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Abstract: Inorganic electrides are a novel kind of ionic
compounds in which the anions are electrons confined
in a complex array of cavities or channels and the cat-
ions are nanoscale arrays of alkali metal ions that pro-
vide charge balance. In electrides the donated electron
behaves like a low-density correlated electron gas,
whereby the dimensionality of the electron gas and its
electronic and magnetic properties are determined by
the topology of the cavities in the host matrix. Unlike
traditional electrides, in which alkali cations are encap-
sulated within an organic cage, inorganic electrides are
thermally stable. The current inorganic electrides based
on alkali metal loaded zeolites can be designed as
useful reduced-dimensionality materials. Inorganic elec-
trides are powerful reducing agents, and they are able
to reduce small aromatic molecules to the radical
anions within the channels of the zeolite.
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Introduction

How simple can an anion be? The appearance of elec-
trides!? shows that it can merely a stoichiometrically trap-
ped or itinerant electron. In electrides, the electron density
is spread over a cavity or channel rather than being confined
to a particular atom or molecule. Analogues of these anionic
electrons are solvated electrons in ammonia or electrons
trapped at anion vacancies in alkali halide salts (F centers).
The mechanism of electron trapping in electrides is suggest-
ed so as to minimize the kinetic energy by spreading the
electron density throughout a large empty space despite the
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possible existence of a maximum in the potential energy in
that region.”! With such a unique structure, electrides pro-
vide a rich area for theoretical investigations and promise
broad applications in chemical synthesis, catalysis, nano-
devices, and functional materials.

Traditionally, the counterpart cations of electrides are
alkali metals sequestered within organic molecular cages or
sandwiched between two organic ligands. Because the trap-
ped electrons are powerful reducing agents, they tend to de-
stroy the organic ligands. Therfore, the organic electrides
must be kept at temperatures below —40°C, which hampers
the research and their potential application. Many efforts
have been devoted to the search for thermally stable elec-
trides.

Alkali metal loaded porous zeolites have been extensively
studied.*® The alkali metals are found dissolved and ion-
ized in the zeolite host, which make this kind of systems a
good candidate for an inorganic electride.”! Recently room-
temperature stable inorganic electrides with cation-to-elec-
tron ratios of 1:1, as found in organic electrides, have been
synthesized by intercalating alkali metals to all-silica zeo-
lites.* The aim of this article is to introduce the interesting
concept of inorganic electrides based on alkali metal loaded
zeolites.

Synthesis and Structure

In 1960s, Kasai and co-workers have found that electrons
could be trapped in aluminosilicate zeolites by either ioniz-
ing radiation or exposure to sodium vapor.’! To obtain stoi-
chiometic inorganic electride, Dye et al. chose pure silica
zeolites ITQ-4, ITQ-7, and , which are free of pre-existing
cations, to add alkali metals.® They have tested various
alkali metals and zeolites, but we will only concern the typi-
cal cesium-loaded zeoite ITQ-4 example here. ITQ-4 has a
unit cell with formula Si3,Og, and has sinusoidal open chan-
nels with diameters of about 6.4 A."”) ITQ-4 with low defect
concentrations was calcined by using fluoride as mineralizer.
Then the dehydrated zeolite and a weighed amount of
cesium are sealed under vacuum in a borosilicate flask, and
the whole system is heated with frequent mechanical agita-
tion or occasional brief exposure to an ultrasonic bath to ac-
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celerate the adsorption of cesium vapor. The surface of the
powdered zeolite sample turned blue within a few hours;
this is an indication of the generation of an electride. The
reaction was completed overnight. After complete absorp-
tion of the cesium, the samples have overall uniform Cs con-
centrations between and within crystals, as indicated by
energy dispersive spectroscopy. The overall amount of ab-
sorbed metal per unit cell of the zeolites was determined by
collection of hydrogen gas produced by reduction of water,
and by titration of the CsOH formed.

Based on the well-prepared sample, the pair distribution
function (PDF) technique was used by Petkov et al. to de-
termine the ionzation and atomic ordering of the cesium in-
tercalated inside the pseudo-1D nansize pores of the zeolite
ITQ-4." In powder XRD, the added cesium atoms smear
out the peaks into a diffuse pattern and no new Bragg peaks
due to Cs appear; therefore, the location of the cesium spe-
cies could not be directly determined. PDF analysis is a way
to extract disorder information from an XRD pattern and
can be applied to materials that exhibit any degree of struc-
tural coherence, ranging from perfect crystals to nanocrys-
talline particles and liquids. From the overall PDF patterns
for 3.6 and 4.6 Cs per unit cell in ITQ-4, they found that the
local Si—O structure is not significantly disturbed by the in-
corporation of Cs, but that the long-range order is disrupted.
The Cs differential PDFs, which have the advantage of
being chemically specific and reflect only the atomic correla-
tions between Cs atomic or ionic species and their immedi-
ate environment, were best fit by a model of zigzag Cs*
chains within the 1D sinusoidal channels of ITQ-4. Hence,
the structural model established by PDF analysis is that the
Cs* ions form continuous zigzag chains along the narrow
pore channels as shown in Figure 1; this makes them distinct
from the previously studied ionized large clusters of cesium
in zeolite-X" and the body-centered cubic array of Na,**
ions in sodalite.

This PDF structure model has been validated by our first-
principles calculations."” We relaxed the geometry from the
optimized zeolite unit cell (Cs,Si;,Og) together with ran-
domly located cesium atoms in the zeolite channels. After
the geometry relaxation, we found the zeolite framework
was little affected and the doped cesium atoms formed
zigzag cesium chains within the channels. The optimized po-
sitions of cesium atoms agree well with the PDF-fitting re-
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Figure 1. Schematic atomic structure of cesium loaded zeolite ITQ-4.
Left: Perspective view of the unit cell. Alkali metal atoms (purple circles)
are in the nanopores. Oxygen atoms are in red and silicon is in gray.
Right: Channel model of zeolite ITQ-4. Within the sinusoidal zeolite
channel, cesium forms zigzag chains.

sults, except for some deviations in the coordinates along
the channel direction. We obtain variable Cs—Cs distances
(5.42 and 5.65 A alternately), which match the channel
shape better than the PDF-fitting results and is consistent
with the spin-paring model proposed on the which basis of
magnetic susceptibilities and EPR spectra.”’ In the opti-
mized geometry, each cesium atom is bound by several Si—
O-Si units.

Evidence for Ionization of Cs and Delocalization
of Electrons

In organic electrides, the strongest experimental argument
in favor of electron trapping comes from their structural
similarity to alkalides, which are crystalline compounds with
the same type of complexed cations and with alkali-metal
anions occupy the anionic sites.'¥ Here, structure analysis
also gives a strong clue for the electride model of Cs loaded
ITQ-4. By comparing their results of Cs differential PDF
with models of ITQ-4 containing either neutral or charged
cesium atoms, Petkov et al. found that only positively charg-
ed cesium fits the data.[']

The optical spectra of thin organic electride films always
show a distinct absorption peak in the near-IR region which
is similar to that of solvated electrons in ammonia and is a
characteristic of electron localization. Diffuse optical reflec-
tance spectra were collected by the Dye group for the alkali
metal loaded zeolite samples and converted to apparent ab-
sorbance with the Kubelka-Munk function.”* The charac-
teristic near-IR peak at 1400 nm for Cs loaded ITQ-4
sample has been observed. Our first-principles calculation
shows that this peak may contribute to the transition be-
tween bands that mainly originate from the occupied and
unoccupied Cs 6s orbitals.

Ichimura et al. have found additional experimental evi-
dence from '*Cs and Si NMR spectra, obtained over wide
scan regions,” for delocalization of the electrons following
ionization of Cs in cesium loaded ITQ-4. No detectible
signal was found in the **Cs spectrum and there was signifi-
cant reduction in signal in the *Si spectrum. It is known
that alkali metals in aluminosilicate zeolites often give ob-
servable signals in alkali metal, silicon, and aluminum NMR
spectra, even at high loadings. However, in this case the
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electron density is spread out enough so as to broaden the
NMR lines substantially. Air oxidation restores the NMR
spectra.

Theoretical evidence comes from band structure calcula-
tions. Fictitious stand alone Cs* zig-zag chains with the
same geometry as those of within the zeolite channel give
prefect 6s band structure, which is coincident with the corre-
sponding bands of cesium loaded zeolite ITQ-4. However, a
band structure calculation for fictitious Cs atomic chains
gives much higher energy for the 6s bands. This result
strongly suggests the ionization of cesium with the channels.
The delocalization of the excess electrons can be directly
observed from our first-principles calculations. We plot the
charge density in Figure 2 for one of the bands of those
excess electrons. We can clearly see that the charge density
distributes mainly within the zeolite channel and is delocal-
ized from the cesium cations. In the iso-surface image, with
the iso-value being a little larger than the mean value, we
can find chains of connected charge density maxima that are
very similar to those of organic electrides.

A simple but clear picture for ionization to form Cs* and
itinerent electrons was proposed by Ichimura etal.l”! As
shown in Figure 1 (left), the smaller Cs* can be strongly
bound with the sinusoidal channel wall, whereas the large
neutral cesium atom would be only weakly bound. The re-

mean value of the charge density is 8.0x107° e A=,
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Figure 2. Charge density of an electride state at the I” point in Brillouin zone (taken from reference [12]). Top:
Contour map of the charge density within a slice parallel to the a and c¢ axis. The purple and red circles are Cs
and O atoms, respectively. Bottom: Isosurface of the charge density with the iso-value of 2.0x10™*e A= . The

leased electron could then occupy the remaining free space.
Although the electron density is attracted to the cation
through Coulombic forces, it is polarized away from the
cation by the interaction of Cs* with the oxygen lone pairs.

Properties and Applications

Magnetic susceptibilities and EPR spectra for cesium added
ITQ-4 show only a minor “Curie Tail”, corresponding to
paramagnetism from less than 1% of the total cesium. De-
spite the difficulties in the interpretation of the detailed
magnetic behavior of the paramagnetic species in undoped
zeolites, these experiments have indicated that most of the
electrons in this inorganic electride are spin-paired; this sug-
gests that loose dimmers or chains of ions and electrons are
favored over separate Cs*—e~ species. Electron spin-pairing
is ubiquitous in open channel electrides such as K7
(C222)e 1 and in metal-ammonia solutions.

Besides Heisenberg antiferromagnetism, most confined
electron gases in organic electrides exhibit Mott insulating
behavior. However, our calculations give a metallic band
structure for the cesium-loaded zeolite ITQ-4. When doped
with cesium, two interstitial electride energy bands, which
mainly originate from the Cs 6s electrons, appear in the
energy gap of zeolite 1TQ-4
near the bottom of conduction
band. As well as the two elec-
tride bands, there are three
energy bands crossing the
Fermi level. The density of
states at the Fermi level is
7.09 states per eV per cell. A
simple estimation shows that
the electron correlation should
not be so strong in this inor-
ganic electride, and the DFT
description is valid. Calcula-
tions with various doping rates
of Cs all predict metallic be-
havior. The metallic properties
promise a broad application of
this material in areas such as
nanodevices. An example of
metallic organic electride is
Li(NH;),."!

This material is a powerful
reducing agent. In addition to
their quantitative formation of
hydrogen by reduction of
water as mentioned above, the
included cesium can reduce ar-
omatic molecules such as ben-
zene, which 1is difficult to
reduce in solution, to radical
anions within the pores of the
zeolite, as shown by both EPR
and optical spectra. The high
reducing power of this material
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may originate from its relatively high Fermi energy and the
delocalization of the donated electron density.

Conclusion

Inorganic electrides are room-temperature stable electrides.
Within the channels of zeolites, the alkali metals are ionized
and release nearly-free electrons. The inorganic electride
based on cesium-loaded zeolite ITQ-4 has been predicted to
have metallic behaviour. Given the advances in both synthe-
sis and characterization of the room-temperature stable in-
organic eletrides highlighted here, it may be possible to de-
velop applications for electrides, such as detectors, catalysts,
and electro-optics for communication. By careful control of
the alkali metal content and the host structure, this material
offers the possibility of a high degree of chemical control
over important electronic properties.

Note Added in Proof

After the submission of this work, a new kind of inorganic
electride was synthesized through the removal of clathrated
oxygen ions from the crystallographic cages in a single crys-
tal of 12Ca0-7 AL 0,117

Acknowledgment

We thank professor James L. Dye for helpful discussion. This work is par-
tially supported by the National Project for the Development of Key
Fundamental Sciences in China (G1999075305, G2001CB3095), by the
National Natural Science Foundation of China (50121202, 20025309,

10074058), by the Foundation of Ministry of Education of China, and by
the Foundation of the Chinese Academy of Science.

[1] J. L. Dye, Nature 1993, 365, 10.

[2] J. L. Dye, Inorg. Chem. 1997, 36, 3816.

[3] D.J. Singh, H. Krakauer, C. Haas, W. E. Pickett, Nature 1993, 365,
39.

[4] P.P. Edwards, P. A. Andersion, J. M. Thomas, Acc. Chem. Res. 1996,
29, 23.

[5] T. Sun, K. Seff, N. H. Heo, V. P. Petranovskii, Science 1993, 259, 495.

[6] V.1 Srdanov, G. D. Stucky, E. Lippmaa, G. Engelhardt, Phys. Rev.
Lett. 1998, 80, 2449.

[7] A.S. Ichimura, J. L. Dye, M. A. Camblor, L. A. Villaescusa, J. Am.
Chem. Soc. 2002, 124, 1170.

[8] D.P. Wernette, A.S. Ichimura, S. A. Urbin, J. L. Dye, Chem. Mater.
2003, 15, 1441.

[9] a) P. H. Kasai, J. Chem. Phys. 1965, 43, 3322; b) J. A. Rabo, P. H.
Anell, P. H. Kasai, V. Schomaker, Discuss. Faraday Soc. 1966, 41,
328.

[10] P. A. Barrett, M. A. Camblor, A. Corma, R. H. Jones, L. A. Villaes-
cusa, Chem. Mater. 1997, 9, 1713.

[11] V. Petkov, S.J. L. Billinge, T. Vogt, A.S. Ichimura, J. L. Dye, Phys.
Rev. Lett. 2002, 89, 75502.

[12] Z. Li, J. Yang, J. G. Hou, Qingshi Zhu, J. Am. Chem. Soc. 2003, 125,
6050.

[13] J. L. Dye, J. M. Ceraso, M. T. Lok, B. L. Barnett, F. J. Teham, J. Am.
Chem. Soc. 1974, 96, 608.

[14] R.H. Huang, M. K. Faber, K.J. Moeggenborg, D. L. Ward, J. L.
Dye, Nature 1988, 331, 599.

[15] T. A. Kaplan, J. F. Harrison, J. L. Dye, R. Recsok, Phys. Rev. Lett.
1995, 75, 978.

[16] S. Matsuishi, Y. Toda, M. Miyakawa, K. Hayashi, T. Kamiya, M.
Hirano, I. Tanaka, H. Hosono, Science 2003, 301, 626.

[17] P. V. Sushko, A.L. Shluger, K. Hayashi, M. Hirano, H. Hosono,
Phys. Rev. Lett. 2003, 91, 126401.

Published online: January 29, 2004

1596 ——

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org  Chem. Eur. J. 2004, 10, 15921596


www.chemeurj.org

