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ABSTRACT: Large scale three-dimensional supercrystals
were grown by controlling evaporation of truncate PbS
nanocrystal (NC) dispersed hexane suspensions. Electron
microscopy analysis confirmed the nature of single supercrystal
with a face-centered cubic (fcc) lattice. Synchrotron small/
wide angle scattering (SAXS/WAXS) images from three
typical crystallographic projections allowed ultimate recon-
struction of shape orientations of NCs at different crystallo-

graphic sites. Position exchange of distinctly oriented NCs between crystallographic sites produces two nondegeneration shape-
related pseudo-polymorphs of superlattice that accordingly reduce symmetry from O, to C, and C,;, with various facet-to-facet
arrangements, respectively. In situ SAXS measurements of NC-assembled supercrystal and lead oleate and oleic acid upon
pressurization provide additional insights into surface ligand density and the nature of ligand—NC interactions and resulting
interface structure. These results allow for feasible evaluation of both NC shape and ligand conformation enabled effects that
govern the formation and stability of truncate NC assemblies with various superlattice polymorphs and associated NC—ligand

interactions in solvent-mediated assembled processes.

B INTRODUCTION

Nanocrystals (NCs) behave like atoms, functionalize with
surface-coating organic molecules, interact with judicious
solvents, and self-assemble into periodically ordered super-
lattices."™ These highly ordered NC-based solids, called
supercrystal, not only possess or enhance the size- and shape-
dependent properties of individual NCs but also yield the novel
collective properties from near-field coupling of NC arrays.>™”
As a consequence, ample opportunities and immense potentials
are envisaged toward development of NC-assembled super-
crystals as a new type of prototype materials for a broad variety
of applications. Recent advances on synthesis and controlled
assembly of NCs have been witnessed by fast growth of NC-
assembled superlattices, made up of single, binary, and ternary
comll)onents over control of NC size, shape, and composi-
tion.' *67¥19"22 In parallel, a series of emergent physical
properties from assembled superlattices have found applications
in optics, electronics, magnetic storage, catalysis, biosensor and
imaging.é_11 However, programmable design and directed
fabrication of supercrystals with manipulation of various
superlattices for desirable applications are still not enabled
because of limited understanding of intricate NC—ligand
interactions and complex interplays of multiple driving forces
in solvent-mediated NC assembly processes.

NC assemblies involve a variety of interactions and driving
forces between inorganic hard NC cores, soft surface-coating
molecules, and surrounding solvents.2>~2¢ Governing inter-
actions and associated driving forces include inter-NC van der
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Waals attractions, steric repulsions of surface-coating molecules,
evaporation-induced capillary forces, attractive depletion forces,
surface charge or electric dipole induced Coulomb forces, and
entropic forces. In many cases, the simplifying assumption of
the NC as a spherical particle fails. Anisotropic interactions
emerging from shaped NCs play an additional and critical roles,
not only giving rise to directional forces but also enablinig novel
face-selective functionalization through NC assemblies.*~>"*
Intricate interactions with various driving forces and environ-
mental perturbations drive NC assembly into very complex
superlattice polymorphs,'®'#?72%30

In case of shaped NC assembled supercrystals, one
superlattice with defined translation symmetry without
consideration of shape aspect could also consist of distinctly
oriented NCs at two or more crystallographic sites. If these
shaped NCs with different orientations in one given superlattice
cell exchange their positions between various crystallographic
sites, the shape-related superlattice polymorphs, defined as
“pseudo-polymorph”, are expected to appear accordingly.
Apparently, superlattice polymorphs can be recognized differ-
ently either in translational symmetry [i.e., traditionally defined
superlattice polymorphs, such as the body-centered cubic (bcc),
face-centered cubic (fcc), and hexagonal close-packed (hcp)
assemblies* or in shape orientation (i.e., newly defined pseudo-
polymorphs with site-dependent variation of shape orienta-
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tion).”! These typical superlattice polymorphs or pseudo-
polymorphs could functionalize very much like the mostly
known structural polymorphs of minerals with various ratios of
compositional (or elemental) order/disorder at two crystallo-
graphic sites, in which the storage of significant information can
be explored and thus used to reconstruct the geological thermal
history and structural formation and evolution processes.** >*
Similarly, insights into typical superlattice (or pseudo-)
polymorphs can also be gained and used to trace back how
NCs interact with surface-coating molecules, gradually develop
from random (or amorphous) into either translational or
orientational ordering or both, and ultimately balance multiple
interaction forces to form large three-dimensional (3D)
supercrystal with thermodynamically favorable superlattice.
To accelerate understanding the crystallizing processes of NC
supercrystals with a complex diversity of superlattices and thus
decoding hidden structural details toward tracing back the NC-
assembly processes, it is required to find ways of not only
fabricating large 3D single supercrystal but also developing
unique and efficient techniques as well. They can be both
combined to exploit the supercrystal structure and thus to
discover close relations between inorganic NCs and surface-
coating ligand molecules at length scales of atom, molecule (or
cluster), and nanometer.

PbS NCs not only yield unique electronic properties with
potential technological applications but also present ideal
building blocks for assemblies with unique translational and
orientational ordering. The Bohr exciton radius in PbS is 20
nm, which renders PbS NCs as one of several most strongly
quantum confined systems. The energy gap of PbS NCs can be
tuned from 0.4 to 2 eV by changing the NC size from 2 to 10
nm.>*"" Accordingly, their unique tunable properties were
exploited in a broad range of technological applications
including transistors, photovoltaics, photodetectors, light
emitting diodes, and thermoelectrics.>*™*®

Recent works reported dramatic enhancement of direct
facet—facet coupling in nanocube arrays and low carrier
mobility in disordered spherical NC devices.'”*™>> These
concurrent advances create a compelling motivation to exploit
their internal connections that can be used to improve the
materials properties and device efficiencies. The simple case
should be started with understanding how the shaped NCs
interact with surface-coating molecules in solvents to form
highly ordered structures that hold great coherence of both NC
translational and atomic orientational order with imparting to
electronic structures and physical properties of NC assemblies.

Previous studies well documented the size-dependent
morphological development of PbS NCs with surface coating
of oleic acid (OA) molecules using the hot-injection synthesis
approach.>**”*3*75% Upon growth of PbS NCs with particle
size from 3 to 15 nm, the shape of NCs develop gradually and
follow a growth sequence of sphere, truncate morphology with
progressively increased surface facet ratio of {100}/{111} to
cube. In this work, we employed truncate PbS NCs with an
average size of 11.3 nm and grew large 3D single supercrystals
with grain size over several hundred micrometers that have a fcc
superlattice and hold full coherence of NC translation and
atomic orientation in each individual supercrystal grain.

Using our newly developed unique synchrotron-based small/
wide-angle X-ray scattering (SAXS/WAXS) techniques at
CHESS,**°" the single supercrystal SAXS and WAXS images
along several typical crystallographic projections were simulta-
neously collected from the same volume of the samples. These

scattering features allowed us to precisely reconstruct the
detailed structure of assembled supercrystal at length scale from
atomic to nanoscale. We correlated, for the first time, the
position exchange of shaped NCs with distinct orientations
between various crystallographic sites and derived the two
nondegeneration shape-related superlattice pseudo-polymorphs
with reduced symmetry.

To understand how molecular-level interactions between
ligands bound to the NC surface influence the formation of
pseudo-polymorphs, we further probed the structure of OA and
lead oleate [Pb(OA),]. Combined with in situ high-pressure
SAXS measurements of NC supercrystals and surface-coating
molecules of OA and Pb(OA),, we provided a primary picture
of the NC—-ligand interface structure, the packing geometry,
and the density of surface ligands embedded inside assembled
supercrystals. Moreover, we defined roles of the NC—ligand
interaction forces that govern NC assemblies and control
structural stabilities of assembled supercrystals. The analyses
and insights inform how the complex diversity of driving forces
and interactions between NCs and surface ligands guide NC
assembly into various superlattices or polymorphs and
underscore the critical roles of anisotropic shape and
orientation dominated NC—ligand interface structure as well
as associated effects.

B RESULTS AND DISCUSSIONS

PbS NCs with surface coating of OA molecules were
synthesized by the previously developed approach.>” A typical
transmission electron microscopy (TEM) image (Figure la)
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Figure 1. (a) Low- and high-resolution TEM images of PbS
nanocrystals (NCs). (b) Schematics of truncate PbS NC with surface
termination of eight PbS {111} and six PbS{100} facets. (c) Powder
SAXS pattern with inset of 2D image, and diamonds at bottom
showing the positions of indexed fcc peaks. (d) Powder WAXS pattern
with inset of 2D image. Note: the bright spot on the first WAXS ring
of inset (d) is the damage area of the Mar345 detector.

shows that the as-synthesized PbS NCs have an average particle
size of 11.3 nm (Figure S1) and display a truncated
morphology (inset Figure la) with surface termination of six
PbS{100} and eight PbS{111} facets (Figure 1b). Controlled
evaporation of a colloidal NC suspension of hexane leads NC
assembly into periodically ordered superlattice (SL). Powder
SAXS pattern indicates that assembled supercrystals have a fcc
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superlattice with an unit cell parameter of 20.2 nm (Figure 1c);
powder WAXS pattern reveals that individual NCs crystallize in
a rocksalt-type cubic structure (Fm3m) with an atomic lattice
constant of 5.942 A (Figure 1d). However, both the powder
SAXS and WAXS patterns do not offer sufficient details to
distinguish truncate NCs packing in either a random or an
orientational fashion at two crystallographic sites of (0, 0, 0)
(corner) and (0.5, 0, 0.5) (face-center) of assembled fcc
superlattice.

To explore how truncate PbS NCs align and orient inside fcc
superlattice in either a random or an ordered manner with
subsequent construction of structural connections from atoms
to NCs in mesocrystals in terms of soft ligand bridged
interfaces, we gently controlled the evaporation of hexane
solvents and grow NCs from hexane solutions into large 3D
single supercrystals. A typical scanning electron microscopy
(SEM) image reveals that assembled supercrystals have grain
size over several hundred microns (Figures 2a and S2).

Figure 2. SEM images of PbS NC-assembled single supercrystals at
large scale (a) and along projections of SL[111] (b), SL[100] (c), and
SL[110] (d). Insets represent their corresponding FFT patterns. The
scale bars are 100 nm.

Additional SEM images with higher resolution demonstrate the
single-crystal nature of individual supercrystal grains. However,
stacking faults were occasionally observed in some supercrystal
grains (Figure S3). Fast Fourier transform (FFT) analysis of
SEM images (Figure 2b—d) confirms the three typical
crystallographic orientations of the fcc superlattice including
SL[111], SL[100], and SL[110] directions. SEM and TEM
imaging techniques provide convenient and direct images of the
superlattice, but they lack enough spatial resolution and in-
depth penetration for detailed analysis of the orientational
features of truncate NCs in mesoscale supercrystals.

In order to decode the NC translational and atomic
orientational details of large NC-assembled fcc supercrystal,
high-quality single crystal synchrotron-based SAXS and WAXS
images were simultaneously collected from selected single
supercrystal grains that display various crystallographic
orientations. Figure 3 shows the three typical single crystal
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Figure 3. Reconstruction of PbS NC assembled supercrystal with
projection of X-rays along SL[100] (a), SL[111] (b), and SL[110] (c).
Three panels represent: (left) SAXS images with inset showing the
superlattice projection; (middle) structure and orientations of truncate
NCs along typical crystallographic direction; and (right) WAXS
images with Miller indices. Note: dash lines and circles guide eyes for
comparison; various colors represent the differently oriented NCs in
superlattice that produce the scattering spots marked in the same
colors.

SAXS and WAXS images with projection of X-rays along
SL[100], SL[111], and SL[110] direction of the fcc super-
crystal, respectively (Figure S4). Handling and transfer of the
samples for X-ray illuminations involve damage of fragile
supercrystals and attachment of small crystal pieces or powders,
accordingly producing additional scattering spots and powder-
like arc-shape SAXS features. These SAXS features can be
further enhanced by the surface strain of supercrystal grains and
slight deviation of NCs from ideal crystallographic sites. To
avoid possible confusion of scattering planes between atomic
PbS structure and NC-assembled superlattice, PbS(hkl) and
SL[hkl] are used to describe the atomic (hkl) plane and
superlattice [hkl] projection, respectively. The supercrystal
diffracts their atomic planes with X-rays by strict obey of Bragg
law in wide angle region. Therefore, the observed WAXS spots
are the diffracting X-ray signals from the typical crystalline
planes with direct projection on 2D flat detector plane. By
correlating the symmetrical features of observed WAXS spots
to X-ray projected planes, we can accurately determine how
truncate NCs self-arrange anisotropically and distinguish in
shape orientation from one to another at various fcc
crystallographic sites.

Single crystal SAXS image in Figure 3a reveals typical four-
fold symmetrical spots in both SL(200) and SL(220) (marked
by dashed circle), confirming the SL[100] orientation along the
X-rays. However, WAXS image along the SL[100] orientation
consists of a series of scattering spots that cannot be exclusively
assigned to only one single group of oriented NCs. If all NCs
display identical orientation, then the supercrystal should act as
single atom-packed crystal and does not scatter the orientation-
forbidden spots. The observed PbS(200) spots display an eight-

dx.doi.org/10.1021/ja5057032 | J. Am. Chem. Soc. 2014, 136, 12047—12055



Journal of the American Chemical Society

fold symmetry, indicative of the overlapping of two groups of
four-fold symmetrical spots with an in-plane mismatch angle of
45° (see the details in Figure 3 and Table S1). Correlating the
typical interplanar angle of 54.7° between PbS(200) and
PbS(111), one group of oriented NCs produces the PbS(200)
and PbS(111) spots (marked in orange), indicating that the
oriented NCs have their PbS(110) planes perpendicular to X-
rays and SL[100] as well. Upon rotation of NCs with an in-
plane angle of 90°, these NCs (orange) further produce four-
fold symmetrical Pb(220) spots (red) and the PbS(311) and
PbS(222) spots. Another group of oriented NCs with
PbS[100]//SL[100] produces the four-fold symmetrical
Pb(200) spots (green) that display an in-plane mismatch
angle of 45° It can be thus concluded that the SL[100]
projected planes consist of two groups of oriented NCs in
which PbS[100] and PbS[110] are parallel to SL[100],
respectively. Figure SSb presents the angular plot of
PbS(200) scattering ring, revealing that both the orange and
red spots have approximately equivalent intensity, but they are
apparently much weaker than the green ones. One fcc
superlattice unit cell consists of four NCs: (1) three NCs at
face-centers and (2) one NC at corner. Two face-center NCs
(red and orange) produce the four-fold symmetrical PbS(200)
spots, but the third one remains uncertain. If the third NC
orients as same as the corner NCs (marked as “peak2” in
PbS[100] orientation in Figure SS), PbS[100]-oriented NCs
should scatter X-rays with intensity twice of that from
PbS[110]-oriented NCs. As shown in Table S1, the green
one was calculated with intensity as large as twice in height and
1.43 times in area to that of the red and orange one, in fair
agreement with the scattering intensity of double-numbered
NCs (see Figure SSb,c). Therefore, we can conclude that the
third NC at face center has the same orientation as the NC at
corner.

Figure 3b shows the SAXS and WAXS images of single
supercrystal with projection of X-rays along the SL[111]
direction. Both SL(111) and SL(220) in SAXS image (Figure
3b, left) display a typical six-fold symmetrical spotty feature, but
no SL(200) appears. These scattering signatures indicate the
orientation of SL[111] parallel to X-rays. In principle, X-ray
scatterings from SL(111) planes are forbidden upon preferred
alignment of SL[111] parallel to X-rays. In comparison with
atomic crystal that interacts X-rays with straightforward
obedience of the Bragg law in a wide angle region, the
supercrystal comprised of considerably enlarged NC building
blocks diffracts X-rays only at much smaller angles (i.e., 20 <
5°). Small deviation of NCs from ideal crystallographic sites can
give rise to the orientation-forbidden spots. Therefore, it is
understandable to observe one set of weak SL(111) spots. If we
look at the powder supercrystal samples that lack orientation,
the SL(111) peak is at least 10 times more intense than the
SL(220) peak (Figures 1c and S4). To facilitate the comparison
of observed symmetrical features (Figure S6a), we added a
dashed line as a reference to present the horizon of the
superlattice in SAXS/WAXS images and insets. As the
PbS(200) and PbS(220) spots reach a mismatch angle of 30°
(Figure S6b), they both consist of the typical six-fold
symmetrical spots. Collectively, the shape orientations of
NCs along the SL[111] direction can be reconstructed as
follows (Figure S6c): (1) three NCs at face center form a three-
fold symmetry, and (2) their PbS(110) planes are parallel to
SL[111], in agreement with the observed six-fold symmetrical
spots of PbS(220) and PbS(111). If NC shape is considered as

one additional constraint, the three-fold axis vanishes and
instead a new 2, symmetry arises. The above analyses also
explain well the observed symmetrical features in PbS(111),
PbS(311), and PbS(222) rings.

We now turn to describe the orientation of NCs in the
corner sites of the superlattice. If NCs at corners were oriented
in the same direction as NCs at face centers, the lattice reduces
from four-fold symmetry (C,;,) to two-fold symmetry (C,,).
However, our analysis suggests that this is not the case. SAXS
and WAXS images collected along the SL[110] projection
(Figure 3c: left and right) offer insights to reconstruct the shape
orientations of NCs at corner sites. Based on the previous
description of superlattice structure, SL[110] projected plane
consists of two groups of oriented NCs with PbS[100] and
PbS[ll\/Z] parallel to SL[110]. Note: PbS[ll\/Z] is defined
and shown in Figure S7. The first group of NCs with
PbS[100]//SL[110] (orange in Figure 3c, middle) produces
the four-fold symmetrical PbS(200) spots. The second group of
oriented NCs with PbS[ll\} 2]//SL[110] produces only the
PbS(220) spots along the horizon line in Figure 3a (left). As
shown in Figure S7, the orange spots sited at a rotation angle of
45° from the dashed line are produced from the first group of
NCs, and the green spots with six-fold symmetrical feature from
the second group of NCs. Simulation of single supercrystal
WAXS patterns (Figure S7d—f) confirmed the reliability of the
above structure reconstruction and also explained the
appearance of orientation-forbidden WAXS peaks.

In principle, the second group of NCs with PbS[ll\/Z]//
SL[110] (green) should not have any contribution to either
one of the observed PbS(111), PbS(311), and PbS(220) spots.
However, azimuthal integrations of SL[110] orientation-related
WAXS peaks revealed a powder-like arc-shape scattering feature
in which the angular width of scattering spots is as large as 30°.
These scattering signatures indicate significant lattice distortion
and positional deviation of NCs along the SL[110] direction.
The lattice distortion and positional deviation break down the
lattice symmetry, accordingly giving rise to the PbS[111]- and/
or PbS[112]-related scattering spots. Theoretical simulations
further reveal the births of both the six-fold symmetrical PbS
(220) spots from PbS[111]-oriented NCs (Figure S7d) and the
rectangular distributed spots of PbS(311) and PbS(111) spots
from PbS[112]-oriented NCs (Figure S7f). The observed
lattice distortion of NCs with 9.7° misorientation of
PbS[ll\/Z] to both PbS[111] and PbS[112] provides
reasonable interpretation for the unfavorable appearance of
orientation-forbidden spots of PbS(111) and PbS(311)
scatterings.

Careful analyses of single crystal SAXS and WAXS and
HRSEM images allowed us to create a detailed reconstruction
of NC translation and atomic orientation of the supercrystal at
atomic to nanometric level. To go beyond describing the
observed structure, we sought to understand the underlying
formation mechanism. In particular, we aimed at understanding
the role of molecular level interactions between soft ligands
bound to the hard inorganic NC core. Based on the same sets
of SAXS and WAXS images, the shape-related pseudo-
polymorphs could arise from the exchange of positions of
truncated NCs between three face-center sites in one fcc
superlattice cell>' As a consequence, six shape-related super-
lattice pseudo-polymorphs were derived and then merged into
two nondegeneration superlattice pseudo-polymorphs accord-
ing to the superlattice transformation, which are shown in
Figure 4. More details about the polymorphic degeneration and
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Figure 4. Two nondegeneration shape-related pseudo-polymorphs
derived from the basic fcc superlattice of truncate NC assembled
supercrystals that produce identical sets of single crystal SAXS and
WAXS images given in Figure 3. Projections along SL[100] and
SL[111] show the various orientations of truncated NCs between two
pseudo-polymorphs. Insets (a) and (b) include a C,, and Gy,
symmetry, respectively.

their superlattice transformation correlations are given in Figure
S8. These shape-related superlattice pseudo-polymorphs
produce identical sets of single crystal SAXS and WAXS
patterns as shown in Figure 3. Adding NC shape as one
constraint in lattice determination, NCs at corners include only
one mirror symmetry along the SL[111] projection. Applying
similar analysis to the NCs at face-center sites, high symmetry
superlattice (O;) breaks down. Accordingly, the original fcc
superlattice transforms into two lower symmetry superlattice
pseudo-polymorphs (Figure 4): (1) one at top includes a Cy,
symmetry; and (2) one at the bottom includes a C,;, symmetry.
These two superlattice pseudo-polymorphs are also different in
both number of facet—facet interacting arrangements and type
of shape orientation of NCs between the corner and face-center
sites.

To gain new insight into the facet-specific interactions
between shaped PbS NCs, we therefore turn to understand the
detailed nature of the surface structure and associated facet-to-
facet arrangements of neighboring PbS NCs in the superlattice.
The structure of truncate PbS NC building blocks can be
reconstructed at surfaces with eight triangle PbS{111} and six
square PbS{100} facets (Figure 1b). Each NC in fcc
superlattice is surrounded by 12 nearest neighbors to achieve
the highest packing density. Since each NC has only 12 surface
facets capable of contacting directly with surface facets of
neighboring NCs, only three types of direct facet-to-facet
contacts are allowed. These facet—facet interactions include
{100}-to-{100}, {100}-to-{111} and {111}-to-{111} config-
urations. One fcc superlattice unit cell consists of 4 truncate
NCs and involves 24 direct facet-to-facet contacts. Details of
these direct facet-to-facet contacts in two nondegeneration
shape-related superlattice pseudo-polymorphs are estimated
and summarized in Tables S2 and S3.

Analysis of facet-specific interactions between proximate NCs
offers important clues to the energetic of different pseudo-
polymorphs. PbS{111} facets are characterized with higher

12051

surface atomic area density than PbS{100} facets, so increase of
the number of {111}-to-{111} contacts in one unit cell are
highly favored toward enhancing the NC-NC interactions. The
first superlattice pseudo-polymorph (Figure 4a, Tables S2 and
S3) consists of higher number of {111}-to-{111} contacts.
Under the assumption of the molecular ligands in alignment
with the orientation of the NC facet, this NC arrangement not
only enlarges the surface ligand area packing density to
effectively enhance the steric force interactions but also
maximizes the molecular configurational entropy to improve
the structural stability. The model in Figure S reveals how to

Figure 5. Schematics of inter-NC packing geometries: (a) cis- (top)
and trans-geometry (bottom) between two interacting PbS{111}
surface facets. Demonstrations of OA interactions in (b) pure OA
crystal, (c) Pb(OA), crystal and (d—f) OAs inside NC supercrystal
with various local structures in (d) cis-, (e and f) trans-geometry.

account for the local packing structure of surface molecules.
PbS{111} facets from two neighboring NCs can be arranged in
either a trans- or a cis-geometry. These two distinct structural
geometries are both capable of increasing the ordering ratio and
packing density of surface ligands and accordingly strengthen
the ligand—ligand interactions. As shown in Figure S, the trans-
geometrical packing of NCs facilitates intercalation of ligand
chains from two neighboring NCs. By contrast, the cis-
geometrical packing can increase ligand conformational
entropy. Comparatively, the first superlattice pseudo-poly-
morph (Figure 4a, Tables S2 and S3) holds advantages with not
only a higher lattice symmetry for enhancing structural stability
but also a ligand-favorable cis-geometry for maximizing the
ligand conformational entropy. While the trans-geometry-
enabled increases in both ordering ratio and intercalation
capability of ligand molecules are able to stabilize the structure
of assembled supercrystals, the cis-geometry-induced increase in
conformational entropy plays a more critical role in solvent-
mediated NC assembly process.

Previous reports of PbS NC-assembled fcc superlattice thin
films did not observe orientational ordering. The fcc super-
crystals analyzed in this work show significant orientational
ordering which underscores the interplay of thermodynamic
and kinetic factors of superlattice formation. The superlattices
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assembled in this work were formed at a much slower rate than
previously studied self-assembly of superlattices in thin films. It
can be therefore concluded that, if NC assembly process is
reasonably controlled to maintain a thermodynamic equili-
brium state, the first shape-related pseudo-polymorph of
superlattice (Figure 4a) prefers to form and dominate the
structure of assembled supercrystals.

The structures of OA and Pb(OA), molecules were also
explored and systematically analyzed to understand more about
the ligand—ligand interactions and the interface structure
between neighboring NCs in assembled supercrystals. At
ambient conditions, OA molecules appear as amorphous liquid
without long-range order. Cooling or pressurizing of OAs
transforms liquid to a lamellar crystalline phase with structure
in either one of @, 8, and y polymorphs.®>~** OA molecules are
arranged in o and y polymorphs with a trans-geometry. These
two structure polymorphs are similar, but they display slight
difference of tilt angle along the c-axis. A relatively larger OA tilt
angle in o phase leads to a smaller lamellar distance of 4.0 nm
than the lamellar distance of 4.3 nm in y phase. However, a
dramatic change appears in # phase in which neighboring OAs
aligned in parallel within a monolayer are packed in an
alternating way, accordingly reducing the lamellar distance to
~3.5 nm. Similar analysis was applied to probe the structure of
lead oleate [Pb(OA),]. Bonding one Pb atom with two OA
molecules forms one long Pb(OA), chain, and similarly, these
long chain molecules also crystallize in a lamellar structure
phase that has an enlarged lamellar distance of 4.65 nm.*

Previous studies demonstrated that OA molecules are bound
to Pb sites at NC surfaces, so the structural similarity between
surface-coating OAs and single f phase can be excluded.*®
Figure Sb,c shows cartoon schematics of crystalline OA in «
form and Pb(OA), phase, respectively. SAXS measurements of
PbS NC supercrystal indicate that the inter-NC distance falls
into a narrow range of 3.0—3.4 nm, smaller than the lamellar
distances of 4.0 and 4.65 nm observed in pure OA (a form)
and Pb(OA), crystalline phase, respectively. Therefore, OAs
could be packed at NC—NC interfaces inside supercrystal in
several possible ways (Figure S): (1) amorphous jamming; (2)
cis-geometry; and (3) trans-geometry. By correlating the OA
molecule length of ~2 nm, if OAs are packed in cis-geometry
(Figure 5d), the inter-NC distance should be more or less
about 4 nm, equivalent to double the OA length. Based on the
measured inter-NC distance of 3.0—3.4 nm from assembled
supercrystals, it is expected that the surface-coating OAs from
neighboring NCs intercalate each other and develop an ordered
local structure to enhance the ligand—ligand interactions
(Figure 5f).

To understand how the surface ligand intercalations and the
packing structure of OAs were developed inside NC super-
crystal, in situ SAXS measurements were performed on NC
supercrystal and pure Pb(OA), and OA under pressures. Figure
6 shows the pressure-dependent changes of both the inter-NC
distance of assembled supercrystal and the lamellar distances of
Pb(OA), and OA solids. Upon compression of three samples
from 0 to ~6 GPa, both Pb(OA), and OA phases display a
similar reducing magnitude of lamellar spacing on the order of
~1 A, but NC supercrystals reduce inter-NC distance on a
much greater order of 1.22 nm. The pronounced difference in
compression behaviors between the three samples suggests a
significantly lower packing density of OAs in assembled
supercrystal than these in ordered pure Pb(OA), and OA
crystal phases (Figure 6). Since OA molecules prefer to be

Pb(0A),

b "evon o, PureOA

D-spacing (nm)

[3%]

0 2 4 6
Pressure (GPa)

Figure 6. Inter-NC distance of PbS NC assembled supercrystal and
the observed lamellar distances of OA and Pb(OA), solids as a
function of pressure.

bound at Pb sites at NC surfaces > if all Pb sites at NC
surfaces are bound by OA molecules, then the area packing
densities of OAs at {111} and {100} surface facets are
estimated to be about 6.55 and 5.68 OA/nm?, respectively (see
the detailed calculations in SI). They are apparently greater
than the area packing density of 4.4 OA/nm”* calculated from
the highly ordered pure crystalline OA and Pb(OA), phase. If
NC surface facets have such a unfavorable higher OA packing
density than or a reasonable density equivalent to that of the
pure OA and Pb(OA), phases, NC supercrystals should behave
like the lamellar OA and Pb(OA), phase and display a higher or
at least a close pressure-dependent incompressibility, rather a
fast reduction of inter-NC distance observed in NC super-
crystal. To allow such a quick pressure-dependent reduction of
inter-NC distance, at least half of Pb sites at NC surfaces are
not bound by OA molecule so that enough room remains for
feasible intercalation of surface OAs from neighboring NCs.
Figure 7 shows two binding models of OAs at two surface
facets of PbS{100} and PbS{111}: (1) two head oxygen atoms
of one OA chain are linked to two Pb sites (Figure 7, top) and
no bare Pb site is exposed at NC surfaces; and (2) each OA
chain has only one head oxygen atom being linked with Pb site,

o
3.

{Orane
0 (NS
R R AR

Arahr

dhran

PbS{100} PbS{111}

Figure 7. Demonstration of the OA binding models at two surface
facets of PbS{100} and PbS{111} that allow intercalation of OA
molecules. There are two OA binding models: (1) one at top panel
with two head oxygen atoms bound to two Pb sites, and no bare Pb
exposed at surfaces; and (2) the other one at bottom with one head
oxygen atom bound to one Pb site, and half Pb sites are required to
remain barely exposed at surfaces.
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and half Pb sites are barely exposed at NC surfaces (Figure 7,
bottom). Similar to the bonding of one Pb atom to two oxygen
atoms in Pb(OA),, the double-binding model makes the OA-
binding at NC surfaces more stable than the single-binding
model does. Previous studies reveal that the air-induced loss of
surface-coating OAs most likely takes place at PbS{100}
surfaces,” and instead PbS{111}-terminated NCs appear to be
air-stable. Therefore, it can be concluded that PbS{111}
surfaces favor a double-site OA binding, and PbS{100} surfaces
favor a single-sitt OA binding. Both the PbS{111}- and
PbS{100}-terminated surfaces have an area density of Pb sites
greater than the theoretical density of 4.4 OA/nm?, so the
average OA density at NC surfaces can be reasonably estimated
based on the assumption that 1/3—1/2 Pb sites at surfaces are
bound by OAs (see the details in SI). Accordingly, the OA
packing density can be estimated in a reasonable range of 2.04—
3.06 OA/nm” (Table S4), in fair agreement with theoretical
and experimental area packing densities of OAs coated at NC
surfaces of PbS and PbSe.”"% The above reconstructed
superlattice pseudo-polymorphs and estimated packing den-
sities suggest that OAs at NC interfaces can be developed in
either a trans- or a cis-geometry to effectively increase the
magnitude of OA intercalations, which accordingly strengthens
the ligand—ligand interactions and maximizes the structural
stability.

Decompression of supercrystals from high pressure to
ambient conditions does not return inter-NC distance to the
initial value of 3.4 nm. Instead the spacing expands to a slight
larger distance of 3.8 nm which is still shorter than the double
OA length of 4.0 nm (Figure 6). In NC assemblies, multiple
interactions between NCs and ligands and solvents cause
formation of the stable fcc superlattice in which the interaction
forces between NCs and ligands can be considered to
eventually achieve an equilibrium state at a critical NC—NC
separation distance. The ligand—ligand interactions are purely
repulsive in the presence of good solvents,” so it is reasonable
to assume that the van der Waals attraction forces between
NCs balance the ligand—ligand repulsive forces in finally
assembled supercrystal. With this assumption, the inter-NC
distance after complete release of pressure should return to the
original equilibrium distance, rather than an observed enlarge-
ment of inter-NC distance. Explaining this unexpected
observation requires consideration of the drying-induced effect
during the self-assembly process of the supercrystal. The
drying-induced contraction of supercrystal grains slightly
shortens the inter-NC distance, and simultaneously the ligand
bundles give rise to strong ligand—ligand attractive forces in
completely dried supercrystals. Upon compression of super-
crystals in DAC and associated reduction of inter-NC distance,
an elastic contribution arises and quickly exceeds thermal
energy and thus dominates the ligand—ligand interactions.
Importantly, application of external forces can break the weak
side-to-side bonding of ligand bundles and accordingly free up
the ligand molecules and increase molecular conformational
entropy. After entire release of pressure, elastic forces stored in
ligand bundles drive the squeezed molecule chains bouncing
back to the starting equilibrium inter-NC distance. Because of
the pressure-induced “debonding” and weakening of ligand—
ligand interactions, it is expected to yield a slightly larger inter-
NC distance. The above analysis reasonably explains the
enlarged inter-NC distance of 3.8 nm of recovered samples,
rather than a return to the starting spacing of 3.4 nm before
compression.

Detailed reconstruction of truncate PbS NC assembled
supercrystal with shape-related superlattice pseudo-polymorphs
and thorough structural analyses of surface-coating molecules
allows us to draw a primary picture of how NC assemblies take
advantage of NC shape anisotropy and molecular conformation
at NC surfaces to expand the superlattice phase diagram and
increase the structural complexity and functionality of NC—
ligand interacted assembles (Scheme 1). At the most basic level,

Scheme 1. Development of NC Assembled Superlattice
Complexities upon Coordination of NC Shape Anisotropy
and Conformational Freedom of Surface-Coating Molecules

L= T

=
e
e
=
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x

Translation-related Orientation-related Conformation-related
polymorphs Pseudo-polymorphs Pseudo-polymorphs

spherical NCs can be simply described as atoms and favor
primary packing into a fcc superlattice that has the highest
packing density of 74% (left, Scheme 1)."* Upon environ-
mental perturbation of either temperature or pressure or both,
the fcc-packed supercrystal transforms to various superlattice
polymorphs, referred as to the traditionally defined translation-
related “structure polymorph”, such as hep and bec superlattice
with a packing density close to and smaller than fcc,
respectively.* When NCs develop in shape and become
nonspherical, strong anisotropic effects appear and drive NC
assembly into much complex diversity of superlattices.'®™>* For
example, NC assemblies have identical translation symmetry of
fcc, but NCs orient differently at corner and face-center sites
(middle, Scheme 1), accordingly giving rise to a series of shape-
related superlattice pseudo-polymorphs,®' such as the two
shape-related superlattice pseudo-polymorphs derived in this
work. In addition, NC surfaces are not naked and are always
passivated by organic molecules. These molecules prevent NCs
from aggregation and growth and also enable dissolving of NCs
in solvents for additional physical processing. Once while NCs
interact with surface ligand molecules and surrounding solvents
to form NC supercrystal, surface molecules can also develop
local structures with distinct conformations to bridge NCs
together.”'~”7 The conformational arrangements of surface
molecules can develop in various structure forms, such as
random (disordered), cis- and trans-configuration (right,
Scheme 1). Given one shape-related superlattice pseudo-
polymorph, the conformational variation of surface molecules
can further generate a series of conformation-related super-
lattice pseudo-polymorphs. This simple structural progression
of both NCs and ligand molecules from translation to
anisotropic shape and ultimately to molecular conformation
allows to form a large increase in the number of superlattice
polymorphs. The developments of these superlattice poly-
morphs are simultaneously accompanied by significant
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symmetry reduction, structural enhancement, and increased
functional complexity. In this study, we combined the
fabrication of large single supercrystal and the development
of synchrotron-based single crystal SAXS/WAXS technique and
walked one significant step to uncover the mysteries of
assembled superlattices and complex pseudo-polymorphs.
Upon development of novel and powerful approaches, such
as synchrotron-based scattering and spectroscopic techniques,
we will be able to provide a much clearer image about the
superlattice phase diagrams and functionalities of NC
assemblies upon change of the size, shape, composition, and
surface molecular decoration of NC building block.”®~*!

Bl CONCLUSIONS

Controlled evaporation of truncate PbS NC-dispersed solutions
at slower rate allowed successful growth of large scale 3D single
crystal supercrystals that have a fcc superlattice. Electron
microscopy imaging characterized the full coherence of NC
translation and atomic orientation of individual supercrystal
grains. Single crystal SAXS and WAXS patterns collected from
projection of X-rays along SL[111], SL[110], and SL[100]
direction allowed us to precisely reconstruct how truncated PbS
NC:s orient anisotropically and occupy different crystallographic
sites to form highly ordered fcc supercrystal. Coordination of
NC shape orientation in lattice analysis of the same sets of
single supercrystal SAXS and WAXS images gives rise to two
nondegeneration shape-related superlattice pseudo-polymorphs
in which the lattice symmetry reduces from O, to Cy;, and C,,
respectively. The superlattice pseudo-polymorph, which holds a
C,, symmetry and maximizes the {111}-to-{111} contacts,
represents the most favorable low-energy superlattice of
assembled supercrystals if the assembly process maintains a
thermodynamic equilibrium. The area density of OAs at NC
surfaces was estimated in the range of 2.04—3.06 OA/nm’.
Combined with NC translation and anisotropic shape
orientation as well as surface ligand conformation, our detailed
structural reconstruction and analyses provide a significant
advance in understanding the superlattice phase diagram with
extended diversity of superlattice polymorphs and complicated
functionalities.
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