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ABSTRACT: Nanocube (NC) assemblies display complex superlattice behaviors,
which require a systematic understanding of their nucleation and growth as well
transformation toward construction of a consistent superlattice phase diagram. This
work made use of Fe3O4 NCs with controlled environments, and assembled NCs
into three-dimensional (3D) superlattices of simple cubic (sc), body-centered cubic
(bcc), and face-centered cubic (fcc), acute and obtuse rhombohedral (rh)
polymorphs, and 2D superlattices of square and hexagon. Controlled experiments
and computations of in situ and static small-angle X-ray scattering (SAXS) as well as
electron microscopic imaging revealed that the fcc and bcc polymorphs preferred a
primary nucleation at the early stage of NC assembly, which started from the high
packing planes of fcc(111) and bcc(110), respectively, in both 3D and 2D cases.
Upon continuous growth of superlattice grain (or domain), a confinement stress
appeared and distorted fcc and bcc into acute and obtuse rh polymorphs,
respectively. The variable magnitudes of competitive interactions between
configurational and directional entropy determine the primary superlattice polymorph of either fcc or bcc, while emergent
enhancement of confinement effect on enlarged grains attributes to late developed superlattice transformations. Differently, the
formation of a sc polymorph requires a strong driving force that either emerges simultaneously or is applied externally so that
one easy case of the sc formation can be achieved in 2D thin films. Unlike the traditional Bath deformation pathway that
involves an intermediate body-centered tetragonal lattice, the observed superlattice transformations in NC assembly underwent
a simple rhombohedral distortion, which was driven by a growth-induced in-plane compressive stress. Establishment of a
consistent phase diagram of NC-based superlattices and reconstruction of their assembly pathways provide critical insight and a
solid base for controlled design and scalable fabrication of nanocube-based functional materials with desired superlattices and
collective properties for real-world applications.

■ INTRODUCTION

Nanocrystal assembly leads to a broad spectrum of supercrystals
with various ordered superlattices, which hold promise for
designable control and scalable fabrication of novel materials
with desired properties and functionalities.1,2 Previous studies
focus largely on the self-assembly and resultant superlattices of
simple shaped nanocrystals, such as sphere, rod and plate.3,4

Upon discovery of enhanced flat facet-to-facet coupling between
neighboring shaped nanocrystals and recent advances in wet
synthetic chemistry,5,6 both experiments and simulations are
being rapidly switched to explore the self-assembly and
structural development as well as underlying mechanism over
a rich variety of complex anisotropic nanocrystals and their
superlattice phase behaviors upon variation of size, surface
coating molecule, and composition of nanocrystals.7−13

Among a large diversity of anisotropic shapes, nanocube
(NC) appears as the simplest shape with surface termination of
six identical cubic facets.1,8 Unlike spherical nanocrystals that
mostly self-assemble into a close packing superlattice of either a
face-centered cubic (fcc) or hexagonal close packing (hcp) with
a packing density of 74%,2,14−17 NCs embrace only such a very
simple anisotropic feature, but surprisingly, the emergence of
directional interactions between parallel aligned facets lead NCs
to manifest rich superlattice phase behaviors.18−43

Control of the interaction strength between NCs can be
achieved by delicate tuning of assembly environments and thus
enables feasible modification of the structural symmetry of
assembled superlattice.18−43 Upon drop-casting of dilute NC
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suspension solutions toward self-assembly of two-dimensional
(2D) thin films, NCs can nucleate into superlattices with either a
monolayer or multiple layers.18−30 While the monolayers are
often dominated by hexagonal and square lattices,18−22 the
multiple layers become a bit complex, showing various
superlattices of simple cubic (sc), body-centered cubic (bcc)
and fcc superlattices.18,22−30 Once fast drying occurs to mediate
the assembly process, stress emerges to confine the superlattice
grains, accordingly driving gradual deformation of original cubic
superlattices into low symmetry polymorphs.18,28−30 Upon
increase of NC concentration with control of solvent
evaporation at a slow rate, NCs interact with surface-coating
ligands and surrounding solvent molecules and self-assemble
into ordered 3D superlattices with subsequent growth over a
large length scale.31−43 Such 3D superlattice crystals (called
supercrystals) not only display long-range translational ordering
of NCs,31−42 but also align orientationally atomic crystallo-
graphic planes across NCs.31−33 Once the assembly environ-
ments are perturbed, a certain degree of thermal fluctuation
appears to influence the whole assembly system. Among the
variety of complex interaction forces, the magnitude of changes
contributed from one to another modifies the pathways of NC
assembly. As a consequence, various superlattice polymorphs are
developed to minimize the total free energy of the assembled
system. As witnessed by a rapid expansion of NC-based
superlattice library, NC assemblies not only produce the well-
recognized high symmetry superlattice polymorphs of sc, bcc,
and fcc34−42 but also give rise to a series of superlattice
intermediates with reduced symmetries, such as tetragonal,
orthorhombic, rhombohedral (rh), and so on.18,31−33,42

Without use of in situ and real time structural identification,
the above-determined superlattices represent only a series of
finally achieved structural polymorphs with achievement of
thermodynamic stability, whichmay not truly reflect the primary
superlattice polymorphs nucleated at the early stage of NC
assembly. Therefore, the question arises how one superlattice
initially nucleates, grows, and eventually develops into another
thermodynamically stable polymorph as named above. As an
example, recent studies observed the two typical rh superlattices
in large 3D NC assembles,32,33,42 in which the lattice angles of
the defined primitive rhombus cell inside are acute and obtuse,
respectively. Such an angular difference implies very distinct
assembly pathways between the two observed rh superlattice
polymorphs. To resolve puzzles among superlattice polymorphs
such as one highlighted above, it is obviously required to develop
an in situ and real time characterization technique with enough
time and spatial resolution, capable of truly capturing the
structure and variations of NC assembly over the whole process
from the early nucleation through subsequent growth and
transformation to the final superlattice polymorph.
In this work, we made use of monodispersive Fe3O4 NCs and

delicately designed various control experiments to obtain a
series of typical superlattice polymorphs. In parallel, we
combined both static and in situ and real time synchrotron-
based small-angle X-ray scattering (SAXS) characterization with
electron microscopy imaging and carried out systematic
explorations on the nucleation and growth as well as
transformation of NC assemblies into several stable superlattice
polymorphs. Besides achievement of experimental and technical
progress and controlled growth of superlattice polymorphs, we
also implemented a computational approach to make precise
indexing of collected SAXS patterns and reliable computation of
SAXS-based superlattice variations toward reconstruction of

convincing superlattice transformation pathways between fcc,
bcc, and sc polymorphs, which are linked by a series of low-
symmetry superlattice intermediates. Combining both experi-
ments and computations with careful analysis and reasonable
correlation, we stepped a bit further and explored the
competitive interactions between positional (configurational)
and directional entropic forces, thus providing insights into the
nucleation and growth and transformation of NC-based
superlattice polymorphs.

■ EXPERIMENTAL SECTION
Synthesis of Fe3O4 NCs. The iron oxide (Fe3O4) NCs with surface

coating molecules of oleic acid (OA) were synthesized by
decomposition of iron(III) oleates, following a slightly modified
literature approach.31 Typically, 1 mmol of iron oleate, 0.5 mmol of
sodium oleate, and 0.5 mmol of oleic acid were dissolved in 5 g of 1-
octadecene. The solutions were heated up to 320 °C and refluxed for 1
h. The synthesized NCs were purified using a solvent/nonsolvent pair
of n-hexane/ethanol three times. The NCs were collected and stored in
toluene for additional characterization and assembly processing.

Assembly of Fe3O4 NCs. NC assemblies were made by two major
approaches, including (1) drop casting of a NC suspension in toluene
on substrates of silicon, Kapton tape, and copper grid and (2) diffusion-
mediated evaporation and saturation of NC suspensions in toluene by
varied volumetric ratios of ethanol either in a glass capillary or in a
nuclear magnetic resonance tube. Briefly, Fe3O4 NCs were suspended
in toluene and controlled at a fixed NC concentration of approximately
10 mg/mL. For the drop casting assembly, 2 μL of NC suspension was
drop cast on a substrate to guide NC assembly at a fast rate of solvent
evaporation. For the capillary-based assembly, 2 μL of NC suspension
was quickly injected into a glass capillary (1 mm in diameter), and then
about 6−10 μL of ethanol was added into the glass capillary. An air
separation between toluene and ethanol was set to avoid direct contact
between the two different types of solvents. After sealing the two
openings of the capillary, a slow evaporation of ethanol across the air
separation space with a sluggish diffusion into toluene was made to
trigger the self-assembly of NCs in a diffusion-developed antisolvent
environment.

Synchrotron-Based X-ray Scattering Characterization. The
NC assemblies were characterized by synchrotron-based small- and
wide-angle X-ray scattering (SAXS/WAXS) at the B1 station of Cornell
High Energy Synchrotron Source (CHESS).44,45 Briefly, the incident
white X-ray beam was collimated by a pair of single silicon crystals with
(111) orientation into amonochromatic beamwith an energy of 25.514
keV, equivalent to the wavelength of 0.485946 Å. The monochromatic
X-ray beam was reduced by a circular tube to a small beam 100 μm in
diameter to illuminate the samples. A large area detector of Mar345 was
used to record the scattered X-rays from assembled samples. The
sample-to-detector distance and other detector-setting parameters were
calibrated by the two standards of CeO2 and Ag-behenate.

The NC assemblies made by drop casting were first loaded either
onto a Kapton tape or into a stainless gasket hole. After mounting the
samples on the stage of the B1 station at the CHESS, both SAXS and
WAXS images were simultaneously collected from the same volume of
the samples. The in situ/real time experiments were performed only on
SAXS, in which a long sample-to-director distance was set to improve
the spatial resolution. Using a Fit2D software package, the SAXS images
collected from the samples were reduced into 1D plots of intensity
against either 2θ (deg) or inverse nanometer (nm−1) for structural
analysis.

Electron Microscopic Characterizations. The assembled
samples were also characterized by scanning and transmission electron
microscopy (SEM and TEM). The TEM characterizations were
conducted on Hitachi H-7000 TEM operating at 100 kV, while high
resolution TEM (HRTEM) and selected area electron diffraction
(SAED) were conducted on FEI Tecnai F20 S/TEM operating at 200
kV. The monolayer TEM samples were prepared by dropping ∼1 mg/
mL of NCs suspended in chloroform on a copper grid, whereas the

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.8b13082
J. Am. Chem. Soc. 2019, 141, 3198−3206

3199

http://dx.doi.org/10.1021/jacs.8b13082


superlattice TEM samples were prepared by dropping ∼10 mg/mL
NCs suspended in toluene on a copper grid. The samples were both
dried under air conditions. Additional TEM and scanning TEM
(STEM) images were also performed, including high-angle annular
dark field (HAADF), annular bright field, and secondary electron
modes, as well as energy dispersive X-ray spectroscopy element
mapping using a JEOL ARM 200 equipped with a probe corrector and
an image corrector. Similarly, the samples were prepared by dropping
∼10 mg/mL NCs suspended in toluene on a copper grid and drying
under air conditions.
Indexing and Computation of SAXS Images. The analysis and

indexing as well as computation of SAXS images were made using
Matlab with partial adaption and modification from GIXSUI 1.6.2
package.46 Briefly, several cubic superlattices were used to start with,
and the rhombus was defined as the equivalent primitive cell from each
superlattice polymorph for SAXS-based reconstruction of the trans-
formation pathways. Upon gradual change of the rhombus angle, a
series of SAXS patterns were computed to determine intermediate
superlattice polymorphs with reduced symmetries.

■ RESULTS AND DISCUSSION
Characterization of Fe3O4 NCs. The quality of iron oxide

(Fe3O4) NCs plays a significant role in the nucleation and
growth of NC self-assembled superlattices under controlled
environments. A typical TEM image (Figure 1a) revealed the

monodispersity of synthesized Fe3O4 NCs. Both SAED (Figure
1b) and WAXS patterns (Figure 1c) consistently identified the
crystallization of individual NCs in an atomic cubic structure
(Fd3m), which has lattice constants of a = 8.442 Å andV = 601.6
Å3. One typical high resolution HAADF image revealed slight
truncations of individual NCs with surface termination of six
(100) and eight (111) facets (Figure 1d and inset). Based on the
HAADF-defined fringe number of the cubic lattice and the
WAXS-determined d-spacing of (400) planes (see Table S1),
the side length of the NC was accurately calculated to be 12.5
nm (Figures 1d and S1).

Finally Harvested Superlattices under Controlled
Environments. Previous studies observed several superlattice
polymorphs from NC assemblies, but random control of
assembly environments and extensive use of NCs with variable
compositions and sizes hindered direct comparison and reliable
correlation between various superlattice polymorphs toward
construction of a consistent superlattice phase diagram.18−43 To
circumvent such a severe issue, the experiments were designed
to start with Fe3O4 NCs suspended in toluene at a fixed NC
concentration of ∼10 mg/mL. Through delicate control of
assembly environments, the self-assembly of NCs was tuned into
various periodically ordered superlattice polymorphs.
Starting with thin film assembly, drop casting of NC

suspension on Kapton tape resulted in ultimate collection of a
bcc superlattice (Figure 2a, and also see the detailed analysis in

SI and Figures S2 and S3), whereas interface-mediated diffusion
of ethanol into toluene caused early and primary nucleation of a
fcc superlattice (Figure 2b). The bcc and fcc superlattices have
unit cell parameters of a = 23.0 nm and a = 26.2 nm, respectively.
Apparently, these two high symmetry cubic superlattice
polymorphs underwent different paths of the nucleation and
growth, but one common feature was that the NC assembly was
rapidly completed. Practically, the bcc lattice was controlled by a
fast evaporation of solvent, whereas the fcc one was made
through quick saturation of NCs under a diffusion-induced
antisolvent environment (a mixture of toluene and ethanol).
Thus, both bcc and fcc lattices can be reasonably considered as
the early nucleated superlattices under two typical but different
environments.
Aimed at growing a large supercrystal, a slow solvent

processing of NC suspensions was designed to control the
self-assembly of Fe3O4 NCs. While the sluggish diffusion of
ethanol vapor into toluene over the course of 1 week enabled the
final harvest of an acute rh superlattice (Figure 2c), the
evaporation of toluene at a very slow rate allowed one to
eventually obtain an obtuse rh superlattice (Figure 2d). The

Figure 1. Electron microscopy and X-ray scattering characterizations of
iron oxide (Fe3O4) nanocubes (NCs): (a) low resolution transmission
electron microscopic (TEM) image; (b) selected area electron
diffraction (SAED) pattern; (c) wide-angle X-ray scattering (WAXS)
pattern; and (d) high resolution high-angle annular dark field
(HAADF) image with inset of cartoon illustration on the shape of
one typical NC.

Figure 2. Small angle X-ray scattering (SAXS) patterns of (a) body-
centered cubic (bcc), (b) face-centered cubic (fcc), and (c) acute and
(d) obtuse rhombohedral (rh) superlattices. The acute and obtuse
angles of inside rhombus are 66.1° (c) and 106° (d), respectively. Note,
the inset marks in color represent the indexed peak positions (or spots)
of corresponding superlattices.
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acute rh structure has lattice constants of a = 17.1 nm and α =
66.1°, whereas the obtuse rh structure has a = 17.1 nm and α =
106°. Such experimental observations implied a dramatic
difference of the nucleation and growth pathways between
acute and obtuse rh superlattice polymorphs.
Besides the fcc lattice that was characterized during the

intermediate process of NC assembly, all other three superlattice
polymorphs were determined after a complete drying of the NC
assembly. It is thus indicated that these three superlattice
polymorphs represent the thermodynamically stable structural
states achieved at the final stage under individually controlled
environments. Therefore, the question arises whether each of
these superlattice polymorphs could also reflect the initial
structure nucleated at the early stage and, if not, what is exactly
the truly initial superlattice and how does it continue to grow
and thus develop into the finally observed superlattice
polymorph with reasonable achievement of a thermodynami-
cally stable state.
In Situ SAXS for the Formation of the Acute

Rhombohedral Superlattice. In order to capture the initial
nucleation of one superlattice and also uncover its continuous
growth with subsequent development into a final superlattice
polymorph, one realistic in situ and real time experiment was
designed with fair control of overall assembly time for reasonable
access of synchrotron X-ray to allow simultaneous monitoring of
the NC assembly pathway. As a result, one unique control of the
diffusion rate of ethanol in toluene through a separation space
between the two solvents was designed to make NC assembly
measurable within the time and spatial resolutions of the
synchrotron-based SAXS technique.
Figure 3a shows the experimental setup of in situ and real time

SAXS measurements with reasonable control of the diffusion

rate to form an antisolvent environment with X-ray illumination
on the upper boundary of the capillary. Upon slow diffusion of
ethanol into NCs suspended in toluene (see SI for the details),
SAXS images from one portion of solvents with suspended NCs
were simultaneously and continuously collected as a function of
time (Figure 3b−f and Video S1). The SAXS images initially
displayed a strong diffuse feature of X-ray scattering, indicative
of a random or disordered state of NCs in toluene dominant
antisolvents (Figure 3b). Upon continuous diffusion of ethanol
in toluene, the solubility of NCs in antisolvents decreased

gradually (Figure 3c). Once NCs were saturated in solvents, the
nucleation of the fcc superlattice with a strong (111) orientation
emerged on the capillary wall (Figure 3d and Figure S4). Upon
continuous growth, there was a noticeable decrease in d-spacing
of fcc(111) and lattice volume (Figures 3d−f and S5). An overall
analysis of d-spacing at different orientations indicated that a
much stronger compressive stress developed in-plane of
fcc(111) in the direction parallel to the capillary wall.
Continuous enhancement of in-plane compression gradually
distorted the initially formed fcc into an acute rh superlattice
polymorph with a (001) orientation (Figure 3f and Figure S6,
Video S2). Note that the fcc lattice could be alternatively treated
as a rh lattice as well, with the lattice angle of 60°, and under this
newly defined configuration, the (111) plane of the fcc lattice is
the (001) plane of the as-constructed acute rh lattice.
Figure 4 presents the time-dependent variation of X-ray

scattering intensity of both solution and superlattice at the two

selected spots on SAXS image (Figure S7). Apparently, the
whole process of NC assembly from the nucleation of fcc lattice
through its growth to the final formation of an acute rh
superlattice polymorph was accomplished over the course of
approximately 100 min (e.g., t = 240 − 140 = 100 min). At this
typical stage, the antisolvents became completely transparent,
and then, the acute rh polymorph remained almost constant in
both scattering intensity (Figure 4, top) and rhombus angle
(Figure 4, bottom), but demonstrated a very slight decrease of
lattice constant (Figure S5).
After removal of remaining solutions and complete drying of

the NC assembly, the rhombus angle of the acute rh superlattice
did not show a continuous increase toward achievement of an
expected sc or even an obtuse rh superlattice. Thus, it was
understandable that the observed obtuse rh superlattice actually
underwent a different assembly pathway, rather than a large
magnitude of structural distortion directly from the fcc
superlattice. Our previous results on the assembly of Pt and
Pt3Co NCs also revealed that the obtuse rh superlattice
underwent a very sluggish formation process,32,33 which

Figure 3. Configuration of in situ and real time SAXS experimental
setup (a) and several typical SAXS images (b−f) collected in real time
at several points over the course of NC assembly.

Figure 4.Normalized scattering intensity of two selected SAXS spots as
a function of time, representing changes of NC concentration in solvent
and growing superlattice (top) and the change of rhombus angle as a
function of time (bottom).
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normally took time over the period of a week or a month.
Therefore, instead of an unrealistic conduction of synchrotron-
based in situ experiment, a feasible control experiment was
alternatively designed. In a simple way, drop casting of NC
suspensions with similar control of assembly environments was
allowed to make rapid quenching and preservation of the
primary superlattice nucleated at the early stage for ex-situ
structural determination. As shown in Figures 2a, S2, and S3 on
the fast quenching superlattices, NC assembly under single
toluene environment truly favors the primary formation of a bcc
superlattice polymorph at the early stage. This allows us to
reasonably conclude that the obtuse rh superlattice was
developed from the early formed bcc superlattice polymorph
(Figure 2a,d).
Computational Simulation of SAXS. In order to justify

the reliability of the above derived pathway of the nucleation and
transformation, the SAXS patterns of NC-based superlattices
were computed against the variation of superlattice angle upon
transformation from one to another. Figure 5 shows the

structural correlations between superlattice polymorphs of fcc,
sc, and bcc. The blue bonds represent the unit cells of fcc and
bcc, whereas the red bonds represent that the primitive unit cells
of fcc and bcc are converted into the rhombus lattices with the
lattice angle of 60° and 109.5°, respectively. Thus, the
superlattice transformation pathway can be easily understood
through the angular change of inside defined rhombus primitive
unit cell. Based on the deformation pathway, we began with
computation from the fcc with a (111) orientation [treated as
(001) oriented rh with rhombus angle of 60°], which was
commonly observed in this and previous studies,29,30,42 and then
continuous increase of the lattice angle of rh maintains the (001)
orientation. The SAXS patterns were generated and presented in
Video S3 and Figure 6 and Figures S8−S10. The computed
SAXS series (Figure 6a,b, and Videos S1 and S2) are an excellent
match with in situ SAXS measurements of the fcc-to-acute rh
transformation (Figure 3), confirming the reliability of the
computation-based transformation model. The reliability of the
model indicates its feasibility to compute and reconstruct the
pathways of other superlattice transformations.
As for the obtuse rh superlattice, there are two possible

transformation pathways (Videos S3 and S4), depending on
whether it starts from a sc (Figure 6d) or bcc (Figure 6f) lattice.
Taking into account the enhancement of emergent stress upon
growth of superlattice grain, the lattice was expected to reduce
from the starting superlattice through a transformation process
toward the formation of high-density obtuse rh polymorph.
Figure 7 presents the calculated packing density of various

superlattice polymorphs as a function of rhombus angle from
60° to 109.5° (see the calculation details in SI). Among
superlattice polymorphs involved, the sc has the highest packing
density, excluding the possibility for a compressive stress-
induced sc-to-obtuse rh transformation pathway. Therefore, the
only pathway is the bcc-to-obtuse rh transformation. This is not
only consistent with a compression-induced increase of packing
density but also supported by the in situ observed fcc-to-acute rh
pathway that is similarly induced by a stress-induced change
from lower to higher packing density (Figures 2, 3, and 7).

Figure 5. Structural correlations between face-centered cubic (fcc),
simple cubic (sc), and body-centered cubic (bcc) superlattices through
a gradual angular development of equivalently defined rhombus inside
(a) fcc, an acute angle of 60° and a lattice constant of δ(fcc)/√2), (b) sc,
an angle of 90° and no change of a, and (c) bcc, an obtuse angle of
109.5° and a lattice constant of δ(bcc)√3/2). Note, upon a
rhombohedral (rh) distortion, the planes of fcc(111) and bcc(110)
correspondingly develop into the (001) plane of resultant rh lattice.

Figure 6. Several computed SAXS patterns of superlattices upon
variation of the superlattice angle from 90° to 117°, corresponding to
the rhombus angle from 60 to 109.5°, including (a) fcc, (b, c) fcc-based
acute rh, (d) sc, (e) bcc-based obtuse rh, and (f) bcc. Note, the
computations are based on the fcc(111) orientation.

Figure 7. Calculated variation of packing density as a function of
rhombus angle from 60 to 109.5°, equivalent to the superlattice angle
from 90 to 117°.
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Previous studies mostly employed the well-known Bath
deformation route to interpret the stress-induced structural
distortion and associated phase transformation, such as the fcc-
to-bcc transformation (Figure S11) and some low symmetry
intermediate lattices. Basically, the Bath-based transformation
mechanism involves a body-centered tetragonal phase, which
changes in lattice ratio of a/c and remains constant in lattice
angle. Taking into account these parameters, we computed a
series of SAXS patterns as shown in Figure S12 and Video S5,
which are in apparent disagreement with our experimental
observations (Figures S13 and S14). This allows one to exclude
the Bath deformation pathway, thus confirming the novelty of
the transformation pathway observed in NC assembly.
Formation of Simple Cubic (sc) Lattice under Strong

Confinement. In principle, a higher packing density is
indicative of a greater configurational entropy and a lower free
energy.8,47 Therefore, the sc lattice represents the most stable
superlattice and is expected to be formed at the final stage of NC
assembly. Based on the orientational development upon
superlattice transformation (Figure 6), the superlattice trans-
formation from either bcc or fcc to sc polymorph certainly
requires a shear force, which should be strong enough to
completely change the stacking sequence of NCs from ABABAB
in bcc(110) and ABCABC in fcc(111) to AAAAAA of sc(100).
In the cases of thick 2D and large 3D supercrystals, the inter-NC
distances are observed in a narrow range of 2.6−3.1 nm.14,17,47

Correlating the double OA length of ∼4 nm, it is suggested that
OA intercalations exist inside the superlattice to form a strong
OA−NC interface. To break down the intercalated OAs and
thus drive NCs with a great magnitude of movement, the driving
forces are certainly much larger than the solvent-based weak
interaction forces as observed in NC assemblies. Therefore, the
formation possibility of sc superlattice can be made by
reasonable control and treatment of thin film assembly, which
does not require strong forces to trigger a less heavy NC
rearrangement. To test this assumption, thin film assembly with
a 2D structural feature was treated heavily by multiple washing
with ethanol and acetone (at least 10 times), which truly resulted
in the formation of sc superlattice (Figure 8a,b). As one

additional example, the drying-induced strong confinement
surrounding individual solvent drops on a solid substrate often
resulted in the formation of a square lattice at the edge of the
monolayer-dominated coffer ring (Figure 8c).

Competitive Interactions between Driving Forces and
Correlations between NC-Based Superlattice Poly-
morphs. Careful analysis and reasonable correlation of in situ
and static (ex-situ) SAXS experiments and large computations as
well as electron microscopy imaging of controlled NC
assemblies allow one to understand the dominant play of
certain driving forces under typically controlled environments
and reconstruct the transformation pathways between NC-
based superlattice polymorphs (Figure 9). With controlof NCs

with low concentration in a good solvent such as toluene, the
surface coating molecules have a large magnitude of freedom, so
NCs behave like a series of spherical nanoparticles, capable of
moving around in solvent. Without direct core−core inter-
actions, NC assembly makes effort to maximize the positional
(configurational) entropy toward a rational minimization of
total free energy.14,17,47,48 As a result, the positional (configura-
tional) entropy dominates the interactions, thus causing the
primary formation of a fcc superlattice.49 Upon controlled
diffusion of ethanol into toluene, the resultant antisolvent causes
a dramatic reduction of NC solubility and accordingly enables a
quick saturation of NCs in solvents. Like the fast quenching of a
high temperature phase toward its good preservation under
ambient conditions, such an antisolvent tuned fast processing
allows for a rapid preservation of the primary fcc lattice in the
growing grain without significant change of superlattice. As a
consequence, continuous development of compressive stress
upon superlattice growth is only capable of causing an acute rh
distortion, rather than a large rearrangement of stacking
sequence into a sc superlattice polymorph. Without diffusion
of ethanol, the slow evaporation of single toluene gradually
increases the NC concentration, and the assembly environment
still maintains a thermodynamic state. In order to improve the
stability of the whole assembly system, the shape effect starts to
play a significant role and thus causes an increase of directional

Figure 8. Typical electron microscopic images of two-dimensional
(2D) thin films with slight and with strong flushing of ethanol and
acetone solvents (a, b) and drop-confined assembly (c).

Figure 9. Construction of NC-based superlattice polymorphs and their
pathways of nucleation, growth, and transformation. Note, lower and
upper panels show the two-dimensional (2D) and three-dimensional
(3D) superlattice, respectively.
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entropy. Similar to the self-assembly of nanoplates or nano-
rods,11,50 a preferred facet-to-facet alignment between neighbor-
ing NCs is developed to increase the directional entropy, which
thus drives the primary nucleation of an orientationally ordered
bcc superlattice polymorph.51 Upon continuous growth of
superlattice grain, the confinement stress starts to play a similar
role as that in fcc, and drives the bcc distorting into an obtuse rh
superlattice. Taking into account the two relatively changed
ranges of the rhombus angle of 19.5 (bcc−sc) and 30° (fcc−sc)
(see Figure 7), the distorting magnitude of 3.5° as observed in
transformation from the bcc to obtuse rh is relatively compatible
to the magnitude of 6.1° as deformed from the fcc to acute rh. In
a different case of thin film, as the NC concentration reduces
dramatically, the assembly stimulus of 2D superlattice appears to
be the same as that in 3D superlattice and is dominated by the
positional (configurational) entropy, which prefers an in-plane
hexagonal (or quasi-hexagonal) close packing of NCs at the early
stage.17,52−54 However, once a strong confinement appears
under in situ assembly environments (such as the reduction of
drop size) or a heavy treatment of solvent is applied late, a great
magnitude of NC movement is enabled to rearrange NCs into a
closer packing superlattice. This typical processing eventually
causes the formation of a sc (or square) superlattice, which
maximizes both the positional (configurational) and directional
entropies toward dramatic minimization of total free energy
(Figure 9, lower panel).

■ CONCLUSIONS

Control experiments have been delicately designed to assemble
Fe3O4 NCs into periodically ordered superlattice polymorphs of
sc, fcc, bcc, and acute and obtuse rh. In-situ and static
experiments and computations of SAXS, as well as electron
microscopic imaging, allowed one to determine the superlattice
polymorphs and their nucleation and growth and trans-
formation. Careful analysis and close correlations enabled
feasible construction of a consistent phase diagram of NC-
based superlattices. Upon control of assembly environments,
diffusion-mediated saturation of antisolvents and slow evapo-
ration of single toluene resulted in the primary nucleation of fcc
or bcc, respectively, and the emergent confining effect associated
with the growth of superlattice grains causes subsequent
transformation of fcc and bcc to the acute and obtuse rh
polymorph, respectively. At the early nucleation stage, the
configurational entropy dominates the interactions, and NC
assembly favors a fcc lattice. Once the directional entropy starts
to dominate, a bcc lattice forms accordingly. Upon continuous
growth of the supercrystal, the polymorph types of developed
superlattice depend on the magnitude of emergent stress as
applied on the growing grain. Without external stimulus, the
emergent weak stress is only able to drive a rhombohedral
distortion of the primary superlattice, but given an external force,
the dramatically enhanced stress is strong enough to cause the
formation of a high density sc superlattice polymorph. Unlike
the well-known Bath deformation, the two superlattice trans-
formations observed in this work undergo only a simple
rhombohedral distortion caused by a growth-associated in-plane
compressional stress. These results not only provide significant
insights into the nucleation and growth as well as transformation
of various superlattice polymorphs but also open up a window
for controlled design and fabrication of nanocube-based novel
materials with desired structures and properties for future
applications.
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