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The ionic conduction properties of monovalent M�-b''-
Al2O3 compounds (M�Na, Ag, Cu) have been known for
decades.[1, 2] Also the migration of ions in oxides with divalent
metals, M2�-b''-Al2O3 (M�Ca, Sr, Pb), has been confirmed
and identified.[3±5] On the other hand, the issue of whether or
not M3�-b''-Al2O3 crystals behave as conductors with mobile
M3� cations as charge carriers has not yet been clarified and is
still being controversially discussed. The main point of the
criticism concerns the high charge of the trivalent cations. It is
assumed that the resulting high Columbic interaction with the
surrounding anionic host lattice prevents a corresponding
current transport. Here, new experiments and results are
presented for Nd3�-b''-Al2O3 crystals which directly identify
and confirm the trivalent cation transport in M3�-b''-Al2O3.

About two decades ago, the Na� ions in Na�-b''-Al2O3

crystals were replaced by trivalent lanthanide cations
(Ln3�).[6] The realization of these ion-exchange experiments
already indicates that the trivalent cations are capable of
noticeable diffusive migration at comparatively low temper-
atures.[7] However, the final evidence that these cations
behave as charge carriers in an electric potential gradient
and migrate macroscopic distances within the crystal could
not be given.

Previous characterizations of Ln3�-b''-Al2O3 compounds
are mainly based on impedance spectroscopy[8±11] or X-ray
diffraction experiments[12±15] in which the measured impedan-
ces and electron density distributions are interpreted as the
mobility of the trivalent cations. However, critics have often
expressed doubt that these methods actually convey con-

In summary, malonates, which are cheap and commercially
available C3 building blocks, were transformed into tetra-
acceptor-substituted alkenes in only two steps in excellent
yields. The procedure is characterized by simple reagents,
especially since only a catalytic amount of Mn(OAc)3 is
required. Ultrasonication was the method of choice as it
accelerates the radical reactions as well as the Knoevenagel
reactions. Since radicals can be generated from various CH-
acidic substrates by manganese(iii), the present methodology
offers promising prospects for the synthesis of other acceptor-
substituted alkenes.

Experimental Section

A solution of malonate 1 (5.0 mmol), potassium acetate (3.0 g, 31 mmol),
and acetic anhydride (1.0 mL, 11 mmol) in acetic acid (40 mL) was heated
to 80 8C. Manganese(iii) acetate dihydrate (270 mg, 1.0 mmol) was added,
and the mixture was irradiated (BANDELIN sonotrode HD 200, 50%
intensity) for 3 h. After dilution with water (200 mL), the solution was
extracted with dichloromethane (3� 50 mL) and the combined organic
phases were washed with a saturated sodium hydrogen carbonate solution
(2� 50 mL) and brine (50 mL). After drying (sodium sulfate) and
concentration under vacuum, the unconverted malonate was removed by
Kugelrohr distillation. The remaining alcohol 2 can directly be used for the
next step or recrystallized from ethanol. A solution of the alcohol 2
(10.0 mmol) in dichloromethane (40 mL) was cooled to 0 8C, and triethyl-
amine (3.0 g, 30 mmol) and a solution of methanesulfonyl chloride (2.3 g,
20 mmol) in dichloromethane (10 mL) were added dropwise at this
temperature. After 2 h 10 % hydrochloric acid (50 mL) was added carefully
and the combined organic phases were washed with a saturated sodium
hydrogen carbonate solution (2� 50 mL) and brine (50 mL). After drying
(sodium sulfate) and concentration under vacuum the residue was crystal-
lized from isopropanol. The alkenes 7 were isolated in analytically pure
form in 98 ± 99 % yield.
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duction over trivalent cations. Alternative explanations for
the experimental data are possible owing to a fundamental
problem of ion-exchange reactions: It is impossible to achieve
100 % ion exchange of the Na� ions by other cations. Thus, the
resulting Ln3�-b''-Al2O3 crystals always contain, to a certain
extent, remaining nonexchanged Na� cations, which influence
the conductivity measurements and which may lead to a
misinterpretation of the data. Furthermore, the presence of
divalent Mg2� cations in the conduction planes must be
assumed. Magnesium oxide is used during the synthesis of
Na�-b''-Al2O3 in order to stabilize the metastable b''-Al2O3

phase. The main fraction of the MgO is built into the spinel
blocks of the crystal structure, but a partial incorporation of
Mg2� cations into the conduction planes cannot be excluded.
In such a case, the Mg2� cations are also assumed to be mobile
and would consequently influence the electrical conductivity
measurements.

Therefore, with respect to the presence of different cations
within the conduction planes, experiments are needed to
directly identify the migrating charge carriers. For this
purpose, direct current (dc) electrolysis has turned out to be
the most appropriate method. It has already been successfully
used to identify the phenomenon of trivalent cationic
conduction in compounds crystallizing in the Sc2(WO4)3

structure type.[16] In these experiments, the sample to be
investigated is exposed for a given length of time to a constant
potential difference, which forces the mobile cations to
migrate from the anode towards the cathode. Through the
use of nonreversible (ion-blocking) electrodes, characteristic
cation redistributions occur at the electrodes (e.g. cation
depletion at the anode, cation accumulation at the cathode),
which can be measured by usual physical methods.

For the identification of trivalent cationic conduction in
M3�-b''-Al2O3, the choice of the appropriate electrolysis
temperature is of significant importance. An interpretation
of the conductivity data as a function of temperature can be
found in the literature for M3�-b''-Al2O3 (M�La, Nd, Pr).[15]

Accordingly, the ionic conductivity at low temperatures (T<
250 8C) is based only on the remaining nonexchanged Na�

cations. At higher temperatures, however, the trivalent
cations also become mobile, generating a mixed cationic
conduction. This transition from pure Na� conduction to
mixed Na�/Nd3� conduction occurs at about 250 8C and can be
recognized by an apparent change in the activation energies
Ea (Ea(T> 250 8C)>Ea(T< 250 8C)) in the corresponding
Arrhenius plots.

Following this model, two electrolysis experiments were
performed below and above the transition temperature. The
cation distribution patterns at the two temperatures were
expected to differ significantly, and thus give rise to a clear
identification of Nd3� conduction. The experimental proce-
dure for the electrolysis is schematically shown in Figure 1.
Several Nd3�-b''-Al2O3 crystals, prepared by ion exchange of
Na�-b''-Al2O3 with NdCl3,[17] were placed between two non-
reversible (ion-blocking) platinum electrodes,[18] and a con-
stant dc voltage was applied.[19, 20]

As shown in Figure 1 c, the crystals were then cut perpen-
dicular to the platelet planeÐthat is, perpendicular to the
conduction planes in which the cation conduction occurs.

Figure 1. Schematic representation of the pellets, the electrolysis experi-
ments, and the preparation of samples for EMPA. a) Several Nd3�-b''-
Al2O3 crystals are fixed in a corundum tube with a cement-like binder;
b) electrolysis cell containing nonreversible Pt electrodes, which are
arranged perpendicular to the conduction planes of the crystals; c) inter-
section plane perpendicular to the conduction planes of Nd3�-b''-Al2O3.
The corresponding cross-section (from anode to cathode) was character-
ized by EPMA.

Concentration profiles of the entire cross-section of the
sample were measured by electron probe microanalysis
(EPMA) for the elements sodium, neodymium, aluminum,
and magnesium. EPMA was also used for the characterization
of the anodic and cathodic surfaces as well as for the
determination of the chemical composition of the crystals
before the electrolysis. The average composition of the Nd3�-
b''-Al2O3 crystals used (averaged over ten samples) was found
to be Na0.04Nd0.57Mg0.52Al10.43O17.04 with a degree of exchange
of 97.6 %.[21] Despite ªcompleteº ion exchange, 2 ± 3 % (based
on the original sodium content) of the Na� cations still remain
within the samples.

The concentration profiles of the elements Na and Nd are
shown in Figure 2 for the electrolysis of a Nd3�-b''-Al2O3

crystal at 250 8C. The sodium concentration is significantly
increased at the cathodic side in comparison to the uniform
distribution within the bulk of the sample. The neodymium
distribution is also uniform in the inner part of the crystals,
whereas at the cathodic side only a comparatively slight
increase can be observed. It should be noted that the
concentration profile of Na, Nd, Mg, and Al for a non-
electrolyzed Nd3�-b''-Al2O3 sample (not shown) is uniform
over the whole cross-section without any significant fluctua-
tions, even at the electrodes.

The increase in the Na content at the cathode is interpreted
in terms of mobile Na� cations that migrate toward the
cathode during electrolysis. Owing to the ion-blocking
properties of the platinum electrodes, the Na� cations
accumulate. On the other hand, the Nd3� cations are not
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Figure 2. a) Schematic representation of the electrolysis cell; b) concen-
tration profiles over the entire cross-section (from anode to cathode) of a
Nd3�-b''-Al2O3 crystal after electrolysis at 250 8C.

sufficiently mobile at this low temperature, and a comparable
increase in the Nd concentration at the cathode does not
occur. It can be concluded that at temperatures below 250 8C
Na� cations represent the exclusive or main charge-carrying
species.

A different result is obtained for the electrolysis of a Nd3�-
b''-Al2O3 crystal at 600 8C, that is, significantly higher than the
transition temperature. The measured concentration profiles
for Na, Nd, and Mg are displayed in Figure 3. Like in Figure 2,
a positive sodium concentration gradient appears at the cathodic
side of the sample. However, in contrast to the low-temper-
ature electrolysis, a remarkable increase in concentration can
be recognized for the trivalent Nd3� cation at the cathode.
This differs significantly from the data of the low-temperature
electrolysis. In accordance with the aforementioned model of
ion conduction in M3�-b''-Al2O3,[15] it can be stated that the
trivalent Nd3� cations are mobile at higher temperatures (T>
250 8C). Both Na� and Nd3� cations are forced by the potential
gradient to migrate through the crystal, leading to the
corresponding accumulation at the Pt cathode.

Table 1 compares the averaged data from elemental
analysis (by EPMA) taken at different sites (punctual
analysis) on the anodic and cathodic surfaces of a Nd3�-b''-
Al2O3 sample before and after high-temperature electrolysis.
In comparison to the nonelectrolyzed sample, a clear increase

Figure 3. Concentration profiles of Na, Nd, and Mg over the entire cross-
section (from anode to cathode) of a Nd3�-b''-Al2O3 crystal after electrolysis
at 650 8C. The notable decrease in intensity in the middle part of the crystal
is caused by a large hole in the investigated section of the sample.

in the Na and Nd concentration on the cathode surface and a
corresponding decrease at the anodic side can be recognized.

All of the discussed observations clearly indicate the
presence of mobile Nd3� ions (and Na� ions) in Nd3�-b''-
Al2O3. At the anodic side of the pellets the sample is
decomposed, releasing Nd3� and Na� cations. Following the
potential gradient, these cations migrate from the anode
through the solid electrolyte to the cathodic side of the
sample. The resulting Nd3� and Na� accumulation reflects the
corresponding increase in concentration from the EPMA
measurements. On the other hand, at the anodic side of the
sample mainly aluminum and magnesium oxides are left.[22]

Such a redistribution of, for example, neodymium would not
occur if the Nd3� ions are not mobile within the Nd3�-b''-
Al2O3-matrix. It is not possible to explain the results only on
the basis of electrolytic decomposition and/or chemical
reactions between the electrolyte and the atmosphere without
assuming mobile charge carriers. Thus, these observations are
the first direct and clear indication for trivalent cation
conduction in b''-Al2O3.

With respect to the comparatively uniform concentration
profile of magnesium over the entire sample cross-section at
low and high temperatures (Figure 3), it can be additionally
stated that these cations are not mobile. The measurements
indirectly confirm the exclusive incorporation of Mg2� into
the spinel blocks of the crystal structure. A comparable result
could also be obtained for aluminum (the concentration
profile is not shown here), indicating the nonmobility of Al3�.
Additional experiments, for example polarization measure-
ments or measurements of conductivity as a function of O2

partial pressure, have been performed in order to characterize
the conduction properties of Nd3�-b''-Al2O3 more thoroughly.
However, the detailed description of these experiments is
beyond the scope of this article and therefore not included
here. It can nonetheless be stated that the electrical con-
duction in Nd3�-b''-Al2O3 is neither generated nor influenced
by electronic or O2ÿ charge carriers.

In conclusion, Nd3�-b''-Al2O3 can be characterized as a solid
electrolyte in which the electrical current is transported by
mobile trivalent cations. However, the influence of the
remaining nonexchanged Na� cations, which are present in a
minor concentration, on the conduction behavior cannot be
neglected. The Na� ions represent the predominant charge
carriers at low temperatures, whereas at higher temperatures
the Nd3� ions also contribute to the current transport,
generating a mixed cationic conduction. These investigations
demonstrate for the first time that highly charged trivalent
cations are mobile within the b''-Al2O3 matrix. For future
studies the ambitious goal remains to quantitatively identify

Table 1. Cationic elemental analysis (EPMA) of the cathodic and anionic
surfaces of a Nd3�-b''-Al2O3 sample before and after electrolysis at 650 8C.
The data are given in atomic percent (at-%) and correspond to the average
value of eight measurements at different sites on the sample.

Element: Na Nd Mg Al

before electrolysis (cathode and anode) 0.4 4.9 4.5 90.2
after electrolysis (cathode) 0.7 28.9 2.5 67.9
after electrolysis (anode) 0 2.3 4.8 92.9
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Extremely Strong s2 ± s2 Closed-Shell
Interactions**
Ralf Wesendrup and Peter Schwerdtfeger*

Closed-shell interactions (CSI) range from extremely weak
van der Waals forces, as for the helium dimer (dissociation
energy, Ed� 9.06� 10ÿ2 kJ molÿ1),[1, 2] to strong aurophilic
interactions (Ed up to 30 kJ molÿ1)[3] . The strength of the
latter lie almost in the order of covalent bonds, and strong CSI
have recently been reviewed by Pyykkö.[4] The bonding
situation in these compounds is described by an equal number
of electrons in bonding and antibonding molecular orbitals.
This gives rise to a bond order of zero and explains why CSI
are generally so weak.

Unusually strong ªclosed-shell interactionsº have recently
been reported for the d10-s2 system Au� ± Hg (Ed�
179 kJ molÿ1, Table 1),[5] and for the related cationic gold rare
gas (Rg) compounds RgAu� (Ed� 126 kJ molÿ1).[6] These

cationic dimers fulfill the formal criterion for CSI since they
consist of two interacting closed-shell fragments, the d10 gold
cation and a closed-shell atom. However, significant charge
transfer from the neutral atom to the gold cation at the
equilibrium distance and low-lying alternative dissociation
channels indicate a contribution from open-shell configura-
tions to the bonding. Even though the degree of covalency in
RgAu� and related species remains subject to discussion,[7]

these compounds are clearly different from the aforemen-
tioned examples. Their highest occupied molecular orbitals

the current transport by trivalent charge carriers. This
challenge can be managed, for example, with ªTubandt
electrolysisº experiments.
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Table 1. Bond lengths re [�] and dissociation energies Ed [kJ molÿ1] (not
corrected for zero-point vibration) at various levels of theory.

AuM AuM AuMÿ

re Ed re Ed re Ed

M�Hg� [a]

R-HF 2.700 119.4 ± ± 3.293 13.4
R-MP2 2.528 197.2 2.630 56.3 2.838 58.1
R-CCSD 2.590 168.5 2.743 28.8 3.018 30.4
R-CCSD(T) 2.581 179.2 2.711 37.6 2.967 36.8
NR-HF 3.066 89.8 ± ± 3.631 15.4
NR-MP2 2.794 145.9 2.883 41.7 3.016 59.3

M�Ba
R-HF 2.979 125.7 3.131 138.8 3.322 105.4
R-MP2 2.711 319.0 2.848 292.0 2.998 163.3
R-CCSD 2.811 263.2 2.951 238.9 3.126 136.1
R-CCSD(T) 2.789 286.2 2.930 255.7 3.102 142.9
NR-HF 3.490 62.7 3.595 54.7 3.856 70.7
NR-MP2 3.055 169.1 3.146 138.4 3.325 127.4

[a] Results for AuHg� are taken from ref. [5].


