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Determination of the local structure of a cage with

an oxygen ion in Ca;,Al{,053;

The crystal structure of mayenite (12Ca0O-7Al,05) has been
investigated by single-crystal synchrotron diffraction with high
resolution and accuracy, using a four-circle diffractometer
equipped with an avalanche photodiode detector (APD)
detector installed at PF14A in Tsukuba, Japan. Analysis
revealed random displacements of ions by the electrostatic
force of the O~ ion (O3) clathrated in two out of 12 cages. O3
ions are located at general positions close to the 4 site at the
centre of each cage. The difference-density map revealed two
large peaks corresponding to displaced Ca ions. The positive
ions close to O3 are displaced and one-to-one correspondence
was found between one of the four equivalent O3 ions and the
displaced ions. When an O3 ion is present in the cage the Al
jon at the 16¢ position moves 0.946 (3) A toward the O3 ion.
One of the Al—O bonds is broken and a new Al—O3 bond is
created. The result is an AlO, tetrahedron that is quite
deformed. The three O1 ions and the O2 ion of the destroyed
AlQ, tetrahedron are forcibly displaced. O1 and O2 have two
and one displaced ions, respectively. The local structure of the
cage occupied by one of the four O3 ions was determined by
calculating the electrostatic potential and electric field in the
deformed cage, although the position of one of the displaced
O1 ions was not clearly identified.

1. Introduction

Mayenite (12Ca0-7A1,03, hereinafter abbreviated as C12A7)
is a well known cement mineral [space group I43d, a =
11.989 (3) A and Z = 2]. The unit cell is composed of 12 cages,
two of which clathrate an O®~ ion. Hereinafter the O~ ion is
referred to as O3; a cage with O3 is termed an occupied cage
and that without O3 a vacant one. The occupied cages are
distributed so randomly in the crystal that the cubic symmetry
is kept. Since O3 lies close to the centre of the cage and is
loosely coordinated by cations, it is relatively ‘mobile’ and
C12A7 has a high ionic conductivity due to diffusion of the O3
ions between approximately 773 and 1473 K (Lacerda et al.,
1988).

Several interesting properties have been introduced in
C12A7 by substituting the O3 ions with other anions such as
F~ (Jeevaratnam et al., 1964), OH™ (Imlach et al., 1971; Li et
al., 2005), O; (Hosono & Abe, 1987; Matsuishi et al., 2004),
H™ (Hayashi, Matsuishi et al, 2002), O™ (Hayashi, Hirano,
Matsuishi & Hosono, 2002) and O3~ (Hayashi et al., 2005).
However, in order to extract the O3 ions from the cages
CI12A7 was treated in a Ca atmosphere and the electric
conductivity of C12A7 increased dramatically from 107 to
10* S cm ™" (Matsuishi et al., 2003). This was the first electride
(C12A7:e) that is stable at room temperature. It is a metallic
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conductor (Matsuishi er al, 2003) and becomes a super-
conductor at ~ 0.4 K (Miyakawa et al., 2007). These char-
acteristics of C12A7:e are of interest theoretically. The
electronic structure has been investigated to obtain a model
consistent with these properties (Sushko et al., 2003a,b, 2007,
Medvedeva & Freeman, 2004; Li et al., 2004).

The structure of mayenite has been extensively investi-
gated. It was first reported by Bussem & Eitel (1936) using X-
ray powder diffraction. However, O3 was not found. Since the
crystal has no centre of symmetry and the site occupancy
factor (s.0.f.) of O3 is very small, the crystal structure has not
yet been fully solved. In the present study the s.o.f. is defined
as the probability of finding an atom at the site. Accordingly,
when the s.o.f. is multiplied by the number of symmetry-
related positions of the site it is equal to the number of ions in
the unit cell. O3 was first reported by Bartl & Sheller (1970) as
being close to the centre of the cage with point-group
symmetry 4. Christensen (1987) determined the crystal struc-
ture of Ca;;3Al14035,3 by X-ray diffraction. The crystal
structure of C12A7 was measured using the same method at
four temperatures between 298 and 1323 K by Boysen et al.
(2007). A disordered Ca ion was found and the s.0.f’s of O3
and Ca ions were analysed, although the O3 ions were located
at the centre of the cage. The high ionic conductivity was
attributed to O3, since the electron density of O3 is spread out
at elevated temperatures. The displacement of Ca ions was
also reported by Kim et al. (2007) using the MEM/Rietveld
analysis. Elaborate work on C12A7 and related electrides
using neutron and synchrotron powder diffraction has been
carried out by Palacios et al. (2007). A displacement of Ca, as
well as that of O3 from the 4 position, was found. The
displacement of O3 was measured by neutron powder
diffraction (Kiyanagi et al., 2008). Owing to the low resolution
of the powder diffraction measurements employed in these
investigations on C12A7 small displacements of the other ions
could not be determined. Using single-crystal synchrotron X-
ray diffraction the structures of C12A7 and related electrides
were further investigated by Palacios et al. (2008) by
measuring reflections with sin /A up to 1.110; additional
displaced ions (one Al and two Ca) were found. O3 was found
nearby on a site of 4 symmetry. Lerch et al. (2009) also found
one displaced Al ion and one displaced Ca ion. The O3 ion
was located at a general position rather than at a 4 site.

The present study on the structure of C12A7 is the first in
our series of investigations on the electride C12A7:e. Deter-
mination of the local structures of the cages in C12A7 is most
fundamental since the occupied cages partially remain in
Cl12A7:e and similar distortions are expected. The electron
densities of ions displaced by the electrostatic force of O3 and
those of electrons clathrated in the cage cannot be distin-
guished by single-crystal X-ray diffraction. Therefore, all the
ion displacements due to O3 in C12A7 should be found before
starting an X-ray investigation of the electron density distri-
bution (EDD) of the clathrated electrons. The purpose of the
present study is to find all the displaced ions of C12A7 and to
understand the local distorted structure to clarify the reasons
for the ion displacements.

Table 1

Experimental details.

Crystal data

Chemical formula Al4Ca; ;033

M, 1386.66

Crystal system, space group Cubic, 143d

Temperature (K) 298

a(A) 11.989 (3)

V (A%) 17232 (7)

V4 2

Radiation type Synchrotron, A = 0.67954 A
p (mm™") 1.99

Crystal size (mm) 0.07 x 0.07 x 0.07 x 0.03 (radius)

Data collection

Diffractometer

Scan method

Absorption correction

Trniny Tinax

No. of measured, independent and
observed [F > 3.00(F)] reflections

Tsukuba BL14A four-circle
Integrated intensities from w/20 scans
For a spheref

0.908, 0.909

10 790, 3077, 3020

Rin 0.012
Refinement

R[F® > 20(F%)], wR(F%), S 0.016, 0.024, 1.09
No. of reflections 3020

No. of parameters 66

No. of restraints 0

APimaxs APmin (€ A7) 0.34, —0.39

Computer programs used: BL14A diffractometer control software (Satow & Iitaka, 1989;
Vaalsta & Hester, 1997), RSLC-3 UNICS system (Sakurai & Kobayashi, 1979), sortref,
gluplot (Sakakura, 2008), MOLLY (Hansen & Coppens, 1978). { The transmission
coefficient for the spheres tabulated in International Tables for X-ray Crystallography
(1972, Vol. 11, Table 5.3.6B) was interpolated with the Lagrangian method.

2. Experimental

Since the O3 ions disturb the electrostatic field the
surrounding ions are expected to be displaced. O3 exists
randomly in two of the 12 cages and is located at a general
position near the 4 site. Accordingly O3 occupies each posi-
tion with a probability of 2/(12 x 4). Thus, the s.o.f.s of the ions
displaced by O3 are expected to be very small so accurate
measurement is necessary. Hence intensities up to the highest
possible value of sin 6/A = 1.368 A~! were carefully measured
with synchrotron radiation.

Single crystals of mayenite were grown by Czochralski’s
method. A crystal was shaped into a sphere of diameter 65 pm.
Intensities were measured at BL14A of the Photon Factory,
Tsukuba, Japan (Satow & Iitaka, 1989), using a four-circle
diffractometer equipped with an avalanche photodiode
detector (APD), the linearity of which reaches up to
10® counts ~' (Kishimoto et al., 1998). Polarized synchrotron
X-ray beams from a vertical wiggler were selected to A =
0.67954 A using double-crystal Si(111) monochromators. The
beams were focused using a curved fused-quartz mirror coated
with platinum. The Bragg angle of the first Si(111) mono-
chromator and the translation of the second one were adjusted
so that the beams pass through a pinhole of diameter 0.4 mm
in front of the crystal. Then the plate on which the four-circle
diffractometer was placed was rotated around the vertical axis
passing through the centre of the incident slit. The base was
also translated or inclined vertically so that the beams pass
through a pinhole of 0.1 mm diameter. The positions of the
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vertical and horizontal half-slits were adjusted manually so
that the beams through the pinhole at the crystal position were
cut in half and enter an ionic chamber placed at the detector
position. After analysis of the pulse heights of the eight
channels of the APD detector, deviations from the zero angles
of 20, w and x were calculated by measuring four angles for six
reflections of a Si crystal, each at three different positions
(King & Finger, 1979). The lattice parameter was calculated to
be a = 11.989 (3) A from 26 angles of 24 reflections with 69.44
<26 < 72.18°. Intensities were then measured up to sin 6/A =
1.369 avoiding multiple diffraction (MD). The optimum four
angles, where the effect of MD was negligible, were calculated
using the g-scan simulation software [UANGLE (Tanaka &
Saito, 1975; Tanaka et al, 1994, Takenaka et al. 2008). The
fluctuation and decay of the incident intensities were moni-
tored by an ionic chamber, and the diffracted intensities were
corrected accordingly. Other experimental details are given in
Table 1.

3. Refinement

The crystal structure of C12A7 is briefly summarized in order
to better understand the following discussion. The structure is

o1

)
Wi

i °1xviii

[oo1] [100] 01X
Figure 1

The structure of (a) the vacant cage with its centre at (3/8, 0, 1/4) and (b)
two vacant cages related by the threefold axis in blue. Cal, All, Al2, O1
and O2 ions are drawn as olive, purple, light blue, red and orange balls.
Four O3 ions are added in (a) for the sake of comparison.

Table 2
Symmetry codes.

(0) X, Y, Z

@) z, —x, —y+3
(if) v+ i3 x+3
Gi)  xih o e
(iv) —x+3, -4 y+i
v) —2ty  yEe x4y
(vi) -+ —x+3 T4y
(vii) 2+ y+i x+3
(viii) —x+1 -y, z+13
(ix) y+3, X+ —z43
(x) —y+14 -z, x+1
(Xl) -+ %’ -, y +%
(xii) x, -, —z43
(xiii) —x+1 -y, z=1
(xiv) —z+% y—15 —x 41
(xv) x+1 —z+3 -y +i
(xvi) zZ, X, y
(xvii) x+1 -3 y+i
(xviii) —x+3, z—1% —y+1
(xix) —-z+1, x—3 —y+3
S S 2
(xxi) y+3, x—3 z—3%
(xxii) x+3 —z+1 —y+3
(xxiii) y+1, z—1 —x+1
(xxiv) z+13 x—1 y+1
(xxv) —z+3, —X, y+i
(xxvi) -y, z—4 —x+1
(xxvii) -y, —z+1, x

composed of two types of corner-shared AlO, tetrahedra with
All and Al2 at the centre, and Ca counterions. The structure
of the vacant cage is illustrated in Fig. 1(a). A picture of the
crystal structure showing the arrangement of the cages is
deposited as Fig. 9.' The symmetry codes are listed in Table 2.
Ions in the asymmetric unit have symmetry code ‘0’. The
centre of the cage at (3/8, 0, 1/4) has point-group symmetry 4
and is the midpoint of Ca1® and Cal" ions on the 4 axis. The
four O3 ions in the cage whose centre is (3/8, 0, 1/4) are shown
in Fig. 1(a). O3 randomly occupies one of four sites
0.771 (8) A from the centre of the cage. All bonds with three
O1 ions and one O2, and Al2 bonds with four O1 ions,
although the fourth bond is to the O ion in an adjacent cage. In
other words each O1 is bonded to All and Al2, while O2 is
only bonded to All. Bond lengths Al1—O1 and AI2—O1 are
1.7747 (4) and 1.7428 (4) A. Fig. 1(b) shows the two cages as
being in contact with each other. The two cages are related by
a threefold axis (shown in blue) passing through 02", Al1"
and 02", The distances from O1}, 01" and 01 to Ca1*, Cal*
and Cal“ are 23500 (3) A and those to Cal*, Cal' and
Cal™ are 2.5143 (4) A. All and O2 on the same threefold axis
form an All1—O2 bond of 1.7342 (4) A and the three Cal ions
are 2.4148 (4) A from O2. The O2" jons are close to Cal®™,
Cal*" and Cal™. Each cage is composed of six Cal, 12 O1 and
four All, AI2 and O2 ions; each ion is shared by three cages
except Al2 which is shared by four cages. Each cage is
surrounded by a further 12 cages. The inner free spaces are
connected to eight nearest neighbours via six-membered rings

! Supplementary data for this paper are available from the TUCr electronic
archives (Reference: OG5045). Services for accessing these data are described
at the back of the journal.
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Table 3
Refinements A to I.

Ui, and Uj; are isotropic and anisotropic displacement parameters.

Residual peak heights

Refined coordinates (e A~ %) of ions in

Refinement  and parameters R GOF  parentheses
A Cal, All, Al2, O1 726 651 10.0 (Cala), 10.8
(Calb)
B Cala, Calb 389 370  1.54 (Alla)
C Alla 317 276  1.32(03)
D 03 3.07 275 -
E P, and « in equation ~ 2.40 2.00 1.40 (Ola)
(1)
F Ola 216 176  0.84 (Calc), 0.71
(O1b)
G Calc, O1b 191 154 053 (Cala), —0.76
(Cala)
H Cala (displaced from 1.85 1.49
4 axis)
Ola, O1b (Tso) 176 142 043 (02a), 057
(Calb), 0.46 (Alla)
O2a, Calb (T;), Alla 170 135
(Tisn)
I P, of Alla 161 109 —039<Ap<034

of diameter ~ 1 A, such as 02— A" —O1'—AR'— 01" —
Cal", and to the remaining four cages via four-membered
rings, such as Al12°—01°—Cal1¥—01". AI2° and Cal* are on
the 4 axis in red. The box written in orange lines is composed
of six four-membered rings such as Al1Y —O1% —Cal®—01".

The program MOLLY (Hansen & Coppens, 1978) was used
in the present study for multipole refinement. The electron
density p,, of each atom was expressed as the sum of the
electron density of the core electrons p...(r) and the valence
electrons pyaience(KT)

pal(r) = pcore(r) + PVKSpvalence(Kr)’ (1)

where P, is the population coefficient and k expresses the
expansion (k < 1) or contraction (k > 1) of paomic(r) (Coppens
et al., 1979). Since a prominent aspherical EDD was not
observed for ionic bonds in C12A7, parameters describing the
aspherical EDD and anharmonic thermal vibrations were not
refined. Scattering factors were calculated using the radial
functions from Clementi & Roetti (1974). The valence elec-
tron configuration (3p° for Ca** and 2p° for AI** and O?") was
initially assumed. They describe a spherical EDD around each
ion. Anomalous dispersion terms were calculated by inter-
polating the values presented by Chantler (1995, 2000).

3.1. Refinement A of the vacant cage

Since the crystal has no centre of symmetry, the phase of
each reflection takes an actual value between 0 and 2. When
the structure is not well determined, the phases are not fixed
well so that there are sometimes ghost peaks in the difference
density Ap(r) at places where no chemical entity exists. A p(r)
is defined as

Ap(r) = %Z (Fy(h) — F(h)) exp(—27ih - ¥),  (2)

where F, and F, are observed and calculated structure factors,
h is the reciprocal vector, and V is the volume of the unit cell.
Therefore, only the displaced ion having the largest peak in
the difference-density map after each step of the least-squares
refinement was added in the subsequent step. When the peak
could be removed without producing ghost peaks and the R
factors were significantly reduced, the ion was accepted as a
correct feature of the structure. In the present study displaced
ions are noted by adding a, b or c to the label of the ion in the
vacant cage. The newly added ions as well as the R factors,
GOFs and maximum peak heights in the difference-density
map in each stage of the refinement are listed in Table 3.

[100]
()

Figure 2

Difference density on the z = 1/4 plane including the 4 axis after_(a)
refinement A and (b) refinement B. Contours on the left are at 1.0 e A -3
The surface of constant charge density is shown on the right at 2.0 e A~ %
The right side of the figure is transformed from the left by 4 Red and blue
indicate positive and negative densities. No peak is found at (3/8, 0, 1/4),
the centre of the cage.
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The initial atomic positions were taken from the previous
study (Bartl & Sheller, 1970). All ions except O3 were
included in refinement A. No extinction effect was observed in
the present study, probably because the distortion of the
crystal structure caused by O3 lowers the crystallinity. The R
factor defined as X(|F,| — |F¢|)/Z|F,| is 0.0726 and the GOF is
6.51. The difference density is shown in Fig. 2(a). It is striking
that two almost equivalent peaks of 10.0 and 10.8 ¢ A3
appear near Cal on the 4 axis between Cal” and Cal™. These
peaks are due to the displaced ions of the two Cal ions
attracted toward O3 near the centre of the cage. They are
numbered Cala and Calb. Cala and Calb lie 0.369 (2) and
0.8102 (15) A from Cal toward O3. Recently Palacios et al.
(2008) also found the second peak.

(b)

Figure 3

Difference density after (a) refinement F and (b) refinement I. Contours
at 0.5e A=, Surface of constant charge density at (a) = 0.55 ¢ A~ and
(b) £028¢ A7,

3.2. Refinements B, C and D: determination of the position of
Cala, Calb, Al1a and O3

Cala and Calb were included in refinement B. The s.o.f.s of
Cala and Calb converged to 0.076 (3) and 0.070 (2), which are
close to 2 x (1/24) = 0.0833. An isotropic displacement factor
equivalent to the anisotropic displacement factor of Cal was
applied to Cala and Calb. The values of R and GOF are
0.0389 and 3.70. The large peaks of Cala and Calb in Fig. 2(a)
are deleted in Fig. 2(b) after refinement B. The large peak on
the 4 axis between Calb and O3 in Fig. 2(a) is a ghost one,
since it disappeared in Fig. 2(b) after improving the phases of
reflections by including Cala and Calb in the refinement. The
largest peaks of 1.54 e A~ are in close proximity to All (see
Fig. 2b). These peaks were taken into account in refinement C
as Alla; the s.o.f. of Alla converged to 0.041 (2) and the peaks
disappeared. At the same time, residual peaks of 1.32 e A
remained near the centre of the cage. These peaks were
assigned as O3 ions and included in refinement D, keeping the
s.0.f. of O3 at 1/24. They were deleted in the difference-density
map after refinement D.2

3.3. Restriction on s.o.f. of displaced ions

In previous refinements it was evident that the s.o.f. of the
displaced ions and O3 have the following approximate rela-
tionship

s.0.f.(Cala) :s.o.f.(Calb) : s.o.f.(Alla) : s.0.f.(O3)
=2:2:1:1. 3)

Since the Cala and Calb ions are still on the 4 axis, the two O3
ions related by a twofold axis coincident with the 4 axis affect
the Cal ion on the axis equally. Accordingly, the s.o.f.s of Cala
and Calb are twice those of the other ions. Multiplication of
the s.o.f. by the number of symmetry-related positions leads to
the following relation

n(Cala) : n(Calb) : n(Alla) : n(03)=1:1:1:1, (4)

where n(X) is the total number of X ions in the unit cell. When
O3 enters into a vacant cage and occupies a general position
the original crystallographic symmetries of the displaced ions
close to it are lost locally but the one-to-one correspondence
between their s.o.f.s and that of O3 remains. Consequently, the
s.o.f. of each displaced ion was expected to be an integer
multiple of that of O3. Since the total number of O3 ions at the
48e position is two, the s.o.f. of O3 becomes 2/48 and those of
all the displaced ions were fixed to satisfy (4) in the following
refinement. The validity of the assumption will be discussed in
§4.3.

3.4. Refinement E to | for additional displaced ions

P, and « in (1) were refined to R = 0.0240 and the peaks
remained close to Ola in refinement E. Significant peaks of
0.84 ¢ A= were left above and below Cal in Fig. 3(a) after
refinement F. These peaks are due to Calc. Significant peaks

% Difference-density map after refinements C, D, E, G and H are deposited as
Figs. 10, 11, 12, 13, 14.
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Table 4
Atomic parameters, s.o.f.s and final valence parameters.

(a) Final atomic parameters and s.o.f.s (anisotropic displacement parameters
of Cal, All, Al2, O1, O2 and Calb are deposited as Table 4c). Isotropic
displacement parameters Uy, are given for displaced ions except Calb; others
are refined with the anisotropic displacement parameters.

Atom Sof x y z Uiso (Az)
Cal® 3/4 0.139339 (15) 0 1/4 0.00869 (2)
All® 78 0268614 (9) =x =x 0.00633 (2)
AR 1 1/4 1/8 12 0.00679 (3)
o1° 11/12 0.15052 (4) 0.036055 (3)  0.442343 (3)  0.01155 (5)
02° 7/8 0.18510 (4) =x =x 0.01011 (5)
Cala® 1/24  0.16936 (16)  0.00673 (17) 0.25038 (24)  0.00987 (16)
Calb® 1/12 020692 (12) 0 1/4 0.01277 (18)
Calc® 1/24 013537 (17)  0.00426 (29) 0.23538 (22) = Cal
Alla® 124 030406 (23)  0.19844 (24) 026186 (23)  0.0096 (3)
01° 124 01302 (3) 0.0603 (3) 0.43286 (28)  0.0039 (3)
o1p° 124 01718 (5) 0.0312 (4) 0.4352 (5) 0.0079 (6)
022" 124 0.1996 (6) 0.1750 (7) 0.1893 (6) =02

03° 124 0.3559 (6) 0.0614 (7) 0.2506 (7) 0.0163 (8)

(b) Final valence parameters P, and «. Parameters of the displaced ions are
fixed to those of the ions in the vacant cage.

Atom  Cal All A2 o1 02 03
P, 650 (11)  632(5)  620(5) 563(7) 5909 60
K 1021 (6)  0985(5) 0980 (5) 0869 (6) 0880 (9) 1.0

of 0.71 e A% also exist near O1 and the displaced ion is named
O1b. These peaks were deleted in refinement G, including
Calc and O1b, and the R factors decreased from 0.0216 to
0.0191, as listed in Table 3. Positive peaks of 0.53 e A~ remain
above and below Cala, and a negative peak of —0.76 ¢ A-?
still exists on Cala. Thus, Cala was further displaced from the
4 axis in refinement H, and these peaks were deleted. Since the
s.0.f.s of the displaced ions are very small, the same isotropic
displacement parameters of those of the corresponding ions in
the vacant cage were applied. However, independent isotropic
displacement factors were assigned to Ola, O1b and Alla in
refinement H reducing the R factor to 0.0176. Also, three
peaks due to O2a displaced from O2 on a threefold axis were
found and included in the refinement. Anisotropic and
isotropic displacement parameters of Calb and Alla were
then refined independently of those for Cal and All.

The refinement revealed the displaced ions Cala, Calb,
Calc, Alla, Ola, O1b and O2a, while Al2 has no displaced
ion. The electron population P, of Alla was finally added in
refinement I reducing the R factor to 0.016. The final atomic
parameters after refinement I and the orbital parameters in (1)
are listed in Tables 4(a) and (b).* The residual density map is
shown in Fig. 3(b). The maximum height and depth of the
peaks are 0.34 and —0.39 ¢ A7 around the Cal ions. The
residual density at the centre of the cage is —0.08 e A~
indicating no ion exists there.

4. Results and discussion

The ion displacement caused by O3 at its four equivalent
positions related by the 4 operation at (3/8, 0, 1/4) are over-

3 Anisotropic displacement parameters are deposited as Table 4(c).

Table 5 . _
Al—O distances (A) from Alla".

All—O01, Al1—02 and AI2—O1 are 1.7747 (4), 1.7342 (4) and 1.7428 (4) A.

Distance from Alla" (A)

ot 1.673 (3)
Old' 1.431 (5)
o1b' 1.937 (8)
o1t 2.709 (3)
Ola* 2.658 (5)
o1pt 2.936 (7)
o1 1.839 (3)
Old™ 1.899 (5)
o1pt 2.051 (7)
2" 1.705 (3)
024" 1.551 (8)
024" 1.726 (9)
02a" 1.722 (9)
o3" 1.762 (9)

lapped because of the high cubic symmetry. Therefore, the
next step of the crystal structure analysis is to construct the
structure of the cage occupied by one of the four O3 ions. In
other words, actual displaced ions in the occupied cage were
selected from the list of displaced ions in Table 4(a).

4.1. Occupied cage structure constructed from the displaced
ions

Since Al1" is the closest ion to O3" and large peaks of Alla
remain in Fig. 2(b), Al1" is judged to be shifted to Alla" by
03" as illustrated in Fig. 4. The distance from AI1" to Alla" is
0.946 (3) A. Distances from Alla" to the surrounding O ions
are listed in Table 5. Al1"™ moves toward O1' and O2" but
away from O1" and O1". It also becomes evident that the shift
breaks the Al1"Y—O1" bond and allows the formation of a new
Alla—03" bond of 1.762 (9) A. Since the angles of 03" —
AlIY—01" and O3Y—Alld"—O01b" are 169.27 (18) and
171.9 (3)°, O1", Al1", Alla"™ and O3" lie on a nearly straight

[100]

Figure 4 )
Relationship of the vacant and occupied cages with O3" and displaced
All and Cal ions. Thin pink lines show the vacant cage.
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line. The conformations of the two tetrahedra of Al —O1'—
O1"—01"—02" and Alla"—01'-03"—01"—02" are
almost enantiomorphic, as shown in Fig. 4.

The shift of AIl™ to Alla"“ gives rise to electrostatic
repulsions among the oxygen ions of the Al1VO, tetrahedron,
and they are expected to be displaced. Since the attractive
force from AI1" is lost, O1" is expected to be displaced toward
AI2". The distances of AI2" to Ola" and O1b" are 1.820 (4)
and 1.657 (6) A, which is longer and shorter than the AI2—O1
bond [1.7428 (4) A]. Accordingly, O1" is expected to be
displaced to O1b", which is closer to Al2". However, a simple
comparison of the distances in Table 5 does not identify the
other displaced ions around Alla". Therefore, the electrostatic

Alliv

Allaiv

Allv

_ (®)
Figure 5
Potential and negative electric field around O1' in (a) the vacant and (b)
the occupied cages on the plane of AlIl™, O1' and Alla™ Red solid
contours are posmve and blue broken ones are negative. The contours
are at 0.2 e A~". The arrows indicate the direction and strength of the
electric field acting on a negative unit charge. For details see text.

Table 6

Distances (/DX) of the ions around O3" up to 3.5 A in an occupied cage.

Distance from 03" (A)

Alla™ 1.762 (9)
Calb"™ 1.932 (8)
Old 2.235 (9)
Cala" 2.331 (8)
Calp’ 2.361 (8)
024" 2.430 (11)
Cala® 2.793 (8)
or’ 2.972 (9)
o1’ 3.032 (8)
AI2° 3219 (8)
Cal™ 3219 (9)
AL 3.336 (9)
o1° 3.344 (8)
o1V 3382 (8)
Cal*® 3.393 (9)

potential and electric field around O1', O1" and 02", as well
as O1" were calculated to determine the local structure.

4.2. Electrostatic potential

Since the covalent character of the bonds is small in C12A7,
the possible direction of the displacement of an ion can be
estimated from the difference of the electrostatic potentials of
the occupied and vacant cages. The electrostatic potential,
V. (r), of the nth ion at R, is expressed as

P(F)
Z| R, /|r—r/| ©)

m#n

V,(r) =

where Z,, is the atomic number of the mth ion. The variable
0'(r'), which denotes the superposition of all the atomic
electron densities at ¥’ except that of the nth ion, was calcu-
lated using the final parameters after refinement I with the
program StoPot (Sakakura, 2008). The potential was calcu-
lated under the following rules:

(i) Ions within 17 A of the nth ion are included in the
potential calculation.

(ii) Cages sharing the nth ion in (5) were assumed to have
no O3 ion and 1/6 O*~ ions were placed at the centre of all the
other cages.

(iii) O3 and the ions displaced by O3 were included in the
calculation.

(iv) When the nth ion is not a member of the occupied cage,
1/6 O*~ and O3 may be placed together in the cage according
to rule (ii). In this case the 1/6 O*~ ions were removed.

When rule (ii) is applied three or four cages are vacant at
any one time since each ion is shared by three or four cages.
The probability of all the eight nearest-neighbour cages
around the occupied cage not having O3 is only (5/6)° = 0.23,
since crystal symmetry demands that all the cages should have
an O~ ion with a probability of 1/6. On the other hand, the
probability of having three or four vacant cages at a time is
(5/6)* = 0.58 or (5/6)* = 0.48. Accordingly rule (ii) is more
appropriate than a model with the occupied cage surrounded
by vacant cages.
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The local structure of the cage which has O3" at a general
position near the centre, (3/8, 0, 1/4), was selected for more
careful examination. Since the structure was not yet known,
the initial configuration of the ions must be selected carefully.
The potential of the ion closest to O3" was first determined.
The distances from O3" to the surrounding ions up to 3.5 A
are listed in Table 6. When one of the displaced ions was
specified it was included in the following calculation. In this
way the displaced ions were consecutively specified and the
potential improved.

4.2.1. Cala and Ca1b in the occupied cage. Since the peaks
of Cala and Calb on the difference-density map are very large
and displacements from Cal to Cala and Calb are larger than
those of O ions, they are discussed first. Cal® and Cal® lie
closer to O3" than the other Cal ions and are expected to be
shifted to one of the two displaced positions, that is to Cala or
Calb. Since the heights of the peaks of Cala and Calb are
nearly equal in Fig. 1(a), the two types of displacement occur
with equal probability. Also the 1:1 correspondence of the
displacements described in §3.3 requires Cal1” and Cal™ to be
shifted differently. Therefore, only two models of the displa-
cements are possible. One model involves the displacement of
Cal"™ and Cal® to Cala™ and Calb’. Another model involves
displacements to Calbh™ and Cala’. The ionic radii of Ca** and
O”~ are 1.0 and 1.38 A (Shannon & Prewitt, 1969). In Table 6
the distances from O3" to Cala" and Calb® are 2.331 (8) and
2.361 (S)A, while those to Calb™ and Cala” are 1.932 (8) and
2.793 (8) A. Since Calb™—O03" is shorter and Cala’—O3" is
longer than the sum of the ionic radii (2.38 A), the former is
judged to be the real structure.* The displaced Cala ion was
first reported by Palacios et al. (2008), who also reported that
many of the O3 ions are still located at the centre of the cage
where none were detected in the present study.

4.2.2. Ola, O1b and O2a in the occupied cage. The
potentials defined in equation (5) for vacant and occupied
cages around O1' are shown in Figs. 5(a) and (b). For the sake
of simplicity the potential is illustrated so that it becomes zero
at (a) O1' and (b) Ola' by subtracting the potential at each
position. The magnitude and direction of the electrostatic
force that acts on the unit negative charge, which we call a
negative electric field, is also illustrated by arrows with arbi-
trary scale. The potential in the vacant cage in Fig. 5(a) is
properly calculated, since the negative O1' ion is located at the
saddle point of the positive potential and is attracted towards
AI1Y and AI2". These Al ions have larger positive charges than
the Cal ions and are located closer to O1' than the Cal ions.
The negative Ola' ion in Fig. 5(b) lies close to the saddle point
of the positive potential between the two Al ions and is
strongly attracted to Alla"™, while O1b' is in a lower potential
area and is attracted more by Al2’ whilst being displaced in the
opposite direction to that specified by the attractive force of
Alla". Therefore, the Ola'—Alla" bond in Table 5 is judged
to exist in the local structure, although the length of the
Alld”—O1d' bond [1.431 (5) A] is significantly shorter than

4 The two models are illustrated in Figs. 15 and 16 of the supplementary
material.

Figure 6 _ _

Potential around O1"™ on the plane of Al1", Alla"™ and O1" in (a) vacant
and (b) occupied cages. The potential at O1™ is subtracted. Contours are
as in Fig. 5.

1.77 A, which is the sum of the ionic radii of sixfold coordi-
nated AI’* and O°".

In a similar way O1b" and 024" are judged to exist in the
occupied cage. O1b" was already judged to be bonded to AR
in §4.1. Since O1b" and 024" only bond to AI2" and Alla", all
the arrows of the force around them point exclusively to them.
The breaking of the Al1"Y—O1" bond is also seen in figures of
the potentials.® Alla™ is 2.936 (7) A from O1b" as seen in
Table 5, but is still one of its four nearest neighbours. Thus,
O1b is relatively free and the isotropic displacement para-
meter, Uy, of O1b is twice that of Ola in Table 4(a).

5 Those around O2a" have been deposited as Figs. 19 and 20.
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Figure 7

Difference in potential of the occupied and vacant cages. The
equipotential surface is at & 3.70 e A~". The Al1" area in the red circle
exhibits the maximum difference.

The potential in the vacant cage around O1" and that
around Ola" and O1b™ on the plane of Al1™, Alla™ and O1",
is illustrated in Figs. 6(a) and (b), rescaling the potential at
01" to zero. Ola™ and O1b™ are not on the plane but deviate
—0.347 and 0.153 A along the normal plane. Since the
distances from Alla“ to Old™ and O1b" in Table 5 are
significantly longer than the Al1™—O1" bond, Ola™ and
O1b" are attracted by AI2°. In fact, the force acting on them in
Fig. 6(b) is directed toward AI2°. Since O1b" is attracted
toward AI2° and the potential at O1b" is also positive, while
that at Ola" is negative and is located away from AI2°, O1b"
might be an actual displaced ion. However, since O1™ in Fig.
6(a) and the displaced ions in Fig. 6(b) are located significantly
away from the saddle points of the potential, it is also expected
that O1ii may not be shifted, or another displaced ion such as
Olc may be found around the saddle point of the potential in
Fig. 6(b).

Since no displacement of Al2 was found, Al2 was not
affected by the newly formed bonds AI2"—O15" and AI2°—
015" with bond lengths of 1.657 (6) A, which is shorter than
the sum of the ionic radii.

4.2.3. Calc in the local structure. As stated in §3.4, the
peaks of Calc shown in Fig. 3(a) are significant. The two Calc
peaks near Cal™, which is on the extreme right of the hori-
zontal 4 axis in the middle of the figure, are aligned almost
parallel to O1¥—O1™" and perpendicular to O2Y—O02*".
However, since Cal" is already displaced to Cala", it is
necessary to find the other Cal ions affected by O3 and to
inquire more deeply into the origin of the Calc peaks. In the
vacant cage, Cal', Cal* and Cal™ are located 3.1369 (1) A
from Al1" on the threefold axis. Cal™, Cal*" and Cal™ in Fig.
1(b) are 3.5809 (11) A from AI1™. Cal™* and Cal* are outside
the occupied cage. The possible displacements of these Ca ions
excluding Cal®™ are examined.

In order to find the interactions of the Cal ions with the
local structure, the difference in potentials of the occupied and
vacant cages is illustrated in Fig. 7. The most significant

difference is found around Al1"Y, followed by the area around
the centre of the cage near O3. Five Cal ions surround the
AI1™ area. The potentials of the occupied and vacant cages
were calculated using all the displaced ions 01d, O1b", 024",
Cala", Calb” and Alla. The potential and electric field of the

[100]

[100]

. \\\ |
NS O\

s
AN o2
N7

(©)
Figure 8
Potential on the plane perpendicular to the 4 axis, including the Ca ion at
the centre around (a) Cal™, (b) Cal* and (c) Cal™ in the occupied cage.
The potential of the Ca ion is normalized to zero; contours are as in Fig. 5.
Calc ions are added as dark brown balls.
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Table 7 ) _ _
Distances (A) of the Calc ions from O3", Alla", Al1" and relevant
bonds.

Calc 03" Alla™ AlY Relevant ions
Calct 3.365 (9) 3313 (4) 3.641 (3) 2.494 (8) (024")
Calc"t 5.095 (9) 3.577 (4) 2.957 (3) 2192 (3)F (O1%)
Calc™ 5.147 (8) 4.073 (4) 3.641 (3) 2.747 (8) (024")
Calc® 4.949 (9) 3.544 (4) 2.957 (3) 2.134 (7) (O1b")
Calc 3.220 (9) 4.968 (4) 2.957 (3) 2.161 (4) (O1d')

1 Displaced ion is not specified. Distances from Ol1d™ and O1b™ are 2.161 (4) and
2.134 (7) A.

occupied cage around Cal™, Cal* and Cal™ are illustrated in
Figs. 8(a)—(c).® Those of Cal* and Cal* are similar to those of
Cal* and Cal'. The distances from these Calc ions to O3,
Alla"™, Al1" and other relevant ions are listed in Table 7. Cal™
is located at the most stable position, as shown in Fig. 8(a),
because of the longer distances from the displaced ions. The
distances of Cal*" and Cal* to Al and O ions are similar and
those to Al1" are shorter than those of Cal*" and Cal™. Since
the repulsive force of All" is lost in the occupied cage, Cal*,
for example, is displaced toward All" or O1b". This agrees
with the potential in Fig. 8(b) since the (Calc*)** ion is in
contact with the negative potential area along the direction of
O1b". Calc" also crosses the negative potential along that to
01", On the other hand, the directions of the displacement of
Cal"" and Cal* are almost parallel to the contour lines, as
shown in Fig. 8(c). The repulsive force of Al1" on Calc"" is
compensated for by that of Alla" in the occupied cage, since
the distances of these Al ions to Calc" are similar. The
distance from AI1"™ to Calc™ is the same as those to Calc'™
and Calc®. However, the distance of Calc® to O3 is shorter
than that to Alla", in contrast to those of Calc'! and Calc™.
This may be the reason for the different potential of Cal™
from those of Calc'™ and Calc®. Therefore, it may be
concluded that the loss of the repulsive force by All" is the
main reason for the Calc peaks.

4.3. Validity of the assumption in the refinement and
structure of the occupied cage

The possible local structure of the occupied cage was
discussed from a crystallographic viewpoint and from the
electrostatic potential and electric field. However, there are
several problems still to be investigated since the ratio of the
number of occupied to vacant cages is small and the resolution
of the experiment may not be high enough.

The constraint in equation (4) corresponding to a 1:1 ratio
of displaced ions to one of the four possible positions of O3
worked well since the R factor became smallest under the
constraint. It does not violate the perfect random distribution
of occupied cages required by the cubic crystal symmetry,
since it is possible to assume that each cage is randomly
occupied by one of the four O3 positions. However, rule (ii) in

¢ Figures of the potential around Cal*' in the vacant cage, and those around
Cal*" and Cal*" in the occupied cage have been deposited as Figs. 21, 22 and
23.

§4.2 contradicts the assumption of a perfectly random distri-
bution. However, the potential and electric field calculated
with the constraint succeeded in specifying quite clearly the
displaced ions, except O1'". Therefore, the rules are acceptable
for describing the typical and most probable local structure.
Three displaced ions from Cal, two from O1 and one from
each of All and O2 were found in the present study while Al2
at 4 has no displaced ion. Since the three O1 ions around
Alla" in Table S are placed in different electrostatic potential
fields, each one should be displaced uniquely. Accordingly,
three displaced ions for O1 may be expected. Thus, the third
displaced ion may be found as discussed in §4.2.2, although
Ob1' is a tentative candidate of the displaced ion of O1',

The bond lengths from Alla" to Ola' and 024" in Table 5
are too short compared with the sum of the ionic radii of the
fourfold coordinated O*~ (1.38 A) and AI** (0.39 A), whereas
those to Ola™ or O1b™ are significantly longer than the sum.
Accordingly, the Alla"™ tetrahedron is extensively deformed.
The O3 —Alla" bond length is 1.762 (9) A and other close
contacts of O3 are 2.331 (8) and 2.361 (8) A to Cala"“ and
Calb’. The distances of O3" to Ola' and 024" [2.235 (8) and
2.430 A] are shorter than the sum of the ionic radii of O*~
(2.74 A). Thus, the distances to the surrounding oxygen ions
suggest that the structure is not stable.

Only the displacements of Cal, All, O1 and O2 ions, which
are directly connected to O3, were treated in the present
study. However, secondary displacements should accompany
them. Strictly speaking, the observed displacements are the
average of all the displacements caused by the inclusion of O3.
When the accuracy of the measurement is improved, further
displacements will be found and discussion of the anisotropic
displacement parameters, including the anharmonic vibra-
tions, will become important.

4.4. Comparison with theory and other experiments

The synchrotron X-ray diffraction at 90 K by Palacios et al.
(2008) exhibited the shift of All. The O3 at the centre of the
occupied cage is also displaced to a general position. The s.o.f.s
of O3 at on- and off-centre sites are 0.106 (4) and 0018 (2).
Lerch et al. (2009) concluded that O3 is located off-centre and
also reported Alla and a displaced Ca ion with elongated
displacement ellipsoids along the 4 axis. In the present study
no O3 ions exist at the centre of the cage and further displa-
cements of O1 and O2 ions were detected in our study.

The local structure obtained in the present study was
compared with those obtained by theoretical calculations.
Sushko et al. (2007) optimized the structure of the occupied
cage in the process of energy minimization. They also reported
the distortion of the occupied cage at Cal’, Cal™ and AIlY,
and the displacement of O3 to an off-centre site, in agreement
with our result. However, most of the atomic distances in the
occupied cage are different by more than ten times the
experimental error. The distances Calb’—Cala" and Alla" —
03Y in the present study are 4.481(2) and 1.762 (9) A
compared with the theoretical values 4.39 and 1.88 A. The
distances between O3 and the Ca ions on the 4 axis agree well
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with our result. Although it was also reported that the
difference of 0.3 A in the bond lengths of 03" — All4" did not
affect the electronic structure of the system, the theoretical
calculation fixing the local structure of the occupied cage to
that found in the present study is very interesting.

Theoretical studies on electrides derived from CI12A7
(Sushko et al., 2003a,b, 2007; Medvedeva & Freeman, 2004; Li
et al., 2004) presented different results in the localization of
replaced electrons and the deformation of cages caused by
them. Thus the change in displacement of the ions with the
concentration of electrons, which are replaced with the O3
ions, is expected to present a stringent test for theoretical
studies.

5. Conclusion

The crystal structure analysis revealed the displacements of all
the ions around O3 except Al2 with the help of the electro-
static potential and electric field in the occupied cage. The
refinement and assignment of constant s.o.f.s to all ions were
successful, assuming a 1:1 ratio of displaced ions to O3, if the
following holds:

(i) The inclusion of the O3" ion in a cage shifts Al1", which
is closest, by 0.946 (3) A to Alld"™. As a result the Al1"Y—O1"
bond is broken and a new Alla"—03" bond is formed.

(i) The Ca1’ and Cal" ions shift towards O3" by 0.810 (2)
and 0.369 (2) A to Calb® and Cala™.

(iii) The electrostatic potential and electric field calculated
in the present study worked well. The displacement of O1 and
02 by O3 was found in the occupied cage and the displaced
oxygen ions which form a AlO, tetrahedron with Alla" were
specified, except that of 01", O1™ may not be displaced or
may be displaced to O1b™ or there may be a third displace-
ment of O1.

(iv) The third displacement of Cal to Calc is found and
attributed to the loss of All due to its shift to Alla.

(v) The shape of the Alla"™ tetrahedron is deformed
significantly, in which very short Alla"¥—O1a' and Alla"™—
024" bonds with lengths 1.431 (5) and 1.551 (8) A coexist.
The bond lengths of Alla™ to O3" and O1b™ are 1.762 (9) and
2.051 (7) A, although the displaced O1' jon is not completely
determined. The bond length Alla—O3" reported by Pala-
cios ef al. (2008) was 1.73 A.

(vi) The refinement was successful as a whole, since the
minimum and maximum heights of the peaks on the final
residual density are —0.39 and 0.37 e A~ and the R factor was
reduced to 0.0161.

The present study revealed new displaced ions not found in
previous studies and detailed local structure. We have
presented a starting point for further studies on the electron
density distribution of clathrated electrons in the electride,
C12A7:e. However, since the s.o.f. of O3 in the present crystal
with no centre of symmetry is 1/24, extremely careful structure
analysis of the non-centrosymmetric crystal as well as accurate
intensity measurement was required and problems still
remain. More accurate single-crystal diffraction experiments
with higher accuracy and resolution, especially single-crystal

neutron diffraction experiments with high resolution, are
needed.
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