DALHOUSIE
UNIVERSITY

Retrieved from DalSpace, the institutional repository of

Dalhousie University
https://dalspace.library.dal.ca/handle/10222/79610

Version: Post-print

Publisher’s version: Dale, Stephen; and Johnson, Erin. (2018). Theoretical

Descriptors of Electrides. The Journal of Physical Chemistry, A 122, 9371-9391.
https://doi.org/10.1021/acs.jpca.8b08548



Theoretical Descriptors of Electrides

Stephen G. Dale* and Erin R. Johnson*

Department of Chemistry, Dalhousie University, 6274 Coburg Rd, P.O.Box 15000 BSH
4R2, Halifax, Nova Scotia, Canada

E-mail: stephen.dale@dal.ca; erin.johnson@dal.ca

Abstract

Electrides are ionic substances in which the anionic species is stoichiometrically
replaced with localized electrons that reside within crystal voids. Originally discovered
in 1983, the past decade has seen a sharp rise in the number of known electride ma-
terials, most notably the isolation of the first air- and water-stable electride. As the
presence of localized interstitial electrons cannot be directly detected experimentally,
researchers have turned to density-functional theory (DFT) to discover new electrides.
In this work, we survey eight common theoretical descriptors of electrides for their ef-
ficacy in identifying these materials. Illustrative examples are presented for all classes
of electrides: organic, inorganic, 2D, elemental, and molecular electrides. In general,
density-based descriptors such as the electron localisation function (ELF) and localized-
orbital locator (LOL) are shown to be the most consistently reliable. Limitations of

DFT treatments of electrides are also discussed.
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1 Introduction

The presence of localized, interstitial electrons defines the unusual electronic structure of the
electrides and gives these materials unique chemical properties,! most notably the ability to
act as very strong and selective reducing agents.? Electrides are beginning to find use in
modern technological applications, such as the development of organic light-emitting diodes,®
exotic ion generation,” improved catalysts for CO5® and Ny? 1! splitting, more efficient
cathodes for electrochemical reactions,? and new potential super-conductors.® As a result,
recent years have seen a veritable explosion in electride research from the perspectives of both
experiment and theory, with the first two-dimensional (2D) electride and first water-stable
electride being reported in 2013 and 2016,!! respectively.

The initial discovery of electrides was a consequence of research into solvated-electron
chemistry. First observed to form from solutions of alkali metals in ammonia by Sir Humphry
Davy in 1808,'® the concept of a solvated electron as an independent species in solution was
later introduced by Charles A. Kraus.'® James L. Dye, arguably the father of electrides,
began work on metal-ammonia solutions in 1954. Introduction of electron-rich ligands, such
as crown ethers!” and cryptands, '8 facilitated the precipitation of a solid phase from solvated-
electron solutions. In 1974, Dye et al.'® synthesised the first alkalide crystal, Na™*(cryptand-
2.2.2)Na~. The alkalides are materials which contain negatively charged alkali metal atoms
and are closely related to the electrides. 122! The first electride, Cs*(18C6)qe™, was produced
by Dye’s group in 1983%? and its crystal structure identified in 1986.23

Since this time, six additional organic electrides, consisting of alkali metals complexed
to crown ether or cryptand ligands, have been synthesised and characterised.?43° This was
followed by the isolation of the first inorganic electride, [CagsAlygOgq]?t(4e™), in 2003 by
Matsuishi et al.?* In 2009, researchers also identified a previously predicted®? electride phase
of sodium under extremely high pressure.? Since 2013, the field has seen a significant ac-
celeration in the rate of electride discovery and variety, with the characterisation of eight

additional inorganic electrides,'’3*3% including the 2D layered electrides, [CayN]|*Te™ and



[Y,C]*e. 1439

Definition: An electride is an ionic substance in which the anionic species is a stoi-
chiometrically localized electron.
Problem: To date, the presence of localized electrons can only be inferred from exper-

imental results, not directly measured.

With the increasing breadth of the electride field, an important question remains: How
does one define and identify an electride? While a functional definition for an electride is
provided in the first sentence of this article, in practice the direct observation of the lo-
calized electron species inside a crystal void is currently impossible and the location of the
anionic species can only be inferred from the experimental results. Consequently, theoretical
methods, which do not suffer from these experimental challenges, have heavily supplemented
the ongoing investigation and understanding of electrides. This article seeks to examine the
research efforts to date applying electronic-structure theory to characterise the electride ma-
terials, including a brief history of the field. Possible criteria for identification of a particular
material as an electride will be highlighted and discussed. The generality and transferability
of each putative criteria will be ascertained through illustrative examples from each general

class of electride: organic, inorganic, 2D, elemental, and molecular electrides.

2 Organic Electrides

2.1 Initial experimental characterisation

To date, seven organic electrides have been discovered and characterised, primarily by the
Dye lab and their collaborators: Cs*(18C6),e™,%%%3 K+ (cryptand-2.2.2)e™, 2440 CsT(15C5)9e~,4!
[CsT(15C5)(18C6)e|(18C6),2" Lit (cryptand-2.1.1)e,2® Rb* (cryptand-2.2.2)e™,% and Na™ (tri-
pip-aza-2.2.2)e”.3% Regarding this notation, all electrides discussed in this article are rep-

resented with the chemical formula of the crystal framework, followed by the number of



localized electrons associated with that chemical formula. The unit cell of the simplest or-
ganic electride, Cs*(15C5)q9e7, is shown in Figure 1. In the electride literature, the notation
mCn is commonly used to represent crown ether molecules, where m refers to the total num-
ber of atoms and n refers to the number of oxygen atoms in the ring. The primary barrier to
synthesis and characterisation of the organic electrides is their inherent instability, readily
reacting with impurities throughout production or decomposing at elevated temperatures
(all organic electrides decompose between 2404% and 283 K39).

24730 reveal that there is one or more clear crystal

The X-ray crystallographic structures
void(s) in each of the organic electrides, with diameters of 0.4 — 0.6 nm. This suggests
the presence of crystal voids as the first potential descriptor for identification of electride
materials. The impact of crystal void topology on the electronic and magnetic properties of
the electrides was extensively investigated by Dye et al. in 1996.%3 The surface created by
the van der Waals radii of the atoms was used to map the location and sizes of crystal voids
within the organic electrides of known crystal structure. By assuming that the extra electron
is localized within these regions, it was then possible to loosely link the size and proximity
of the crystal voids to the magnetic susceptibility maxima and conductivity measurements.

4546 a5 an alternative

Additionally, our own work** used analysis of the procrystal density
technique to map the electride crystal voids. The procrystal density is the sum of all the
atomic densities within a crystal structure. A procrystal surface, plotted at a deliberately
small isodensity value, allows for easy identification of crystal voids and an example of this
for the Cs*(15C5H)q9e™ electride is provided in Figure 1(c). However, the presence of a void
within a crystal does not mean that it will be occupied by a localized electron, as porous
materials such as zeolites and metal-organic frameworks are not electrides. Even for the
[CsT(15C5)(18C6)e~]6(18C6) electride,?” density-functional theory (DFT) calculations have

shown that not all of the crystal voids are occupied by the interstitial electrons.**



1 - Property: Void spaces must be present within an electride crystal if an electron is
to exist independent of any atomic species.
Problem: The existence of a void space does not ensure that an electron is localized

within it.

With the exception of the theoretical analysis of the crystal voids, the majority of com-
putational studies on these materials have focused on confirming their electride nature. The
experimental case for the presence of localized interstitial electrons is based primarily on
NMR data. The ¥3Cs NMR spectra of Cs™(18C6)se~ and CsT(15C5)se~ were recorded in
1987 and 1991, respectively, by Dawes et al.*"*" The purpose of these measurements was to
demonstrate the presence of a cationic caesium metal species and, by process of elimination,
infer the existence of the localized electron. The Knight shift was used to determine the spin
density of the caesium species as 0.063% and 0.003% of that observed in free atomic caesium
for Cs™(15C5)e™ and Cs™(18C6)q9e™, respectively. These values were then compared to data

for the analogous alkalide species,*"%°

where NMR had previously confirmed the presence of
negatively charged alkali metal atoms occupying the same lattice sites as the electride crystal
voids. As the spin density depletion of the caesium species matched that observed for the
alkalides, it was argued that the excess electron must localize within the crystal void. These
NMR spectra were then used as reference values for theoretical investigations of electrides
which attempted to justify or refute the presence of localized electrons.

Golden et al.?® analysed optical adsorption and NMR spectral data to determine up-
per and lower bounds to the 6s electron density maximum in order to estimate its spatial
distribution. This work concluded that the experimental spectra were consistent with the
electron being localized about the caesium nucleus. At odds with this conclusion is the work

1.,5" who attempted to explain the experimental NMR results using a simple

of Rencsok et a
charged-shell model of the potential experienced by the caesium 6s electron when complexed

to the crown ethers. The effect of this potential is to shift the 6s electron density maximum



outwards from the caesium nucleus, which could account for the observed spin-density de-
pletion. Based on this result, they argued that the valence electron of caesium, while still
centralised around the caesium atom, will isolate the charge at the outside of the encapsu-
lating ligands. This sparked a debate in the literature,®®®° but this series of papers resulted
in no clear conclusion without more spectral information to differentiate between the two

opposing models.

2.2 Electronic structure of bulk electrides

The early theoretical investigations of electrides focused on a simplified model system,
Li*T(9C3)qe™, to reduce the computational cost. Additionally, calculations were only feasible
for a single complex, rather than the periodic solid. The first such study was conducted by
Rencsok et al.?” using Hartree-Fock (HF) calculations with extremely small basis sets (STO-
3G, 3-21G, and 6-31G). Mulliken population analysis showed a decrease in spin density of the
Li and increased negative charge on the O atoms in the complex, relative to the separated,
neutral species. The authors argued that, for the solid material, the valence electron of the
alkali metal is not present in the crystal voids, but is instead “squeezed to the outside of the
large molecule.” However, a subsequent study by the same group using the larger 6-314++G*
basis set showed that the valence electron of lithium is located predominantly outside the
complex in a Rydberg-like state,% supporting the localized electron-in-a-void model. How-
ever, the major flaw in this approach is that single-molecule calculations will not reflect the
electronic structure of the real, condensed-phase electride. Solid-state calculations will be
considered in the remainder of this section and have provided compelling evidence for the
localized-electron picture.

In 1990, Allan et al.®' conducted Hartree-Fock calculations within the tight-binding ap-
proximation®? on a single unit cell of Cs*(18C6),e~. Minimal basis sets were used, with an
extra set of s functions located at the centre of the crystal void. It was found that the poten-

tial experienced by the electride electron was repulsive at the caesium atom and attractive



near the void. This model also reproduced the optical absorption spectrum of the electride
and the spin-density deficiency at the caesium atom observed in the NMR experiments.
While it was not explicitly pointed out, it is also worth mentioning that the density of states
of the extra s ‘orbital’ showed a peak at the Fermi level, consistent with later studies.

In 1993, Singh et al.%® conducted local density approximation (LDA) calculations using
a mixed-basis method on Cs*(15C5)9e™ in order to investigate the band structure, electron
density, and chemical potential of the electride. Singh et al. found a high lying “electride”
state in the band structure which, when visualised, was clearly localized within the crystal
void. The chemical potential of the void region was shown to be higher than that of the
surrounding crystal and localisation of the electron in this region was justified by a need to
lower its kinetic energy. This is due to the required orthogonality of the electride state with
the bonding states surrounding the molecules. In order for the electron to exist near the
alkali metal-ligand complexes, it would need to occupy a much higher energy state than the

one corresponding to the centre of the crystal void.

2 - Property: The ‘electride state’ is a high-lying, partially occupied valence state in
the band structure of an electride, the density of which is localized within the crystal
void.

Problem: Inorganic electrides are more metallic in nature and the electride state is

difficult to isolate in these cases.

After this initial discourse regarding the location of the localized electron in the early
1990’s, theoretical work on the organic electrides tapered off due to the computational chal-
lenges. It was not until the present decade that calculations of a full electride crystal were
revisited. Before discussing the results of periodic-boundary DFT calculations, we will briefly
note some general trends in the behaviour of various levels of density-functional approxima-
tions. The vast majority of DFT calculations on crystalline electrides have been performed
with the local density approximation (LDA) or generalised gradient approximation (GGA)

functionals, such as PBE® or B86bPBE, %5 with or without dispersion corrections. These



Figure 1: Computed properties of the Cs*(15C5)9e™ electride: a) the unit-cell geometry; b)
the band structure; ¢) the procrystal density, showing a 0.001 au isosurface; d) the density
of the ‘electride’ band (=1 < E < 0 eV), showing a 0.0006 au isosurface; e) the reduced
density gradient used in NCI, showing a 0.5 au isosurface; f) the ELF, showing a 0.5 au
isosurface; g) the LOL, showing a 0.5 au isosurface. All 2D plots map onto the (011) plane.
The calculations used BS6bPBE-XDM %46 with plane-wave and density-expansion cut-offs
of 100 and 1000 Ry, and a 4 x 4 x 4 k-point mesh. The crystal structure was obtained from
the work of Dawes et al. 167
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functionals are by far the most widely used due to their computational efficiency for plane-

wave calculations. However, due to their inherent delocalization error,% ™ they will tend

of overly delocalize the density distribution of the excess electron™8%8! and consequently



underestimate the magnitude of the charge for the interstitial anionic sites. These func-

tionals also tend to underestimate the band gaps of semi-conductors, 58

causing them to
insufficiently isolate the electride state from the lower-lying valence bands. Conversely, hy-
brid functionals such as HSE® or B3LYP,®" will reduce delocalization error, better localize
the interstitial electrons, and improve the prediction of the band structure. However, due
to their high computational cost, these methods are applicable to only the smallest known
electrides.”

In 2014, we conducted periodic-boundary, planewave/pseudopotential DFT calculations
on all the existing electrides (8 at that time).* In agreement with the findings of Singh
et al., an electride state was identified in evey case. As an example, the band structure
of Cst(15ChH)qse™ is presented in Figure 1(b). The electride state is separated from the
valence and conduction bands and is half occupied. The density of the electride state is
localized in the crystal voids, as shown in Figure 1(c). The existence of this electride state
constitutes our next well defined property that can be tested computationally to identify
electride crystals. DFT calculations can readily, and reliably, identify the electride state of
the organic electrides. However, for the inorganic electrides, we will see later that this state
is often overlapping with others in the conduction or valence bands and, consequently, can
be difficult to identify. Further, the presence of an electronic band between the valence and
conduction bands is not a unique phenomenon and is commonly termed a mid-band state
in other materials.®® The density of this state can either localize on atomic centers or, in
the case of an F-center defect,® not be stoichiometric, so that materials exhibiting such
mid-band states are not necessarily electrides.

In addition to demonstrating the consistent occurrence of the electride state, our 2014
work also introduced a number of new density analysis methods to the electride field, in-
cluding the quantum theory of atoms-in-moleules (QTAIM)% % and non-covalent inter-
action (NCI) plots.?% QTAIM defines atoms as regions of electron density isolated by

zero-gradient isosurfaces; this allows for density maxima to be found that are not associated

10



with an atomic centre. The interstitial electrons in the organic electrides possess their own
non-nuclear maxima (NNMs) in the electron density, which is another potential identifier of
electride crystals. The DFT calculations reliably identified NNMs for all of the organic elec-
trides. The charge for each of these interstitial anionic sites can be computed by integration
of the electron density over the entire QTAIM basin corresponding to the non-nuclear density
maximum. In practise, this was achieved using the Yu-Trinkle algorithm,®” as implemented
in the Critic2 program.® For all of the organic electrides, these anionic sites were found to
possess a significant fraction of localized charge, in excess of 0.1 e~.%** The prediction of a
fractional charge is consistent with the expected diffuse nature of the localized electron, over-
lapping with the electron density of the neighbouring atoms. However, this diffuse nature
will be exacerbated by errors in local density functionals that tend to excessively delocalize
electron density and over-stabilise fractional charges.%® ™ A further complication with using
NNMs as a descriptor is that they are not present or are extremely difficult to identify for the
inorganic electrides. The crystal voids within which the electrons localize are much smaller
in inorganic materials; this causes increased overlap of the electron density with that of the
neighbouring atoms, obscuring any NNMs that might form. Finally, NNMs are not necessar-
ily indicators of electrides as they are predicted to exist in other solids, particularly for ionic

99-101 (

crystals with F-centre defects where the presence of the NNM is not stoichiometric),

and even in small molecules, such as Liy. 102103

3 - Property: The localized electrons can be identified as NNMs in the electron density
using QTAIM analysis.
Problem: NNMs are not present for the inorganic electrides and the presence of a

NNM does not guarantee that a given material is an electride.

NCI plots display isosurfaces with low reduced electron-density gradient, in regions of low
density.?* They are typically used for identifying non-covalent interactions, such as hydrogen-
bonding, halogen-bonding, and 7-stacking, in real-space. NCI plots also allow visualisation of

localized electrons within crystal voids, as these regions possess a slowly-varying density and,

11



consequently, a low reduced density gradient. An example NCI plot for the Cs™(15C5)qe™
electride is provided in Figure 1(d). NCI plots can be viewed as an extension of QTAIM, in
that the isosurfaces enclose all the zero-gradient critical points with sufficiently low density,
including NNMs. However, because the isosurfaces are based on low, but not zero, reduced
gradient, the presence of a NNM is not strictly required to allow visualisation of interstitial
electrons. As a result, NCI plots can even depict the localized electrons in an inorganic
electride where no NNMs are present.** We note that, for cases where an unoccupied cage
is present in the structure, there may still be a very small region at its centre with near-zero
reduced density gradient (a cage critical point in QTAIM). However, this situation will stand
in sharp contrast to appearance of interstitial electrons, when the NCI isosurfaces enclose
much larger volumes, in which the electron density is very slowly varying; this was illustrated

previously* for the unoccupied void in the [Cs™(15C5)(18C6)e~]5(18C6) electride. >

4 - Property: NCI plots can be used to identify extensive regions with low reduced
density gradients corresponding to the localized interstitial electrons.

Problem: It can be difficult to visually distinguish isosurfaces enclosing the localized

electrons from the many other diverse types of interactions appearing in NCI plots.

2.3 Magnetic properties of electrides

The unusual electronic structure of the organic electrides causes these materials to have
an anti-ferromagnetic ground state. The magnetic susceptibility as a function of temper-
ature has been measured for all of the organic electrides, and consistently shows anti-
ferromagnetic character at low temperatures and Curie-Weiss behaviour at higher tempera-

21,28-30,41,104,105 Ty 1997, Dye!% investigated the magnetic properties of the five known

tures.
electrides (at that time) using a model Heisenberg Hamiltonian, which describes the spin-
spin interactions between electrons at neighbouring sites in a dimer or lattice. Provided

the chosen model Hamiltonian reproduces the crystal geometry, it can reliably describe the

12



coupling between the unpaired interstitial electrons and predict the magnetic susceptibility
behaviour. Assuming 1D coupling through only the largest channels, the model Heisenberg
Hamiltonian predicted a linear correlation between the logarithm of the spin coupling con-
stant of each electride and the cross-sectional area of the channels linking the crystal voids,
evaluated using the atomic van der Waals radii.®

In 2011, Ryabinkin et al.'% used a ‘dog-bone’ shaped cavity model to establish a more
specific rule for the dependence of the magnetic coupling on the cross-sectional area of the
electrides’ cavities and channels. The dog-bone consists of two spheres to represent the
interstitial cavities, connected by a thin cylinder to represent the coupling channels. Two
electrons are confined within this potential well and their interaction is modelled with an
exact two-electron Hamiltonian. 1719 This study found a more complex, but much stronger,
relationship between the coupling constant and the cross-sectional areas and channel length
used to define the dog-bone potential. However, being strictly 1D, the dog-bone model
is only valid for electrides that exhibit quasi-1D electron-electron coupling. As such, it is
not applicable to electrides like KT (cryptand-2.2.2)e™, which exhibits a strong 2D channel
structure,'® or [Cs™(15C5)(18C6)e~]6(18C6), in which the coupling occurs around a six-
membered ring. %

In 2016, spin-polarised DFT calculations were able to characterise the ferromagnetic
and anti-ferromagnetic states of six of the seven known organic electrides.'® The anti-

ferromagnetic state was correctly predicted to be the more stable in all cases. Consistent

4 l., 106

with the assumptions of Dye!* and Ryabinkini et a spin-density plots demonstrated
that the magnetic properties of the electride crystals indeed originate from the localized
electron at the centre of the crystal voids; this represents another descriptor of the elec-
tride crystals. Further, by assuming an infinite 1D Heisenberg Hamiltonian, it was pos-
sible to calculate spin coupling constants for these electrides. However, a limitation of
this analysis is that the chosen 1D Heisenberg Hamiltonian does not necessarily reflect

the true behaviour of the coupling in a given electride crystal. The most obvious exam-

13



ple of this is [Cs*(15C5)(18C6)e~|¢(18C6), for which previous modeling required the use
of a six-membered Heisenberg ring Hamiltonian.'®® Additionally, the magnetic states of

K*(cryptand-2.2.2)e™ could not be converged with these spin-polarised DFT calculations.

b - Property: The magnetic properties of the electride crystals originate from the
unpaired, interstitial electrons.
Problem: Only the organic electrides have unpaired electrons and possess measurable

magnetic properties; most of the inorganic electrides have only paired electrons.

An attempt to move away from the 1D Heisenberg Hamiltonian was presented by Kim
et al.,'™ who used magnetic-force linear-response theory (MFT) to calculate the coupling
constants of all relevant pairwise interactions within the electride crystals. This work
showed that the magnetic coupling regime for four of the electrides, K (cryptand-2.2.2)e™,
[Cst(15C5)(18C6)e~]6(18C6), Lit (cryptand-2.1.1)e~, and Rb* (cryptand-2.2.2)e™, is indeed
long range and not appropriately modelled by a 1D Hamiltonian. Further, this methodology
was able to model successfully the anti-ferromagnetic state of K™ (cryptand-2.2.2)e™.

Most recently, a pressure-induced anti-ferromagnetic to ferromagnetic transition of Cs*(15C5)qe™
was theoretically predicted at 3 GPa by Dale et al.!'? Using current technology, this pre-
diction is readily accessible for experimental testing. If verified, this could represent a new

direction for technological development of electrides.

2.4 Thermochemistry of electride formation

Finally, it is worth reviewing the rationale behind the synthesis of Na™ (tri-pip-aza-2.2.2)e”
in more detail. This was the first room-temperature-stable organic electride, designed by
Redko et al. using theoretical calculations to inform experiment.3® Organic electrides have
two modes of decomposition: reduction of the cryptand/crown ether ligand by the solvated
electron and de-coordination of the metal from the cage ligands. If a cage ligand with ni-

trogen, rather than oxygen, branches is used, then the reductive decomposition occurs at a

14



higher temperature. However, this also reduces the metal-ligand binding energy and causes
the second mode of decomposition to occur at a lower temperature. To optimise stabil-
ity, a number of nitrogen-based cage complexes were selected and their binding energies to
the sodium cation calculated using B3LYP/6-311+G(d).8" The oxygen-containing cryptand-
2.2.2, shown on the left of Figure 2, had previously been used in electride synthesis and gives
the largest metal-ligand binding energy. However, due to the presence of oxygen, it is vul-
nerable to reduction by the localized electrons. The remaining cryptands in Figure 2 were
proposed complexing ligands, with the right-most predicted to give the highest binding en-
ergy of the nitrogen-only cryptands. This ligand was then successfully used in the synthesis
of the first room-temperature-stable organic electride. This work gives us another property
necessary for synthesis of an electride, namely a strong metal-ligand binding energy for the

cationic complex.

Figure 2: Structures of the ligands considered for use in synthesis of the first room-
temperature-stable organic electride.®® From left to right, the ligands are cryptand-2.2.2,
permethylated-peraza-2.2.2, and tri-pip-aza-2.2.2.
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6 - Property: To form an electride, a alkali metal complex must have a low ionization

potential and the resulting cation must have a high metal-ligand binding energy.

Problem: Only the organic electrides are composed of alkali metal complexes.

In 2017 Dale et al.*'3 constructed thermodynamic cycles for the alkali metal-ligand com-
plexes that are the building blocks of the organic electrides. This work reinforced the conclu-

sion of Redko et al.,* showing that all the existing electride (and alkalide) materials possess

15



strong metal-ligand binding energies. Further, it was found that the component alkali-metal
complexes all possess an ionization potential (IP) in the range of 1-2 eV. This also suggests
that a specific, consistently-low IP may be necessary for the formation of stable electride
materials.

As the initial electrides to be discovered, the organic electrides establish a baseline of
characteristic properties for this entire class of materials. However, as we discuss the diversity
of more recent electride discoveries, we will see that these properties are not necessarily

general.

3 Inorganic Electrides

In the new millennium, the focus of both theoretical and experimental work shifted to finding
an inorganic electride. The first attempts involved doping zeolite crystals with alkali metals
that would bind to the natural pores of the crystal structure.* While having similar prop-
erties to electrides, this style of crystal is not strictly an electride, as the electrons released

into the crystal from the alkali atoms remain localized near the parent metal. 5118

3.1 The calcium-aluminium electride

The first successful production of an inorganic electride, [CagyAlygOgq)*™(4e7), was in 2003
by Matsuishi et al.3! Studies of [CagyAlygOg4]* ™ (4e7™) constitute by far the largest portion of
electride research for any single material. 2¢79:10:12,133L44, 1197130 Ttg crystal structure is iden-
tical to that of the [CagsAlysOg4)(20%7) calcium cement, originally characterised in 1970, 3!
with the oxide anions replaced with localized electrons. Contrary to the electrides considered
so far, this material has only one localized electron evenly distributed over three voids (or
cages) within the crystal; however, while not 1:1, this ratio is still stoichiometric.

[Cagy AlagOgy]* T (4e7) has a decomposition temperature of 1600°C, 1 and is atmospheri-

cally stable up to 300°C, 120121 making it considerably more stable than the organic electrides.
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For comparison, Na' (tri-pip-aza-2.2.2)e™ possesses a decomposition temperature of 110 °C,3°
the highest of the organic electrides. The greater stability of [CagyAlygOgs]* T (4e™) allows for

a much more detailed investigation of this electride’s properties and applications.?6:79:10:12

A number of interesting properties have been observed, including anti-ferromagnetism,3! an

22

insulator-metal transition,!?? a superconducting transition at 0.2 K,!® and an intermediate

work function of 2.4 eV, typical of semi-conducting materials. 12%-121
After the initial discovery of [CagyAlygOgy|*™(4e7), a theoretical study by Sushko et al.
quickly followed.?3 This work used an embedded cluster model consisting of two (inequiva-

87
L,

lent) cages cut from the crystal, treated using the BSLYP density functional,®” surrounded

132 The highest occupied molecular orbital and lowest un-

by 64 unit cells treated classically.
occupied molecular orbitals (HOMO and LUMO) were found to be localized within opposite
cages, with the excitation energy of the resulting inter-cage hopping falling in the IR range.
Higher excited states showed intra-cage shifts of the electron density, with energies in the
UV range, consistent with absorption spectra of the inorganic electride. 24

In 2004, two studies by Medvedeva et al.'?>126 computed the band structures of the
[CagyAlogOpy]*t(4e7) electride and its hydrogen-doped equivalent. These works used the
linear muffin-tin orbital (LMTO) method and the atomic-sphere approximation,®3 with
oxygen-like orbitals included at the centre of each cage to allow for electron localisation.
Both crystals showed electronic states near the Fermi level, typical of electrides. However,
no significant charge localisation within the cage sites of [CagqAlagOg4]*™ (4e™) was predicted.
This led Medvedeva et al. to conclude that the excess electrons are too delocalized for this
material to be considered an electride. !?°

Li et al.'?" subsequently noted that the embedded cluster model used by Sushko et al.?3
and the LMTO method used by Medvedeva et al.'2%!2 conflict. They pointed out that the
embedded cluster model is only accurate for a dilute extra-electron limit, while the LMTO

model is potentially over-simplified to the point where it cannot accurately describe elec-

trides. Additionally, neither method optimized the geometry of the [CagsAlygOgy]*™ (4e™)
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crystal, leaving distortions present in the structure due to the removed O?~ ions. Li et al.
conducted their own pseudopotential /planewave calculations using the projector-augmented
wave (PAW) 134135 approach and the Perdew-Wang exchange-correlation functional.?% Op-
timisation of both distorted and undistorted initial crystal geometries converged to the same
structure, with all crystal cage sizes equivalent.?” Using the electron localisation function
(ELF),'37138 the primary type of bonding in the crystal was found to be ionic in nature,
consistent with the electride model. Moreover, as reproduced in Figure 3, ELF analysis was
able to identify localized charge within each cage, confirming that this crystal is an electride.
The ELF thus provides a convenient method to detect interstitial electrons.

In this work we introduce an alternative analysis method to ELF, the Localized-Orbital
Locator (LOL).13%140 Both ELF and LOL possess similar theoretical constructions. In ELF,
the essential variable is the electron pair density, while LOL relies on the local kinetic-energy
density. Consequently, LOL has a slighly simpler functional form and benefits from more
reliable asymptotic behaviour for atoms and small molecules.'*® ELF and LOL plots are
provided in Figures 1,3-10(f) and (g), respectively, for all of the electrides presented in this

work. Generally, the ELF and LOL reveal essentially same information.

7 - Property: The electron-localisation function (ELF) or localized-orbital locator
(LOL) can be used to identify localized, interstitial electrons.
Problem: Similar to NCI, it can be difficult to visually distinguish isosurfaces enclosing

the localized electrons from the other features of the ELF or LOL.

Sushko et al. performed additional calculations on [CagsAlysOgs]**(4e™) in 2006, 2% this
time using periodic-boundary conditions. The electrons were treated using Bloch functions,
involving a linear combination of localized, atom-centred Gaussian-type basis functions and
effective core potentials; three sets of s and p functions were included inside the empty
cages. This study was aimed at examining the changing electronic properties as either O%~
or H™ dopants were gradually removed from the cages, increasing the density of interstitial

electrons. Both the B3LYP and LDA density functionals were considered, with the LDA
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Figure 3: Computed properties of the [CagsAlysOgy|*T(4e7) electride: a) the unit-cell geom-
etry with the six atoms surrounding the central cage highlighted (black=Ca, orange=0) ; b)
the band structure; ¢) the procrystal density, showing a 0.005 au isosurface; d) the density
of the ‘electride’ band (=1 < E < 0 eV), showing a 0.001 au isosurface; e) the reduced
density gradient used in NCI, showing a 0.5 au isosurface; f) the ELF, showing a 0.2 au
isosurface; g) the LOL, showing a 0.2 au isosurface. All 2D plots map onto the (101) plane.
The calculations used BS6bPBE-XDM %46 with plane-wave and density-expansion cut-offs
of 100 and 1000 Ry, and a 4 x 4 x 4 k-point mesh. The crystal structure was obtained from
the work of Bartl and Scheller. 5713
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giving a consistently more delocalized picture of the interstitial electrons than B3LYP, as
expected due to delocalisation error. The calculated band-gaps differed considerably, with
the LDA indicating that [CagsAlygOgs)?*(4e™) becomes conducting even with very few in-

terstitial electrons, while B3LYP always predicts the electride to be an insulator. It is worth
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noting that, at higher density, both methods predict every cage to contain localized elec-
trons, which seems to be in contradiction with the embedded cluster model used previously
by that same group.!??

The most recent theoretical study of [CagyAlysOgs]**(4e™) by the Sushko group, focused
on the different forms of the inorganic electride, specifically the crystalline, molten, and
amorphous phases.?? This study conducted molecular-dynamics simulations for a single,

replicated unit cell of the crystal. Trajectories were acquired using the PBE functional®

with projector augmented wave (PAW) pseudopotentials; 134141

additional single-point energy
calculations were conducted using the HSE hybrid functional.®® Significant deformations in
the crystal structure of [Cagy AlasgOgs]? T (4e™) were observed, which served to localize electron
pairs at two different crystallographic sites. A calculated UV spectrum showed two peaks at
3.2 eV and 4.0 eV, and these values roughly correspond to the energy differences between
the bonding and anti-bonding orbitals for each set of localized electron pairs.

Our own study of [CaggAlygOgs|*™(4e7) closely matched the results of Li et al.'?" and
established consistency between this first inorganic electride and most of the properties ob-
served for the existing organic electrides. ** The calculated band structure of [Cagy AlogOgy|* (4e™)
revealed an electride state (Property 2) with a much larger energy variation than seen for the
organic electrides; this band structure is reproduced in Figure 3(b). The lack of band gap
is consistent with the observed metallic conductivity, although the separation between the
electride state and the lower-energy valence bands, is slightly underestimated.!?! Valence-
density and NCI plots in Figure 3(e) and 3(c), respectively, reveal localized electron density
in all 12 crystal cages (Properties 2 and 4). However, QTAIM analysis was unable to find
NNMs (Property 3) in this case. It was speculated that this was due to both the smaller
interstitial cages (relative to the organic electrides) and the shared/delocalized nature of the
electride electrons in this particular material.**

130

Finally, Palacios et al."”” conducted very high quality X-ray diffraction studies on the

electride precursor, with 3 different levels of electron doping: [CagsAlygOgy|*TOs_sey; (6 =

20



0,0.15,0.45), obtained by partial replacement of O?~ anions with localized electrons. For
the [CagyAlygOg4|1T 01 55€, ¢ electride, a localized electron density peak was detected, ' but
a similar feature has not been identified for the more concentrated iteration of this elec-
tride, [CagsAlygOg4]*t(4e™). To date there has been no theoretical prediction of non-nuclear

maxima in the electron density of [CagsAlygOgy|*(4e™), only electron localisation.

3.2 Elemental, extreme-pressure electrides

In 1997, high-pressure studies of sodium predicted the presence of a possible ionic state at
pressures over 100 GPa.'*? A subsequent DFT study reinforced this prediction, specifically
noting an “increasing valence electron density in the interstitial regions.” 3> These predictions
were later revealed to be correct, with the experimental observation of a metal-insulator tran-
sition during compression of sodium metal, subject to pressures over 200 GPa.?? While the
X-ray crystallography data acquired was insufficient to generate an exact crystal structure,
one was predicted from first principles, using DF'T and an evolutionary structure-generation
methodology.3® The resulting Na-hP4 structure, shown in Figure 4, was found to closely
match the existing X-ray and Raman spectroscopy data. Subsequent band structure calcu-
lations and ELF analysis revealed a well-defined electride state, with a localized interstitial
electron, 33:143,144

A reproduction of the band structure and ELF for Nate™ are provided in Figure 4(b)
and (f), respectively. Note that the BS6bPBE band structure does not show a well isolated
electride state, in contrast to the original GW band structure calculation provided in the
work of Ma et al.3® The difference is due to the choice of density functional; generalised
gradient approximation (GGA) functionals, such as B86bPBE, are known to significantly

82785 while the GW-DFT approximation partially corrects for this

underestimate band gaps,
error. 4717 This is an example of the type of errors that can occur in DFT studies of
electrides and may explain why many of the inorganic electrides were predicted to be overly

metallic based on PBE calculations. 11:36:37
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Figure 4: Computed properties of the Nate™ high-pressure electride: a) the unit-cell geometry;
b) the band structure; c¢) the procrystal density, showing a 0.02 au isosurface; d) the density of
the ‘electride’ band (—1 < E < 0 eV), showing a 0.005 au isosurface; e) the reduced density
gradient used in NCI, showing a 0.5 au isosurface; f) the ELF, showing a 0.5 au isosurface; g) the
LOL, showing a 0.5 au isosurface. All 2D plots map onto the (110) plane. The calculations used
B86bPBE-XDM 6466 with plane-wave and density-expansion cut-offs of 100 and 1000 Ry, and a
20 x 20 x 20 k-point mesh. The crystal structure was reconstructed from information provided by
Ma et al.?3
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Similar electride states for other elemental materials have been theoretically predicted
for a huge range of pressures using various evolutionary structure prediction techniques, but
have yet to be experimentally confirmed. These elements include Li, 48152 K 193 (Cg, 154155
Mg, 156 A1,156 and C,'57 at pressures ranging from 65 GPa to 30,000 GPa. [NayHe]Te™, while

not elemental, is also predicted to exist in an electride phase above 113 GPa.'®® Indeed,

a model by Vegas et al., which uses the electronic structure of the component metallic
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matrix to interpret chemical bonding in crystalline solids, predicts that any metal lattice
will express localized interstitial electron density at sufficiently high pressure.'® Also, for
the case of metallic Beryllium, there is evidence for non-nuclear maxima in the experimental
electron-density distribution without any applied pressure.'%°

In 2014, Miao and Hoffman proposed that the localized electron in the high-pressure
electrides behaves similarly to an atom and termed it an “interstitial quasi-atom” (ISQ).'6!
It was argued that the energy levels of the ISQ increase in energy more slowly with applied
pressure than do the energy levels of neighbouring valence orbitals. Thus, the ISQ will
eventually become the minimum-energy state and the material will spontaneously form an
electride at sufficiently high pressure. From studies of a simple model system under applied
pressure, three general trends were found: (i) lowering the IP of the material makes it easier
for an ISQ to form, (ii) decreasing the compressibility makes it easier for an ISQ to form, and
(iii) occupied d-orbitals make it very hard for an ISQ to form. These trends, despite being
strictly applicable only to elemental materials, appear consistent with some of the predictions
for the organic electrides. Specifically, the requirement of a low IP matches with Property 6
for the IP of the alkali metal-ligand complexes that form the organic electrides. Additionally,
the incompressibility of the atomic cores could be compared to the restrictive presence of the
ligand molecules, effectively considering the alkali complexes as large, incompressible species
in the solid crystal. Miao and Hoffman went on to demonstrate that the I[SQs in elemental
electride species can form pseudo-bonding and anti-bonding orbitals with neighbouring ISQs,

leading to “quasi-molecules”.162:163

3.3 2D electrides

In 2013, [CagN]Te™ was identified as the first two-dimensional electride,'* although the ex-
cess electron nature of this material was previously noted by Gregory et al.'%* [CagN]Te~
is constructed of positively-charged, few-atom-thick layers, separated by regions of inter-

stitial electron density. The atomic structure of the crystal is shown in Figure 5. The
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relative simplicity of the unit cell of [CasN]Te™ suggested that similar materials could also
be electrides. Consequently, DFT calculations, evolutionary searches, and database screen-
ing methods, have been used to search for new 2D electrides, as was done for the elemental
electrides. 1™ The most successful of these studies searched through compounds in the

MatNavi'™ and inorganic crystal structure database (ICSD)!™

and identified six potential
2D electrides. One of these materials, [YoC]?**2e™,1717" was experimentally characterised
as an electride through photoelectron®® and angle-resolved photoemission!'™ spectroscopy.
This was the second demonstration in the field that directed theoretical studies can guide
experimental progress. Additionally, experimental measurements of [YoC]**(2e™) revealed
anisotropic electronic and magnetic behaviour. ™

Despite their recent discovery, a number of technological applications of 2D electrides
have already been suggested. Both existing 2D electrides have been proposed as potential
candidates for effective Na-ion battery anodes.!8%!8! Additionally, interfacing an electride
with another 2D material could serve as a means to modify that material’s electronic proper-
ties. 82 [CayN]Te™ was also shown to be a selective catalyst for hydrodehalgenation reactions
and it was suggested that it could be similarly effective for other single-electron transfer re-
actions. '8 Finally, the unique optical properties of [Ca;N|*Te™, such as a negative refractive
index, and the tunability of these properties under strain, have made this electride a new
candidate for photonic device applications. 8418

DFT calculations on both [CagN]Te™ and [YoC]*™(2e7) reveal band structures with well
localized electride states; the corresponding localized valence densities, ELF, LOL, and NCI
plots reveal the interstitial electrons (plotted for [CagN]te™ in Figure 5(b)-(g)). 4186187 DFT
also predicts that the magnetic properties of [Y5C]?>T(2e7) originate from the localized anionic
electrons (consistent with Property 5) and may exhibit itinerant ferromagnetic behaviour. ™
Further theoretical work suggests that the magnetic behaviour of [YoC]**(2e™) can be strate-

gically modified through the application of pressure or appropriate doping,'®® and that high

applied pressures will induce quenching of the material’s electride properties.® Theoretical
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Figure 5: Computed properties of the [CayN]*e™ electride: a) the unit-cell geometry; b)
the band structure; ¢) the procrystal density, showing a 0.01 au isosurface; d) the density
of the ‘electride’ band (=1 < E < 0 eV), showing a 0.002 au isosurface; e) the reduced
density gradient used in NCI, showing a 0.5 au isosurface; f) the ELF, showing a 0.5 au
isosurface; g) the LOL, showing a 0.5 au isosurface. All 2D plots map onto the (011) plane.
The calculations used BS6bPBE-XDM %% with plane-wave and density-expansion cut-offs
of 100 and 1000 Ry, and a 12 x 12 x 1 k-point mesh. The crystal structure was obtained
from the work of Gregory et al.®"'64
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studies have also predicted that [Y,C]?*(2e7) is a low temperature superconductor 219! and

a topological material. !

Exfoliation of single layers of [CasN]Te™ from the bulk material was experimentally
demonstrated, in 2016, by Druffel et al.'*®> DFT calculations performed on single, exfoliated
layers of both 2D electrides suggest that the excess electrons, no longer confined between
the atomic layers, instead exist at the surface of these layers as a 2D pseudo free-electron

gas. 187194196 Computational studies also predicted exfoliation of single layers to be feasi-
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ble, 186:193:194 in advance of the experiments. However, the exfoliation energy is much larger

than for typical 2D materials, such as graphite, hexagonal boron nitride, and molybdenum
disulpide, consistent with the ionic nature of the electrides.!8” Conversely, interlayer sliding
barriers for the 2D electrides were predicted to be extremely small, equivalent to typical 2D

186,187

materials, consistent with the expanded-metal nature of the electrides.?!

3.4 Other inorganic electrides

After the initial discovery of [CagyAlygOgs]?T(4e7), almost all subsequent discoveries of inor-
ganic electrides have been accompanied by DFT calculations of the band structure, density
of states, electron density, and ELF. From 2015 to the present, 8 new inorganic electrides
have been discovered. However, it is worth noting that the crystal structure of each new
experimentally verifiable inorganic electride was previously known, " 2% although the elec-
tride nature of these crystals generally went unidentified. This has led to the discovery of

34,38,171

a number of electrides by scanning of crystallographic structural databases. Many of

these inorganic electrides have been found to be effective catalysts for Ny splitting. !1:35:37:201

[LagSry(Si0y4)6) T (4e™) was discovered in 20153* by using DFT calculations to identify
potential electride properties of known materials. This electride is both air and tempertature
stable. It possesses a well defined electride state and localized electron in the ELF, LOL,
NCI, and valence-density plots, as shown in Figure 6.

The lathanide hydrides of the form [LnHy|Te™ (Ln = La, Ce or Y)), were also recently
found to exhibit electride properties.3® These are the first electrides to possess additional,
formally anionic species, namely the hydride ions. DFT calculations were conducted on
[LaH,]Te™ and predicted an electride state in the band structure.®® The band structure,
valence density, NCI, ELF, and LOL are plotted in Figure 7. In this case the valence density
does not reveal an obvious electride state. We also note that less accurate calculations,

namely lower energy and density cut-offs and a smaller k-point mesh, obscure the localized

electron identified by the ELF and LOL plots. This illustrates the sensitivity of predicted
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Figure 6: Computed properties of the [LagSry(SiOy4)g]*"(4e™) electride: a) the unit-cell ge-
ometry; b) the band structure; c) the procrystal density, showing a 0.01 au isosurface; d)
the density of the ‘electride’ band (=1 < E < 0 eV), showing a 0.005 au isosurface; e) the
reduced density gradient used in NCI, showing a 0.5 au isosurface; f) the ELF, showing a
0.5 au isosurface; g) the LOL, showing a 0.5 au isosurface. All 2D plots map onto the (110)
plane. The calculations used BS6bPBE-XDM6* % with plane-wave and density-expansion
cut-offs of 100 and 1000 Ry, and a 4 x 4 x 4 k-point mesh. The crystal structure was obtained
from the work of Sansom et al. 57197
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electride properties to the choice of DFT treatment.

Continuing the lathanide-based electride discoveries, [LagScySis]®3e™ was highlighted in
2017.%" DFT calculations reveal an electride band that is not well isolated from the other
electronic bands,3” as shown in Figure 8. Because the ‘electride’ band cannot be isolated,
the valence density is delocalized over a number of atoms and bonds, although there is

still a distinct region of valence density within the central void. The valence density was
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Figure 7: Computed properties of the [LaHy|Te™ electride: a) the unit-cell geometry; b)
the band structure; ¢) the procrystal density, showing a 0.01 au isosurface; d) the density
of the ‘electride’ band (=1 < E < 0 eV), showing a 0.004 au isosurface; e) the reduced
density gradient used in NCI, showing a 0.5 au isosurface; f) the ELF, showing a 0.5 au
isosurface; g) the LOL, showing a 0.5 au isosurface. All 2D plots map onto the (110) plane.
The calculations used BS6bPBE-XDM %46 with plane-wave and density-expansion cut-offs
of 100 and 1000 Ry, and a 12 x 12 x 12 k-point mesh. The crystal structure was reconstructed
from information provided in Mizoguchi et al.®
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previously described as showing two distinct sites of electron localisation, and this material
was coined a ‘tiered’ electride as a consequence.®” We note that this tiered electron hierarchy
is not a ground-state phenomenon, rather it appears as the electride is excited or doped with
H atoms.3” Both the promolecular density and NCI plots in Figure 8(c-d) show these two
possible void sites, but the ELF and LOL plots in Figure 8(f-g) only show localized electrons

at the single, central site. Indeed, [LayScoSis]®3e™ is not the first electride to show a tiered
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Figure 8: Computed properties of the [LayScoSis]?3e™ electride: a) the unit-cell geometry; b)
the band structure; c) the procrystal density, showing a 0.015 au isosurface; d) the density
of the ‘electride’ band (—0.1 < E < 0 eV), showing a 0.0006 au isosurface; e) the reduced
density gradient used in NCI, showing a 0.2 au isosurface; f) the ELF, showing a 0.5 au
isosurface; g) the LOL, showing a 0.5 au isosurface. All 2D plots map onto the (101) plane.
The calculations used BS6bPBE-XDM %46 with plane-wave and density-expansion cut-offs
of 100 and 1000 Ry, and a 6 x 6 x 6 k-point mesh. The crystal structure was obtained from
the work of Chevalier et al.571%
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electron structure, as [Cs™(15C5)(18C6)e™|(18C6) also possesses two distinct void sites, the

smaller of which contains the lowest energy conduction band, while the larger contains the
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electride band.*+110

Figure 9: Computed properties of the [Y5Sis]Te™ electride: a) the unit-cell geometry; b)
the band structure; ¢) the procrystal density, showing a 0.012 au isosurface; d) the density
of the ‘electride’ band (=1 < E < 0 eV), showing a 0.005 au isosurface; e) the reduced
density gradient used in NCI, showing a 0.2 au isosurface; f) the ELF, showing a 0.5 au
isosurface; g) the LOL, showing a 0.5 au isosurface. All 2D plots map onto the (110) plane.
The calculations used B86bPBE-XDM %46 with plane-wave and density-expansion cut-offs
of 100 and 1000 Ry, and a 8 x 8 x 8 k-point mesh. The crystal structure was obtained from
the work of Parthe. 6719
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In 2016, [Y5Si3]Te™ was identified as the first temperature, atmosphere, and water stable
electride, ! which represented a significant advancement in the field. While an electride state
exists for this material, it is not as well isolated in the band structure as for the electrides
discussed previously. However, the ELF and LOL plots in Figure 9 clearly reveal a localized,

interstitial electron.
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Two other electrides that are isostructural to [Y5Siz]Te™ were also identified via DFT
calculations. The first of these is [NbsIrs]*™(2e™),3¢ which is the only other electride to date
(in addition to [CagyAlygOges]** (4e™)) to exhibit a superconducting transition at ~ 3 K.?% The
DFT calculations®® revealed very similar band structure and ELF plots to those obtained for
[Y5Sis]te. The second such isostructural electride is [SrsPs]Te™, which was identified via
an ab initio evolutionary algorithm used to search for new electrides of composition Sr,P,.3®
By DFT screening of the generated structures, two new electrides were proposed (Sr;P3 and
SrgP5) and [SrsP3]Te” was subsequently experimentally verified.?® The band structure of
[Sr5P3] e was found to reveal an electride state, the ELF showed a localized electron, and
QTAIM analysis identifed a NNM, making it the only inorganic electride to possess one.38
However, this previous work deliberately placed pseudo atoms at the intersitital sites and, if
this is not done, NNM are not seen.

The Hosono group, which has discovered all of the inorganic electrides to date, typically
uses the valence density for their identification.*343% However, for many of the inorganic
electrides, particularly [LasScySis]®3e™, [Y5Sis]Te™, and [NbsIrs|*Te?~, the electride band is
increasingly indistinct and cannot be isolated from the other valence and conduction bands,
making the existence of such an ‘electride’ state a poor identifier of this class of electrides.
As previously noted, LDA and GGA calculations are known to underestimate band gaps®*8°
and the overlap of the electride state with other bands may be a symptom of this. More
accurate variants of DFT, such as hybrid functionals or the GW approximation, can correct
this band gap underestimation.#547 While these methods come with a significant increase
in computational cost and, consequently, can only be applied to simple unit cells, they could
potentially be applied to this series of isostructural compounds to determine if electride
states can indeed be isolated. Regardless of the convoluted band structure, the valence

density continues to display a maximum in the interstitial regions, although it is partly

delocalized over the adjacent atoms due to our inability to isolate the electride state.
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4 Molecular electrides

The molecular electrides (sometimes called superalkalies) are a class of compounds that
have been proposed and subsequently explored using theoretical models.??72% The first
comparison of a molecular species to an electride was made by Chen et al., in 2004, while
investigating the water trimer anion.?% Specifically, the observation was made that certain
trimer configurations would form a strong dipole and the excess electron would occupy an
extremely diffuse molecular orbital, localized at one end of the cluster. Note that these
diffuse orbitals are very similar to the Rydberg-like states observed by Rencsok et al. in
theoretical studies of the LiT(9C3)se™ complex.®” Further, those configurations of the anionic
water trimer possess exceptionally large hyperpolarisabilities. This can be justified as the
hyperpolarisability is proportional to the difference in the dipole moment between the ground
electronic state of the molecule and the relevant excited state.?%

An exceptionally high hyperpolarisability is a particularly desirable property, essential to
the function of non-linear optical (NLO) devices. This prompted the design of an ‘electride
molecule’ to maximise the hyperpolarisability, by constructing or geometrically arranging
complexants to ‘push’ or ‘pull” the excess electron density from an alkali-metal atom to the
extremes of the molecular system. In 2005, Chen et al.2** designed the first such molecular
electride, Li@QCalix[4]pyrrole, the structure of which is given in Figure 10. Calix[4]pyrrole
is a cone-like ligand with nitrogen atoms that coordinate to the Li atom, but repel the va-
lence electron in a highly directional manner. This compound showed an extremely diffuse
HOMO and large hyperpolarisability. In 2006, Chen et al. further showed that adding an-
other alkali metal atom to Li@Calix[4]pyrrole, near the centre of the HOMO, would cause
this alkali metal atom to bind the excess electron and form an alkalide-like compound,
Lit (Calix[4]pyrrole)M~. This new ‘molecular alkalide’ retained the same exceptional hyper-
polarisable properties as the molecular electrides.

An enormous number of molecular electrides have since been proposed using theoretical

methods. 202722 To give the reader a sense of scale, the highest measured hyperpolarisability
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Figure 10: Computed properties of the Li@QCalix[4]pyrrole molecular electride: a) the ge-
ometry; b) the band structure; ¢) the promolecular density, showing a 0.001 au isosurface;
d) the density of the ‘electride band’ (=1 < E < 0 eV), showing a 0.001 au isosurface; e)
the reduced density gradient used in NCI, showing a 0.5 au isosurface; f) the ELF, showing
a 0.5 au isosurface; g) the LOL, showing a 0.5 au isosurface. All plots represent the ver-
tical plane through the centre of the molecule. The calculations used B86bPBE-XDM 6466
with plane-wave and density-expansion cut-off of 80 and 800 Ry, a 1 x 1 x 1, inside a
20 x 20 x 20 A super-cell; atomic positions were previously relaxed in molecular calculations
using B3LYP/6-31+G*.
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of a single molecule is 1.7 x 10° a.u.??* In contrast, the calculated hyperpolarisiablilties of the

203 and are regularly

molecular electrides have been reported to be as high as 1.7 x 107 a.u.,
in excess of 1 x 10° a.u. Additionally, recent work has suggested that molecular electrides
might contribute to the design of new anode materials for Li-based batteries.?*3 However,

while the theoretical results are clearly impressive, they must be treated with skepticism as
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there is no experimental evidence to confirm or refute the existence of these materials, or to

verify their predicted properties.

8 - Property: Electrides possess large non-linear optical properties.
Problem: This property may only be applicable to the molecular, rather than solid-

state, electrides. Also, systems with such properties are not necessarily electrides.

In terms of their characterisation via DFT methods, Postils et al.,?'® concluded that
the molecular electrides typically exhibit: (i) NNMs in the electron density, (ii) ELF basins
for the excess electron, and (iii) large non-linear optical properties. The first two of these
points have been identified in previous work on the organic or inorganic electrides, and
are highlighted in this work as Properties 3 and 7, respectively. Large non-linear optical
properties represent a new electride descriptor, although it is not clear to what extent this
will be transferable to solid-state electrides. However, non-linear optical properties in the

form of a tunable surface plasmon for a [CayN]Te™ monolayer have been calculated. '8

5 Summary

We have identified 8 properties, all based on electronic-structure theory predictions, that
have been used to determine electride character within a material. However, as the various
electride classes can have very different structural features, many of these properties are not
generally transferable to all electrides. Further, a number of these properties are observable
in materials that are not electrides (for example crystal voids are quite common in porous
materials, such as metal-organic frameworks). Consequently, we wish to emphasise that the
most reliable way to identify an electride is to establish that a given material reliably displays
a number of these properties.

Special emphasis is placed on the void, band, NCI, ELF, and LOL properties, which are
highlighted for selected electrides in Figures 1,3-10. The figures all include the computed

electride band structures. Also shown are 2D contour plots of:
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Table 1: Summary of properties used to identify electrides. (v') implies this property is
reliably observed. (X) implies this property is not observed. (~) implies this property
is sometimes observed. (—) implies there is not enough information to make an informed
judgement.

1 2 3 4 5 6 7 8

(void) (band) (NNM) (NCI) (v-mag) (thermo) (ELF/LOL) (NLO)
Org v v v v v v v -
Inorg v ~ X ~ ~ X v ~
Elem v v X 4 - ~ v -
2D v v X ~ v X v ~
Molec X ~ v 4 - 4 4 4

1. the promolecular density, to allow visualisation of the crystal voids,
2. valence density corresponding to the electride band,

3. the reduced density gradient, used in NCI plots,

4. the electron localisation function, and

5. the localized-orbital locator.

All of the 2D plots generally depict the localized electron, at low isosurface values for the
promolecular density and reduced density gradient, and at high isosurface values for the
valence density, the ELF, and the LOL. Table 1 summarises which properties can be readily
applied to identify electrides in each category.

The first property, the existence of crystal voids, has many obvious exceptions for com-
mon porous materials. Also, it is necessarily only applicable to the solid-state, and not to
the molecular electrides. This same limitation applies to the existence of magnetic proper-
ties originating from unpaired, interstitial electrons (Property 5), with the added restriction
that the elemental electrides and many of the inorganic electrides are not magnetic. Con-
versely, non-linear optical properties (8) are well established for the molecular electrides,
but little is known regarding the transferability of this property to other electride classes.

Only [CagsAlysOgy]*T(4e7), which has been used in fluorescent lighting, and [CayN]te™, for
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which plasmon calculations have been conducted, '8® have established optical properties. The
thermochemical requirement of strong cation-ligand binding and a low ionization potential
(Property 6) is primarily limited to the organic and molecular electrides, although the low-
IP requirement is also relevant to elemental electrides. The existence of NNMs is a good
descriptor of organic and molecular electrides. However, the more compact nature of the
voids in the inorganic and elemental electrides precludes the detection of NNMs, despite
the accumulation of density in the interstitial regions. Also, NNMs are common in many
simple molecules, such as Li, and CyHs, which are not electrides. Thus, the identification
of crystal voids, non-nuclear density maxima, and magnetic, thermodynamic, or non-linear
optical properties, are all only applicable to particular classes of electride materials. None
of these properties are sufficiently general to be unambiguous descriptors of electrides.

The presence of high-energy valence bands, with densities residing within the voids (Prop-
erty 2), is an excellent descriptor to identify solid-state electrides, as illustrated in Figures 1,3-
6. While this property is also limited to solid-state electrides in its strictest interpretation,
the molecular electrides do have a high-energy HOMO), similar to that of a Rydberg state,
that localizes on one end of the molecule, as shown in Figure 10. However, the band struc-
tures can become quite complex for inorganic electrides, making it extremely difficult to
identify for which band the valence density should be plotted.

This leaves the other density-based properties, specifically the existence of basins in
either the reduced density gradient (NCI, Property 4), or in the electron localisation function
and localized-orbital locator (ELF and LOL, Property 7), as the most general descriptors
of electrides. NCI can be viewed as a generalisation of the NNM property, relaxing the
requirement of zero gradient to also include regions of low reduced density gradients. As
shown in Figures 1,3-10, this criteria seems to allow detection of all electride classes. However,
this NCI analysis is dependent on the ability of the user to distinguish the appearance
of localized, interstitial electrons from the various other types of non-covalent or bonding

interactions that typically appear these plots.
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The ELF and LOL appear to be the most reliable tools for the identification of electride
behaviour. While the same danger of misidentification highlighted for NCI is still possible,
the information delivered by these methods is much simpler to interpret, and this danger is
mitigated. To avoid this danger completely, we recommend using multiple electride identifi-
cation properties concurrently. Consequently, we find that ELF and LOL plots are the best
descriptors of the properties considered for general identification of electrides.

Finally, the majority of the tools suggested in this work to identify an electride material
rely on theoretical calculations employing density-functional approximations. It is therefore
important to recognise that errors in these methods can bias the assessments made. If an
insufficiently accurate electronic-structure calculation is performed, the density will be inad-
equate for identification of electrides, no matter how well suited the chosen screening method
is to this task. The most prominent existing error in density-functional approximations is de-
localisation error (also known as self-interaction error and charge-transfer error).% ™ Studies
have been conducted to assess the impact of delocalisation error when investigating electride
materials and, as the name suggests, found the density distribution of the ‘localized’ electron

75,8081 Therefore, the rule of thumb is that electrides are more likely

to be excessively diffuse.
to go unidentified due to inherent errors in the modelling methods. The present work high-
lighted a few potential examples of this. Notably, [LaHy|Te™ and [LagScySis]?(3e™) failed
to be identified as electrides by all density assessment methods if the energy and density
cut-off values and k-point mesh were only slightly lower than those used in Figures 7 and
8. Moreover, the electride band of Nate™ was difficult to identify when using a pure GGA
functional, while the application of GW-DFT made the electride band easily identifiable.
We postulate that a similar improvement in theoretical treatment could also better isolate
the electride bands in [Y5Siz]Te™ and its related, isostructural electrides.

In summary, it is quickly becoming apparent that the electride phenomena is not rare, but

is simply difficult to identify. This difficulty manifests in both experimental and theoretical

techniques, which have served to develop the field in tandem. As the electride materials
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are explored further, we are gaining a deeper understanding of unusual chemical bonding
situations and access to a host of new materials. While a number of potential applications
for these materials have been explored, more complex control and utilisation of their unique
electronic structure remains as open field. The future of electride research is laced with

potential.
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