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Nanoscale oxide particles with a mean particle diameter of
30 to 300 nm are gaining increasing technical importance for
classic areas of application such as catalysts, passive electronic
components, or ceramic materials.[1] However, they also
contribute in an essential way to the realization of completely
new concepts such as transparent solar cells[2] or photonic
crystals.[3] In addition, they play an important role in the
selective surface modification (e.g. passivation, hardening,
coloration) of various substrates in the form of coatings.[4]

With regard to all of the applications mentioned, in addition
to the particle size a low degree of agglomeration and a
monodisperse size distribution are desirable to enable a
homogeneous arrangement of particles in thin films or as
coatings. The polyol method applied herein provides a
promising preparative approach to such oxide particles.

The polyol method was initially described for the prepara-
tion of elemental metals and alloys,[5] in which the reducing
properties of a high-boiling alcohol (e.g. glycerol, glycol)
towards a suitable metal precursor were utilized. With regard
to oxidic materials, only a few insights have been gained so far,
namely for ZnO, Fe2O3, CoAl2O4, and Bi2O3.[6] Our inves-
tigations show that the polyol method, which can also be
understood as a sol ± gel process carried out at elevated
temperatures in the case of oxides, is suitable for the
preparation of a host of binary and ternary oxides.

By heating suitable metal salts and a defined amount of
water in diethylene glycol (DEG), suspensions of various
materials are obtained in a simple manner (Figure 1, Table 1).
These oxide particle suspensions are colloidally stable and can
contain up to 20 wt% of solids. A detailed characterization of
the oxide particles obtained is exemplified for Cu2O, TiO2,
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Figure 1. Various oxide particle suspensions in DEG.
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and Nb2O5. Monodisperse and nanoscale TiO2 particles can
also be obtained by other preparative methods;[7] Cu2O and
Nb2O5, on the other hand, have so far only been described as
unstructured or amorphous films, respectively, or as particles
with a very inhomogeneous size distribution. Moreover, the
preparation was carried out at comparatively high tempera-
tures (500 ± 1000 8C) in both cases.[8, 9]

The oxide particles prepared with the polyol method can be
investigated more closely after separation from the suspen-
sion by centrifugation. The resulting powders are highly
crystalline (Figure 2) immediately after their synthesis at a

Figure 2. Powder diffractograms of Cu2O (ICDD-Ref. 05-0667/cuprite),
TiO2 (ICDD-Ref. 21-1272/anatase), and Nb2O5 (ICDD-Ref. 28-0317).

maximum temperature of 180 8C (e.g. Cu2O, TiO2) or after
short heating to surprisingly low temperatures (e.g. Nb2O5,
15 min at 300 8C). Electron micrographs show spherical,
nanoscale and largely monodisperse oxide particles (Fig-
ure 3). By modifying the experimental conditions, especially

Figure 3. Electron micrographs of Cu2O (top), TiO2 (middle), and Nb2O5

particles (bottom).

the concentrations of the metal precursor and of water, a
mean particle diameter between about 30 and 200 nm can be
realized.[6] The spherical habit of the oxide particles is
attributed predominantly due to the coverage of the growth
areas with the chelating agent diethylene glycol. This sup-
presses an inhomogeneous growth of the nuclei. Differential
thermal analysis (DTA)/thermogravimetric (TG) studies
prove that the DEG film adhering to the particle surfaces
can be removed completely by heating to 250 8C. The
powdered materials then show Brunauer ± Emmett ± Teller
(BET) surfaces of around 100 m2 gÿ1.

Laser diffraction investigations of oxide particle suspen-
sions confirm the mean particle diameters determined by

Table 1. Nanoscale oxide particles obtained with the polyol method.

Cu2O CoO Al2O3 SiO2 V2O5 MoO3 MgAl2O4

ZnO Bi2O3 SnO2 Nb2O5 WO3 BaAl2O4

CdO Y2O3 TiO2 Ta2O5 CoAl2O4

La2O3 ZrO2 ZnCo2O4

Cr2O3

Fe2O3
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scanning electron microscopy (SEM) of powders (Figure 4).
Thus, individual, non-agglomerated oxide particles are pres-
ent in the suspension. This is all the more remarkable as no

Figure 4. Particle diameters (Æ) of Nb2O5 particles in DEG (ÐÐ) and
30 min after mixing with water (- - - -).

further stabilizing agents apart from DEG are required. If,
however, the DEG suspension is mixed with water, the colloid
breaks down and rapid agglomeration of the oxide particles
occurs (Figure 4). In the presence of a suitable substrate, the
destabilization of the colloid can be used for the selective
adhesion of oxide particles to the surface of the substrate.
With common methods such as dipping or spin-coating, thin
and homogeneous oxide particle layers can be applied to
planar substrates, for example a glass plate (Figure 5). In
addition, substrates with a curved surface can be coated
homogeneously. Thus, the substrate itself, for example Al2O3

powder, can consist of particles (Figure 5). Taking the
relevant parameters (e.g. polarity and charge of the surface)
into consideration,[10] a virtually immediate and reliable
adhesion between substrate and oxide particles is obtained.
The coverage of the Al2O3 surface with individual, nanoscale
Nb2O5 particles achieved in the example shown here can be
considered as further support for the presence of non-
agglomerated oxide particles in the DEG suspension.

The broad applicability and the opportunity to produce
nanoscale and crystalline oxides at moderate temperatures
are the key features of the polyol method. The comparatively
high solid content coupled at the same time with the absence
of additional stabilizers makes the oxide particle suspensions
in diethylene glycol of technical interest for the coating and
modification of surfaces. Preliminary investigations have now
also shown that, besides oxides, sulfides (e.g. ZnS) and
phosphates (e.g. LaPO4) can be produced in the form of
nanoscale particles with the polyol method.[11]

Experimental Section

To prepare Cu2O, TiO2, and Nb2O5 oxide particles, DEG (50 mL; 99.9 %;
Merck) was placed in a 250 mL round-bottomed flask. A solution of
Cu(CH3COCHCOCH3)2 (2.3 mm ; 99 %; Alfa), Ti(OiPr)4 (2.3 mm ;

99.999 %; Aldrich), or Nb(OC2H5)5 (2.3 mm ; 99.95 %; Heraeus) was added,
under vigorous stirring, and the clear solution was heated to 140 8C.
Subsequently, demineralized water (2 mL) was added and the mixture was
heated to 180 8C for 2 h. After the mixture had been cooled, the solid was
separated by centrifuging the suspension. It was then resuspended twice in
ethanol and centrifuged again to remove any remaining DEG. For the
coverage of planar substrates (e.g. glass plates), the oxide particle
suspensions in DEG were mixed with water in ratios of 1:1 to 1:10. These
mixtures were applied to the substrates by dipping or spin-coating.
Powdered substrates (e.g. Al2O3 particles) were suspended in water, and
the DEG suspension was slowly added dropwise.

The powder diffraction spectra were recorded with a Philips goniometer
PW1050 with Bragg-Brentano geometry (graphite monochromator, pro-
portional counter, CuKa radiation). The electron micrographs were
obtained with a Philips/FEI-scanning electron microscope XL30 (samples
treated with carbon vapor, accelerating potentials 5 ± 10 kV). The particle
sizes in suspension were determined with a Coulter LS230 instrument
(Laser power 5 mW at 750 nm, halogen lamp with 150 lm at 2900 K,
detector with 126 photodiodes). A Topometrix Explorer was used for the
atomic force microscopy (AFM) experiments (Si3N4 tip, vertical distance
<2 mm, lateral distance <150 mm).
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Figure 5. Coverage of a glass plate (top) and an Al2O3 powder (bottom)
with Nb2O5 particles.
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Counter-Rotating Ring Currents in Coronene
and Corannulene**
Erich Steiner, Patrick W. Fowler, and
Leonardus W. Jenneskens*

Ring currents are intimately linked with the concept of
aromaticity in organic chemistry and are essential ingredients
of the interpretation of physical and chemical properties of
conjugated p systems.[1±7] The currents themselves are not
directly observable, but are inferred through their manifes-

tations in NMR spectroscopy and measurements of magnetic
anisotropy (ªexaltation of diamagnetismº).[8] In monocyclic
systems, diamagnetic circulations are associated with the
magic Hückel count of 4n� 2 p electrons. In fused polycyclic
systems such as the planar coronene (1) and the bowl-shaped
corannulene (2 ; Scheme 1), it is traditional to invoke an

Scheme 1. *� carbon; ** � hydrogen.

ªannulene-within-an-annuleneº model,[9, 10] in which both rim
and hub attain the aromatic Hückel count (18 and 6 in 1, and
14 and 6 in 2 if the transfer of one electron to the central
pentagon is invoked), which implies there are conrotatory
diamagnetic ring currents in the two cycles. Against this
picture, calculated populations[11] show no significant redis-
tribution of electron density from rim to hub in 2, and the
ªnucleus-independent chemical shiftº (NICS), proposed as a
criterion of aromaticity by Schleyer et al. ,[12] indicates that
both 1 and 2 have outer aromatic (diamagnetic, diatropic) but
inner non-aromatic or anti-aromatic (paramagnetic, para-
tropic) circuits.[13]

Fortunately, distributed-origin methods developed in re-
cent years[14±19] allow the accurate calculation of magnetic
response properties and, in particular, direct visualization of
induced current densities in conjugated systems.[20±22] They are
used here to confront the discrepant models of 1 and 2 with an
ab initio computation of the ring currents, and, additionally, to
discuss the question of the applicability of p-only pictures to
the nonplanar, bowl-shaped corannulene systems, and hence
to fullerenes.[23, 24] Thus, computational comparisons are made
between coronene (1, D6h) and corannulene (2) in both the
equilibrium C5v bowl configuration and the planar D5h

transition state for bowl-to-bowl conversion.
Computed current-density maps (see Experimental Sec-

tion) are shown in Figure 1 for the s, p, and total (s�p)
electrons at 1 a0 above the molecular planes of 1 and planar 2.
The s maps at this height do not show the detail of the current
density close to the nuclei but they do demonstrate character-
istic superpositions of diamagnetic circulations centred on
s bonds, with a cumulative effect within each ring of a net
central paramagnetic circulation. In both molecules 1 and 2
the p currents combine to give a clear diamagnetic circulation
around the outer rim with a paramagnetic counter-circulation
on the inner hub. In detail, slight differences can be found
between the two molecules: in 1 the outer circulation is
stronger than the inner, whereas in 2 it is the inner that is
stronger and residual circulation within radial CÿC bonds is
evident in 2. This latter effect is not observed in 1.
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