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ABSTRACT
The storage of atomic fluorine anions (F−) is an important issue in the development of emission materials that have numerous technolog-
ical applications including catalysis. Using density functional theory simulations, we examine the formation of F− ions from gaseous F2 in
the nanoporous complex oxide 12CaO⋅7Al2O3 (C12A7). Both stoichiometric and electride forms of C12A7 strongly encapsulate fluorine
atoms, and the formation of F− ions is confirmed from the charge analysis. There is a significant enhancement in the encapsulation in the
electride form of C12A7 due to the presence of electrons in its nanocages. Successive encapsulation of multiple F atoms is also energetically
favorable in both forms of C12A7. The formation of molecular fluorine (F2) in the nanocages of both forms is unfavorable due to the strong
electronegativity of fluorine.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0037410

I. INTRODUCTION

Atomic fluorine anion (F−) has attracted considerable research
interest due to its potential applications in many areas including
semiconductor etching, filming, and material engineering.1–6 How-
ever, production and storage of pure F− ions are generally com-
plicated due to the formation of impurities.7 Recent development
of synthesizing anionic storage emission materials to incorporate a
variety of anions such as H−, OH−, and O− has led to the discov-
ery of new nanoporous materials that can efficiently confine F− ions
from F2 gas.8–14

The nanoporous crystal 12CaO⋅7Al2O3 (C12A7) has been con-
sidered as a candidate material for encapsulating many anions
including Au−, NH2

−, and O2
−.15–19 C12A7 is cubic with a lattice

constant of 11.989 Å,20 and its stoichiometric form (C12A7:O2−) can
be considered as a positively charged framework [Ca24Al28O64]4+

compensated by two extra-framework O2− ions occupied by 2 out
of 12 empty cages. In the electride form of C12A7 (C12A7:e−),
a positively charged framework is compensated by four electrons.
Owing to the porous nature of C12A7 with subnanometer sized
cages, it is expected that this material would have unique anion stor-
age and emission features required for the applications in many areas

including catalysis. In previous experimental and theoretical studies,
this material has been examined for the activation of small molecules
such as N2 and CO2.21–23

The fluoride derivative of C12A7 was first synthesized by Jee-
varatnam et al.,24 and the final composition was determined to
be Ca24Al28O64F4. Fluorinated C12A7 compounds were shown to
be promising materials in the setting and hardening of fluoride-
bearing cement.25,26 Song et al.6 used a novel approach to pro-
duce gas phase F− ions in C12A7:O2−. In this approach, CaCO3,
CaF2, and γ-Al2O3 were used in the solid-state reaction to produce
(Ca24Al28O64)4+⋅(O2−)0.35(F−)3.30. The final composition is proposed
to be applicable in fields such as atmospheric chemistry, particle
accelerators, and material modifications.6 Furthermore, the forma-
tion of F− ions in the nanocages of C12A7 is of great interest in the
fluoride ion batteries as fluoride is the most stable anion with high
mobility.27

In this study, we use density functional theory together with
dispersion corrections (DFT + D) to examine the thermodynami-
cal stability of F− ions in both stoichiometric and electride forms of
C12A7. This simulation technique allowed us to elucidate the struc-
tures, electronic structures, and charge transfer between C12A7 and
F atoms.
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FIG. 1. Relaxed structures of (a) C12A7:O2− and (b) C12A7:e−, corresponding
cage structures containing extra-framework (c) O2− and (d) e−.

II. COMPUTATIONAL METHODS
Spin polarized DFT calculations were performed using the

VASP (Vienna ab initio simulation program) code28 in order to
obtain energy minimized configurations and electronic structures.
Projected augmented wave (PAW) potentials29 were used for Ca,
Al, O, and F. Stoichiometric and electride forms of C12A7 were
modeled using a supercell containing 118 and 116 atoms, respec-
tively. Further increase in the size of the cell resulted in a total
energy difference of 1 meV/atom showing the appropriateness of
the size of the simulation box. A plane wave basis set with a cut-
off of 500 eV was used in all calculations. A 2 × 2 × 2 Monkhorst
Pack30 k-point mesh was used to sample the Brillouin zone. Fur-
ther increase in the k-points resulted in a total energy difference of
0.5 meV/atom. The generalized gradient approximation (GGA) as
implemented by Perdew, Burke, and Ernzerhof (PBE)31 was used
to describe the exchange–correlation effects. All geometries were

FIG. 2. DOS plots of (a) C12A7:O2− and (b) C12A7:e−, band decomposed charge
density plots associated with (c) extra-framework oxygen in C12A7:O2− and (d)
extra-framework electrons in C12A7:e−. Red dot lines correspond to the Fermi
energy level.

minimized using a conjugate gradient (CG) algorithm.32 Forces
on the atoms were less than 0.001 eV/Å in all optimized struc-
tures. Short range dispersive interactions were included using a
semi-empirical method (DFT + D3) as implemented by Grimme
et al.33 Encapsulation energy of a fluorine atom with respect to the
fluorine molecule in C12A7:e− was calculated using the following
equation:

Eenc = E(F@C12A7 : e−) − E(C12A7 : e−) − E(1/2F2), (1)

where E(F@C12A7:e−) is the total energy of a fluorine atom encap-
sulated in one of the empty cages of C12A7:e−, E(C12A7:e−) is the
total energy of C12A7:e−, and E(1/2 F2) is half the energy of an

TABLE I. Calculated lattice parameters of C12A7:O2− and C12A7:e−. Available experimental values are also reported.

C12A7:O2− C12A7:e−

Parameters Calc. Expt. ∣∆∣(%) Calc. Expt. ∣∆∣(%)

a (Å) 12.05 11.9920 0.50 12.06 12.0033 0.50
b (Å) 12.01 11.9920 0.17 12.06 12.0033 0.50
c (Å) 12.02 11.9920 0.25 12.06 12.0033 0.50
α (○) 90.0 90.0 0.00 90.0 90.0 0.00
β (○) 90.0 90.0 0.00 90.0 90.0 0.00
γ (○) 89.9 90.0 0.11 90.0 90.0 0.00
V (Å3) 1738.66 1727.38 0.65 1754.05 1728.00 1.51
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FIG. 3. Relaxed cages containing F− ions in (a) F@C12A7:O2−, (b)
2F@C12A7:O2−, (c) 3F@C12A7:O2−, and (d) 4F@C12A7:O2−.

isolated gas phase F2 molecule. A similar equation was used to cal-
culate the encapsulation energy for the subsequent encapsulation of
F atoms.

III. RESULTS AND DISCUSSION
A. Structures of stoichiometric and electride
forms of C12A7

Crystal structures of both forms of C12A7 were relaxed under
constant pressure to obtain equilibrium lattice constants to vali-
date the quality of the basis sets and pseudopotentials of Ca, Al,
and O. Figure 1 shows the relaxed configurations together with the
cages containing an extra-framework O2− ion in C12A7:O2− and an
extra-framework electron in C12A7:e−. Table I reports the calcu-
lated lattice parameters together with experimental values20,34 and
demonstrates that there is a good agreement.

The calculated density of states (DOS) plot shows that the
C12A7:O2− is an insulator, as reported in previous simulation stud-
ies.35,36 The peaks associated with the extra-framework O2− ions
appear at 2.70 eV [refer to Fig. 2(a)]. The electride form of C12A7
is metallic [refer to Fig. 2(b)] in agreement with previous DFT

studies.35,36 This is because of the extra-framework electrons occu-
pying the nanocages. Band decomposed charge density associated
with the extra-framework O2− ions and electrons is shown in
Figs. 2(c) and 2(d), respectively. In C12A7:e−, electrons are equally
distributed ( 1

3 e− per cage), as shown in Fig. 2(d).

B. Encapsulation of fluorine atoms in C12A7:O2−

The encapsulation of four F atoms was considered conse-
quently in the empty cages of C12A7:O2−. The relaxed cage struc-
tures containing F− ions are shown in Fig. 3. There is a significant
contraction in the Ca–Ca cage pole distances due to the strong
attraction between F− ions and cage pole Ca2+ ions in compari-
son with the Ca–Ca distance of 5.76 Å calculated in an empty cage
in C12A7:O2−. The formation of F− is confirmed by the negative
Bader charges on the F atoms (refer to Fig. 3). Furthermore, neg-
ative charges on the F atoms are gained from cations mainly from
cage pole Ca2+ ions.

The encapsulation energies and total Bader charges on the
encapsulated F atoms are shown in Fig. 4. Encapsulation energies
are exothermic in all cases [refer to Fig. 4(a)]. Encapsulation ener-
gies calculated using 1/2 F2 as a reference are less negative compared
to those calculated using atomic F as a reference. In our previous
simulation,19 encapsulation energies calculated for Br and I using F
atom as a reference are −2.73 eV and −1.56 eV, respectively. These
values are less negative than that calculated for F (∼−4.60 eV) infer-
ring its strong electronegativity. This is due to the energy needed to
disassociate 1/2 F2 to form atomic F. Encapsulation energy decreases
slightly upon consecutive encapsulation. This can be due to the
structural changes introduced by the pre-encapsulated F atoms. The
total Bader charges on F atoms increase linearly with the addition of
F atoms [refer to Fig. 4(b)]. A negative Bader charge of ∼−0.85 on
each F atom confirms the formation of F− ions. The Bader charge
calculated for F is higher than those calculated for Br (−0.75) and I
(−0.68).19

The calculated DOS plots for the encapsulated configura-
tions are shown in Fig. 5. The Fermi energy is reduced upon
encapsulation of up to three F atoms [refer to Figs. 5(a)–5(c)].
Encapsulation of the fourth F atom did not affect the Fermi
energy [refer to Fig. 5(d)]. Peaks associated with the s states of
F appear in the deeper level (∼20 eV). Additional states arising
from the p states of F are located just below the Fermi level
[refer to Figs. 5(e)–5(h)]. The encapsulated compounds are still
insulator.

FIG. 4. (a) Encapsulation ener-
gies calculated for the formation of
xF@C12A7:O2− (x = 1–4) using atomic
F and F2 gas as references and (b) total
Bader charges on the encapsulated F
atoms.
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FIG. 5. DOS plots calculated for (a) F@C12A7:O2−, (b) 2F@C12A7:O2−, (c) 3F@C12A7:O2−, and (d) 4F@C12A7:O2−. The corresponding atomic DOS plots calculated
for F are shown in (e)–(h).

C. Encapsulation of fluorine atoms in C12A7:e−

Next, the encapsulation of F atoms was considered in
C12A7:e−. The relaxed configurations of single F atoms occupying a

FIG. 6. Relaxed cages containing F− ions in (a) F@C12A7:e−, (b) 2F@C12A7:e−,
(c) 3F@C12A7:e−, and (d) 4F@C12A7:e−.

cage are shown in Fig. 6. In all cases, F atoms occupy the center of the
cage. Deformation of the occupied cage is evidenced by the shorter
Ca–Ca cage pole distances (4.53 Å–4.62 Å) compared to those calcu-
lated in the unoccupied cage: the distance in the unoccupied cage is
5.71 Å. As discussed earlier, the distortion is due to the F− ions sand-
wiched by the two cage pole Ca2+ ions. The Bader charges confirmed
the formation of F− ions.

The encapsulation energies are highly exothermic in com-
parison with those calculated in C12A7:O2− [refer to Fig. 7(a)].
This is due to the availability of the extra-framework electrons
in the lattice. Encapsulation energies calculated for Br (−5.17 eV)
and I (−3.99 eV) using F atom as a reference are less negative
than that calculated for F (−7.20 eV).19 Successive encapsulation is
also exoergic though encapsulation energies are less negative com-
pared to the first encapsulation. The Bader charge analysis con-
firms the formation of F− ions. The Bader charge on F (−0.84) is
higher than those calculated on Br (−0.76) and I (−0.69).19 The
total Bader charge increases with the addition of F atoms [refer
to Fig. 7(b)]. In both C12A7:O2− and C12A7:e−, the amount of
total charge on the encapsulated F atoms is the same. It should
be noted, however, that the encapsulation efficacy is higher in
C12A7:e− than in C12A7:O2−.

The DOS plots calculated for the encapsulated complexes are
shown in Fig. 8. The Fermi energy level is not affected significantly
by the encapsulation of F atoms up to three, and the resultant com-
plexes are still metallic [refer to Figs. 8(a)–8(c)]. The addition of the
fourth F atom significantly shifts the Fermi energy level toward the
valence band. This is because of the absence of extra-framework elec-
trons as four F atoms gained all four electrons to form F− ions, and

AIP Advances 11, 015146 (2021); doi: 10.1063/5.0037410 11, 015146-4
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FIG. 7. (a) Encapsulation energies calcu-
lated for the formation of xF@C12A7:e−

(x = 1–4) using atomic F and F2 gas as
references and (b) total Bader charges
on the encapsulated F atoms.

FIG. 8. DOS plots calculated for (a) F@C12A7:e−, (b) 2F@C12A7:e−, (c) 3F@C12A7:e−, and (d) 4F@C12A7:e−. The corresponding atomic DOS plots calculated for F
(e)–(h) and band decomposed charge density plots associated with extra-framework electrons (i)–(l) are also shown.
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FIG. 9. Optimized structures of I2 encapsulated in (a) C12A7:O2− and (b)
C12A7:e−.

the resultant compound is an insulator [refer to Fig. 8(d)]. Atomic
DOS plots calculated for F atoms show that p states of F appear
just below the Fermi level [refer to Figs. 8(e)–8(h)]. Band decom-
posed charge density plots associated with the remaining electrons
show the gradual decrease in electrons upon subsequent encapsu-
lation [refer to Figs. 8(i)–8(l)]. In the case of four F atoms, there is
no electron left in the lattice as confirmed by the charge density plot
shown in Fig. 8(l).

D. Encapsulation of dimers in C12A7:O2−

and C12A7:e−

We investigated the formation of F2 dimers within a single cage
of C12A7:O2− and C12A7:e−. The relaxed structures are shown in
Fig. 9. The F2 bond distance is calculated to be 2.61 Å in C12A7:O2−,
considerably longer than its corresponding gas phase dimer of 1.77
Å [refer to Fig. 9(a)]. The Bader charges on F atoms confirm the
formation of F− ions and the unfavorability of the formation of F2
dimers in a single cage. The distortion in the cage is reflected in the
shorter Ca–Ca cage pole distance of 4.40 Å compared to that cal-
culated in the empty cage of C12A7:O2−. The encapsulated F− ions
are oriented asymmetrically, as shown in Fig. 9(a). This is further
confirmed by the unequal Bader charges on F atoms, one F atom
forming Ca–F bonds only, and the other F atom forming both Ca–F
and Al–F bonds. In the case of C12A7:e−, distortion is small as evi-
denced by the symmetrical orientation of the dimer, equal Bader
charges on the F atoms, and a cage pole distance of 4.61 Å, which is
close to the values calculated in single F atoms occupied in C12A7:e−

[refer to Fig. 9(b)]. The relative energies between two single F atoms
occupying adjacent cages and a dimer occupying a single cage in
C12A7:O2− and C12A7:e− were compared (refer to Table II). The
configuration consisting of two single F atoms occupied in adjacent

TABLE II. Relative energies between two single F atoms occupying adjacent cages
and a dimer occupying a single cage in C12A7:O2− and C12A7:e−.

Structures Relative energy (eV)

2F@C12A7:O2− 0
F2@C12A7:O2− 1.60
2F@C12A7:e− 0
F2@C12A7:e− 1.14

cages is more favorable than the configuration consisting of a dimer
in a single cage (refer to Table II).

IV. CONCLUSIONS
DFT simulations were employed to examine the formation and

stability of F− ions in C12A7. Both stoichiometric and electride
forms of C12A7 can accommodate F atoms from the gas phase F2
molecule in the form of F− ions exothermically. The electride form
of C12A7 exhibits a significant enhancement in the encapsulation.
Successive encapsulation of multiple F atoms is also energetically
favorable, and the encapsulation of dimers in a single cage is unfa-
vorable in both C12A7:O2− and C12A7:e−. The current results can
be of interest in the development of C12A7 based anion storage
materials.
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