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Because of their unique physical properties, nanoparticles are
often described as “artificial atoms”.1,2 The ability to assemble these
artificial atoms into desired and higher-ordered architectures (e.g.,
nanoparticle superlattices) may open a new way to fabricate
functional materials of interest for applications such as biomedical
diagnosis,3,4 catalysis,5 plasmonics,6 and high-density data storage.7

To date, methods have been developed for the preparation of
nanoparticle thin films and colloidal crystals with a variety of
superlattice structures,7,8 from which new collective properties have
been discovered.9 However, a major challenge still remains, the
inability to prepare nanoparticle superlattices with well-defined size
and shape (i.e., supercrystalline collections of artificial atoms in
the form of “superparticles”).

Previous approaches for controlling the size and shape of
nanoparticle assemblies include spray drying,10 emulsion polym-
erization,11 DNA-induced assembly,3 small-molecule or polymer
mediator-induced assembly,12 and Debye screening.13 However,
nanoparticle assemblies made by these approaches either lack long-
range ordering or have poor size or shape distributions.3,10-13 Herein,
we report a new approach for using solvophobic interactions to
control the formation of nanoparticle assemblies. On the basis of
this approach, we have synthesized high-quality colloidal super-
particles (SPs) from nonpolar-solvent-dispersible Fe3O4 nanopar-
ticles. These colloidal SPs are spherical and have relatively narrow
size distributions, and they also exhibit a nearly perfect superlattice
structure with nanometer-scale lattice spacing. In addition, these
SPs can be further assembled into close-packed solid structures,
demonstrating their role as a new type of building block in
nanoscience.

Our synthesis approach utilizes water-soluble Fe3O4 nanoparticle-
micelles as precursors for the synthesis of supercrystalline colloidal
SPs (Scheme 1). The formation of nanoparticle-micelles was driven
by the hydrophobic van der Waals interactions between the
hydrocarbon chain of the Fe3O4 nanoparticle ligands (i.e., oleic acid)
and the hydrocarbon chain of the surfactant (i.e., dodecyltrimethy-
lammonium bromide, DTAB).14 After the nanoparticle-micelles
were introduced into an ethylene glycol solution, the van der Waals
interactions between nanoparticle ligands and surfactants were
weakened,15a and then, nanoparticle-micelles decomposed due to
the loss of DTAB molecules in the solution. As a result, a
solvophobic interaction between nanoparticle ligands and ethylene
glycol solution was induced,15 leading to nanoparticle aggregation
and the formation of SPs (Scheme 1).

In a typical experiment, a chloroform solution of oleic-acid-
functionalized Fe3O4 nanoparticles (5.8( 0.3 nm in diameter, 28
µM, 1.0 mL) was mixed with an aqueous DTAB solution (65 mM,
1.0 mL), and a clear nanoparticle-micelle aqueous solution was
obtained by evaporating the chloroform. Under vigorous stirring,
the nanoparticle-micelle solution was injected into a poly(vinyl
pyrrolidone) (PVP, MW) 55000) ethylene glycol solution (2.0
mM, 5.0 mL), and the mixture solution was heated to 80°C at
10 °C/min. The temperature was maintained for 6 h, and then, the

reaction solution was cooled to room temperature. Colloidal SPs
were precipitated from the reaction solution by centrifugation, with
a typical yield of about 70%.16

The resulting SPs are highly dispersible in polar solvents (e.g.,
ethanol and water) and form stable colloids. Transmission electron
microscope (TEM) and scanning electron microscope (SEM) images
show that the SPs are spheres with a diameter of 190 nm and a
relative standard deviation of 15% (Figure 1a and b). The repulsive
solvophobic interaction between ethylene glycol and Fe3O4 nano-
particles is likely the reason that the SPs adopted a spherical shape,
in which they can have the minimum surface energy.15aIn addition,
these colloidal particles can be easily assembled into multilayered,
close-packed particle films (Figure 1c). Moreover, these SPs are
superparamagnetic, and thus, they can be further assembled into
parallel-line-like structures under an external magnetic field (Figure
1d).16 The spacing between the particle lines is due to repulsion
between in-plane dipole moments induced by the external field.17

The supercrystalline structure of these SPs was further determined
by TEM and selected-area small-angle electron diffraction (SAED)
studies (Figure 2). TEM clearly shows that these particles exhibit
on-axis superlattice fringe patterns that are related to a face-centered
cubic (fcc) superlattice structure with a lattice constant of 11.7(
0.2 nm.16 The [001] image shows the perpendicular cross fringes
projected from the{200}SL and{220}SL planes of the superlattice
(Figure 2 a). The cross fringes in the [011] projection image exhibit
an angle of 70.5° (Figure 2c), which is consistent with the
theoretically expected value of 70.53° between the (1h1h1)SL and (11h1)
SL planes.18 The [111] projection image shows the characteristic
hexagonal cross fringes with an interdot spacing of 4.7 nm (Figure
2e), which is much smaller than the size of the artificial atoms
(5.8 nm Fe3O4) but precisely related to the spacing of 4.1 nm
between the{022}SL planes in the superlattice.16

These TEM data indicate that the superlattice fringes are not
direct images of the nanoparticle artificial atoms but just provide
their superlattice spacing information.19 This fact suggests that the
origin of these superlattice fringes is from electron-phase contrast
due to the interference among the incident beam and small-angle
diffraction beams through these supercrystalline SPs.19 Please note
that the results herein have provided the first identification of
superlattice fringes of nanoparticle superlattices, which is of
fundamental importance to understand the three-dimensional (3D)
structure of nanoparticle assemblies.

The interplanar spacing and angles obtained from the low-
resolution TEM images are precisely consistent with the corre-
sponding SAED patterns.16 These SAED patterns show sharp-spot

Scheme 1. The Synthesis of SP: (i) Nanoparticle-Micelle
Formation and (ii) the Formation of SP
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arrays (Figures 2 b, 2d and 2f), which are single-crystal-like ED
patterns,19 demonstrating the 3D perfection of the superlattice.8b

Taken together, these results show that the colloidal SPs possess a
“single-supercrystal” structure, where all of the 5.8 nm Fe3O4

nanoparticle artificial atoms occupy the lattice points in the fcc
superlattice. More interestingly, similar to those single crystalline
nanocrystals made of atoms,20 these single supercrystalline SPs also

exhibit stacking faults. TEM studies indeed show that a few of
these particles did have clear stacking faults along the (111)SL planes
of the fcc superlattice.16 However, selected-area, wide-angle electron
diffraction studies of these SPs show the ring patterns of polycrys-
talline Fe3O4, indicating that the SPs do not exhibit a long-range
atomic order.16

In conclusion, we have demonstrated the first evidence that one
can use solvophobic interactions to make supercrystalline colloidal
SPs from nonpolar-solvent-dispersible nanoparticle artificial atoms.
These SPs exhibit superlattice fringes under a low-resolution TEM,
providing an interesting analogue to the lattice fringes of colloidal
nanocrystals under a high-resolution TEM. Second, because of their
excellent stability in polar solvents, these colloidal SPs can be
further assembled into more complex and hierarchically ordered
materials in which new properties may occur. Third, the synthesis
approach could be readily generalized for making supercrystalline
colloidal SPs from nonpolar-solvent-dispersible nanoparticles with
other sizes and chemical compositions such as metals, metal oxides,
and semiconductors. Finally, if one builds upon the analogy between
a nanoparticle and an artificial atom, these supercrystalline SPs are
the equivalent of well-defined “nanoclusters” of artificial atoms.

Acknowledgment. We thank Kevin Jones for helpful discus-
sions and Kerry Siebein for TEM measurements. Y.C.C. acknowl-
edges the NSF (DMR-0645520 Career Award), ONR (N00014-
06-1-0911), and the American Chemical Society Petroleum Research
Fund (42542-G10) for support of this research.

Supporting Information Available: Detailed synthetic procedure,
SAED patterns, SEM, and TEM images. This material is available free
of charge via the Internet at http://pubs.acs.org.

References

(1) Alivisatos, A. P.Science1996, 271, 933.
(2) Banin, U.; Cao, Y.; Katz, D.; Millo, O.Nature1999, 400, 542.
(3) Mirkin, C. A.; Letsinger, R. L.; Mucic, R. C.; Storhoff, J. J.Nature1996,

382, 607.
(4) Han, M.; Gao, X.; Su, J. Z.; Nie, S.Nat. Biotechnol.2001, 19, 631.
(5) Somorjai, G. A.; Rioux, R. M.; Grunes, J. InClusters and Nano-

Assemblies; Jena, P., Khanna, S. N., Rao, B. K., Eds; World Scientific
Publishing: New Jersey, 2005; pp 97-125.

(6) Ozbay, E.Science2006, 311, 189.
(7) Sun, S.; Murray, C. B.; Weller, D.; Folks, L.; Moser, A.Science2000,

287, 1989.
(8) (a) Kiely, C. J.; Fink, J.; Brust, M.; Bethell, D.; Schiffrin, D. J.Nature

1998, 396, 444. (b) Murray, C. B.; Kagan, C. R.; Bawendi, M. G.Science
1995, 270, 1335. (c) Shevchenko, E. V.; Talapin, D. V.; Kotov, N. A.;
O’Brien, S.; Murray, C. B.Nature 2006, 439, 55. (d) Kalsin, A. M.;
Fialkowski, M.; Paszewski, M.; Smoukov, S. K.; Bishop, K. J. M.;
Grzybowski, B. A.Science2006, 312, 420. (e) Saunders, A. E.; Korgel,
B. A. ChemPhysChem2005, 6, 61.

(9) (a) Collier, C. P.; Saykally, R. J.; Shiang, J. J.; Henrichs, S. E.; Heath, J.
R. Science1997, 277, 1978. (b) Courty, A.; Mermet, A.; Albouy, P. A.;
Duval, E.; Pileni, M. P.Nat. Mater.2005, 4, 395.

(10) Iskandar, F.; Gradon, L.; Okuyama, K.J. Colloid Interface Sci.2003,
265, 296.

(11) Xu, H.; Cui, L.; Tong, N.; Gu, H.J. Am. Chem. Soc.2006, 128, 15582.
(12) (a) Hussain, I.; Wang, Z. X.; Cooper, A. I.; Brust, M.Langmuir 2006,

22, 2938. (b) Boal, A. K.; Ilhan, F.; DeRouchey, J. E.; Thurn-Albrecht,
T.; Russell, T. P.; Rotello, V. M.Nature2000, 404, 746.

(13) Kalsin, A. M.; Grzybowski, B. A.Nano Lett.2007, 7, 1018.
(14) Fan, H.; Leve, E.; Gabaldon, J.; Wright, A.; Haddad, R.; Brinker, C. J.

AdV. Mater. 2005, 17, 2587.
(15) (a) Butt, H. J.; Graf, K.; Kappl, M.Physics and Chemistry of Interfaces;

Wiley: Weinheim, Germany, 2006. (b) Rabani, E.; Egorov, S. A.Nano
Lett. 2002, 2, 69. (c) Zhu, M. Q.; Wang, L. Q.; Exarhos, G. J.; Li, A. D.
Q. J. Am. Chem. Soc.2004, 126, 2656.

(16) See Supporting Information.
(17) Ji, T.; Lirtsman, V. G.; Avny, Y.; Davidov, D.AdV. Mater. 2001, 13,

1253.
(18) McKie, D.; McKie, C.Crystalline Solids; John Wiley & Sons: New York,

1974.
(19) Williams, D. B.; Carter, C. B.Transmission Electron Microscopy; Plenum

Press: New York, 1996.
(20) Peng, X.; Schlamp, M. C.; Kadavanich, A. V.; Alivisatos, A. P.J. Am.

Chem. Soc.1997, 119, 7019.

JA076494I

Figure 1. TEM image (a) and SEM image (b) of SPs with 190 nm
diameters; SEM images of the multilayered assemblies of these SPs (c),
and SP assembly under an external magnetic field (d). The scale bars: a,
b, 500 nm; c, d, 1µm.

Figure 2. (a) TEM image of a SP viewed along the [001] zone axis and
(b) the SAED pattern taken from this SP; (c) TEM image of a SP viewed
along the [011] zone axis and (d) the SAED pattern taken from this SP; (e)
TEM image of a SP viewed along the [111] zone axis and (f) the SAED
pattern taken from this SP. The scale bars: a, c, e, 20 nm.
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