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A cage structure formed in a positively charged lattice framework of 12CaO�7Al2O3 (C12A7) is utilized to incor-
porate and release chemically unstable anions, imparting chemical and electronic activities to this material. High con-
centrations of oxygen radical anions, i.e. O� and O2

�, are formed efficiently in these cages under a high oxygen activity
condition. The O� ion, which is the strongest oxidant among all the reactive oxygen species, can be extracted from the
cages into an external vacuum by applying an electric field with thermal assistance. In contrast, hydrogen-reduction
processes allow the formation of hydride (H�) ions in the cage. H� ion-incorporated C12A7 exhibits a persistent insu-
lator–conductor conversion upon irradiation with ultraviolet-light or electron-beam. The irradiation-induced conversion
mechanism and electronic transport characteristics are discussed on the basis of experimental evidence and first-principle
theoretical calculations. Electrons released from the H� ions are trapped by the cages and subsequent inter-cage hopping
of the electrons is responsible for the electrical conduction. Furthermore, a severe reducing environment enables us to
substitute electrons almost completely for anions in the cages, forming a stable inorganic electride. Finally, the formation
of these active anions in this material is examined in terms of electronic structures, thermodynamics, and structural fea-
tures of the cage.

1. Introduction

12CaO�7Al2O3 (C12A7) is commonly known as a natural
mineral ‘‘mayenite’’ as well as a constituent of calcium alumi-
nate cements produced and consumed on a large-scale.1 Al-
though C12A7 appears to be useful only for structural material
purposes, it has huge potential for exhibiting active functional-
ities, if its unique nanostructure embedded in the lattice is fully
utilized. Its crystal structure, as illustrated in Fig. 1, was deter-
mined in the early ’70s.2 An incomplete network of AlO4 tetra-
hedra incorporated with Ca ions forms a cage structure. The
unit cell is composed of two formula units (Z ¼ 2) and is
convenient to be expressed as [Ca24Al28O64]

4þ + 2O2�. The
[Ca24Al28O64]

4þ component denotes the lattice framework
containing 12 cages. Each cage has an inner free space of
�0:4 nm in diameter, approximately S4 symmetry along the
axis passing through two Ca ions and the center of the cage,
and is connected to its eight nearest neighbors via a Ca–O–
Ca–Al–O–Al ring. Only a mean effective charge of þ1=3jej
(¼þ4jej=12 cages, where e is the elemental charge) is as-
signed to each cage. The remaining two O2� ions do not be-
long to the framework, but randomly occupy 1/6 of the inner
cage sites, thereby are referred to as ‘‘free oxygen’’ or ‘‘extra-
framework oxide ions.’’ The presence of extra-framework O2�

ions is most likely an origin of the fast oxide ion conduction

Fig. 1. Crystal structure of C12A7. Each atom is described
with 50% of the actual ion size. (a) Lattice framework
with the space group I �443d and the lattice constant �1:2
nm. Highlighted part is complete two neighboring cages,
where some of atoms extend outside the unit cell. Extra-
framework anions are omitted in this figure for simplicity.
The S4 axes, indicated by dashed lines, are directed to
h100i, which of neighboring cages are perpendicular to
each other. (b) Single cage incorporating an extra-frame-
work anion at the cage center. The S4 symmetry of each
cage is preserved only approximately because the cages
are distorted by extra-framework ions.
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observed in a dry oxidative atmosphere.3 Furthermore, the O2�

ions can be partially or completely replaced by various anions
such as OH�,4 F�, and Cl�.5 Monovalent anions occupy 1/3
of the total cage site at the maximum, which corresponds
to an anion concentration of 2:3� 1021 cm�3. Since OH�,
F�, and Cl� ions are rather chemically stable, conventional
C12A7 have never offered any chemical and electronic active
properties. Such anion-exchange properties are complementary
to those of conventional nanoporous crystals, e.g. zeolites,
whose lattice framework is negatively charged and formed
with extra-framework cations.

Our approach to render C12A7 an active material involves
the incorporation of chemically unstable, i.e. ‘‘active,’’ anionic
species into the positively charged cage by suitable chemical
processes. One important achievement of this approach is a
formation of highly reactive oxygen radical anions, O� and
O2

�, inside cages with extraordinarily high concentrations.
Thermal annealing in oxygen atmospheres can almost com-
pletely replace the extra-framework oxide ions with these radi-
cal anions. Their formation process, thermodynamics, and an
extraction to vacuum as an O�-ion beam are described in Sec-
tion 3. Heat-treatments in hydrogen atmospheres form another
kind of reactive anion, hydride (H�) ions, in the cages. H�-in-
corporation affords light- or electron-beam-induced insulator–
conductor conversions. Mechanisms of the irradiation-induced
carrier formation and the resultant electrical conduction are
discussed in Section 4. Section 5 describes the ‘‘C12A7 elec-
tride,’’ where electrons are substituted for the extra-framework
anions, thereby occupying the free space of the cages behaving
like anions. In this article, the electrons trapped in the cage are
also treated as an active anions species. Section 6 discusses
some aspects of the active anion formation to elucidate origins
of their stable formation from thermodynamic and quantum
mechanical points of views. Finally, concluding remarks are
given in Section 7. Before describing our approach to the ac-
tive anion incorporation, we begin with syntheses of various
forms of C12A7, which are the key of our study for exploring
novel functionalities in this material.

2. Synthesis of Various Forms of C12A7

Fabrication processes of translucent ceramics, single crystal
and thin films are described in this section. It is noted that sev-
eral properties specific to C12A7 sometimes help and some-
times hinder these processes.

Sinterability of C12A7 has been considered to be poor.
However, a fully densified translucent C12A7 ceramics was
fabricated by the sintering of a green body made of hydrated
C12A7 powder (Fig. 2a) in a dry oxygen atmosphere.6 The dry
atmosphere enhances densification much better than a wet at-
mosphere. The visible light transmittance for the ceramic plate
with a thickness of 1mm was improved up to �70% by sinter-
ing at 1300 �C for 48 h (Fig. 2b). The improvement is likely as-
cribed to efficient annihilation of pores at the grain boundaries,
whose light-scattering principally deteriorates the transparency
of ceramics. Since C12A7 has a high solubility of water owing
to the formation of extra-framework OH� ions and oxygen gas
as oxygen radical anions (The detail will be described in the
next section.), residual water and/or oxygen molecules existing
in pores at the initial stage of the sintering process successively

dissolve into the lattice as the densification proceeds. As a
result, these pores shrink and are eventually annihilated.

Single crystal growth of C12A7 has been examined in oxy-
gen-containing atmospheres, because C12A7 decomposes into
a eutectic of CaAl2O4 (CA) and Ca3Al2O6 (C3A) in an inert
atmosphere at high temperature.7 Whatmore et al. have grown
single crystals with �20mm in diameter by the Czochralski
(CZ) method using Ir crucible.8 However, Ir-inclusion caused
a strong Tyndal scattering, and hence the crystal is not ade-
quate for evaluating optical properties.

Watauchi et al.9 have grown a colorless transparent C12A7
crystal with �5mm in diameter by the floating zone (FZ)
method (Fig. 2c). A conventional FZ technique is very difficult
to apply to C12A7 crystal growth, because C12A7 melt is a
good solvent for oxygen gas,10 whose precipitation upon the
crystallization enhances the formation of oxygen bubbles or
pores. Furthermore, C12A7 has a good light-transmission in
infrared–visible range and a low thermal conductivity, making
it difficult to form an appropriate solid–liquid interface for
eliminating bubbles from a growing crystal by the lamp heat-
ing. These problems have been solved by reducing the growth
rate to 1mmh�1 and incorporating an alumina tube into the
heating zone to improve the temperature uniformity. FZ-grown
crystals were exclusively used for the experiments described in
this article.

Recently, Kurashige et al. have optimized conditions of the
CZ-growth by employing the radio frequency induction heat-
ing of Ir-crucible in a diluted oxygen atmosphere, and obtained
inclusion-free high-quality crystals with an ingot diameter of
more than 25mm. However, the crystals are colored orange
by the incorporation of Ir4þ ions from the crucible with a con-
centration of �5� 1017 cm�3.11

Polycrystalline C12A7 thin films (Fig. 2d) have been pre-
pared by a room-temperature deposition of amorphous C12A7
films on MgO substrates using a pulsed laser deposition (PLD)
method followed by a thermal annealing at temperatures above
�900 �C,12,13 which corresponds to the onset temperature of
the crystallization of C12A7 glasses.14 Below this temperature,
neither the post annealing nor physical deposition on a heated

Fig. 2. Photographs of various forms of C12A7. (a) Pow-
ders synthesized by a conventional solid-state reaction.
(b) Translucent ceramics obtained by sintering at 1300 �C
for 12 (left), 24 (center), and 48 h (right) in dry oxygen
atmosphere.6 (c) FZ-grown single crystals. Left is a tail
part of the grown ingot and right is a polished single-crys-
tal plate sliced from the ingot. (d) Thin film deposited on
MgO substrate.
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substrate results in the formation of a crystalline phase. Direct
physical deposition of the crystalline film is possible only
when the substrate temperature is much higher than �900 �C.

3. Active Oxygen Anions

3.1 Formation in Cages. Oxygen molecules adsorbed on
metal oxides are converted to anionic oxygen radicals such as
O2

� and O� when reduced by surface defects. They play a cru-
cial role in an oxidation reaction on metal oxides.15 Among the
oxygen radicals, the reactivity of the O� radical is exceptional.
For example, O� radical formed on a MgO surface reacts with
hydrocarbons even below �90K.16 However, O� formation
methods so far developed, including an energetic light-irradia-
tion and an adsorption of N2O molecule on the surface, are not
commensurate with their high costs from an industrial point
of view. Nevertheless, chemists have been fascinated by the
potential of the O� radical for oxidation reactions at low tem-
perature.

Hosono and Abe detected O2
� radicals with a concentration

of 1� 1019 cm�3 in C12A7 synthesized in ambient air using
an electron paramagnetic spin resonance (EPR).17 Then, we
found extremely high concentrations (in the order of 1020

cm�3) of O� as well as O2
� formed in C12A7 with �80%

of the theoretical density when heated in a dry oxygen atmo-
sphere.18 To the best of our knowledge, such a high concentra-
tion, corresponding to �10 atm in gas phase, has not been ob-
tained in any other solids. Furthermore, the effect of oxygen
partial pressure, p(O2), on the enhancement of the active oxy-
gen radical formation was examined using a hot isostatic-
pressing furnace (Fig. 3).19 The total radical concentration of
1:7� 1021 cm�3 was obtained for an p(O2) of 400 atm, which
is close to the theoretical maximum concentration of monova-
lent anions in the cages as obtained from the total charge of the
framework, 2:3� 1021 cm�3. This fact suggests that these rad-
icals are incorporated in the cages.

The formation of oxygen radicals was markedly reduced
with an increase in the water vapor pressure due to the forma-
tion of OH� ions in the cages via the reaction, which hampers

the incorporation of the oxygen radicals:20

O2�(c)þ null(c)þ H2O(g) ! 2OH�(c); ð1Þ

where (c) and (g) specify the species in the cage and the gas
phase, respectively, and null denotes the empty cage. The for-
mation of oxygen radicals in a dry oxygen atmosphere is at-
tributed to the absorption of oxygen molecules into C12A7,
where the dominant reaction is most likely:

O2�(c)þ O2(g) ! O�(c)þ O2
�(c): ð2Þ

Absorption of O2 gas to form O2
� radical was evidenced by

detection of 17O2
� radicals by the EPR after annealing in

17O2.
21 From the EPR study, the geometry of O2

� in a cage
with respect to the cage wall and its temperature-dependent
dynamic motion inside the cage were also determined. Equa-
tion 2 also indicates that the formation of oxygen radicals
causes an oxygen excess state with respect to the stoichiomet-
ric composition of C12A7. Indeed, as observed in Fig. 4, the
excess oxygen desorbs when heated to �700 �C in an inert
gas atmosphere.22,23 The weight loss reasonably agreed with
the amount of oxygen radicals evaluated from the EPR inten-
sities, further supporting the radical formation process repre-
sented by Eq. 2. However, observed weight loss slightly ex-
ceeds the amount of oxygen radicals. The discrepancy is as-
cribed to the formation of O2

2� ions in the cages. Although
diamagnetic O2

2� ion is not detectable by the EPR, its pres-
ence was suggested from an enhanced Raman band at �730

cm�1.15 Estimated concentration of O2
2� ions formed in dry

oxygen atmosphere was in the range of 1018{20 cm�3.
During the oxygen absorption process, O� and O2

� ions
formed at the surface diffuse inward, while an equivalent
amount of O2� ions diffuse outward. As a result, oxygen rad-
icals accumulate inside the bulk. Theoretical calculations on
the diffusion show that the direct inter-cage migration of the

Fig. 3. Dependence of the oxygen radical concentration on
the oxygen partial pressure during heat-treatment in
C12A7. Polycrystalline sinters with 80% of theoretical
density were heated up to 1350 �C and cooled with a rate
of 200K h�1 in an atmospheric pressure tube furnace and
a hot isostatic pressing (HIP) furnace.19

Fig. 4. Thermogravimetric-evolved gas combined analyses
(TG-EGA) of C12A7 polycrystalline ceramics with the
theoretical density of �80%. The samples were preheated
at 550 �C for 36 h in a dry O2. Thermogravimetric-differ-
ential thermal analyses (a) and mass spectroscopy (b) were
carried out during heating with a rate of 600K h�1 in a He
carrier gas flow.23
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extra-framework oxygen species through the opening of the
cages is not feasible, instead they diffuse by exchanging with
the framework O2� ions.24 This fact suggests that extra-frame-
work O� and O2

� ions are involved in equilibrium reactions
with framework O2� ions. Although it is impossible to assess
every possible reactions, a simplification of all possible reac-
tions into Eq. 2 makes it possible to evaluate thermodynami-
cally the formation of oxygen radicals from oxygen gas ab-
sorption. Figure 5 shows the measured and thermodynamically
assessed equilibrium total concentration of oxygen radicals.
This plot enables us to predict temperature and p(O2) depend-
ences of the equilibrium oxygen radical content.25 The estimat-
ed enthalpy change for Eq. 2 was �131 kJmol�1 (�1:4 eV).
Exothermic reaction indicates that the equilibrium concentra-
tions of oxygen radicals are enhanced with decreasing temper-
ature. Results of thermodynamic assessment in Fig. 5 predict
that the total concentration reaches the maximum concentra-
tion below �300 �C. However, since a decrease in temperature
suppresses the bulk diffusion rate of oxygen species, the rate of
the oxygen radical formation is also limited by the diffusion
rate of the oxygen radicals.25 Thus, it is practically impossible
to obtain the maximum concentration by such low-temperature
treatment. For example, it takes more than 100 h to obtain con-
centrations higher than 2� 1021 cm�3 in fine powders with a
diameter of 1mm at 400 �C under p(O2) = 1 atm. Practical
temperatures for the thermal treatment under atmospheric
pressure are in the range of �600{800 �C.26 On the other hand,
equilibrium concentrations at higher temperatures are propor-
tional to the square root of p(O2). This dependence agrees with
those observed for the high pressure oxygen treatment (See
Fig. 3).

3.2 Generation of O� Ion Beam. Generation of O� ions
in a vacuum has been a focus for the surface oxidation or mod-
ification of materials. However, ion sources that can selective-
ly generate O� ions have not come into general use in the in-
dustry. So far, the most promising O� ion source under the de-
velopment is a plasma-sputter-type source.27 The principle of
this device is the generation of negative ions by the conversion
of plasma-generated neutral or positive particles on an elec-
trode whose work function is lowered by Cs deposition. Al-
though some practical devices, which generate O� ion current

on the order of milliamperes by a few hundred watt power sup-
ply, have been developed, the necessity of continuous supply
of Cs limits its applications.

Torimoto et al. have proposed a novel negative ion genera-
tion method that has totally different principle from conven-
tional methods.28 They inserted a tubular yttrium-stabilized
zirconia (YSZ) with porous gold electrodes on both surfaces
of the tube into a vacuum chamber. In addition, an extraction
electrode was proximately placed 15mm away from the out-
side of the tube. They observed an O� emission current on
the order of nano-amperes with an extraction bias of several
hundred volts applied between the inside electrode and the
extraction electrode while heating of the tube at �700 �C with
a supply of oxygen gas inside the tube. They considered that
O2� ions conducted through the YSZ at elevated temperature
are emitted as O� ions with an equivalent amount of electron
emission.29 Direct emission of negative ion from solids is a
promising method for realizing a Cs-free O� negative ion
source, although a current on the order of nanoamperes is still
insufficient for the practical use.

Since C12A7 is also an oxide ion conductor, and moreover
can accommodate the O� ion in its cages, this material seems
to be a better candidate for the direct O� ion emission from a
solid. A C12A7 ceramic disc containing a large amount of O�

(1� 1020 cm�3) and O2
� (3� 1020 cm�3), was prepared and

then a dc voltage was applied between anode formed on the
backside of the disc and an extraction electrode placed at
�10mm away from the front surface of the disk in a vacuum
chamber. Nearly pure O� ion emission from the surface was
confirmed by mass spectroscopy.30–33 This result is in clear
contrast from the YSZ, which emits equimolar O� ions and
electrons. When the sample was heated to �800 �C and the ap-
plied field was increased to �1 kV cm�1, the O� current den-
sity exceeded �1mAcm�2, which is three orders of magnitude
higher than that obtained in the YSZ emitter. The O� ion cur-
rent was sustained until the oxygen radicals inside the C12A7
were completely consumed. In addition, it is noted that O�

ions can be extracted from a bare surface of C12A7, while
the YSZ emitter requires porous gold coatings, which may cat-
alyze the dissociation of O2� ions into a pair of O� ion and an
electron.29

At first glance, efficient O� ion emission from C12A7 is
likely ascribed to the direct extraction of O� ions from the cag-
es near the surface. However, as suggested by the theoretical
study on the transport of oxygen species,24 the direct inter-cage
migration of O� is not feasible. Thus, the direct emission from
the surface cage also seems to be not allowed. Here we point
out that intense O� emission occurs in the similar temperature
range of the spontaneous oxygen gas desorption as observed in
Fig. 4b. Recently, we observed that O2 gas effused from an
oxygen radical-incorporated C12A7 into vacuum in a similar
temperature range irrespective of the application of the extrac-
tion field.34 Such an oxygen desorption is caused by the relax-
ation of a non-equilibrium oxygen-excess state to the equilib-
rium near-stoichiometric state. We speculate that the O� ion
emission from C12A7 is promoted by this driving force, and
then O� ions are efficiently formed on the surface during the
oxygen desorption process. In addition, the following proper-
ties of C12A7 likely accommodate the supply of the O� ion

Fig. 5. Temperature dependence of oxygen radical concen-
tration at equilibrium for several oxygen partial pressures.
Circles denote measured equilibrium concentrations and
solid lines are thermodynamically calculated ones.25
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to be emitted to vacuum without surplus electron formation.
Various oxidation states (O2

�, O2
2�, O�, and O2�, in the low-

er to higher order) are allowed for the extra-framework oxygen
anions, and inter-cage electron transfer is fast, as described in
the next section. Excess electrons, even if they are generated,
are easily accommodated by the valence change of the extra-
framework oxygen anions before being emitted to the vacuum.

In summary, C12A7 appears to have suitable properties for
the efficient O� emission to vacuum. However, continuous
generation of high-density ion beam likely requires a supply
of oxygen from backside of the C12A7 membrane to maintain
an oxygen-excess state. Development of a practical ion source
depends on solution of these technical problems.

4. Incorporation of H� Ions

4.1 Photoinduced Conversion of C12A7:H� from Insula-
tor to Conductor. Electronic conduction in light metal ox-
ides was first found in C12A7, in which hydride ion (H�)
was incorporated into the cages by thermal treatment in a hy-
drogen atmosphere.35 The as-prepared H�-incorporated C12A7
(C12A7:H�) was colorless and a good insulator with an elec-
tronic conductivity of less than 10�10 S cm�1. However, upon
illumination with UV light around 300 nm, the C12A7:H� be-
came yellowish green due to photo-absorption by 2.8 and
0.4 eV bands (Fig. 6), accompanied by an increase in the con-
ductivity by more than 1010 times. Around room temperature,
the conductive state had an electrical conductivity of �0:1{10
S cm�1 with a mobility of �0:1 cm2 s�1 V�1. The conductivity
increased with temperature with an activation energy of �0:1
eV. The optical absorption and the conductivity never decay at
room temperature even after the irradiation was stopped. How-
ever, when heated above �300 �C, C12A7:H� reverted back to
being an insulator, and the optical absorption intensities de-
cayed concomitantly. Further heating above �550 �C caused
the release of H2 gas and a simultaneous loss of photosensitiv-
ity. Upon illumination with UV light at room temperature, H�

ion is photolyzed to release an electron, which is then trapped

in a cage, and the inter-cage migration of the electron is re-
sponsible for the electrical conduction. The detail of this pro-
cess will be discussed later.

The insulator–conductor conversion by UV-illumination
was also possible in C12A7:H� thin films, in which H� ions
were formed either by thermal treatment in a hydrogen atmo-
sphere at 1200 �C12 or via the hot ion implantation of Hþ ions
into the films.13 The visible light absorption loss was estimated
to be only 1% for 200 nm-thick films with an electrical con-
ductivity of 1 S cm�1 at room temperature. Thus, the conduc-
tive film was also colorless and transparent (Fig. 7a). These
properties enable novel applications such as a direct optical
patterning of transparent electronic circuits on the insulating
media (Fig. 7b).

The generation of persistent carrier electrons in C12A7:H�

by an electron-beam (EB) irradiation was also examined.36

The EB irradiation to an insulating C12A7:H� single crystal
afforded an electrical conductivity to the surface layer of the
crystal and a green coloration identical to that induced by
the UV-light illumination. The carrier electron formation
was saturated at an EB dose of 300mCcm�2, which is compa-
rable to the sensitivity of conventional photoresists for the EB
lithography. The yield per incident electron for the carrier
electron generation in C12A7:H� was estimated to be as high
as 30 for an acceleration voltage of 25 keV. Such a high sen-
sitivity makes it possible to form a fine conductive patterning
directly on the surface of the C12A7:H� using a conventional
EB-exposure system without a photomask and an EB-resist.

Fig. 6. Optical absorption spectra for C12A7:H� single
crystals before (black line) and after (green line) illumina-
tion with UV light. Blue filled circles denote the photon
energy dependence of the sensitivity on the coloration. In-
set is a photograph of single crystals before and after the
illumination.35

Fig. 7. Photoinduced insulator–conductor conversion in
C12A7:H� thin films. (a) Both electrically insulating
(lower left) and conductive (lower right) films appear col-
orless and transparent. (b) Schematic of a direct patterning
of a conductive pattern by the UV-illumination through a
patterned mask.
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This technique may provide an opportunity for investigating
mesoscopic electronic properties of this material.

4.2 Mechanism of the Photoinduced Conversion. Sushko
et al. have performed a theoretical calculation based on the
density functional theory and the embedded cluster approach,
which fully account for the lattice relaxation around a de-
fect,37–39 to clarify electronic states of H� or electron in cages
(Fþ-like center) and mechanism of the irradiation-induced
insulator–conductor conversion. Results of the calculation
are summarized in Fig. 8. The H� ion occupies the center of
a cage and is stabilized by a strong inward relaxation of the
cage, so that two Ca ions on the S4 axis are displaced towards
the H� and the Ca–Ca distance decreases from 5.6 Å in the
empty cage to 5.0 Å in the presence of H�. Energy level of
the H� ion is located �1:1 eV above the valence band maxi-
mum (VBM), and the two electrons occupying this level are
localized well within the cage. The empty cage states forms
a narrow conduction band, called a ‘‘cage conduction band
(CCB),’’ which is located �5:4 eV above VBM and �2 eV be-
low the framework conduction band minimum (FCBM). When
an electron is incorporated into a cage, its energy level is low-
ered by �1 eV from CCB minimum due to strong lattice relax-
ation similar to the H� incorporation. As a result, the electron
becomes localized in the cage in the same manner as an elec-
tron is localized in an anion vacancy in alkali halides (F cen-
ters) or alkaline-earth oxides (Fþ centers). Such an electron
center in C12A7 is, therefore, termed an ‘‘Fþ-like center.’’
Since each cage is connected directly to several other cages,
electrons are able to hop to neighboring cages with activation
energy of only �0:1 eV, inducing a polaronic electrical con-
ductivity. Experimentally observed activation energy agrees
with that obtained by the theoretical evaluation. In addition,
the Fþ-like center induces two absorption bands with peaks
at �0:4 and �2:8 eV (See Fig. 6). These bands are assigned
to the inter-cage charge-transfer and the intra- or inter-cage

s–p transitions of the electron, respectively.
The theoretical calculations confirm that the insulator–con-

ductor conversion is induced by the photoionization of the H�

ion to form a pair of H0 atom and an electron under excitation
of �4:3 eV:40

H�(c)þ null(c) ! H0(c)þ e�(c): ð3Þ

These theoretical analyses are consistent with experimentally
observed formation of electrons by UV-light with the efficien-
cy maximum at �4:1 eV. However, EPR measurement of con-
ductive C12A7:H� after the UV-illumination at room temper-
ature detected only a signal of the Fþ-like center. H0 was never
detected at room temperature.35

The simultaneous formation of both species was only veri-
fied by the UV-illumination at low temperatures. Figure 9a
shows an EPR spectrum after the illumination at 4K, revealing
that nearly equal amounts of H0 atom and Fþ-like centers
were generated.41 This result supports the presence of H�

ions and its photo-dissociation reaction. Furthermore, the H0

concentration was found to decrease abruptly with increas-
ing temperature and disappeared completely above �100K,
while the Fþ-like centers survived above room temperature
(Fig. 9b). This result is only explained by a conversion of
a part of the H0 atoms into diamagnetic Hþ ions above
�100K.

The H0 atom is expected to be so unstable that it may fur-
ther decompose into an Hþ ion and an electron. As such, these
Hþ ions may form O–H bonds with framework O2� ions.
However, the theoretical calculations suggest that a pair of
Hþ ion and electron existing in a same cage is energetically
not advantageous as compared to the single H0 atom in the
cage.42 If the Hþ ions diffuse along other framework O2� ions
to be trapped by extra-framework O2� ions, they may be sta-
bilized as extra-framework OH� ions. These processes are
described as:

Fig. 8. A schematic of the energy levels in C12A7 incorporating either H� ions or electrons, together with the corresponding wave
functions obtained by first-principle calculations based on the embedded cluster approach. The excitation from the localized elec-
tronic state (Fþ-like center) to the cage conduction band (�0:6{1:1 eV) corresponds to the inter-cage charge-transfer transition.
Excitations to the higher energy (2.4–2.7 eV) levels correspond to the s–p transitions.
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H0(c)þ O2�(c) ! e�(c)þ OH�(c): ð4Þ

The summation of Eqs. 3 and 4 gives a reaction that gener-
ates two electrons from a single H� ion:

H�(c)þ null(c)þ O2�(c) � 2e�(c)þ OH�(c): ð5Þ

This process is consistent with the absence of H0 atoms at
>100K, and hence the most feasible candidate for persistence
of the irradiation-induced electron generation process.

This reaction was validated by an experimental study of
the high-temperature electrical conductivity of C12A7:H�

combined with a theoretical analysis.43 We observed that
C12A7:H� without the UV-illumination had an electrical con-
ductivity about 1–2 orders of magnitude larger than that ex-
pected from the oxide ion conductivity in a temperature
range �550{300 �C, in which C12A7 retains H� ions stably
(Fig. 10a). Since the conductivity increases with the H� con-
centration, apparently possible carriers are electrons thermally
dissociated from H� ions. The apparent activation energy for
the electron generation was �0:7 eV, while the theoretical cal-
culation42 gave an estimate of the energy cost for the thermal
dissociation of H� as �3:5 eV (Fig. 10b), which is much larg-
er than the observed activation energy. However, if H0 further

decomposes to form an OH� ion and an electron, this process
has an energy gain of �2:5 eV. Consequently, the energy dif-
ference between the initial and final states in Eq. 5 is decreas-
ed to �1:0 eV. If the experimentally observed activation ener-
gy (�0:7 eV) is interpreted according to this process, double of
the apparent activation energy (+1.4 eV) corresponds to the
enthalpy change for this reaction. This value reasonably agrees
with the theoretically estimated energy difference �1:0 eV.
The equilibrium reaction of Eq. 5, therefore, provides a sound
explanation for the thermal generation of the carrier electrons
in the medium temperature range 550–300 �C.

The conductive state of C12A7:H� resulting from the pho-
to-irradiation is also ascribed to the generation of two-elec-
trons and Hþ ion from an H� ion, which is completed by
OH� ion formation. According to the scheme in Fig. 10b,
the persistence of the photo-induced conductive state is due
to the presence of a high potential barrier for the reverse reac-

Fig. 9. EPR of C12A7:H� measured at 4K. (a) X-band dis-
persion mode spectra of C12A7:H� irradiated with the
UV-light at 4K, showing a hyperfine doublet structure
due to an H0 and a broad singlet band due to the Fþ-like
center. b. Decay of H0 and Fþ-like centers by isochronal
annealing each for 15min. H0 was completely annihilated
above �200K, while �60% of the Fþ centers remain even
at 300K.41

Fig. 10. Generation of electron carrier by thermal activa-
tion in C12A7:H� (a) Electrical conductivity of C12A7
in equilibrium with 0.2 atm H2 (filled circles with solid
line) and of quenched C12A7 (open squares and triangles
with solid lines). Dashed line indicates the oxide ion con-
ductivity measured in a dry oxygen atmosphere. (b) As-
sessment of the energy change associated with the internal
equilibrium using theoretical calculations. The illustra-
tions schematically show the cage and extra-framework
species. The calculations are performed for configurations
composed of two shaded cages in each energy level.43
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tion. The barrier height (2.5 eV) arises mainly from strong
O–H bond in the extra-framework OH� ion.42 Thus, the persis-
tence of the conductive state is ascribed to the stability of the
OH� ion. It is also noted that the photo-induced conversion
necessitates the presence of O2� ions as well as H� ions in
the cages.

5. C12A7 as an Electride

Electrides are special crystalline compounds, in which elec-
trons are confined in their crystalline cavities or channels, serv-
ing as anions. In traditional electrides, cations correspond to
alkali ion-clathrates with cage structures constructed by organ-
ic complexants.44 Owing to such a unique structure, electrides
have unique properties for potential applications, such as re-
ducing agents in chemical synthesis and electron emitter with
a low work function. Unfortunately, these organic electrides
degrade at room temperature or in ambient air. Thus, the study
of the electrides has been focused on those having inorganic
lattice framework to achieve proper stabilities. One example
is a zeolite ITQ-4 intercalated with cesium.45 Although this in-
organic electride is stable at room temperature, it is still not
durable in ambient air. In a broad sense, conductive C12A7
is regarded as an inorganic electride, where electrons are well
confined to the free space of a cage. The conductive C12A7 is
only an electride that is stable above room temperature in am-
bient air. However, the maximum electron concentration ob-
tained by the hydrogen-reduction and subsequent UV-irradia-
tion process is �1� 1020 cm�3, which is only a few tenths
of the theoretical maximum concentration. When all the ex-
tra-framework anions are eliminated from the cages, only elec-
trons occupy their inner space, and then such C12A7 is regard-
ed as an electride in a more strict sense.

Matsuishi et al. have examined enhancement of the electron
concentration by chemical reduction using Ca metal,46 which
has the highest oxide formation enthalpy among all elements.
C12A7 single crystals were encapsulated with calcium metal
shots in an evacuated silica glass ampoules, then they were an-
nealed at 700 �C for 4–240 h. The extra-framework O2� ions
were selectively removed from crystals by forming CaO layers
on the surfaces via reaction:

O2�(c)þ null(c)þ Ca(s) ! 2e�(c)þ CaO(s); ð6Þ

where (s) denotes the solid phase. Figure 11 shows changes in
the appearance of single crystals with annealing time and their
temperature dependences of electrical conductivity. Accompa-
nying a change in the coloration over the treatment time, the
electrical conductivity at room temperature increased up to
�100S cm�1. The electron concentration was on the order of
1021 cm�3 when the crystal was annealed for 240 h, corre-
sponding to an almost complete replacement of the extra-
framework O2� ions with electrons.

Electrical conductivity behavior changes from semiconduc-
tor type to degenerated one with increasing the electron con-
centration. When the electron concentration was on the order
of 1019 cm�3, the temperature dependence of the Ca-reduced
C12A7 is nearly the same as that in the UV-illuminated
C12A7:H� (Fig. 11), suggesting that inter-cage hopping of
electrons are responsible for the electron transport in the Ca-
reduced C12A7 as well. A dramatic increase in the conductiv-

ity at high electron concentrations indicates that the electrons
become more delocalized. Even higher electron concentration
may cause metallic conduction in C12A7.47

As expected for traditional organic electrides, the C12A7
electride was also found to have a high potential for the
cold-cathode electron emission in a vacuum.48 Furthermore,
a high-intensity thermal field electron emission was observed
by heating at 600–900 �C,49 demonstrating an unprecedented
stability as an electride. In addition, unique fabrication routes
are available in the case of C12A7 electrides, such as a solid-
ification of C12A7 melt in carbon crucibles50 and a hot ion im-
plantation of inert gas ions into films.51 These processes have
not been possible for other electrides.

6. Origin of Active Anion Formations

In this section, aspects of stable formation of active anion
species in the cages will be examined based on electronic
structure, thermodynamics, and structural features of the cage.

6.1 Extra-Framework O2� Ion. We first analyze the ex-
tra-framework O2� ion, whose selective replacement is likely a
key step in the formation of the active anions in this system.
Figure 12a is an energy diagram of the C12A7 framework
and 2p states of extra-framework F�, OH�, and O2� ions cal-
culated by the first-principle calculation. The 2p states of
framework O2� ion principally form the valence band, while
2p states of the extra-framework O2� ion are split from va-
lence band, so that the highest occupied molecular orbital
(HOMO) is located in the band gap �1:8 eV above VBM.
As the extra-framework species is replaced by more stable
anions, the 2p level tends to be lowered; OH� level is just
above VBM and that of F� locates inside the valence band.
These levels are directly verified by the optical absorption

Fig. 11. The Arrehnius plot of electrical conductivity in the
Ca-reduced C12A7 single crystals.46 Inset is a photograph
of a series of processed single crystals. The solid lines
show the conductivity of each sample. Dashed line is that
of an UV-illuminated C12A7:H�.35
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spectroscopy. Figure 12b shows absorption spectra of C12A7
crystals, whose cages are almost completely occupied by F�,
OH�, or O2� ions. The absorption edge energy increases in
the order of O2�, OH�, and F�. Those of C12A7 with O2�

and OH� are attributable to transitions from 2p level to CB,
while that of the F�-substituted C12A7 is due to the transition
from VBM to FCBM. The lowest absorption edge is observed
in the O2� incorporating sample, demonstrating that HOMO of
the extra-framework O2� ion is the highest compared to these
three anions.52

The above results indicate that environment of O2� ion in
the cage is significantly differs from that in the framework pre-
sumably due to a difference in the Madelung potential between
the cage site and the framework O2� ion site: only 1/3 of an
elemental charge is allocated to each cage, and the free space
of the cage is approximately 40% larger than that of the O2�

ion site in conventional metal oxides. Thus, the extra-frame-
work O2� ion is less stable and more basic, facilitating their
selective substitution for the active anions, electron donation
to another species like the process in Eq. 2, and the abstraction

of hydrogen as in Eq. 4. Such a low crystal field inside the
cage is most likely the principal reason for the stable active
anion formation in C12A7.

6.2 Thermodynamic Assessment of Extra-Framework
Species. Extra-framework species examined in this study
are summarized in the phase diagram in Fig. 13a. So far, only
compositions on the tie line between O2� and 2OH� were rec-
ognized in C12A7. We expanded the available compositions
considerably. It is noted Ca–O–H compound system may show
a similar diagram shown in Fig. 13b, such that (Ca12Al14-
O32)

2þ�O2� corresponds to CaO and (Ca12Al14O32)
2þ�2OH�

to Ca(OH)2. Comparison between the two systems is helpful
to quantitatively clarify the stable formation of extra-frame-
work species in C12A7. Table 1 lists enthalpy change of sev-
eral reactions concerning the extra-framework species, and
those of corresponding reactions in the Ca–O–H system. Rep-
resentative �H values are shown by the bar heights in Fig. 13,
where the O2� composition is taken as the origin of the �H

value, and O2 and H2O gases, which are present stably in am-
bient air, are taken as standards. Comparison of the formation
enthalpies clearly demonstrates that formation of anions in
the C12A7 system is much stable than those in the Ca–O–H
system, substantiating that C12A7 can easily form the active
anions that hardly occur in conventional metal-oxides.

6.2.1 Stability of Each Species: The most stable extra-
framework species in ambient atmosphere is OH� ion. Usually
the conventional C12A7 contains OH� ions in the cages. This
stable form of C12A7 has likely masked the true potential of
this material for long time. Suppressing the formation of
OH� enables the formation of active anions.

Reaction 3 in Table 1 (Eq. 2 in the text) describes the for-
mation of oxygen radicals by the incorporation of excess oxy-
gen into C12A7. The negative enthalpy change indicates that
these monovalent anions are ‘‘stable’’ in C12A7, despite the
fact that oxygen in metal-oxides usually takes divalent state.
Such an exceptional situation in the cage is analogous to gas
phase, judging from the negative enthalpy change for the cor-
responding reaction in gas phase (Reaction 2), although �H in
the gas phase exhibits much larger negative value (�9:2 eV)25

due to the large second electron affinity of oxygen (+8.7 eV).
While in metal oxides, the O2� ion is fairly stable due to the

Fig. 12. Lift of 2p levels of extra-framework O2� ion with
respect to the framework O2� ions. (a) Schematic energy
level diagram obtained from the first-principle theoretical
calculation. Arrows with numbers indicate transitions re-
sponsible for the corresponding to the optical absorptions.
(b) The experimental optical absorption spectra of C12A7
crystals: 1, doped with F� ions by an annealing with CaF2;
2, doped with OH� ions by annealing in wet atmosphere;
3, with near-stoichiometric composition by annealing in
an inert gas atmosphere.52

Fig. 13. Phase diagram of extra-framework species in C12A7 and Ca–H–O compound system. Formation enthalpy of each species
and phases are shown by bar heights.
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Mardelung potential of the crystal. Thus, observed negative
value in the Reaction 3 likely ascribed to the instability of
the extra-framework O2� ion under a weak crystal potential
in the cage.

The value of �H for H� ion formation in the cage, which
has not been directly measured experimentally, is calculated
from reactions 1 and 4–6. The �H value in Reaction 7 is posi-
tive, indicating H� ion formation is quite difficult in ambient
air. However, since Reaction 8 has a negative �H value, H�

ions are easily formed by employing a hydrogen-reduction
process. Moreover, it is expected from Reaction 9 that the
electride easily reacts with hydrogen gas to form H� ions in
the cage, suggesting that both hydrogen and oxygen must be
eliminated from the reaction atmosphere to maximize the elec-
tron concentration in the electride.

The presence of H� ion in metal oxides has been controver-
sial recently. One reason is the lack of clear experimental evi-
dence for its existence; detection methods and limitation of
kinds of materials so far investigated. The other and probably
the dominant reason is that the H� ion in metal-oxides may be
far more stable than that predicted from thermodynamic stabil-
ity of metal-hydride crystals.55 Because the thermodynamic
stability of H� in C12A7 is quite reasonable, this reduced hy-
drogen species should shift focus towards other metal oxides in
the future.

6.2.2 Coexisting Extra-Framework Species and Electri-
cal Conductivity: Here, we consider that extra-framework
species that coexist at an arbitrary O–H composition on the ba-
sis of the enthalpy change without accounting for the entropy
contributions. That is, an evaluation of the equilibrium states at
0K. Nevertheless, this evaluation is a reasonable approxima-
tion for predicting room temperature states. The O–H compo-
sition field shown in Fig. 13a is divided into three regions ac-
cording to the kind of coexisting extra-framework species. In
the ‘‘insulating’’ region, O2�, OH�, and oxygen radical anions
can coexist with each other. As evidenced by the negative en-

thalpy changes in Reactions 10 and 11 in Table 1, H� ions and
electrons virtually cannot coexist with oxygen radicals in this
region, because they are converted to OH� and/or O2� ions
under the equilibrium. Thus, C12A7 in this region is electrical-
ly insulating. The absence of a persistent electron in this region
is consistent with the fact that the O� emission to vacuum ac-
companies with the emission of few electrons. On the other
hand, in the region partitioned by 2O2�, 2OH�, and 2H�, Re-
actions 4 and 9 demonstrate that electrons and oxygen radicals
are not formed under the equilibrium, and thereby C12A7 be-
comes diamagnetic insulator. It is interesting that both anionic
(H�) and cationic (Hþ in OH�) hydrogen can coexist with
each other. Their coexistence is not exceptional but predicted
to be general in many compound semiconductor and metal-
oxide systems with ‘‘negative U’’ character.56,57 If extra-frame-
work H� and O2� ions are present, irradiation or high-temper-
ature equilibrium generates electrons, leading to a metastable
conductive state. Finally in the ‘‘conductive’’ region, C12A7
is intrinsically conductive due to the presence of thermody-
namically stable electrons, which can coexist only with H�

and O2� ions.
6.3 Inner Cage as a Surface of Metal Oxide. Anion spe-

cies treated in this study are found typically in ionic crystals
with most electropositive elements: alkali or alkaline-earth
metal oxides. These metal elements form the stable binary
compounds with active anions,58 for example, CaH2 for H�

ion, and NaO2 for O2
� ion. They are useful as chemical

agents, for example, CaH2 as a reducing agent and NaO2 as
the chemical oxygen generator. Active anions are also formed
stably at the anion vacancies in ionic crystals composed of
these metal cations. The crystals form various color centers:
OH�, O2

�, and O� centers,59 and U center60 (H� ion trapped
at the anion vacancy in alkali halides) as well as F and Fþ cen-
ters. Thus, cations of alkali or alkaline-earth elements has an
high affinity for these active anions. Unfortunately, most of
these binary compounds or host ionic crystals are not suitable

Table 1. Enthalpy Changes in Reactions: in Gas Phase (Nos. 1 and 2), Concerning the Extra-Framework Species in C12A7 Eval-
uated Experimentally (Nos. 3–6), Calculated from Nos. 1–6 (Nos. 7–11), and in the Ca–O–H Compound System (Nos. 12–15)

System Processa) �H/eV Referenceb)

(1) Gas phase 2H2(g) + O2(g) ! 2H2O(g) �5:2 54
(2) Gas phase O2�(g) + O2(g) ! O�(g) + O2

�(g) �9:2 25

(3) C12A7 O2�(c) + O2(g) ! O�(c) + O2
�(c) �1:4 25

(4) C12A7 O2�(c) + H2O(g) ! 2OH�(c) �2:4 20
(5) C12A7 2e�(c) + 1/2O2(g) ! O2�(c) �3:3 53
(6) C12A7 2e�(c) + OH�(c) ! H�(c) + O2�(c) �1:4 42

(7) C12A7 O2�(c) + H2O(g) ! 2H�(c) + O2(g) þ1:4 ð4Þ � 2½ð5Þ � ð6Þ�
(8) C12A7 O2�(c) + 2H2(g) ! 2H�(c) + H2O(g) �3:8 ð1Þ þ ð7Þ
(9) C12A7 2e�(c) + H2(g) ! 2H�(c) �4:5 ð5Þ þ 1=2½ð7Þ þ ð8Þ�
(10) C12A7 H�(c) + 1/2O�(c) + 1/2O2

�(c) ! OH�(c) + 1/2O2�(c) �1:2 �1=2ð3Þ þ ð5Þ � ð6Þ
(11) C12A7 e�(c) + 1/2O�(c) + 1/2O2

�(c) ! 2O2�(c) �1:0 �1=2ð3Þ þ 1=2ð5Þ

(12) Ca–O–H compounds CaO(s) + 1/2O2(g) ! CaO2(s) �0:04 54
(13) Ca–O–H compounds CaO(s) + H2O(g) ! Ca(OH)2(s) �1:1 54
(14) Ca–O–H compounds Ca(s) + 1/2O2(g) ! CaO(s) �6:6 54
(15) Ca–O–H compounds CaO(s) + H2O(g) ! CaH2(s) + O2(g) þ7:2 54

a) Gas phase and crystalline solid phase are indicated by (g) and (s), respectively. Anions formed in the cages of C12A7 are
indicated by (c). Empty cages are omitted. b) Parentheses indicate the reaction number in this table.
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for practical uses as functional ‘‘materials,’’ because they are
unstable or deliquescent in ambient atmosphere.

One exceptional case is a fine-grained MgO used as cata-
lysts where various active anions are formed on the surface
and responsible for the surface reactions. Considering similar-
ities and differences between inner cage of C12A7 and surface
of MgO will be helpful for elucidating the origin of the active
anion derived functionalities of C12A7.

Oxygen deficient sites on the surface of dehydrated MgO
can trap one or two electrons. The most stable form is the
FS center that traps two electrons in the oxygen deficient sites,
where the suffix S denotes the surface. Electron donation from
the FS center cause a heterolytical dissociation to form a pair
of H� ion and OH� groups when the surface is exposed to
H2 gas, while O2

� ion is formed on Mg cation site when ex-
posed to O2 gas.

61 The one-electron paramagnetic state is also
stabilized when combined with OH� groups formed nearby.
This color center, termed FS

þ(H) center, is created by expo-
sure to H2 gas and subsequent UV-irradiation. The photolysis
of the surface H� ion is responsible for the creation of this cen-
ter. This process is quite similar to the UV-induced Fþ-like
center formation in C12A7. It is also known that a further ex-
posure of N2O to the FS

þ(H) center results in the formation of
surface O� defect.62 These monovalent species tend to prefer
lower coordination sites: both H� and FS

þ(H) centers prefer
corner anion vacancy sites63 most likely due to a small Pauli
repulsion with coordinating ions64 and O� defects prefers ver-
tex anion sites attributable to lower crystalline potential.65 It is
known that an adsorption of O2

� ion on Mg2þ ion is enhanced
as coordination number becomes smaller due to stronger local
crystal field.66 Unlike C12A7, these reactions on MgO surface
are not reversible, and they occur immediately even below
room temperature.

The behavior of the active anions formed on MgO surface
suggests that the surface, especially lower coordination sites,
provides a preferable environment to stabilize the active
anions in metal-oxide systems. Similar situation is also found
in the inner surface of the cage in C12A7. As found in Fig 1b,
the large inner space of the cage suggests that the cage wall is
regarded as a kind of surface. Moreover, the cage wall pro-
vides an effectively lower coordination site for anions suitable
for trapping the monovalent anions. The number of Ca ions in
each cage wall is six, which is equal to the coordination num-
ber of an anion vacancy in CaO crystal. However there are two
types of Ca ion, when viewed from the cage center, although
the Ca atoms occupy only one crystallographic site in the
C12A7 crystal. Two Ca ions occupy the opposite side on the
S4 axis (See Fig. 1). These Ca ions have nearly planar 4-coor-
dination (there are additional 2-coorination outside of the rel-
evant cage), and hence, are exposed to inside the cage like the
Ca ions on the CaO surface, while the other four Ca ions are
effectively screened by the framework O2� ions.43 The two
Ca ions on the S4 axis are responsible for trapping the active
anions. Indeed our EPR study on O2

� ion in the cage at low
temperature showed that the O2

� ion is bound to one of the
Ca ions on the S4 axis.21 Furthermore, as demonstrated by
the theoretical calculation, displacement of these Ca ions in
H� ions or electron-accommodating cages contributes largely
to the stabilization of these active anions. In contrast, extra-

framework O2� ion provides highly basic site for trapping
the Hþ ion as demonstrated in the previous subsection. Ac-
cordingly, C12A7 may be regarded as a material where active
sites associated with a CaO surface are incorporated in an alu-
mina framework.

The size of cage is also responsible for the anion manipula-
tion ability of C12A7. Unlike the MgO surface, the inner cage
space of zeolites and other mesoporous materials, the inner
cage of C12A7 is not directly accessible by outer chemical
species at room temperature due to the small openings. Thus,
the formation of active anions in the cages requires tempera-
tures high enough for the bulk diffusion of relevant species,
while these active anions are stably preserved around room
temperature even exposed to the ambient atmosphere. Howev-
er, each cage is not isolated unlike the anion defects in alkali
halides; linkage of the cages is responsible for the electron
transportation. Such a unique encapsulated environment also
makes internal reactions that are similar to MgO surface reac-
tions, e.g. the UV-induced electron generation at room temper-
ature, possible.

7. Concluding Remarks

Novel characteristics were found in C12A7 by the incorpo-
ration of active anion species into cages that are embedded in
the positively charged lattice framework. The characteristics
include formation of abundant oxygen radicals, efficient field-
extraction of O� ions to vacuum, light- or electron-beam-
induced insulator–conductor conversion, formation of stable
electride, and electron emission from the electride. The cage
provides the environment preferable to the stable formation
of active anions.

This study suggests that the use of natural nanostructures
constructed by main-group light elements, like the cage of
C12A7, is beneficial for the formation of active anions.
Contrary to artificial nanostructures, natural nanostructure is
formed as a result of its thermodynamic stability. Furthermore,
oxides of the main-group light metals are highly resistant to re-
duction. Such stabilities are suitable for the formation of H�

ions or electrons. The main-group light elements also include
cationic elements that form a TO4 tetrahedron, such as B,
Al, Si, P, etc., of which the vertex linkages in the crystal allow
the construction of a nanostructure suitable for the incorpora-
tion of extrinsic species, as has been typically observed in zeo-
lites. In addition, the alkaline or alkaline-earth metals have a
higher affinity for the active anions. Accordingly, nanostruc-
tures constructed by a combination of TO4 elements and alkali
or alkaline-earth metals may fulfill the conditions necessary
for the formation of stable active anions formation. However,
these characteristics are not special to the C12A7, but are gen-
eral to many natural minerals. Thus, reexamination of nano-
structures observed in natural minerals may be a promising
strategy for discovering novel functionalities originating from
active anions.
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