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solubilized by surface-bound organic li-

gands have often been, to a first approx-
imation, described by a spherically sym-
metric interaction potential: The softness
of the ligand shell can be parametrized by
the ratio (y) of the ligand length (/) to the
particle radius (1) (i.e., ¥ = I/)."* Colloids and
relatively large diameter NCs up to y ~ 0.7
interact as hard spheres and form close-
packed assemblies with fcc symmetry. In
contrast, softer NCs, beyond y > 0.7, favor
more open structures in which the flexible
ligands occupy interstitial space in the bcc
superlattice.”? On the basis of this model,
the oleic acid-passivated PbSe and PbS
NCs with ¥ = 0.5—0.6 investigated in this
work would be expected to form fcc super-
lattices. However, the basic hard/soft
sphere model is inadequate. We will show
that identical NCs can be assembled
into NCSLs with predefined symmetries by
adjusting the nature of the ligand—solvent
interactions.

Instead of the expected fcc ordering, the
GISAXS pattern of the PbS NCSL in Figure 1
reveals a noncubic symmetry that can be
uniquely indexed to the reflections of a bct
NCSL with a = b =9.8 nm and ¢ = 12.4 nm.
The (110)s, plane of this NCSL is oriented
parallel to the plane of the substrate. The
bct symmetry can be viewed as an inter-
mediate between the fcc (c/a = +/2) and bcc
(c/a = 1) lattice symmetry along the Bain
deformation path (see Figure 1c).?

Bain deformations occur in various atomic
crystals and block copolymers and remain a
subject of ongoing investigation in con-
densed and soft matter physics.*”8 It is im-
portant to note that the tetragonal distortion
of the bct NCSLs occurs along the [001]s.
directions, which are neither parallel nor per-
pendicular to the plane of the substrate.

Interactions between nanocrystals (NCs)
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ABSTRACT Despite intense research efforts by research groups worldwide, the potential of self-
assembled nanocrystal superlattices (NCSLs) has not been realized due to an incomplete under-
standing of the fundamental molecular interactions governing the self-assembly process. Because
NCSLs reside naturally at length-scales between atomic crystals and colloidal assemblies, synthetic
control over the properties of constituent nanocrystal (NC) building blocks and their coupling in
ordered assemblies is expected to yield a new class of materials with remarkable optical, electronic,
and vibrational characteristics. Progress toward the formation of suitable test structures and
subsequent development of NCSL-based technologies has been held back by the limited control over
superlattice spacing and symmetry. Here we show that NCSL symmetry can be controlled by
manipulating molecular interactions between ligands bound to the NC surface and the surrounding
solvent. Specifically, we demonstrate solvent vapor-mediated NCSL symmetry transformations that
are driven by the orientational ordering of NCs within the lattice. The assembly of various
superlattice polymorphs, including face-centered cubic (fcc), body-centered cubic (bcc), and body-
centered tetragonal (bct) structures, is studied in real time using in situ grazing incidence small-
angle X-ray scattering (GISAXS) under controlled solvent vapor exposure. This approach provides
quantitative insights into the molecular level physics that controls solvent—ligand interactions and
assembly of NCSLs. Computer simulations based on all-atom molecular dynamics techniques confirm
several key insights gained from experiment.

KEYWORDS: nanocrystals - Bain transformation - self-assembly - vapor annealing -
in situ characterization - grazing-incidence small-angle X-ray scattering

Therefore, the deformation is not the result of
macroscopic film shrinkage or lateral stresses
during drying, but instead reflects the intrinsic
symmetry of the NCSL. Importantly, the graz-
ing-incidence wide-angle X-ray scattering
(GIWAXS) pattern from individual NCs reveals
a high degree of orientational coherence of
NCs in their lattice sites. Specifically, the
simultaneous small- and wide- angle X-ray
scattering data illustrate the coaxial align-
ment of (110)s. and (110)nc planes of the
superlattice (SL) and nanocrystal (NC) lattices,
respectively.

The hypothesis tested and confirmed in this
paper is that the orientational ordering of NCs
drives the coherent distortion superlattice
symmetry. We note that the Archimedean
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Figure 1. Tetragonally distorted NCSL (a) GISAXS pattern of
a bct superlattice (a = b = 9.8 nm, ¢ = 12.4 nm) with (110)s.
planes parallel to the substrate and 7% shrinkage (s) in the
vertical direction; (b) corresponding GIWAXS patterns il-
lustrating coaxial alignment of [110]yc axis of NCs in their
superlattice sites; (c) model of the fcc and bcc unit cells
related through the Bain deformation. The experimental
setup for the GISAXS measurements is shown in the Sup-
porting Information.

cuboctahedron, a special member of this family of
shapes which produces a perfect space filling, has just
the observed structural property. In our NC structure
the ligand shell between NC cores can accommodate
deviations from the perfect shape, and thus cubocta-
hedra close to the Archimedean one show a natural
tendency to assume such a dense bcc packing of
nonspherical particles. Hence despite the fact that
cuboctahedra are almost spherical, the proximity of
the densely packed phase seems to drive the NCSL
toward the bcc structure.

The broken symmetry underlying the formation of a
nonclose-packed bct NCSLs with translational and
orientational order illustrated in Figure 1 is remarkable
and leads to a number of intriguing questions. In
particular, what is the driving force behind this sym-
metry distortion and the NC orientational ordering?
And how can we tailor the driving force to control the
assembly of NCSLs with predefined symmetries?

RESULTS AND DISCUSSION

To understand the fundamental origin of the tetra-
gonal NCSL distortion and its relation to the symmetry of
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the interaction potential, we considered two alternative
hypotheses: (1) electrostatic interactions resulting
from dipole—dipole coupling of proximate NCs and
(2) forces based on anisotropic interactions between
the surface-bound ligand chains.’

The hypothesis that dipole—dipole interactions
form the driving force behind the coherent NCSL
distortion was inspired by analogies to similar effects
in atomic crystals. The Jahn—Teller effect and marten-
sitic phase transitions are the prominent examples of
electronic interactions leading to lattice structure
transformations in atomic systems.>'°~ "2 Since NCSLs
can be regarded as artificial crystals, we conjectured
that similar symmetry distortions may arise from the
dipole—dipole interactions of neighboring NCs. The
dipoles are believed to arise from an uneven distribu-
tion of Pb- and Se-terminated {111}yc facets of indivi-
dual NCs' with cuboctahedron shapes or charged
surface states.'® Dipole pair interactions, whose
strength was recently estimated to be in the range of
8—10kgT,'® have been attributed as the driving force in
the formation of highly anisotropic nanostructures, via
oriented attachment,'*'” and the assembly of NC films
with nonclose-packed, simple hexagonal, symmetry.'®

The uniformity of the NC dipoles is a crucial factor in
understanding their possible role in coherent NCSL
distortions. Cho et al. have analyzed possible NC di-
poles resulting from an even (i.e., 4:4) distribution of
Pb- and Se-terminated {111}yc facets.'* Recent theo-
retical and experimental work by Fang et al. suggested
that the {111}yc facets are composed of ribbons of
alternating polarity that are stabilized in the presence
of surface bound ligands and in their absence trans-
form to ribbon-like Pb or Se nanodomains.'® Other
reports indicated that the composition of lead salt NCs
varies significantly depending on synthesis parameters
and is, in most cases, characterized by an excess of
lead.?>?" We determined the more general relation-
ship between Pb- and chalcogen-terminated {111}nc
facets and found 163 nonequivalent configurations
resulting in a broad distribution of dipole strength
and direction (see Supporting Information Figure S1).
The inhomogeneity of the dipole distribution is incon-
sistent with the requirements for a coherent NCSL
distortion observed in our experiments and provides
a strong indication against a major role of dipole
interactions in the coherent distortion of NCSLs.

To prove this interpretation and to differentiate
between dipolar and ligand—ligand interactions, we
devised an experiment that exploits differences in the
potential—distance relationship of the two interac-
tions. The ligand—ligand interactions fall off over short-
er distances comparable to the length of the ligand
molecule; electrostatic interactions between NC facets
and related permanent dipoles and multipoles are
significant over much larger ranges.” A common ap-
proach to tune interparticle spacing in NC assemblies is
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Figure 2. Reversible tetragonal-cubic phase transition: (a) dry bct PbSe NCSL (a= b = 9.7 nm, ¢ = 12.1 nm, s = 2.5%); (b) fcc

superlattice in the presence of 75% saturated octane vapor (c =

=10.3nm, c=12.1 nm, s = 6%).

to tailor the interface chemistry, for example, through
the substitution of variable chain length ligands;
this approach has provided critical insights into
the complex relationship of soft ligands/hard core
interactions."?® Unfortunately, the ligand exchange
inevitably introduces a number of additional complica-
tions including changes in surface chemistry (ie.,
dipole), solubility, and NC morphology.?°~?? To avoid
these perturbations, we pursued an alternative ap-
proach that preserves the NC surface chemistry and
enables reversible and continuous tuning of interparti-
cle spacing through solvent vapor processing. We have
previously demonstrated this approach as a powerful
technique to improve the long-range ordering of
NCSLs.?® Here, we integrate solvent vapor processing
with in situ GISAXS analysis to study solvent vapor-
mediated changes in NCSL structure in real time.

The starting point for the in situ measurements was a
PbSe NC film, drop-cast under ambient conditions from
a 0.05 mg/mL colloidal NC suspension in hexane. We
investigated both PbS and PbSe NCSL and found that
the trends in NCSL symmetry were independent of
chalcogenide composition in the NC core. The corre-
sponding GISAXS pattern (Figure 2a) of the PbSe NCSL
can be indexed to a bct structure (space group: l4/mmm,
No. 139) witha=b=9.7 nm, c=12.1 nm. The anisotropic
broadening of the Bragg reflection is due to the fact that
the lateral NCSL grain exceeds the film thickness. Using
Scherrer's formula,®* we determined the vertical and
horizontal grain size to be 48 and 154 nm, respectively,
by analyzing the radial widths of various reflections and
extrapolating to the vertical and horizontal intrinsic
width of the (113)s, (—131)s, and (22—2)s, NCSL
reflections (see Supporting Information section 4).

Next, we exposed the NCSL to gradually increasing
concentrations of octane vapor and monitored
changes in the NCSL symmetry. We observed a tetra-
gonal-to-cubic (bct-to-fcc) symmetry transformation
after exposing the NC film to a subsaturated (~0.60
mol/m?3) octane vapor atmosphere for approximately 4
min. The corresponding GISAXS pattern (Figure 2b)
reveals a fcc (space group Fm3m, No. 225) (ie.,
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V2a=145 nm, s = 0%); (c) rapidly dried bct superlattice (a=b

undistorted) NCSL with ¢ = +/2a = 14.5 nm. For con-
sistency, we will describe lattice constants of fcc, bct,
and bcc crystals in terms of the general unit cell
illustrated in Figure 1c. The 34% increase in unit cell
volume relative to the initial bct NCSL can be attributed
to solvent swelling and capillary condensation of vapor
in the interstitial spaces of the NC film;?> the low-g
scattering is due to the NC suspension in a disordered,
liquid state that eventually crystallizes.

To quantitatively analyze the NCSL spacing in the
context of the spatial arrangement of the NC cores and
the surface-bound ligands, we define the interparticle
spacing, d, as the distance between NC surfaces along
the close-packed direction, that is, the space available to
ligands and possibly solvent molecules. We determined
the average NC diameter (dyc = 6.1 nm) from a statistical
analysis of transmission electron microscopy (TEM)
images. In the case of the bct NCSL in Figure 2a, the
spacing along the close-packed [111]s, direction of the bct
lattice is O = (2a° + ) "%/2 — dyc = 3.0 nm; this spacing is
less than twice the length of the oleic acid ligand (Loa ~
1.8 nm) and illustrates that there is partial overlap of the
ligands bound to the surfaces of adjacent NC cores.??

On the other hand, analysis on the swollen fcc NCSL
(Figure 2b) shows that the interparticle separation
along the close-packed (110)s, direction of ¢ is 4.1
nm, or approximately 2.3 Loa; this comparison illus-
trates that the ligands of proximate NCs in the swollen
superlattice do not overlap. We can therefore conclude
that the tetragonal NCSL distortion that occurs only in
situations where ligands of neighboring NCs overlap
(i.e., interparticle separation 0 < 2Lga) underscores the
critical role of molecular interactions. Alternatively, if
the longer range NC dipole—dipole interactions were
the cause of the tetragonal NCSL distortion, then even
the swollen NCSLs should exhibit bct symmetry. In-
stead, the bct-to-fcc transition illustrated in Figure 3
provides direct experimental evidence to eliminate the
role of dipole interactions.

The cubic-to-tetragonal symmetry transformation is
fully reversible. The bct NCSL symmetry can be re-
stored by reducing the octane vapor concentration.
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Figure 3. In-situ GISAXS patterns of solvent-vapor mediated PbS NCSL symmetry transformations: (a) disordered film in a
saturated octane vapor environment (~0.8 mol/m>); (b) initial superlattice nucleation in a subsaturated vapor environment
(~40% saturation); (c) fcc NCSL formed by drying the film over the course of 3 h (c = V2a=137 nm); (d) bct NCSL formed by
drying the film in the presence of He purge (a = b = 9.8 nm, ¢ = 13.0 nm); (e—g) schematic of the disordered, swollen fcc, and
dry bct nanocrystal film. Note, the deformed hexagoniillustrates a minor superlattice shrinkage (~4%) in the vertical direction,
while more pronounced tetragonal distortions occur along the [100]y¢ fcc NCSL direction. (h) MD snapshot of two NCs with (i)
high resolution snapshot of a MD simulation of ligands between (111)y¢ facets of proximate NCs.

Figure 2c shows the scattering signature of a bct
structure with a = b =10.3 nm and ¢ = 12.1 nm, which
was formed by quickly evaporating the condensed
solvent in the presence of a He purge flow. We note
that the extent of the tetragonal lattice distortion is
sensitive to the solvent evaporation rate as controlled
by the He purge flow. The relationship between lattice
distortion and solvent evaporation rate controlled by
fine-tuning the evaporation conditions may shed new
light on kinetic effects of ligand effects during the
assembly, while at the same time introducing refined
control over the NCSL symmetry.

We turned to in situ GISAXS measurements to moni-
tor the assembly dynamics in real time to gain deeper
insights into the relationship between solvent evapora-
tion rate, NCSL growth, and symmetry. In the presence
of saturated octane vapor, solvent uptake in the NCSL
first swells the assembly and ultimately results in com-
pletely disordered thin films of the saturated NC suspen-
sion (see Figure 3a and integrated intensity profiles in
the Supporting Information Figure S5).

We progressively reduced the solvent vapor con-
centration and monitored the concurrent decrease in
interparticle spacing indicated by the scattering pro-
file. This approach allowed us to determine the critical
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interparticle separation corresponding to the order/
disorder transition at the NCSL nucleation. We ob-
served the first signs of NCSL nucleation at octane
vapor concentrations corresponding to ~40% satura-
tion (~0.32 mmol/L). The sharp scattering features of
the nascent NCSL indicate fcc symmetry with a lattice
constant of ¢ = +/2a = 15.2 nm and a grain size on the
order of 800—1200 nm. The detailed grain size analysis
provided in the Supporting Information shows that
NCSL grain size of the nascent NCSL is substantially
larger than the ~140 nm grains calculated from the
GISAXS peak of the final (dry) supercrystal. We attribute
this grain size reduction to cracking inherent to drying
wet films.?®> The interparticle separation between the
6.4 nm core PbS NCs along the close-packed [110]s,
direction of the nascent fcc lattice was = 4.3 nm =
2.4Lopa, which significantly exceeds the reach of the
ligands; this confirms the lack of ligand overlap, similar
to the case of the swollen PbSe NCSL in Figure 2b and
shows that solvent molecules take up a significant
volume in the initial NCSL. If the NCs are modeled as
spheres, the volume packing fraction in the initial NCSL
corresponds to approximately 0.6.

We investigated the solvent evaporation rate as an
independently adjustable parameter to control the
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extent of tetragonal distortion in the resulting NCSL. By
tuning the He purge flow rate in the in situ cell, we
systematically scanned solvent evaporation times rang-
ing from several hours to less than one minute and
returned the NC film to the disordered state (Figure 3a,
e) in between each run. Slow growth of NCSL, in which
the solvent evaporation was controlled over a period of
over 3 h, exhibited fcc symmetry with a lattice constant of
c=+/2a=137nm (Figure 3c). When we accelerated the
growth rate by reducing the solvent evaporation time to
approx 30 s, we formed a NCSL with bct symmetry and
a=b=9.8nmand c=13.0 nm (Figure 3d). The extent of
ligand overlap along the close-packed superlattice direc-
tion in both cases is approximately the same, and
comparable to the case of PbSe NCSL shown above. At
even faster evaporation rates, the resulting NC film
exhibited ring-like scattering signatures (similar to the
pattern shown in the Supporting Information Figure S7),
indicating that the planes of the formed NCSL were not
aligned parallel to the underlying substrate.”> Notably,
these kinetic effects are distinct from the crystallization of
metastable bcc crystals in atomic systems in which bcc
crystals often nucleate first even if fcc phase is more
thermodynamically stable.*®

We further confirmed the relationship between
NCSL-symmetry and -growth rate in a series of control
experiments in which we tuned the growth rate by
adjusting the concentration of NCs in the initial sus-
pension. NCSLs formed from dilute NC suspensions
(0.05 mg/mL) in 9:1 v/v hexane/octane, corresponding
to slow growth rate formed fcc NCSLs; higher colloidal
NC concentrations, in the range of 0.5—5.0 mg/mL
yielded NCSLs with bct symmetry (see Supporting
Information Figure S7).

Two important concepts emerge from the results of
these experiments. First, systematic adjustment of the
solvent evaporation rate enables control over the sym-
metry and spatial coherence of the resulting NCSLs.
Second, the symmetry of the self-assembled NCSLs is
governed by ligand interactions that are not captured in
previous hard sphere/soft shell models. We illustrate how
anisotropic ligand coverage on specific NC facets influ-
ences NCSL symmetry in a separate publication.?”

Insights into the detailed molecular-level interac-
tions between surface bound ligands are beyond the
capabilities of current experimental approaches and
instead rely on computational simulations. Luedtke
and Landman have previously demonstrated the ad-
vantages of molecular dynamics (MD) simulations of
alkyl thiol-passivated gold NCs to show that surface-
bound ligands organize into orientationally distinct
ligand “bundles” between proximate NCs leading to
tetragonal NCSL distortions similar to those observed
in our work.?#2° We performed MD simulations of oleic
acid-passivated lead salt NCs to test whether similar
ligand bundling is responsible for the aspherical inter-
actions observed in our experiments. Our simulations
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suggest that oleic acid ligands do not invariably form
bundles as in the case of alkyl thiol-passivated Au NCs;
instead, they exhibit a complex array of ligand—ligand
response to assembly that varies from interpenetration to
ligand avoidance. This response depends on factors such
as ligand surface coverage density, NC diameter, NC core
shape, the rate at which NCs approach during self-assem-
bly, etc. in ways consistent with the dendrimer packing
computational studies of Li et al*° Detailed results from
these simulations and corresponding GISAXS measure-
ments will be reported in an upcoming publication.

Experimental efforts confirm the MD-derived predic-
tion that bundling is not a prevalent motif; probing the
presence of quasi-crystalline ligand bundles using polar-
ized infrared spectroscopy showed no discernible spec-
troscopic signatures that could be ascribed to bundles
(see Supporting Information Figure $9)3' Moreover,
ligand bundles should lead to temperature-dependent
interaction potentials governing the self-assembly. While
trends between assembly temperature and NCSL sym-
metry have recently been reported in the case of Ag
NCs,*? our GISAXS experiments at variable temperatures
have, to date, not shown such correlations in oleic acid-
terminated lead salt NCs.

Although not in the form of ordered bundles, our
simulations do show that ligands experience a net
attraction along the close-packed direction within the
NCSL (see Figure 3h;,i), consistent with previous experi-
mental reports of ligand distributions in metal NC
monolayer assemblies.>®> Our model shows that the
outcome of van der Waals interactions between li-
gands on neighboring NCs depends on the rate at
which the interparticle separation is reduced. Under
molecular simulation conditions commensurate with
slow solvent evaporation (Figure 3c), achieved by
bringing the ligands on approaching NCs together
“slowly” (at rates of ~0.2 A/ps or 0.02 A/ps) the ligands
are able to relax and interdigitate (see Supporting
Information section 8). The interaction potential in this
scenario remains essentially spherically symmetric
throughout. At a faster approach (~2.5 A/ps), com-
mensurate with the experimental case of accelerated
solvent evaporation (Figure 3d) or higher colloidal NC
concentration (see Supporting Information Figure S7),
repulsive interactions between the ligands dominate.
Unable to interdigitate during their rapid approach, the
ligand—ligand repulsions perturb the spherically sym-
metric interaction potential. This perturbation, to-
gether with the limited relaxation time during a fast
drying process, pushed and trapped the NCSL system
into a tetragonally distorted state which is a metastable
configuration (see Supporting Information section 8).

These molecular-level insights into the early stages
of NCSL assembly suggest that rational modifications
of the relative strength of ligand—ligand and ligand—
solvent interactions present an additional degree of free-
dom to control the structure of the NCSL assembly. To
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Figure 4. NCSL with bcc symmetry: (a) GISAXS pattern of a
(110)s, oriented bcc superlattice (a = b =c =11 nm); (b)
corresponding wide-angle scattering pattern illustrating
the coaxial [110]yc alignment with the substrate-induced
[110]s, normal orientation of the superlattice; (c) orienta-
tion distribution function of the (100)yc Bragg planes in
NCSLs with bcc, bcet, and fcc NCSL symmetry. The plots were
obtained by radially integrating the intensity of the (111)nc
reflections as a function of detector azimuthal angle (¢).

demonstrate this concept, we compared ligand—solvent
interactions in the case of the aliphatic chain of the fatty
acid ligand solvated by various solvents. Guided by
considerations of Flory—Huggins interaction parameters
and molecular shapes, we expected aliphatic solvents (e.
g., hexane, octane) to solubilize the ligand chain more
effectively than the aromatic solvents (e.g., toluene). In
other words, in an aromatic solvent, proximate NCs will
arrange themselves to maximize ligand—ligand interac-
tions and to avoid the energetically less favorable
ligand—solvent interactions.

We tested this conjecture by repeating the in situ
GISAXS measurements in the presence of toluene vapor
and found that toluene mediates the assembly of NCSLs
with undistorted bcc symmetry (space group: Im3m, No.
229). ANCSL with an initial bct symmetry (a=b=10.3,c=
12.3) assembled from hexane suspension was exposed to
toluene vapor resulting in a disordered (molten) inter-
mediate state which upon drying recrystallized as an
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undistorted bcc NCSLs (a = 11.0 nm) (Figure 4a). We note
that the interparticle spacing along the close-packed
[111] direction of the initial bct and final bcc NCSL is
approximately the same. Moreover, it is important to
point out that NCSLs formed in the presence of toluene
vapor exhibit bcc symmetry for a wide range of drying
rates. The lack of a relationship between drying rate and
superlattice distortion, as was observed in the case of
hexane and octane vapor (see Figure 2), suggests that
NCSL self-assembly in toluene is dominated by energetic
aspects of ligand—ligand interactions.

The failure of the soft sphere model in the case of
lead salt NCs with y < 0.7 suggests that other aspects of
the NC interaction need to be considered. An earlier
investigation of binary NCSLs by O'Brien and co-work-
ersintroduced the idea of “hard spheres with sticky soft
shells”3* Building on their model, we hypothesized
that the “stickiness” of the ligand shell is related to the
symmetry of the NC core. The relative ligand density on
the NCs {111}ncand {100}y facets is not known and is
subject to current computational and experimental
investigation in our laboratory. Parallels between the
8-fold coordination of the single-component bcc NCSL
and the 8-fold symmetry of {111}y facets on indivi-
dual cuboctahedral NCs, which was reported by Fang
et al. to be an energetically preferred Wulff construc-
tion,'® provides an important clue: In the case of tol-
uene vapor, neighboring ligands bound to {111}y¢
facets experience an effective attraction resulting in
the formation of ligand bridges along the 8-fold
{(111)\¢ directions. This model implies that individual
NCs within the NCSL should show both translational
and orientational ordering as demonstrated in Figure 5c.

The GIWAXS pattern of the bcc NCSL in Figure 4b
shows that this is indeed the case. The wide-angle
scattering pattern confirms that the (110)yc orientation
of individual NCs is coaxially aligned with the (110)s
orientation of the bcc NCSL. The remarkable degree of
orientational and translational ordering is consistent with
the NCSL model shown in Figure 5c. Furthermore, the
model illustrates how Archimedean cubotahedra, the
Wiegner—Seitz cells of the bcc crystal, can pack with
complete space filling. The more general relationship
between NCSL symmetry and the orientation distribution
function of NCs within their lattice sites is summarized in
Figure 4c. Comparison of the azimuthal width of the
(117)nc reflection in the integrated GIWAXS intensity
points to a general trend of decreasing orientational
coherence of NCs with increasing the c/a ratio of the
superlattice constants. The bcc NCSL (c/a = 1) exhibits a
relatively narrow angular distribution of the (111)yc
reflection (fwhm = 15°). This scattering pattern is con-
sistent with that of a PbS crystal whose (110) direction is
parallel to the substrate. The angular breadth of the
(111)nc reflection increases along the Bain path as shown
in the case of the intermediate bct NCSLs with c/a=1.16
(fwhm = 17°) and 1.31 (fwhm = 24°). Finally, fcc NCSLs
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(

Figure 5. NCSLs with predefined symmetry. Depending on ligand state and solvent content the SL can continuously change
from fcc to bec, with quasi-spherical NCs with extended ligands (fcc), or oriented cuboctahdra (bcc). (a) Model of a fcc
superlattice unit cell assembled from quasi-spherical particles. The inset shows a snapshot from a molecular dynamics
simulation of the NC-ligand shell complex. The top, right particle is omitted to illustrate the close packing in fcc (111)s, planes.
The lower image shows a model of seven PbS NCs in the (111)s, plane of the fcc NCSL. (b) Model of a bcc assembly of
cuboctahedral NCs. The green plane indicates the close-packed (110)s, plane of the bcc superlattice. The inset shows a model
of a 7 nm PbS nanocrystal with characteristic (111)yc and (100)yc facets of the rock-salt crystal structure. The lower model
shows the orientational and translational coherence of NCs in the bcc NCSL. Attractive interactions (in red) between ligands
bound to the {111} NC facets drive the orientational coherence of neighboring NCs which in turn drive the change in the NCSL

symmetry from fcc to bcc.

showed ringlike WAXS patterns indicative of isotropic
distribution of NC orientations within the superlattice
sites. These results confirm that the orientational align-
ment of NCs within their superlattice site provides the
impetus for the Bain distortion of the NCSL symmetry.

CONCLUSION

The results presented in this paper demonstrate
that solvent vapor processing provides an unprece-
dented level of control over the assembly of identical
NCs into either fcc, bct, or bcc NCSL symmetry (see
Figure 5). The NCSL polymorph formation is a well-
defined function of deposition kinetics and solvent
vapor processing. NCs surrounded by a well-solvated
oleicacid ligand shell dispersed in alkane solvent (see
MD snapshot in Figure 5a) behave as hard-spheres
with short-range attraction and assemble into fcc
NCSLs. In the presence of toluene vapor, ligand—ligand

METHODS

Nanocrystal Synthesis. PbSe NCs were prepared following the
method reported by Yu et al.>* The synthesis was carried out in a
three-necked flask under an inert nitrogen atmosphere. In a
typical synthesis, PbO (4 mmol) and oleic acid (10 mmol) were
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interactions are favored over ligand—solvent interac-
tions; the resulting anisotropic interaction potential
reflects the octahedral shape of the NC core leading
to the formation of a bcc NCSL with a high degree of
orientational and translational order (Figure 5c). NCSLs
with bct symmetry and controlled extent of tetragonal
distortion can be formed by systematic tuning of the
solvent evaporation rate. This high degree of structural
control over fcc, bec, and intermediate bct symmetries
along the Bain path opens the door to a rich space of
opportunities for the engineering of quantum crystals
with desired coherent electrical, magnetic, and optical
properties. The formation of such artificial solids from
lead salt NCs is particularly intriguing for the investiga-
tion of the relationship between the superstructure and
coherent properties since the strong quantum and
dielectric confinement leads to weak exciton binding
and high electronic coupling.

dissolved in 1-octadecene (ODE) to yield a precursor solution
with [Pb] = 0.3 M and a molar Pb/oleic acid ratio of 1:2.5. The
solution was then degassed by heating to 160 °C for 1 h under
flowing nitrogen. In a glovebox, Se was dissolved in trioctylphos-
phine (TOP) to yield a 1 M stock solution. A small amount of
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diphenylphospine (DPP) (4.5 mM) was added to the TOPSe
solution. A 12 mL portion of the 1 M TOP-Se solution was rapidly
injected into the vigorously stirred, hot lead oleate solution.
PbSe NCs formed immediately after injection and their size was
tuned through adjustments in temperature (120—180 °C),
reaction time (0.5—5 min), and molar Pb/oleic acid ratio (1:6
to 1:2). After the elapsed reaction time, the solution was
quenched by transferring the flask to a water bath. Following
synthesis, the NCs were washed several times by sequential
precipitation with ethanol and redispersion in anhydrous hex-
ane. The PbSe NC cores had an average diameter of 6.1 nm with
a 11% relative size distribution, based on a statistical analysis of
TEM images.

The PbS synthesis was adopted from the work by Hines and
Scholes.*® PbO (1 mmol) and oleic acid (25 mmol) were dis-
solved in approximately 2 mL of ODE to yield a solution with a
total volume of 10 mL. The solution was then degassed by
heating to 150 °C for 1 h under flowing nitrogen. In a glovebox,
0.6 mol of bis(trimethylsilyl)sulfide (TMS) was dissolved in 6 mL
of ODE and stirred thoroughly. A 5 mL portion of the TMS
solution was rapidly injected into the vigorously stirred, hot lead
oleate solution. PbS NCs formed immediately after injection,
and they were collected after 1 min of reaction at 150 °C.
Following synthesis the NCs were washed several times by
sequential precipitation with ethanol and redisperson in anhy-
drous hexane. The PbS NCs had an average diameter of 6.4 nm
with a 9% relative size distribution, based on statistical analysis
of TEM images.

NC Film Deposition and GISAXS Measurements. NC films were
prepared by drop-casting a NC suspension onto a cleaned
substrate and drying the film in a controlled vapor environment.
Details of the drop-casting deposition are given elsewhere.*

Grazing incidence small-angle X-ray scattering (GISAXS)
measurements were performed on beamline D1 of the Cornell
High Energy Synchrotron Source (CHESS) using monochromatic
radiation of wavelength 1 = 1.284 A with a bandwidth A1/ of
1.5%.3” The X-ray beam was produced by a hardbent dipole
magnet of the Cornell storage ring and monochromatized with
Mo:B,4C synthetic multilayers with a period of 30 A. The D1 area
detector (MedOptics) is a fiber-coupled CCD camera with a pixel
size of 46.9 um by 46.9 um and a total of 1024 x 1024 pixels with
a 14-bit dynamical range per pixel. Typical read-out time per
image was below 5 s. The images were dark current corrected,
distortion-corrected, and flat-field corrected by the acquisition
software.>® The sample to detector distance was 938 mm, as
determined using a silver behenate powder standard. The
incident angle of the X-ray beam was varied between 0.02°
and 0.45°; most data presented here were taken at 0.25°, that is,
slightly above the silicon critical angle (0.18°). Typical exposure
times ranged from 0.1 to 1.0 s. Scattering images were cali-
brated and integrated using the Fit2D software.® GISAXS
diffraction peaks were indexed and fitted using our in-house
software.*® WAXS patterns were recorded on an imaging plate
and scanned for digital processing. Details of the solvent vapor
chamber used for in situ GISAXS measurement setup are
provided in the Supporting Information.

Molecular Dynamics Simulations. Models for the “capping” li-
gands, oleic acid and C;;H,3COOH (the so-called “C12” ligand),
were created using the Molden software package,*' and an energy
minimization of the initial guessed structures was performed using
a standard minimization algorithm, here the limited memory
L-BFGS minimization using a modified version of the Nocedal
algorithm, which is a part of the TINKER software package.*? The
length of the oleic acid ligand was measured to be 1.8 nm and the
“C12" ligand was measured to be 1.4 nm; knowledge of these
lengths are needed in order to estimate the extent of interpene-
tration of the ligands on adjacent nanocrystals.

Intermolecular Potential Model. The only input, beyond proces-
sing conditions, to the deterministic Molecular Dynamics tech-
nique is the intermolecular potential model. We chose to use
the nonreactive semiempirical MM3 potential to model all the
ligand interactions. There are no crystal core—core interactions
to consider here because we assumed, based on the prior work
of Luedtke and Landman,? that the ligand—ligand interactions
dominate over the NC—NC ones in the absence of long-range
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dipole—dipole interactions, which is the case here. The MM3
potential has been shown, by us and others, to accurately
describe aliphatic hydrocarbons and three-, four-, five-, and
six-ringed organic structures. MM3 incorporates stretching,
bending, and torsional energies, as well as the van der Waals
interaction energies based on phenomenologically determined
parameters. We have used this model extensively and success-
fully to study the energetics and structural characteristics of an
array of small organic molecules including the acenes, rubrene,
DIP, sexiphenyl, and Cgo. Our most recent study involved an
extensive survey of 12 Density Functional Theory models, as
well as the MM3 and MM3- models for the sexiphenyl mole-
cule, in which we found all 14 models to give consistent
energetically preferred structures.** Detailed aspects of the
MD simulations are provided in section 8 of the Supporting
Information.
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