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The development of efficient methods for the synthesis of
nanostructures with well-defined sizes and shapes is one of the key
trends in inorganic and physical chemistry. In the colloidal synthesis
the choice of appropriate surfactants is crucially important for
controlling the nucleation and growth as well as the crystal shape
of the obtained nanocrystals (NCs).

Oleic acid is one of the most widely employed surfactants for
the synthesis of various NCs from metald,—VI, IV —VI, and
-V semiconductord, and metal oxide$.The presence of a
carboxylic group with significant affinity to various surfaces
together with a nonpolar tail group for sterical hindering is the base
for the excellent stabilizing function of this ligand. Commonly used
approaches to further tailor the ligand performance of carboxylic
acids are those based on the modifications of length or structure of
the nonpolar grougt® Here we demonstrate, in contrast, that the
variation of the cations of the oleate stabilizer can be an additional
powerful tool to tailor the ligand performance, but without affecting
the structure of the oleate. This approach enables the control of
the reactivity (or activity) of the carboxylic group and as a result
the nucleation and growth dynamics of the NCs. Such a control
we show for iron oxide NCs, which are technologically very .
important because of various promising applications of them in . e
high-density information stora§eevices, for medical imaging and ﬂ[ "
biotechnology. By careful adjustment of the stabilizer composition . / I |
as well as the reaction temperature profile we have obtained a size- g ' ®  cube edge lengih, nm
and shape-controlled synthesis of monodisperse spherical, cubic,
and bipyramidal iron oxide NCs.

For a synthesis of iron oxide (magnetite;6g)81°NCs we have
adopted a methotiwhich is based on thermal decomposition of
iron oleate precursors. In a typical experim&hta solution
containing iron oleate (0.2 mol/kg) and an equimolar amount of

stabilizer in a high-boiling solvent was vacuum-dried at T2D Figure 1. TEM images of monodisperse cubic (a, c, e) and spherical (b,

and heated (3.3C/min) to reflux for 30 min to allow NC growth.  g)’iron oxide NCs, size-histogram of cubic NCs (f), HRTEM images of
Octadecence (bp- 318 °C) and its mixtures with diphenyl ether 7.7 nm (g) and 21.8 nm (h) cubic NCs, and electron diffraction pattern

(bp= 259°C) or tetracosane (bg 391°C) were used as solvents  (with [100] zone axis) from a single iron oxide nanocube (i).
to adjust the reflux temperatures in the range of-2995 °C and with the bulk values of iron oxide with inverse spinel structure.
thus to control the size of the NCs. Sodium oleate (NaOL), KOL shows a similar effect on the iron oxide NC shape and
potassium oleate (KOL), dibutylammonium oleate (DBAOL), and mixtures of cubes with other faceted but somewhat irregularly-
oleic acid (OA) were utilized as stabilizers. After cooling, iron oxide shaped particles are typically obtained (Figure S6). In contrast, both
NCs were isolated applying a standard solvent/nonsolvent proc&dure, OA and DBAOL induce growth of monodisperse € 4—6%)
using hexane/ethanol (smaller NCs) or chloroform/acetone (larger spherical particles in the same range of sizes (Figures 1b,d, S2).
NCs) pairs. Further adjustments of the synthetic conditirgive rise to a
Cubic NCs of 9-23 nm were obtained in the presence of NaOL high yield (~50%) of NCs, which appear as various triangular
as stabilizer (Figure 1). They exhibit narrow size distributions (size projections in the TEM images (Figure 2a) mixed with cubic NCs.
deviationo = 5—8%!9), aspect ratios close to one (Figure 1f and A detailed HRTEM analysis (Figures 2b, c) together with TEM
Figure S1 in Supporting Information), sharp edges, and flat facets imaging under various tilt angles (Figure S7) and dark-field imaging
with only atomic steps (Figures 1g and S4). The HRTEM analysis (Figure S8) provides that these NCs &i€0 -bound bipyramides
(Figures 1g, 1h, and S4) shows that these NCs are single-crystallinewith a single (111) twin plane, bisecting them into two halves.
{100 -bound cubes with an interplanar spacing of 2.92 and 4.9 A Remarkably, this shape is identical to those recently reported for
for the{220} and{111} planes, respectively, which is consistent silver NCs!! The contact (111) twins are well-known for bulk
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Figure 2. TEM (a) and HRTEM (b c) images of b|pyram|da| iron oxide
NCs. An angle of 71is close to the theoretical angle of 70.Between
(111) planes.

NCs (NaOL and KOL), whereas both OA and DBAOL giving
spherical shapes remain in molecular form. A strong concentration
dependence of the facet-selective ligand adsorption is commonly
observed? 3 and for spinel-structured MnE®,,'* which is very
similar to magnetite, a transition to cubic shape is also observed
with increasing oleate concentration.

In conclusion, various oleic acid salts act as stabilizers for the

size- and shape-controlled synthesis of iron oxide NCs. Novel
shapes for superparamagnetic iron oxide NCs, such as cubes and
bipyramids with different magnetization properties at low temper-
atures, are demonstrated, enlarging the family of well-defined NC

shapes for inverse spinel iron oxid&$® These results suggest the
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general applicability of oleic acid salts as stabilizers in well-
a controlled NC syntheses.
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Figure 3. (a) DC-magnetization vs temperatufefor spherical NCs @)
with diametersD = 8, 10, and 16 nm and for nanocub&s) with edge
lengthsa = 10, 13, and 23 nm measured at a magnetic field H of 10 mT.
(b) Blocking temperaturdg derived from the maxima in panel a as a
function of NC volumeV. (c) Magnetization vs H-field for cube&lf and
spheres®) with nearly the same volumes measured at 5 K. (d) Zoom
of panel c.
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magnetite but, as far as we know, they were not reported for iron
oxide NCs. The probability of obtaining single twinned seeds for
the growth of bipyramidial NCs depends simultaneously on several
factors like heating rate and NaOL concentratién.

The magnetic properties of the shape-controlled NCs are sum-
marized in Figure 3. Above the blocking temperaturies all
samples show superparamagnetic magnetization curves, shown
exemplarily in Figure S9. Th&g values of the NCs, derived from
the maxima of the DC-magnetization curves (Figure 3a) increase
with increasing particle volume from 90 to 350 K, independently
from the particle shape (Figure 3b). For the 35 nm large bipyramides
Tg exceeds 350 K (Figure S10). In contrast, the magnetic behavior
below Tg shows pronounced shape dependence. 3K magne-
tization as function of the magnetic field saturates above 200 mT
for 13 nm cubes (Figure 3c). For the 16 nm spheres with almost
the same volume, however, saturation is achieved well above 1 T.
For small fields also, different magnetization behaviors are observed
(Figure 3d). The cubes depict pronounced hysteresis loops around
+1.5 mT and exhibit no remanence or coercivity, not shown by
the spheres.

The cubical shape of the NCs is a result of a slower growth rate
for the{ 100 facets as compared to all other facE&th the present
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