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In this work we investigate a variety of chemical and photoinduced processes in which different hydrog-
enous species including H, molecules, H™ ions, and H® atoms interact with the bulk of a complex nanoporous
oxide 12Ca0-7AL,05. Our results provide a detailed and consistent explanation of the recently observed
phenomenon of photoinduced conversion of the insulating H-doped 12Ca0-7Al,05 to a conductor [K. Hayashi
et al., Nature (London) 419, 462 (2002)]. The formation of a large and thermally stable concentration of
electron centers in this process is facilitated by a large concentration (up to 10?0 cm™3) of extraframework 0>~
naturally present in this material and homogeneously distributed in its bulk. We show that these species are
able to split H, molecules into pairs of H* and H™ ions and convert H? atoms into H* and e~ promoting the
photoinduced conversion process. The similarity of the mechanisms described in this work to those known for
low-coordinated sites at MgO surfaces indicates that the formation of electronic centers in oxides interacting

with hydrogenous species could be a generic feature.
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I. INTRODUCTION

The properties of hydrogen in oxides have been in the
focus of recent research (see, for example, Refs. 1-3 and
references therein). The amphoteric behavior of hydrogen is
one of its most intriguing features: depending on the envi-
ronment it exhibits three charge states of H™, H° or H~.
Gaining control over the mechanisms of hydrogen charge
state interconversion and stabilization is important funda-
mentally and for future technological applications.

In this work we study the properties of hydrogenous spe-
cies in a complex nanoporous oxide 12CaO-7Al,03
(C12A7). It has been experimentally established that hydro-
gencontaining C12A7 (C12A7:H) can be converted from its
insulating, transparent, and diamagnetic state into a persis-
tent electronic conductor. Simultaneously with the insulator-
conductor transition the C12A7:H acquires a greenish color
and begins to exhibit a strong paramagnetic signal due to the
presence of unpaired electrons.*

We demonstrate that these changes involve all three hy-
drogen charge states (H*, H’, and H™) and discuss in detail
the mechanisms of interconversion between them induced by
the uv irradiation of C12A7:H. We show that a large concen-
tration of thermally stable electronic centers can be formed
via photoionization of H~ species (H™+#Av— H%+¢7) and
consequent relaxation of metastable H atoms into a more
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energetically favorable configuration of H" and e~. We also
show that the interaction of hydrogenous species with
C12A7 lattice ions plays a crucial role in this process. Analy-
sis of parallels between the properties of hydrogenous spe-
cies in bulk C12A7 and at the MgO surface suggests that the
photoinduced formation of transient H’ atoms and their con-
version into a H" and e~ may be generic to oxides.

The paper is organized as follows. The complex structure
of C12A7 and the main experimental results are described in
Sec. II. Section III contains the details of the computations.
The results of the theoretical calculations are presented in
Sec. IV. The summary of the photoinduced processes in
C12A7:H and the comparison with the experimental data are
given in Sec. V. A possible generalization of our results to
other oxides is discussed in Sec. VI. Finally, in the Appendix
we consider the nature of the electronic centers in C12A7
using the periodic model. These results are consistent with
the conclusions of our earlier studies™® carried out using the
embedded cluster approach and provide further support to
the model presented in this work.

II. EXPERIMENTAL BACKGROUND
A. Description of the system

Many of the fascinating properties of C12A7 are thought
to be associated with its unusual structure. C12A7 is a cubic
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crystal, which belongs to the /43d space group and has a
lattice constant of 11.99 A. The cubic unit cell contains
two molecules of the 12CaO-7Al,05 composite which are
arranged so that they form a positively charged frame-
work built from densely packed cages with negative ex-
traframework O ions distributed over them. The overall
structure can be represented by the chemical formula
[Ca,yyAlyg0]*-20%", where [CayyAlygOgq] defines the
framework containing 12 cages per unit cell with each cage
surrounded by eight first-neighbor cages and four second-
neighbor cages and the 20%~ represent an example of the
possible extraframework species. Other extraframework spe-
cies such as OH™, O3, O, and F~ ions have also been
reported.”!2

Two major features of the C12A7 lattice determine its
properties. First, the framework is positively charged with
the charge +4e being distributed over 12 cages. The exact
distribution of the positive charge is difficult to characterize.
However, in the absence of additional information, we as-
sume the charge of the framework is distributed homoge-
neously, i.e., a charge of +(1/3)e per cage can be associated
with the wall of each cage [see Fig. 1(a)]. The compensating
negative charge is provided by so-called extraframework
species such as O?~, which are thought to be randomly, but
on average homogeneously, distributed over the lattice and
occupy sites in the middle of the cages. Second, since the
extraframework oxygen ions occupy only one cage out of
six, they will tend to maximize the distance between them-
selves due to their electrostatic repulsion.'> However, even in
this case the extraframework O>~ are separated by no more
than 10 A and for most cages at least one of the neighboring
cages will be occupied by an 0%~ ion. The number of neigh-
boring extraframework species increases if doubly charged
extraframework species, such as 0>~ ions, are replaced with
singly charged species, such as O~ or OH™. This inevitably
modifies the details of the lattice structure and the relative
arrangement of the extraframework ions as well as the elec-
trostatic potential and consequently affects the properties of
the framework and extraframework species.

A single cage of C12A7 is shown in Fig. 1(a). It contains
six Ca, eight Al and 16 O ions forming the cage wall. It is
important to point out that although all Ca sites in the bulk
C12A7 are equivalent, there are two types of Ca sites with
respect to each cage. In particular, two Ca ions, indicated as
Ca(I) in Fig. 1(a), occupy the sites on the opposite sides of
the cage. They, together with their four oxygen neighbors,
form cage poles [see Fig. 1(b)]. The five atoms of each pole
are located almost in one plane with the sum of O-Ca-O
angles, as calculated for an empty cage, amounting to 358°,
i.e., the Ca(I) ions are exposed to the negative charge density
due to an extraframework species. Four other Ca ions, Ca(Il),
all Al, and the remaining O ions form the cage belt. Cations
of the cage belt are effectively “screened” by the cage-wall
oxygen ions from the effect of the charge density of the
extraframework species. A line drawn between two Ca(I)
ions passes through the center of the cage and corresponds to
the S, symmetry axis. The S, symmetry is preserved only
approximately because the cages are distorted by the ex-
traframework ions.
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B. Experimental data

Our theoretical work was motivated by a series of recent
publications where properties of hydrogenous species in
C12A7 were studied experimentally.*'*-!8 In the following
we briefly describe the results of some of these experiments.

It was noted that if the C12A7 is heated to temperatures
between 800 and 1300 °C in a hydrogen-containing atmo-
sphere and then quenched rapidly to room temperature, the
relative concentration of different hydrogenous species in the
C12A7 changes so that the sample becomes optically active
as described below. We will refer to this procedure as H
treatment and C12A7:H will denote the H-treated C12A7.

The total content of hydrogenous species was determined
using the secondary ion mass spectroscopy technique.* Then,
with the help of infrared (ir) spectroscopy, it was possible to
make a quantitative estimate of the number of OH™ ions
present in the C12A7 samples before and after such treat-
ment. To establish which other species were present in
C12A7:H, a careful search for paramagnetic species such as
H° H?-, and H; as well as for diamagnetic H, and H,0
molecules was undertaken using electronic paramagnetic
resonance (EPR) and ir spectroscopies. The results demon-
strated that the concentration of these defects was below the
detection levels of 10'® and 10'® cm™ for the EPR and ir
measurements, respectively. On the basis of this analysis a
concentration in the order of 10?° cm™ was assigned to H~
species, which are EPR “silent” and can hardly be detected
with ir or Raman spectroscopies. It has to be stressed that
while this analysis allows one to determine relative concen-
trations of hydrogenous species in H-treated C12A7, it gives
no information on their content during the H-treatment pro-
cedure.

The exact mechanism of hydrogen doping of CI12A7 is
not known (see also Sec. IV A below). However it was es-
tablished that the doping is not confined to the near-surface
layer but permeates the whole bulk of the sample. It is there-
fore reasonable to suggest that the extraframework species
0%, OH-, and H~ are distributed homogeneously in
C12A7:H so that there are no regions of excessive net lattice
charge, either positive or negative, or measurable density
fluctuations of hydrogenous species.

(b)

“North” pole

FIG. 1. (Color online) (a) A single empty cage of the C12A7
framework as relaxed using the embedded cluster approach. The
cage wall includes six Ca ions shown in yellow (small light gray),
eight Al shown in red (small dark gray), and 16 O ions shown in
blue (large light gray). The dashed line indicates the S, symmetry
axis of the cage. The two Ca ions at the poles of the cage are shown
as Ca(I), while Ca(II) indicates cage-belt Ca. (b) Atoms of the cage
poles and those of the cage belt.
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The C12A7:H samples were then irradiated with uv light
at room temperature. As a result the originally insulating and
transparent C12A7:H became an electronic conductor and
acquired a greenish color while remaining transparent (over
95% transmission in the visible light range is preserved for
200-nm-thick films). These changes were induced by pho-
tons in the energy range 3.5-5 eV with the largest coloration
sensitivity observed at 4.1 eV.* The insulator-conductor tran-
sition was also accompanied by the formation of two optical
absorption bands with maxima at approximately 0.4 and 2.8
eV as well as by the appearance of a strong EPR feature due
to an unpaired electron spin. The magnitude of these changes
is almost proportional to the estimated concentration of H™
species in C12A7:H and to the intensity of the irradiation.

Further study of the temperature dependence of the photo-
induced processes in C12A7:H revealed!® that the coloration
efficiency at room temperature is higher than at temperatures
below 100 K. The EPR measurements of samples irradiated
at 4.2 K show that not only unpaired electrons but also H°
atoms are present in the system. On the contrary, samples
irradiated at room temperature and then cooled down to 4.2
K for EPR measurements showed no signs of H® with only
the unpaired electrons being present. The thermal stability of
H® atoms was investigated using the isochronal annealing
technique. It was shown that as annealing temperature in-
creases, the concentrations of both unpaired electrons and H°
atoms decrease until approximately 100 K where the concen-
tration of HY atoms falls below the detection limit and that of
the electrons plateaus and remains constant up until 300 K.

While the coexistence of transparency and high electrical
conductivity has been previously explored theoretically by us
in Refs. 5 and 6, the mechanisms of the transformation from
the insulating to the conductive state in C12A7:H were only
briefly addressed.'®!%?0 We discuss detailed processes in-
volved in such transformation in this study.

III. DETAILS OF THE CALCULATIONS

Three computational methods were used in this work.
First, the dynamics of H, molecules in the C12A7 bulk was
investigated using the quantum-mechanical molecular dy-
namics (QMMD) approach as described in Sec. IIT A. The
results of the QMMD simulations were used in the modeling
of the interaction of H, molecules with the C12A7 lattice
using the embedded cluster approach (see Sec. Il B). The
same embedded cluster approach was applied to study the
mechanisms of photoionization of H™ species in C12A7:H
and to consider mechanisms for the subsequent recombina-
tion and defect-formation processes. Finally, to support the
results of the embedded cluster calculations we considered
the electronic structure of the extraframework electrons in
C12A7 using the periodic model and a density functional
approach as described in Sec. III C.

A. Parameters of periodic plane-wave density functional
theory calculations

The behavior of a H, molecule in the C12A7 lattice was
studied using a so-called quantum-mechanical molecular dy-
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namics approach in which the motion of atoms is described
using classical Newtonian equations, while the total energy
of the system and forces acting on atoms are calculated quan-
tum mechanically. The simulations were carried out at 1600
K, which is close to the experimental conditions used in the
H-treatment procedure.* We employed the periodic model
and the VASP code,”! which implements the density func-
tional approach in the generalized gradient approximation of
Perdew and Wang?? and uses a plane-wave basis set. The
spin-unpolarized mode was used in these calculations. The
core electrons were represented using projected augmented-
wave pseudopotentials,?>?* which provide electronic con-
figurations [Ne]3s23p%4s® for Ca, [Ne]3s?3p' for Al, and
[He]2s?2p* for O atoms. The C12A7 was represented using a
118-atom cubic unit cell which includes 116 framework at-
oms and two extraframework O% ions located in two ran-
domly selected cages. Such a configuration reflects a disor-
dered arrangement of the extraframework 02, which are
very mobile at high temperatures.”>%® An energy cutoff of
500 eV and a single k point (I') in the reciprocal space were
used in these calculations. Prior to the QMMD calculations,
the total energy of the system was minimized with respect to
both fractional coordinates and the size of the cubic unit cell.
The optimized lattice constant of 12.07 A is only 0.7% larger
than the experimental value of 11.99 A.

B. Embedded cluster method

The properties of hydrogenous species in C12A7 under
irradiation with uv light were studied using an embedded
cluster technique,>?® which allows one to calculate the opti-
cal, paramagnetic, and transport properties of individual de-
fects. In this method, a cluster with a defect considered quan-
tum mechanically is embedded in the rest of the polarizable
crystal considered classically using the shell model.?” This
allows one to account for the defect-induced lattice polariza-
tion and to incorporate the effect of this polarization on the
defect properties. This technique has been thoroughly de-
scribed in Refs. 5, 26, and 28 and tested in defect studies of
several oxides.>?3!

The C12A7 crystal is represented by a large finite nano-
cluster of nearly spherical shape built from 64 unit cells and
divided into regions I and II. A quantum-mechanically con-
sidered cluster (QM cluster) built of two adjacent cages
(two-cage cluster hereafter) is placed at the center of the
nanocluster and is surrounded by a spherical region I with a
radius of about 13 A, in which the polarizable lattice is rep-
resented atomistically. The remaining part of the nanocluster,
region II, is also considered atomistically but in the nonpo-
larizable lattice approximation. Ions outside the QM cluster
are treated using a classical model and interatomic potentials
with a rigid atom approximation. The rigid atom parameters
were obtained from the original set of interatomic potentials
developed for the shell model calculations of Al or Fe disor-
der in Ca,Fe,Al,_,Os compounds.’? In particular, we used
the same parameters of the interatomic potentials but re-
moved the shells from oxygen ions. As a result of such modi-
fication the calculated unit cell volume changed by 0.5% and
the elastic constants changed on average by 4.7%. All centers
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in region I, containing about 700 atoms, are fully relaxed in
the course of energy minimization while those in the rest of
the nanocluster are kept fixed in perfect lattice positions. An
interface between the QM cluster and classical ions is intro-
duced to prevent an artificial spreading of electronic states
outside the QM cluster. Ca and Al ions in the interface region
are represented using “large-core” LANLI effective core
pseudopotentials (ECPs) and interact quantum-mechanically
with atoms of the QM cluster and classically with the clas-
sical environment.

The embedded cluster technique discussed above is
implemented in the computer code GUESS (Gaussians used
for embedded system studies), which interfaces the
GAUSSIAN98 package® for quantum-mechanical calculations
with a program for classical calculations using the shell
model available within the GUESS code. Calculations were
made using density functional theory with a hybrid density
functional B3LYP. This functional combines Becke’s three-
parameter hybrid exchange functional®* with the correlation
functional by Lee, Yang, and Parr.®> One of the important
advantages of using this functional is that it reproduces the
band gaps of insulators with good accuracy.® The optical
transition energies were calculated using the time-dependent
density functional theory (TDDFT) method as implemented
in the GAUSSIAN98 package. All oxygen ions were considered
using the standard all-electron 6-31G basis set, while Ca and
Al ions used the “small-core” LANL2 effective core pseudo-
potential and the LANL2DZ basis set.’”-3® Finally we note
that the embedded two-cage QM cluster is sufficient to
model accurately the diffusion, reaction mechanisms, and
photoexcitations considered in this work. Processes involv-
ing simultaneous changes of the electronic structure of spe-
cies located in three or more cages are not considered here.

C. Parameters of periodic atomic-basis hybrid DFT
calculations

The electronic structure of C12A7 containing extraframe-
work electrons was also calculated using the hybrid B3LYP
density functional and the periodic model. A Gaussian-type
atomic basis set and the CRYSTAL03 computer code®® were
used. Similarly to the case of plane-wave DFT calculations, a
single k point (I') in the reciprocal space was considered in
these calculations. The initial configuration of CI12A7 ex-
traframework species included two O ions; it was then
modified to include extraframework electrons (see the Ap-
pendix). Use of diffuse Gaussian-type functions, e.g., those
representing valence electronic shells of Ca and Al atoms,
meets certain computational difficulties in calculations of the
exchange interaction in the periodic model. Therefore, we
could not employ here the basis set that was used in the
embedded cluster approach. Instead, basis sets were taken
from the CRYSTAL basis set database:* 86-511G and 8-511G
basis sets for Ca and Al were optimized for CaO and Al,O3,
respectively; the 8-411G basis set for oxygen, as generally
recommended for studies of ionic oxides, was used. In addi-
tion, a single sp Gaussian function was positioned at the
center of each empty cage. This is necessary to provide suf-
ficient variational freedom for the electron density to be dis-
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tributed over the empty volume of the cages as well as over
the framework. The exponential factor of this function,
0.217 Bohr2, was taken as an arithmetic average over the
exponential factors of the most diffuse functions of the Ca,
Al, and O basis sets.

IV. RESULTS OF THE CALCULATIONS
A. Mechanisms of H™ formation in C12A7

Exposure of C12A7 to H, gas at high temperatures in-
creases the content of hydrogenous species in C12A7 bulk as
well as changes their relative concentrations as discussed in
Sec. II B. Understanding of the H-incorporation mechanisms
is essential for identification of the types of hydrogenous
species formed in this process. It is difficult to obtain experi-
mental information on the details of H incorporation. There-
fore development of theoretical models is of great use.

Incorporation of C12A7 with hydrogen may take place
via several channels. These can be divided into two groups.
The first group of mechanisms involves adsorption of an H,
molecule from the gas phase onto C12A7 surface with con-
sequent dissociation into a pair of either H atoms or H* and
H™ ions. These process are known to take place, for example,
at the surfaces of ionic compounds such as MgO.*'=*3 The H
atoms or ions can then diffuse into the C12A7 bulk along
their respective diffusion gradients. Another group of mecha-
nisms involves diffusion of H, molecules into C12A7 bulk
where they participate in chemical reactions with bulk
C12A7 species. The in-diffusion of H, molecules is known
to take place in materials with open lattices such as silica**
and zeolites.*>40

Since there is no solid experimental data, that could help
to differentiate reliably between the two types of doping
mechanisms, we assume, by analogy with other nanoporous
materials, that in-diffusion of H, molecules can take place in
C12A7. This mechanism serves as a modeling tool to find
the most stable hydrogenous species at the thermal equilib-
rium. The final products of H incorporation should not de-
pend on the path chosen. The interaction of H, molecules
with C12A7 lattice species and energetics of several possible
reaction mechanisms will be considered in the remaining
part of this section.

First we simulated the behavior of a H, molecule in
C12A7 at the conditions used in the H-treatment procedure.
The dynamics of a H, molecule were studied using the peri-
odic plane-wave DFT and QMMD technique as described in
Sec. III A. A unit cell containing two extraframework O~
ions was considered and a single H, molecule was positioned
in an empty cage. The system was first fully relaxed in a
static energy minimization calculation. The H, molecule in
the equilibrium configuration occupies a site in the middle of
the cage and its molecular axis is oriented approximately
perpendicular to the S, symmetry axis of the cage with a
H-H distance of 0.764 A. The dynamics of the system were
monitored at 1600 K for 3 ps.

Analysis of the temperature-induced motion of the H,
molecule shows that the molecule exhibits stretching vibra-
tions; it also rotates freely within the cage and occasionally
collides with the cage wall. The collision events can be clas-
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FIG. 2. (Color online) Two QMMD snapshots showing typical
configurations of “dissociation attempts” found for H, molecules in
C12A7: (a) H, interacts with a cage-wall oxygen ion, (b) H, inter-
acts with one of the Ca(I) ions at the cage poles. Atoms notations
are as follows: Ca, yellow (small light gray); Al, red (small dark
gray); O, blue (large light gray); H, purple (large dark gray). The
thick dotted lines point to the nearest cage wall ions while the thin
dotted lines indicate the cage S4 axes. The cages are distorted due to
thermal fluctuations.

sified into two types as shown in Figs. 2(a) and 2(b), respec-
tively, which are, effectively, “mirror images” of each other.
In a collision of the first type [Fig. 2(a)] a H atom bounces
into a cage-wall oxygen; the H, molecule is oriented so that
the other H atom is approximately halfway between the two
Ca(I) atoms at the cage poles. In the event of such collisions
the interatomic distance in the H, molecule increased to
0.87-0.92 A as compared to the average H-H distance of
0.792 A found at 1600 K. In collisions of the second type
[see Fig. 2(b)] one of the H atoms approaches one of the
Ca(I) atoms at a cage pole with the H, molecule oriented so
that the other H atom points toward one of the cage wall
oxygens.

Similar configurations of an H, molecule at oxide sur-
faces (see, for example, Ref. 42 have indicated possible dis-
sociation channels into H* and H™ species. Although the dis-
sociation process itself was not observed on the time scale of
our QMMD simulation, these results provide valuable clues
for understanding the behavior of H, at high temperature.

The encaged H, molecule was then considered using the
embedded cluster approach. Static energy minimization cal-
culations reveal that the potential energy surface of H, has an
energy minimum in the middle of a cage. The configuration
of H, is very similar to that found in the periodic plane-wave
DFT calculations; the H-H distance in this case is 0.763 A.
This, however, is not a thermodynamically stable configura-
tion as we discuss below.

We then calculated the electronic structure of the system
using the geometrical configurations that correspond to the
collision types described above. It was found that the H,
molecule in these configurations becomes strongly polarized,
i.e., it adopts a H9™-H?* electronic configuration, with the
negatively charged H being between the two Ca(I) atoms at
the cage poles and the positively charged H oriented toward
a cage-wall oxygen ion. We have then explored the possibil-
ity of the dissociation of H, into a pair of H™ and H* ions
(H*/H™ configuration thereafter). One of the hydrogen atoms
of the H, molecule was displaced toward a cage wall O*"
and fixed, while all other atoms in region I were fully re-
laxed. Geometry configurations found for several such dis-
placements determine the dissociation pathway. The total en-
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ergies of the molecular H, and dissociated H*/H~
configurations were almost identical and the calculated en-
ergy barrier between the corresponding potential wells was
just over 0.2 eV. In the dissociated configuration the H™ ion
occupies a site almost exactly at the center of the cage, while
the proton “sticks” to the cage wall and forms an OH™ ion
there. This OH™ ion is oriented so that the proton is pointing
toward the H™ at the cage center and the distance between
them is 1.47 A.

Taking into account the small energy barrier separating
the H, and H*/H™~ configurations described above, they
should coexist at high temperatures. Both configurations are
metastable and can be transformed further. The thermody-
namically most stable configuration we have found is ob-
tained via the reaction of an H, molecule with an extraframe-
work O~ (as opposed to a cage-wall O?") with formation of
an extraframework OH™ and H™. The calculated activation
energy of H, diffusion required for this process is about 2.2
eV. As soon as the H, reaches an intercage opening between
an empty cage and a cage occupied by an extraframework
O, it splits so that OH™ and H~ are formed in neighboring
cages. The reaction is highly exothermic with a total energy
gain of about 2.2 eV. The same thermodynamical state can be
obtained from a H*/H™ configuration described above. In
this case the proton diffuses through the lattice with an acti-
va2ti0n energy of 1-1.5 eV and reacts with an extraframework
o~

We have also considered the possibility of the homolytic
dissociation of H, into a pair of H atoms. Since the QMMD
calculations were carried out using spin-restricted DFT, a
possible channel for homolytic dissociation of H, into a pair
of H° atoms was suppressed. This, however, does not affect
the results of this section since the energy required to break
H, into a pair of atoms is about 4.7 eV in our calculations.
This energy cannot be compensated by the energy gain due
to the interaction of H atoms with the cage-wall ions (ap-
proximately 0.3 eV).

Nevertheless, a homolytic dissociation of H, can be in-
duced if the H, interacts with an extraframework O~ ion. The
products of this reaction are an extraframework OH™ and a
hydrogen atom while the energy gain is about 0.35 eV. The
thermal stability of H® atoms is considered below in Sec.
IV D. This reaction channel, however, is heavily suppressed
with respect to those described above because extraframe-
work O~ ions are never the dominant species in C12A7. We
would like to note that the interactions of H, with both 0>~
and O~ find their analogies in the behavior of H, molecules
at MgO surfaces.*'~** We discuss this analogy in more detail
in Sec. VL.

Thus we conclude that H, molecules incorporated in the
C12A7 lattice can participate in several chemical reactions
with both framework and extraframework O~ ions and re-
sult in the formation of extraframework H™ species in the
middle of a corresponding C12A7 cage. These species will
be referred to as encaged or interstitial H™ ions. H* species,
also formed in these reactions, are effectively trapped by the
extraframework O?~ ions and do not take place in further
transformations. We stress that direct experimental observa-
tion of interstitial H™ species has not yet been carried out.
Therefore theoretical validation of its formation is a neces-
sary step in our modeling.
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FIG. 3. (Color online) Configurations of H* and H™ ions con-
sidered in the calculations of photoinduced ionization of H™ spe-
cies: (a) dissociated but not separated pair, (b) H* and H™ ions
separated in neighboring cages, and (c) infinitely separated pair. The
cage walls are shown schematically with dashed lines. Thin dotted
line in cage A shows the S; symmetry axis connecting two Ca(I)
ions at the cage poles. The types of atoms and their formal charge
states are shown explicitly. The effect of the H™ on the relaxation of
the cage wall is indicated with smaller cage size.

B. Photoionization of H™ ions

To study the interaction of encaged H™ ions with uv light
we have calculated their optical absorption using TDDFT.
Since H™ species are formed as a result of H, dissociation
into H™ and H* (the latter appears in the form of OH™ ion) as
discussed in Sec. IV A, the optical absorption of H™ species
will depend on the distance between H™ and H*. Therefore,
the excitation energies and the nature of singlet—singlet
transitions were calculated for several geometrical configu-
rations of H™ shown in Fig. 3. The configuration of dissoci-
ated but not separated H* and H™ ions is shown in Fig. 3(a),
where both ions occupy the same cage, while the neighbor-
ing cage remains unoccupied. A configuration representing a
case of intermediate separation between H* and H~, which
could be achieved, for example, via H* diffusion, is shown in
Fig. 3(b). Here the H* and H™ ions occupy two neighboring
cages. Finally, a case of a fully separated pair is shown in
Fig. 3(c), where only an H™ ion is present.

The 15 lowest excited states were calculated for each con-
figuration. We found that in all cases the lowest-energy ex-
citation corresponds to an electron transfer from H™ in cage
A to the neighboring cage, cage B, so that the excited state is
characterized by separated H® atom and e~. This configura-
tion is referred to as [H%],[¢” ]z or [H°][¢~] for brevity. The
isosurface for the molecular orbitals of H™ and of an empty
cage, as calculated for configuration [H™][null], are shown in
Figs. 4(a) and 4(b), respectively. The presence of the H* ion
in configurations [H*/H™][null] and [H™][H*] perturbs these
orbitals but does not change the nature of the transition.

The optical absorption energies calculated for all three
configurations are summarized in Table I. It is clearly seen
that the excitation energies of H™ are affected by the relative
position of the proton. For example, if the proton is in the
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FIG. 4.
[H ][null] configuration: (a) highest occupied orbital describing
two electrons of H™ ion in cage A; (b) lowest unoccupied orbital
describing the unoccupied state in the empty cage B. Thin red
(gray) and black lines connect the neighboring atoms of the QM
cluster.

(Color online) Molecular orbitals calculated for

same cage as H™, it deepens the potential well for the H™
electrons and, therefore, results in a larger excitation energy.
On the contrary, if H* occupies an empty cage, it deepens the
potential well for the excited electron and the excitation en-
ergy becomes smaller. The calculated oscillator strengths for
these transitions are close to 0.01; these relatively small val-
ues are due to the small overlap of the localized orbital of the
H™ and that of the empty cage.

We therefore conclude that exposure of H™ containing
C12A7 to 3.8—4.5 eV photons will result in photoionization
of the H™ ions leading to the formation of localized extra-
framework electrons and H® atoms ([H°][e~]). This agrees
well with the experimentally observed coloration of
C12A7:H under irradiation with 3.5-5 eV photons as dis-
cussed in Sec. II B.

Second and higher excited states calculated for these con-
figurations correspond to the transitions from the top of the
valence band (VB) to the lowest unoccupied s-like state in
cage B shown in Fig. 4(b). Such unoccupied states form the
so-called cage conduction band (CCB) as we discussed
earlier>®!? (see also the Appendix below). The calculated
excitation energies for VB — CCB optical transitions are 5.2
eV and higher. This agrees well with the optical absorption
edge measured for intrinsic C12A7 crystals at about 5 eV.*
Thus, the significant redshift to approximately 4 eV
observed* for C12A7:H is reproduced well in our calcula-
tions.

The nature and energetics of optical transitions of
C12A7:H can be compared to those reported earlier in Ref.
13. This work suggests that a transition from the ls state of
H™ to the 3d states of neighboring Ca atoms can be excited at

TABLE I. Excitation energies for several configurations of en-
caged H™ ions. The energies are given in eV; the oscillator strengths
are calculated using the dipole moment operator.

Configuration Excitation
N Cage A Cage B Energy Oscillator strength
i H~/H* Null 4.5 0.0068
ii H~ H* 3.8 0.0076
iii H~ Null 4.3 0.0091
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5.2 eV. This energy is about 1 eV higher than that both ob-
served experimentally and found in our calculations. More-
over, the nature of the transition is also different from that
found in the present work. Such disagreement can be attrib-
uted to primarily three factors. First, the calculations re-
ported in Ref. 13 do not show the cage conduction band
formed by the states associated with empty cages. These
states, however, are shown to exist in our calculations’¢-1
and also in independent plane-wave DFT calculations by Li
et al.*” Second, the significant lattice relaxation induced by
the charged species was neglected in Ref. 13. Finally, the
excitation energies reported in Ref. 13 were calculated from
the DFT density of one-electron states, while we are using
the TDDFT approach.

C. Extraframework electrons in C12A7 lattice

The results of our earlier embedded cluster calculations
suggest that the extraframework electrons in C12A7 induce a
strong lattice relaxation, which results in trapping and local-
ization of the extraframework electron in an empty cage.>¢
The most prominent feature of this relaxation is the displace-
ment of the two Ca(I) atoms at the poles of an empty cage
toward the cage center. This property of the extraframework
electrons results in their effective spatial separation from the
H® atoms and plays an important role in suppressing the
H%+e¢~— H™ recombination, as discussed in the next section.

To make sure that the localization of the extraframework
electrons in empty cages is not an artcfact of the embedded
cluster approach we carried out a series of periodic model
calculations for different concentrations of the extraframe-
work electrons. The CRYSTAL03 code and the B3LYP func-
tional were used in these calculations (see Sec. IIT C). There
are two factors that governed the choice of the method. First,
it is known that the exact exchange contribution to the den-
sity functional is needed to reproduce polaron states in DFT
calculations (see, for example, Refs. 48—50 and references
therein). Moreover, the calculated band gap strongly depends
on the amount of the exact exchange used in the
calculations.”! The band gaps calculated using the hybrid
B3LYP density functional used in CRYSTAL calculations are
in generally good agreement with the experimental data.’
Second, the aim of the current calculations was to compare
the periodic and the embedded cluster approaches. Therefore
we used similar basis sets and methods in both cases.

The results of the periodic model calculations are summa-
rized in the Appendix. In brief, we find that at low concen-
trations (one e~ per cubic unit cell) the extraframework elec-
trons are well localized in a single cage. The band structures
plotted in Fig. 7 in the Appendix show that the extraframe-
work electron state has almost no dispersion. The spin den-
sity calculated for this system plotted in Fig. 8 shows a
single peak in the middle of a cage. At high concentrations
the extraframework electrons become less localized as indi-
cated by the dispersion of the corresponding states (see Fig.
9). Thus, both the periodic and embedded cluster calculations
give a consistent set of results and support the localized po-
laron nature of extraframework electrons. Finally we note
that the localization of electrons can take place not only in
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FIG. 5. (Color online) Processes induced by the photoionization
of encaged H™. a-b, Frank-Condon transition So(Qg)— S(Qp),
which corresponds to the photoexcitation [H™][null]—[H"][e"].
b-c, Relaxation of the excited state S;: S;(Qg) — S1(Q,). c-d, Ra-
diative S,(Q;)— Sy(Q,) (solid line) and nonradiative (dotted line)
transition deexcitation. c-e, Thermally activated separation of H°
and e”. d-a, Relaxation to the ground state configuration: Sy(Q,)
—S0(Qy)- Thin lines b-c and d-a are shown only to guide the eye.

crystalline materials but also in other media as has been
demonstrated for solvated electrons (see, for example, Refs.
52 and 53).

D. Transformation of the H’+e~ electronic configuration

The excited state configuration [H°][¢7] [see Fig. 5(b)]
considered above can transform via several channels that can
be loosely divided into recombination and separation chan-
nels. The latter can be stabilized via thermally activated an-
nihilation of H® atoms. Both types of mechanisms are de-
scribed below.

1. Recombination and separation channels

To investigate the recombination channel we considered
the [H™][null] configuration discussed previously in Sec.
IV B. The ground state of this system is defined as S, and the
corresponding total energy as Es. The equilibrium lattice
geometry obtained for this configuration is defined as Q in
Fig. 5. The lowest singlet—singlet transition which induces
ionization of H™ was calculated using the TDDFT approach
as described in Sec. IV B and the total energy of this excited
state is defined as E s, The character of the transition and the
corresponding excitation energy (see also Table I) are shown
in Fig. 5.

Point ¢ in Fig. 5 indicates the relaxed excited state S; and
the corresponding lattice geometry Q,.>* As a result of the
S1(Qp) —S,(Q,) relaxation (indicated by path b-c in Fig. 5)
the cage containing the excited electron (cage B) contracted
and the distance between Ca(I) for this cage decreased from
5.46 to 5.01 A. At the same time, cage A expanded and the
corresponding Ca(I)-Ca(I) distance increased from 4.97 to
5.53 A. Such a relaxation represents the reaction of the
C12A7 lattice to the transfer of a single electron charge from
one trapping site to another.
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To find the S,(Qy) — S;(Q)) relaxation energy and the en-
ergy of the radiative deexcitation S;(Q;)—So(Q,) (path
c-d in Fig. 5) we first calculated the total energy of the sin-
glet ground state for geometry Q, ESO(QI)’ shown as point d
in Fig. 5. Then the energy of the lowest excited singlet state
Eg (Q)) shown as point ¢ in Fig. 5 was calculated using the
TDDFT approach. The relatively small energy gain in the
S1(0,)—S,(Q,) transition indicates that these states cross
over not far from the energy minimum of the state S;. There-
fore, the nonradiative transition c-d, indicated with the dot-
ted line in Fig. 5, is expected to significantly quench the
radiative transition c-d.

The diagram in Fig. 5 shows a possible pathway for the
recombination of the H and e~ pair in the neighboring cages
and the energies associated with this pathway. The H® atom
and the excited e~ are already separated in the configuration
shown at ¢ in Fig. 5. We can consider the state S,(Q,) at ¢ in
Fig. 5 as a branching configuration between the H%+¢~
— H™ recombination on one hand and further separation of
H and e~ on the other. To suppress the recombination the
system has to progress to a state where the electron is sepa-
rated further from the H® atom. Such separation can be
achieved if either one or both of these species are mobile. As
we have shown previously,>® the extraframework electrons
at low concentrations move via thermally activated hopping
with an activation energy close to 0.1 eV. Thus the probabil-
ity of separation of these two species increases with tempera-
ture, which is consistent with the experimentally observed
increase in the coloration efficiency with increasing tempera-
ture.

2. Annihilation of H® atoms

We can distinguish three possible mechanisms of ther-
mally activated annihilation of H atoms. The first one in-
volves two hydrogen atoms that appear in the neighboring
cages as shown in Fig. 6(a). This situation can be realized at
high levels of H doping, under intense uv irradiation and
high temperature which, in turn, facilitates high H® mobility.
The charge transfer of an electron from one H atom to an-
other, accompanied by lattice relaxation, results in the for-
mation of the [H*][H™] configuration. The energy gain in this
process, as calculated using the unrestricted DFT approach
and B3LYP density functional, is 3.5 eV. We note that
[HI[H]— [H*][H™] relaxation itself is not thermally acti-
vated and happens spontaneously.

The second transformation channel involves the diffusion
of a H’ atom through the C12A7 lattice and its reaction with
an extraframework O~ ion. This reaction results in the for-
mation of a OH™ ion in the middle of a cage and an ex-
traframework electron as indicated in Fig. 6(b). The energy
gain in this process is close to 2.5 eV. The calculated activa-
tion energy for this H diffusion is approximately 0.6 eV.
This is in line with recent experimental and theoretical stud-
ies of HY diffusion in, for example, SiO,, which indicate that
the H diffusion activation energy can be between 0.1 and
0.4 eV.3

The “mean free path” of HO, i.e., the distance it travels
before it reacts with an extraframework O3~ ion, can be eas-
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FIG. 6. (Color online) Possible mechanisms of thermally acti-
vated decay of H atoms in C12A7: (a) spontaneous charge transfer
accompanied by the lattice relaxation, (b) diffusion of HO through
the C12A7 lattice and reaction with an extraframework O3~ ion, and
(c) reaction of H® with a cage-wall O~ ion. Positive energy gains
suggest that there are at least three mechanisms that result in the
decrease of H° atom concentration. The cage walls are shown sche-
matically with the dashed lines. Atom types and their charge states
are shown explicitly.

ily estimated. Since O?~ ions are the dominant extraframe-
work species in the C12A7 lattice, we can assume that their
concentration is close to that in stoichiometric C12A7, i.e.,
one in six cages contains an extraframework O>. This is the
equivalent of having 1.5 cages occupied by O>~ ions and 7.5
empty cages for each nine cages of the framework. Let us
define the cage-to-cage transfer of an H® atom as a single
diffusion step. Then the probability of H® diffusion into an
empty cage at the first diffusion step is 7.5/9. At the second
and following diffusion steps the probability of diffusion into
an empty cage is 6.5/8 because the “return” to the cage
occupied at the previous step should not be included in the
calculation. Thus the probability of H” not interacting with
extraframework 02~ after n steps is (7.5/9)(6.5/8)"V.
Since the distance between the cage centers is about 6 A, the
mean free path for H atom diffusion is less than 27 A.

Finally, an H® atom can also react with an 0%~ ion in the
cage wall and form a cage-wall OH™ and an extraframework
electron as shown in Fig. 6(c). The energy gain in this pro-
cess is only 0.3 eV. Since the energy gain in this case is much
smaller than in the processes shown in Figs. 6(a) and 6(b),
this configuration is not thermodynamically stable. We have
considered two possible routes of further relaxation. One of
them involves the diffusion of the proton through the lattice,
with a calculated activation energy of ca. 1-1.5 eV, followed
by its reaction with an extraframework O~. The energy gain
in this second leg is 2.2 eV and the final state is the same as
that shown in Fig. 6(b).

Another possible mechanism involves the recombination
of the proton and the extraframework electron with forma-
tion of an H’ atom [i.e., the process opposite to that shown in
Fig. 6(c)] followed by the diffusion of the H® atom through
the C12A7 lattice and its reaction with an extraframework
0?7, as shown in Fig. 6(b). We note that the species involved
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in both reactions H*+0?>~—OH~ and H'+0* — OH +e¢~
have comparable diffusion activation energies (the experi-
mental estimate'® for the O%~ activation energy is 0.82 eV).
However, the diffusion of H is expected to be more rapid
than that of O due to the significant difference in their
masses.

We conclude, on the basis of the results presented in this
section, that H? atoms formed as a result of photoionization
of H™ are transient species. Their concentration decreases
both via recombination with extraframework electrons and
via chemical reactions with extraframework O~ ions.

V. SUMMARY OF THE MODEL AND COMPARISON
WITH THE EXPERIMENTAL DATA

The results described in Sec. IV allow us to build a con-
sistent physical picture of the photoinduced processes in
C12A7:H and compare them with available experimental
data.

The exposure of “as-grown” C12A7 to H, gas at high
temperatures results in the modification of the extraframe-
work species. In particular, some of the extraframework 0%~
ions can be transformed into a pair of H™ and OH™ located in
different cages as described in Sec. IV A.

Subsequent irradiation of this system with photons of 3.8—
4.5 eV results in the photoionization of H™ species and the
formation of H atoms and extraframework electrons which
then localize in empty cages (see Sec. IV B). The ex-
traframework electrons induce an intracage optical absorp-
tion band at 2.8 eV, which is responsible for the greenish
color of irradiated C12A7 samples.>® They also exhibit po-
laron behavior by hopping from one empty cage to another
with an estimated activation energy of about 0.1 eV.> These
theoretical findings are consistent with the experimentally
observed coloration and electrical conductivity induced by
uv irradiation of C12A7:H with 3.5-5 eV photons. The ex-
perimental maximum of the sensitivity of C12A7:H to UV
light was found at 4.1 eV.#

The system containing both H° atoms and extraframe-
work electrons is in a metastable state as discussed in Sec.
IV D. If the mobility of H? and e~ is low and they remain in
neighboring cages, they can recombine and form H™. This is
consistent with the low coloration efficiency observed at
temperatures below 100 K. At higher temperatures, as the
mobility of both e~ and H increases, they can become sepa-
rated. Then, the H? can diffuse through the C12A7 lattice
and react with an extraframework O~ ion forming an OH~
ion and another extraframework electron (see Sec. IV D).
This process suppresses the recombination channel of H and
¢~ and increases the coloration efficiency (see Sec. II B). The
theoretical prediction of thermally activated decay of HY at-
oms is in agreement with the experimental fact that H atoms
are observed only if C12A7:H was irradiated at temperatures
below 100 K.

Thus, the long-term stability of the extraframework elec-
trons in postirradiation C12A7:H samples is explained by the
suppression of the H%+e~— H~ recombination channel. It
follows from our results that the maximum concentration of
thermally stable extraframework electrons in CI12A7:H

PHYSICAL REVIEW B 73, 045120 (2006)

could be achieved if the preirradiated sample has the chemi-
cal composition [Ca, Al,g0¢4]-O>"OH"H~, which becomes
[CayyAlygOgy]-20H 2¢™ after irradiation and subsequent re-
laxation. Moreover, samples with eight extraframework elec-
trons per cubic unit cell could be formed if the preirradiated
samples were [Cay,Aly,3O044]-4H™. In this case the processes
described above may result in a [Ca,,AlygO44]-4H8e™ con-
figuration where all the extraframework protons are attached
to cage-wall oxygens. This, however, is likely to be only a
metastable state with a small barrier for the recombination
process.

The model presented above also explains why electrical
conductivity and the change in color of uv-irradiated
C12A7:H samples are observed only in the irradiated area.
These changes, as described in our earlier work,>° are in-
duced by the extraframework electrons. Given that the ex-
traframework anions (0?7, OH-, H") in preirradiated
C12A7:H are distributed homogeneously so as to compen-
sate the positive charge of the framework, the uv irradiation
converts one type of negative extraframework species (H™)
into another (e”). The electrons, however, cannot leave the
irradiated area because this would create regions with net
positive charge, which would not be compensated by the
significantly less mobile extraframework 0%, OH", and the
remaining H™ species.*?>>738 The H® atoms also formed af-
ter the photoionization of H™ ions are neutral and have a
relatively low diffusion activation energy (see Sec. IV D).
They will also contribute to the formation of stable and
extra-framework electrons according to the reaction shown
in Fig. 6(b). However, the mean free path of these H® atoms
is less than 3 nm because the significant number of ex-
traframework O2~ ions in the system (approximately
10?! cm™ under the conditions of the experiment*) serve as
traps for H atoms. We can therefore predict that the uv-
induced conductivity and color change would spread outside
the irradiated area only if the concentration of H? traps, such
as O~ and O~ species, is significantly reduced.

The mechanisms of photo-induced conductivity in uv-
irradiated C12A7:H have recently been addressed in Refs. 13
and 20. We would like to highlight the important differences
between the models presented there and in this work. While
there is a consensus that the conduction electrons in
C12A7:H are generated via photoexcitation and ionization of
H™: H —H%+¢", there are considerable differences regard-
ing the nature of the excited states in C12A7:H, as we dis-
cussed in Sec. IV B, as well as in the mechanism of the
conductivity in the postirradiated samples.

The model presented in Refs. 13 and 20 suggests that the
extraframework electrons conduct via polaron hopping along
continuous chainlike pathways which include 12 hopping
sites per unit cell: two encaged OH™ ions, two H° atoms, and
the d states of eight framework Ca®* ions nearest to them!>
(but not unoccupied cages’). This mechanism requires a high
(2.3%x10%!' cm™) concentration of H™ ions in the preirradi-
ated C12A7:H samples to form such pathways. Experimen-
tally, however, the concentration that has been sufficient to
provide measurable uv-induced conductivity is two orders of
magnitude smaller (10! cm™).!% In contrast, we suggest>°
that the electrons hop via states of empty cages, which are
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essentially equivalent to each other but perturbed by the ex-
traframework species in occupied cages.

According to Refs. 13 and 20 a high concentration of H°
atoms is stable in postirradiation samples even at room tem-
perature. However, H° atoms have never been detected in
samples irradiated at room temperature'® (see Sec. II B). We
note that the H’+e~ recombination and O? +HO reaction
channels have not been discussed in Refs. 13 and 20.

VI. DISCUSSION AND CONCLUSIONS

While the existence of protons (as OH™ species) and hy-
drogen atoms can be addressed experimentally with ir and
EPR techniques, respectively, the H™ species are far more
elusive because they are EPR inactive and may not be
present in concentrations sufficient to be detected with ir
spectroscopy. Extensive studies of ir spectra of the MgO sur-
face exposed to H, gas suggest that the band at 1130 cm™!
should be associated with Mg?*-H~ stretching.”® In general,
however, a cation-H™ stretching can be overshadowed by the
lattice vibrations, especially in systems where large concen-
trations of hydrogenous defects are difficult to achieve. In
such cases, theoretical calculations provide a valuable tool
for testing the models.

The results presented in this work demonstrate that H™
species are stable in C12A7 and can be formed there as a
result of the heterolytic dissociation of H, molecules. Fur-
thermore, our calculations suggest that uv-induced genera-
tion of extraframework electrons in C12A7 takes place in
two basic steps: (i) photoionization of H~, followed by (ii)
thermal ionization of H via its reaction with extraframework
O?". The latter step is essential to suppress the recombination
of electrons and H® atoms formed during the photoionization
step and, thus, to provide stability for the extraframework
electrons.

This model is consistent with the results of the photoin-
duced coloration of CI2A7:H reported earlier in Ref. 4.
Moreover, recent observations'® of the temperature depen-
dence of the HY concentration in postirradiation C12A7:H
are also consistent with the theoretically predicted thermally
activated decay of H? atoms.”

Finally we note that the mechanisms of generation of ex-
traframework electrons in C12A7:H both via photoionization
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of H™ and via the reaction of atomic H with lattice O>~ ions
are surprisingly similar to those found for H-treated MgO
surfaces. For example, exposure of MgO surfaces to H, mol-
ecules followed by uv irradiation, as well as exposure of
MgO to atomic hydrogen, results in the formation of surface
electronic centers in the vicinity of low-coordinated O*" sites
(see, for example, Refs. 60-63 and references therein).
While the detailed comparative analysis of sites participating
in these reactions is beyond the scope of this work, one may
suggest that the generation of electronic centers by exposing
specific 0%~ species to atomic hydrogen could be a general
phenomenon in oxides.
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APPENDIX: THE EXTRAFRAMEWORK ELECTRONS
IN THE C12A7 LATTICE

The electronic structure of the dilute concentration of ex-
traframework electrons in C12A7, the nature of their optical
absorption and the conductivity mechanism through C12A7
lattice were first reported in Refs. 5 and 6. Two alternative
models have recently been put forward on the basis of stud-
ies of high extraframework electron concentrations consid-
ered using the periodic model and different realizations of
the density functional approach.*’-%* It has been suggested in
Ref. 64 that these electrons delocalize over the framework
but avoid the empty space of the cages. In contrast, results
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the electron-containing cage and the corresponding S, axis are also
shown.
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reported in Ref. 47 suggest that the electrons avoid the
framework and that their density is mostly associated with
the middle of the cages and is delocalized over all the cages.
The comparative analysis of these three models falls beyond
the scope of this paper and will be considered elsewhere.®
Here we describe the results obtained using the periodic
model calculations and B3LYP density functional for two
combinations of the extraframework species in a unit cell: (i)
a single extraframework electron coexisting with 0%~ and
OH™ ions, and (ii) four extraframework electrons. The results
obtained using the periodic and embedded cluster models are
then compared.

The geometry of the cubic unit cell containing ex-
traframework O%~, OH™, and e~ species randomly distributed
over the 12 cages was optimized at the unrestricted Hartree-
Fock (UHF) level of theory and then the electronic structure
of the whole system was calculated using the B3LYP density
functional.®® The resulting band structures for spin-up and
spin-down states are shown in the left and right panels of
Fig. 7, respectively. The top of the valence band is located at
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approximately —4.5 eV; a single occupied state at —4.0 eV is
split from the top of the valence band due to the lattice in-
teraction with extraframework OH™. One of the three 2p
states associated with the extraframework O%~ ions is at
—1.6 eV and the other two nearly degenerate states are at
—0.8 eV. Finally, the state associated with the extraframe-
work electron is at approximately 1.6 eV, i.e., nearly 6 eV
above the top of the VB. This state is split by more than 1 eV
from the lowest unoccupied states of the system. The fact
that the extraframework electron state in Fig. 7 has almost no
dispersion indicates that this is a rather localized state.
Furthermore, the spin density, plotted in the z-y plane that
includes both Ca(I) atoms of the electron-containing cage
and the corresponding S, axis, is shown in Fig. 8. The pro-
nounced maximum of the spin density corresponds to the
middle of the cage with coordinates (y=3 A, z=7 A). There
are no visible tails of the spin density in other cages. The
relative position of the extraframework electron level with
respect to the band edges (nearly 6 eV above the top of the
VB and over 1 eV below the CB) can be compared to that
calculated using the embedded cluster approach for the dilute
concentration of electrons (about 4.3 eV above the top of the
VB and approximately 1 eV below the unoccupied states of
empty cages comprising the cage conduction band). The
CCB states obtained in the embedded cluster calculations are
split by approximately another 1 eV from the framework
conduction band (FCB) states.%!° This split, however, is not
obvious in the band structure obtained in the periodic calcu-
lations (see Fig. 7) perhaps due to the width of the CCB.
The maximum concentration of the extraframework elec-
trons was considered in a similar manner. In this case the
extraframework system included four electrons. Again, the
internal coordinates of the system were optimized using the
UHEF approach, followed by a single-point energy calculation
using the B3LYP density functional. The band structures cal-
culated for the spin-up and spin-down states with total spin
S=2 configuration are shown in Fig. 9. One can see that the
four occupied states now form a narrow subband at 1.4-2.0
eV, which is still split from the bottom of the cage conduc-
tion band at 3.3 eV. The final width together with a notice-
able dispersion of the extraframework electrons band indi

< 1 F < FIG. 9. The band structure calculated for the
@ 20 i ——= ==y C 202 maximum concentration of four extraframework
§ ] [ 5 electrons in stoichiometric CI12A7:
2 0.0 L 00 2 [CapAlyg04s]**-4e™. The left and right panels
w 1 i w correspond to the spin-up and spin-down states,
. - respectively. (See text for details.)
204 ~-2.0
-4.0 --4.0
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cate that the electron states forming it are more delocalized
than in the case of the single extraframework electrons. This
is consistent with a dramatic increase of the conductivity
observed in C12A7 samples at high concentrations of the
extraframework electrons.®’ Still, the dispersion of the occu-
pied states is smaller than that of the unoccupied spin-down
states of the cage conduction band, which suggests that the
extraframework electron density retains its localized charac-
ter to some extent.

PHYSICAL REVIEW B 73, 045120 (2006)

To summarize, both periodic and embedded cluster mod-
els suggest that the extraframework electrons are localized in
the low-concentration limit and produce consistent electronic
structures for this system. Therefore, application of the em-
bedded cluster approach to the investigation of the uv-
induced formation of extraframework electrons in Sec. IV is
justified. The results presented in this appendix also support
our previous reports on the properties of extraframework
electrons in C12A7.56
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