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Assembly of nanoparticles (1-100 nm in diameter) into
higher-order nanostructures such as superlattices may create
an opportunity to manufacture materials with new physical,
chemical, and mechanical properties,” which are important
to applications ranging from biological labeling to solar
cells.”™) This opportunity has motivated research efforts
aimed at developing methods for making 2D and 3D nano-
particle assemblies with a variety of superlattice structures.!
However, less is known about how to fabricate nanoparticle
superlattices in the form of superparticles with well-con-
trolled size and shape, which can be developed as a new type
of building block in nanoscience. Herein, superparticles (SPs)
refer to the colloidal particles made of nanoparticles through
assembly.

Recently, Li and co-workers reported an approach for
using the oil droplets in microemulsions as templates to grow
nanoparticle assemblies.”! The approach has led to the
synthesis of high-quality SPs with well-controlled size and
shape, and nanoparticles in the SPs exhibit long-range
ordering at some orientations. More recently, we have
developed a template-free, supramolecular chemistry
approach for using solvophobic interactions to synthesize
supercrystalline Fe;O, SPs.’l The SPs made by our approach
possess a nearly perfect face-centered cubic (fcc) superlattice
structure. These supercrystalline SPs exhibit superlattice
fringes in low-resolution transmission electron microscopy
(TEM) images, providing an interesting analogue to the
lattice fringes of colloidal nanocrystals in high-resolution
TEM images.”! Herein we report that the formation of
supercrystalline SPs in our synthesis follows Ostwald’s rule,”!
which is a two-step process. On the basis of this new
mechanistic understanding, we demonstrate that our
approach can be extended to synthesize relatively monodis-
persed SPs with diameters from 120 to 560 nm. Furthermore,
we show that the properties of these novel SPs can be tailored
by doping with organic dyes.

Our synthesis of supercrystalline SPs involves preparing
water-soluble nanoparticle micelles and then growing colloi-
dal SPs from the nanoparticle micelles in ethylene glycol. In a
typical experiment, nanoparticle micelles made from oleic
acid functionalized Fe;O, nanoparticles (5.8 nm in diameter)
and dodecyltrimethylammonium bromide (DTAB) were
injected into an ethylene glycol solution of poly(vinyl
pyrrolidone) (PVP). The mixture was then heated to 80°C
and annealed for 6 h. The resulting SPs are 190 nm in
diameter with a relative standard deviation of 17%. In
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polar solvents (e.g. ethanol and water), the SPs are highly
dispersible and can form stable colloids.

Under low-resolution TEM, the SPs exhibit cross-fringe
images that are identified as the on-axis superlattice-fringe
patterns of a face-centered cubic (fcc) superlattice structure
(Figure 1).'"”? These patterns include the cross-fringe images
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Figure 1. TEM images of SPs made of Fe;O, nanoparticles
(5.8+£0.2 nm in diameter) viewed along the zone axis of a) [001],
b) [011] ¢) [111], and d) [112]. e) Small-angle XRD pattern of a sample
with SPs of 190 nm in diameter.'” Experimental data are shown as
dots; fitting curve is shown as a solid line. Scale bars: 20 nm.

viewed along the [001], [011], [111], and even [112] zone axes
(Figure 1a-d)."” Like atomic lattice cross fringes from a high-
resolution TEM measurement, these superlattice-fringe
images are also acquired under an objective-lens defocus.!'"!
The origin of these superlattice fringes is likely from electron
phase contrast owing to the interference among the incident
beam and small-angle diffraction beams through the super-
crystalline SPs.”®! The identification of superlattice fringes is
important for understanding the 3D packing structure of
nanoparticle building blocks in their assemblies.

Taken together, the spacing and geometry of the cross
fringes in these TEM images indicate that the fcc nanoparticle
superlattice has a lattice constant of 11.740.2 nm.""! The
superlattice structure was further investigated by an ensemble
measurement of these SPs using small-angle X-ray diffraction
(XRD). The XRD pattern exhibits four distinguishable peaks
that are located at the positions corresponding to the Bragg
reflections from planes specified by the Miller indices as
(111), (220), (400), and (333) of the fcc superlattice (Fig-
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ure 1e). The lattice constant determined from this XRD
pattern is 11.9+0.3 nm,"™ which is in excellent agreement
with the value of 11.7 + 0.2 nm from the TEM measurements.

On the basis of detailed mechanistic studies, we have
identified two major steps in the synthesis of these super-
crystalline colloidal SPs: i) aggregation and ii) crystallization
(Figure 2a). TEM shows that the Fe;O, particle micelles were

Figure 2. a) A schematic representation of the proposed formation
mechanism of supercrystalline SPs. b) A TEM image of DTAB Fe;O,
nanoparticle micelles. c) ATEM image of SPs made without PVP at
room temperature. d) A TEM image of SPs made with PVP at room
temperature. €) An enlarged image of the inset in (d). f) ATEM image
of SPs after annealing at 80°C for 6 h. Scale bars: 50 nm (b), 100 nm
(c—f). The synthesis stages are i) aggregation, and ii) crystallization.
Enlarged images of (e) and (f) can be found in the Supporting
Information (Figure S6).

monodispersed with a nearly identical size to their nonpolar-
solvent-dispersible precursors (Figure S1 in the Supporting
Information). These nanoparticle micelles are dispersible in
aqueous solution owing to the hydrophobic van der Waals
interactions between the hydrocarbon chain of the Fe;O,
nanoparticle ligands (oleic acid) and the hydrocarbon chain
of the surfactant (DTAB)."*!¥) The van der Waals interactions
between nanoparticle ligands and surfactants were weakened
after the nanoparticle-micelle solution was introduced into an
ethylene glycol solution,™ at which point nanoparticle
micelles decomposed owing to the loss of DTAB molecules
into the solution (Figure 2a).

As a result, solvophobic interactions between oleic acid
functionalized nanoparticles and ethylene glycol solution
were induced,"*"! thus leading to the aggregation of nano-
particles and the formation of SPs (Figure 2). The mechanism
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was confirmed by 'H NMR spectroscopic analyses (Figure 3).
NMR spectra show that the Fe;O, nanoparticle micelles were
functionalized with both oleic acid and DTAB molecules at a
ratio of 2.4:1 (Figure 3 a). In contrast, the major ligands in the
Fe;O, SPs were only oleic acid; the amount of DTAB was not
measurable in the Fe;O, SPs (Figure 3b). These NMR
spectroscopy results demonstrate that the loss of DTAB
indeed occurs during the formation of SPs.
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Figure 3. "H NMR spectra of a) the organic ligands on the Fe;O,
micelles, b) the organic ligands on the Fe;O, SPs, c) oleic acid, and
d) DTAB."

Surprisingly, the SP formation is a very rapid process.
TEM studies show that nearly all of the 5.8-nm Fe;O,
nanoparticles grew into SPs within 1 min after the injection
of nanoparticle micelles, and then afterwards the size of the
SPs did not change substantially (see Figure S2 in the
Supporting Information). Furthermore, the repulsive solvo-
phobic interaction is likely the reason that the SPs adopted a
spherical shape, in which the particles can have the minimum
surface energy.' Moreover, the addition of PVP has no
substantial effect on the size of the SPs (Figure 2¢,d), which
further confirms that solvophobic interactions are the major
driving force behind the formation of SPs.

To further demonstrate that the solvophobic interaction is
important for nanoparticle aggregation, cetyltrimethylammo-
nium bromide (CTAB) was used to replace DTAB as a
surfactant for making Fe;O, nanoparticle micelles. In ethyl-
ene glycol, these CTAB nanoparticle micelles are much more
stable than those made of DTAB, because CTAB has a lower
solubility in ethylene glycol and a stronger van der Waals
interaction with the nanoparticle ligands (i.e. oleic acid) than
DTAB." Therefore, no sufficient solvophobic interaction
can be induced between the oleic acid functionalized nano-
particles and ethylene glycol solvent.” Indeed, TEM shows
that CTAB nanoparticle micelles remained nearly unchanged
in ethylene glycol even at 80°C for 6 h, and no spherical
nanoparticle assembly was formed (see Figure S3 in the
Supporting Information).

Further mechanistic studies show that the primary role of
PVP is as a capping reagent to stabilize these SPs through
repulsive steric interactions.'* Other capping reagents such as
gelatin can also play a similar role. Without these capping
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reagents, SPs were unstable, and their structures easily
collapsed during annealing at 80°C (see Figure S4 in the
Supporting Information). Moreover, TEM shows that the
annealing treatment is important to the formation of single-
supercrystalline SPs. Before annealing, the spherical colloidal
SPs don’t exhibit superlattice fringes (Figure2e), thus
indicating that the nanoparticles are not perfectly ordered
in these SPs (or the spherical SPs are in an “amorphous”
phase). This observation is consistent with the fact that SP
formation is a very rapid process in which nanoparticle
building blocks have not yet located their equilibrium
positions. After annealing, the spherical SPs show very clear
superlattice fringes (Figure 2 f). These results suggest that the
annealing treatment is accompanied by a crystallization
process to rearrange Fe;O, nanoparticles into a single-super-
crystal phase inside these SPs.'! In the crystallization step,
Fe;O, nanoparticles with a narrow size distribution and
sufficient surface passivation were found to be important to
the formation of the single-supercrystal structure.

These mechanistic studies reveal that in their formation,
supercrystalline SPs go through an amorphous phase before
the final supercrystalline phase is reached. Such a formation
process follows Ostwald’s rule, because the amorphous phase
is normally the one which is nearest in free energy to the
mother solution phase.’) Moreover, mechanistic studies
suggest that the solvophobic interactions between the nano-
particles and ethylene glycol solution is the major driving
force for the formation of the spherical amorphous SPs, which
have a nearly identical size and shape to the final super-
crystalline SPs. Further studies show that fine-tuning the
solvophobic interaction allows control of the size of these SPs.

In our previous studies of organic-phase synthesis of CdS
nanocrystals from molecular precursors, we found that the
number of nuclei can be controlled by the reactivity of
molecular precursors: higher precursor reactivity led to fewer
nuclei and thus to a larger final particle size, and vice versa.l'’]
We found that this principle is transferable to size control of
spherical SPs. In this supramolecular chemistry synthesis case,
the higher “reactivity” of nanoparticle precursors corre-
sponds to stronger solvophobic interaction between the
nanoparticles and ethylene glycol solution, which can be
achieved by using a smaller molar ratio between DTAB and
Fe;O, nanoparticles. Applying this principle did lead to the
formation of larger SPs (Figure 4). On the other hand, smaller
SPs were also made according to the same principle using
lower-reactivity nanoparticle precursors (Figure 4).

The development of the supramolecular chemistry syn-
thesis of supercrystalline SPs is important for three funda-
mental reasons. First, the synthesis approach can be general-
ized for making supercrystalline colloidal SPs from nonpolar-
solvent-dispersible nanoparticles with other sizes and chem-
ical compositions, such as metals, metal oxides, and semi-
conductors (Figure Sa—c). Second, the properties of these
supercrystalline colloidal SPs can be easily modified by
doping with organic molecules, such as dye sensitizers. For
example, rhodamine-6G-doped supercrystalline colloidal SPs
(made of 5.4-nm gold nanoparticles) exhibit strong surface-
enhanced Raman scattering (Figure 5d), owing to electro-
magnetic field enhancement from gold SPs.'®! Third, because
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Figure 4. TEM images of a) SPs with a diameter of 120 nm and a
standard deviation of 19%, b) SPs with a diameter of 190 nm and a
standard deviation of 17%, c) SPs with a diameter of 560 nm and a
standard deviation of 15%. d) A plot of SP size as a function of the
molar ratio between DTAB surfactant and the 5.8 nm Fe;O, nano-
particles. Scale bars: T um.
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Figure 5. TEM images of a) a SP made of Fe;O, nanoparticles with a
diameter of 8.94+0.4 nm, showing the {200}, superlattice-fringes with
a spacing of 8.3 nm; b) a SP made of CdSe nanoparticles with a
diameter of 6.3 4+0.3 nm; the image is viewed along the [111] axis of
the superlattice, showing {022}, superlattice-fringes with a spacing of
4.3 nm; c) a SP made of gold nanoparticles with a diameter of
5.440.3 nm, viewed along the [011] zone axis, showing {111}, fringes
with a spacing of 6.2 nm. d) The Raman spectrum of rhodamine-6G-
doped supercrystalline colloidal SPs made of gold nanoparticles with a
diameter of 5.440.3 nm. Scale bars: 20 nm.

of their excellent stability in polar solvents, these colloidal SPs
can be further assembled, through solution processing, into
more complex and hierarchically ordered materials in which
new properties may occur.
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Experimental Section

Fe;O, SPs were synthesized according to the following procedure. In a
typical experiment, a chloroform solution of oleic acid functionalized
Fe;0, nanoparticles (5.8+0.2 nm in diameter, 28 um, 1.0 mL) was
mixed with an aqueous dodecyltrimethylammonium bromide solu-
tion (DTAB, 65mM, 1.0mL), and a clear nanoparticle-micelle
aqueous solution was obtained by evaporating the chloroform.
Under vigorous stirring, the nanoparticle-micelle solution was
injected into an ethylene glycol solution of poly(vinyl pyrrolidone)
(PVP) (2.0 mmM, 5.0 mL). The resulting mixture was heated to 80°C at
10°Cmin " and was annealed for 6 h. Then the reaction solution was
cooled to room temperature. Colloidal SPs were isolated from the
reaction solution by centrifugation, with a typical yield of about 70 %.
The size-controlled synthesis of superparticles was performed by a
procedure similar to that described above, but using different molar
ratios of DTAB and nanoparticles. The synthesis of colloidal SPs from
8.9-nm Fe;O,, 6.3-nm CdSe, and 5.4-nm gold nanoparticles was
carried out using a procedure similar to that described above, except
that gelatin was used as an additional passivation ligand in the
synthesis of gold SPs.

'"HNMR spectroscopy (Varian Mercury NMR Spectrometer,
300 MHz) was used to identify the ligands on the Fe;O, nanoparticle
micelles and the SPs.™?! Fe,O, nanoparticle micelles were isolated
from an aqueous solution by centrifugation (12500 g). The resulting
black precipitate (100 mg) was fully digested using HCl (12.5M,
SmL); water and excess HCl were then removed by rotary
evaporation. The resulting yellow, oily residue was extracted using
CHCl,; (5 mL) and the undissolved part was removed using a syringe
filter (0.2 um). Afterwards, CHCl; was evaporated, and the resulting
mixture was redissolved in CDCI; (0.8 mL) for "H NMR spectroscopy
measurement. The sample preparation for the analysis of the Fe;O,
SPs was carried out using a similar procedure.
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