that to achieve high-
quality long-range superstructures, it is important that these
steps are separated. Therefore, it is crucial that (100)/(100)
attractive interactions do not dominate during the self-
assembly phase. If facet attractions occur in a too early stage,
small domains with square and linear attachments break long-
range order in an irreversible way. Experimentally, long-range
self-assembly was achieved by the addition of less reactive 1,4-
butanediol to the reactive ethylene glycol liquid substrate,
which helps to control the facet reactivity. In addition to the
quality, the type of two-dimensional superstructure will be
determined by the self-assembly process. At a high solvent
vapor pressure, the relatively open hexagonal double layer will
be stabilized during the self-assembly, as solvent molecules
included in the NC ligand shell allow NCs to act more like
“hard spheres.” When ligands are removed during this
organization, NCs will align under the influence of attractive
(100)/(100) attractions and finally attach irreversibly to form
a honeycomb superstructure.
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