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ABSTRACT: Focusing on the interesting new concept of all-metal electride, 

centrosymmetric molecules e-+M2+(Ni@Pb12)2-M2++e- (M = Be, Mg and Ca) with two 

anionic excess electrons located at the opposite ends of the molecule are obtained 

theoretically. These novel molecular all-metal electrides can act as infrared (IR) 

nonlinear optical (NLO) switches. Whereas the external electric field (F) hardly 

changes the molecular structure of the all-metal electrides, seriously deforms their 

excess electron orbitals and average static first hyperpolarizabilities (β0 𝑒𝑒(𝐹𝐹)). For 

e-+Ca2+(Ni@Pb12)2-Ca2++e-, a small external electric field F = 8 ×10-4 au (0.04 V/Å) 

drives a long-range excess electron transfer from one end of the molecule through the 

middle all-metal anion cage (Ni@Pb12)2- to the other end. This long-range electron 

transfer is shown by a prominent change of excess electron orbital from double lobes 

to single lobe, which forms an excess electron lone pair and electronic structure 

Ca2+(Ni@Pb12)2-Ca2++2e-. Therefore, the small external electric field induces a 

dramatic β0 𝑒𝑒(𝐹𝐹) contrast from 0 (off form) to 2.2×106 au (on form) in all-metal 

electride molecule Ca(Ni@Pb12)Ca. Obviously, such switching is high sensitive. 

Interestingly, in the switching process, such long-range excess electron transfer does 

not alter the valence and chemical bond nature. Then, this switching mechanism is a 

distinct nonbonding evolution named as electronic structure isomerization, which 

means that such switching has the advantages of being fast and reversible. Besides, 

these all-metal electride molecules also have rare IR transparent characteristic 

(1.5-10μm) in NLO electride molecules, and hence are commendable molecular IR 

NLO switches. Therefore, this work opens a new research field of electric field 

manipulated IR NLO switches of molecular all-metal electrides.   
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1. INTRODUCTION 

Exploring new chemical species is an eternal theme in chemistry, physics, materials 

science, pharmacology and so on, due to the new species are the basis and source of 

unique properties. Electrides are a kind of special ionic solids in which excess 

electrons serve as anions.1 In the positively charged crystalline lattice, anionic 

electrons in electrides are confined within a interstitial space or cavity.2-9 Recently, a 

new research area of nonlinear optical (NLO) molecules with excess electrons has a 

rapid development because it has been known that introducing excess electron(s) into 

a molecule can dramatically increase its static electric first hyperpolarizability 

(β0).10-12 Especially, many researchers pay attention to the molecular 

electrides2,4,6-8,13-19 containing excess electron anions. Subsequently, a variety of new 

strategies including the regulation of the push-pull effect, size, shape, and 

coordination site number of complexants,12 as well as spin state of excess electrons 

and excess electron number,20 have been proposed to enhance the NLO response and 

electronic stability of electride molecules. In previous research works,16-19 many 

electride molecules were constructed by doping alkali atoms into various non-metallic 

complexants. These electride molecules have large first hyperpolarizabilities (β0) and 

the working waveband in the visible light range. Last year, a new approach to 

unambiguously characterize molecular electrides based on the analysis of their 

electron density was reported.21  

Recently, all-metal extended Zintl polyanions22-26 have been found capable of 

pushing the valence electrons provided to form excess electrons, which result in the 
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generation of a novel kind of compounds. Interesting examples include: [(Ca2+)5(Ag–

Ag)4−(Ag2−)]+4e− and [(Ca2+)5(Au–Au)4−(Au2−)]+4e− with dimer polyanion22, and 

magnetic superatoms AnV (A = Na, and Cs; n = 6 to 12) with monomer polyanion.27 

This novel kind of species not only has an all-metal composition features but also has 

electride characteristic with excess electron anions. Hence, we proposed the new 

conception, “all-metal electride”, to define the novel intermetallic compounds. To 

explore NLO properties of all-metal electrides, the CuAg@Ca7M (M = Be, Mg and 

Ca) molecules have been constructed and researched in detail theoretically.28 It was 

showed that [(Ca2+)7(CuAgMg)4−] + 10e− has large β0 of 1.4 × 104 au. These all-metal 

electride molecules not only manifest large β0, but also have rare infrared (IR) 

transparent characteristic (1.3-6μm) among NLO electride molecules, and hence are 

unique IR NLO molecules.  

Nonlinear optical (NLO) switches are special molecules which can commute 

between two or more forms, and thereby shows large contrasts in their NLO 

properties. As a result, such molecules have attracted great interest in recent years 

because of their high potential application in signal processing, data storage, sensing, 

and molecular devices.29-32 Castet and co-workers have put forward that the molecular 

NLO switches may be mainly classified into four categories: light irradiation 

(photo-isomerization),33-39 pH variation,40-42 redox reaction,43-47 and ion 

recognition.48-50 For instance, Champagne et al.32 have indicated that the ion 

recognition switches may be utilized as selective ion sensors, which could be acted as 

a vigorous and multi-usage detection tool.  
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On the other hand, the effect of an external electric field on a substance is a wide 

research area, and has attractive prospects in spintronics,51-53superconductivity,54,55 

nano material,56,57 NLO properties,58,59 and so on. For NLO switches, 

electric-field-driven switching has been noticed by researchers. Nakano and 

colleagues have shown that switching on an external electric field generates a 

considerable increase of the second hyperpolarizability in a polyaromatic 

diradicaloid.60 For centrosymmetric aromatic benzene molecule, we have also shown 

that a large external electric field generate a high contrast in static first 

hyperpolarizability (from β0
 𝑒𝑒(0)= 0 to β0

 𝑒𝑒(𝐹𝐹) = 3.9×105 au) due to the breaking of 

the centrosymmetry of its electron density.61 For the heterobicycles bisboronate,62 the 

electric field induced molecular NLO switch have also been researched. Very recently, 

an organic molecular electride e–···K(1)+···calix[4]pyrrole···K(2)+···e– having two 

excess electrons with singlet diradical characteristic has been reported as an electric 

field manipulated molecular NLO switch.63 

The above-mentioned NLO switches involve organic molecules, organometallic 

complexes and organic electride molecules. However, all-metal electride molecule 

with IR-transparent characteristic as new NLO switch has not been reported. As 

all-metal molecular electride not only possesses easily driven excess electrons by 

external electric field, but also show high IR NLO contrast, all-metal molecular 

electride may be regarded as potential IR NLO switch. Therefore, we have designed 

and investigated by means of the computational chemistry three all-metal electride 
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molecules M(Ni@Pb12)M (M = Be, Mg and Ca) as novel external electric field driven 

NLO switches. 

2. COMPUTUTIONAL METHODS 

The exact-exchange-incorporated PBE0 is the one of most appropriate functionals in 

the study of the electronic structure of molecules containing transition metals.64-70 For 

molecular structure and property calculations, the choice of a suitable basis sets is 

another significant concern. For systems with heavy metals, Los Alamos 

pseudopotential and double-zeta type basis set, LANL2DZ,71-73 for the transition 

metals and Pople-type basis sets for the other atoms have been shown to be competent 

basis set combination.74 

In this article, optimized geometric structures with all real frequencies under 

various external electric field strengths from 0 to 40 × 10−4 au were obtained for 

all-metal electride molecules M(Ni@Pb12)M (M = Be, Mg and Ca) at the PBE0 level 

with the LANL2DZ pseudopotential and basis sets for Ni and Pb and the 

6-311++G(2d) basis set for Be, Mg and Ca. The vertical ionization potentials (VIP) of 

these molecules under the external electric fields were obtained at the same level. The 

VIP is defined as follows:18 

VIP = E[M+] - E[M] 

Where, the energies E[M+] and E[M] are calculated at the optimum geometry of the 

neutral molecule. We used unrestricted orbitals for the ionic molecule and restricted 

orbitals for the neutral molecule.  

The singlet diradical character60,75 (y0) is computed at UHF/6-311++G(2d) level. 
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And the electronic absorption spectrum is calculated at CIS/LANL2DZ/6-311+G(3df) 

level including 300 states.  

For accurately calculating the static electronic first hyperpolarizabilities, the 

research of the optimum basis set 76-81 show the crucial significance of introducing 

diffuse basis functions. Furthermore, the basis sets effects have been discussed in 

detail for electrides,82 and singlet diradical systems.83 The electronic and vibrational 

contributions to the first hyperpolarizabilities of these all-metal molecular electride 

within an external electric fields were calculated by the finite field approach based on 

the calculations using second-order Møller−Plesset (MP2) method84,85 in conjunction 

with the LANL2DZ pseudopotential and basis set for Ni and Pb and the 6-311+G(3df) 

basis set for Be, Mg and Ca. The average static first hyperpolarizability (β0) is noted 

as follows:  

    
2/1222

0 )( zyx ββββ ++=   

where  

    )(
5

3
ikkijjiiii ββββ ++= ; i, j, k = x, y, z. 

The electronic contributions to first hyperpolarizabilities were evaluated 

numerically based on the differentiation of the analytic dipole moment (µe) and 

electronic polarizability (αe) respect to the electric field. The comparison between the 

βe values obtained from the differentiation of µe and αe allows us to check that the 

numerical errors of the βe values were negligible. 

The vibrational contributions to the first hyperpolarizability was computed using 

the Bishop-Hasan-Kirtman approach.86 According to Bishop and coworkers, if we 
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denote the equilibrium molecular geometry with an external electric field F present by 

RF and without the field present, by R0, then we may define: 

(∆µ𝑖𝑖𝑒𝑒)𝑅𝑅0 = µ𝑖𝑖𝑒𝑒(F,𝑅𝑅0) − µ𝑖𝑖𝑒𝑒(0,𝑅𝑅0)                                     (1) 

and 

(∆µ𝑖𝑖𝑒𝑒)𝑅𝑅𝐹𝐹

= µ𝑖𝑖𝑒𝑒(F,𝑅𝑅𝐹𝐹)

− µ𝑖𝑖𝑒𝑒(0,𝑅𝑅0)                                                                                     

The electronic contribution to the (hyper)polarizabilities can be derived from the 

expansion of Eq. (1). But the expansion of Eq. (2) leads to the definition of the 

electronic and also the vibrational (nuclear relaxation) contributions to the 

(hyper)polarizabilities, 

µ𝑖𝑖𝑒𝑒(F,RF) = a1Fj + 1/2b1FjFk + 1/6 g1FjFkFl  + …. .  (3) 

where  

a1 = 𝛼𝛼𝑖𝑖𝑖𝑖𝑒𝑒 (0; 0) + 𝛼𝛼𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛(0; 0)  + ….   (4) 

b1 = 𝛽𝛽𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒 (0; 0,0) + 𝛽𝛽𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 (0; 0,0)  + ….  (5) 

g1 = 𝛾𝛾𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒 (0; 0,0,0) + 𝛾𝛾𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛 (0; 0,0,0)  + …. .  (6) 

Pe and Pnr denotes the electronic and vibrational (nuclear relaxation) 

contributions to the (hyper)polarizabilities.87 The same approach is used in this paper 

to compute the 𝛽𝛽𝑧𝑧𝑧𝑧𝑧𝑧𝑒𝑒 (𝐹𝐹)  and 𝛽𝛽𝑧𝑧𝑧𝑧𝑧𝑧𝑛𝑛𝑛𝑛 (𝐹𝐹)  contributions of a molecule within a 

permanent static electric field. In order to check the reliability of the numerical values 

of 𝛽𝛽𝑧𝑧𝑧𝑧𝑧𝑧𝑛𝑛𝑛𝑛 (𝐹𝐹), we compared the results obtained using at least two different sets of two 

field values in the second derivative finite-field difference formula. The optimal 
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applied electric field strengths were between ±0.0010 au and ±0.0015 au for 

Be(Ni@Pb12)Be; between ±0.0001 au and ±0.0003 au for Mg(Ni@Pb12)Mg; and 

between ±0.0002 au and ±0.0006 au for Ca(Ni@Pb12)Ca.. 

All of the calculations were performed by using the Gaussian09 program 

package.88 Molecular orbitals were generated with the GaussView program.89 

3. RESULTS AND DISCUSSION 

3.1 Equilibrium Geometries 

We sandwiched the all-metal cage Ni@Pb12 with two alkaline-earth metal M atoms to 

design a centrosymmetric all-metal electride NLO switch molecule, where the former 

behaves as potential electron-pushing complexant and the latter acts as excess 

electron source. The unusual all-metal cage Ni@Pb12 with high symmetry (Ih) is 

further stabilized by the interaction between the Pb12 cage and the encapsulated Ni 

atom.90 In the M(Ni@Pb12)M molecule, all-metal cage Ni@Pb12 firstly obtains two 

electrons from the two M atoms and becomes an electron-pushing complexant, 

namely, all-metal anion cage (Ni@Pb12)2-. Then it pushes the rest of the two valence 

electrons of the two M atoms to form two excess electrons located at the opposite 

sides of the molecule. Thus, the M(Ni@Pb12)M molecule is an all-metal electride 

molecule containing two excess electrons. The structural sketch maps of the all-metal 

electride molecules M(Ni@Pb12)M (M = Be, Mg and Ca) are illustrated in Figure 1. 

Besides, the geometry-optimized minimum structures of these molecules are also 

achieved under different external electric fields.  

    Table 1 presents the evolution of some structural parameters of electride 
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molecules M(Ni@Pb12)M (M = Be, Mg and Ca) caused by increasing external electric 

field strength: the M1-Ni distance slightly decreases, while the Ni-M2 distance 

slightly increases (see Table 1). The sum of two distances, the M1-M2 distance, also 

slightly increases (< 1%) when the strength of the electric field increases. As the 

influence of external electric field on molecular structures is small, used external 

electric fields hardly change the molecular structures. The external electric fields also 

do not alter the valence and chemical bond nature in the molecular structure due to the 

dependencies between the geometrical structure and chemical bond nature. 

 

Figure 1 Optimized structures of all-metal electride molecules M(Ni@Pb12)M (M = Be, Mg and 
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Ca) with M atom labels.  

Table 1 Evolution of selected structural parameters of all-metal electride molecules 
M(Ni@Pb12)M (M = Be, Mg and Ca) with increasing external electric field strength F. 

 F/10−4au 0 4 5 8 10 15 20 25 30 35 40 

Be(Ni@Pb12)Be Be1-Ni  4.028 4.014  4.008 3.979  3.967  3.938  3.912  3.883  3.860  3.838  3.820 

 Ni-Be2  4.020 4.035  4.041 4.074  4.089  4.128  4.167  4.209  4.251  4.294  4.336 

 Be1-Be2  8.048 8.049  8.049 8.053  8.056  8.066  8.079  8.092  8.110  8.132  8.156 

Mg(Ni@Pb12)Mg Mg1-Ni  4.637 4.395  4.376 4.335  4.315  4.282  4.261  4.249  4.243  4.242  4.244 

 Ni-Mg2  4.637 4.922  4.949 5.015  5.051  5.121  5.177  5.220  5.260  5.293  5.320 

 Mg1-Mg2  9.274 9.317  9.325 9.350  9.366  9.403  9.437  9.470  9.503  9.535  9.564 

Ca(Ni@Pb12)Ca Ca1-Ni  5.031 4.982  4.970 4.935  4.913  4.864  4.825  4.796  4.776  4.765  4.761 

 Ni-Ca2  5.031 5.083  5.097 5.137  5.164  5.228  5.288  5.340  5.386  5.422  5.449 

 Ca1-Ca2 10.062 10.065 10.067 10.072 10.077 10.092 10.113 10.136 10.162 10.187 10.210 

3.2 Molecular Stabilities 

For these all-metal electride molecules, the electronic stability is important in 

view of the existence of loosely-bound excess electrons. The electronic stability of a 

molecule may be characterized by its first vertical ionization potential (VIP) value. 

From Table 2, it can be seen that field-free VIP values of M(Ni@Pb12)M (M = Be, 

Mg and Ca) increase in the order Ca < Be < Mg. The VIP values of these molecules 

are slightly larger than the reported values of inorganic and organic electride 

molecules, 16, 91, 92 but smaller than the large value (7.78 eV) of the electride molecule 

with the excess electron protected inside the C36F36 cage.93 Hence, these all-metal 

electride molecules exhibit moderate electronic stability among investigated electride 

molecules. Note that the VIP values of these all-metal electride molecules only 

slightly vary with increasing external electric field (see Table 2), indicating that the 

influence of external electric field on electronic stability is small.  
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It is well-known that the gap between HOMO (the highest occupied molecular 

orbital) and LUMO (the lowest unoccupied molecular orbital) is another useful  

Table 2  First vertical ionization potentials (VIP, in eV), energy values of HOMOs (εHOMO, in 
eV), and HOMO–LUMO Gaps (H-L Gap, in eV). 

F/10−4au 0 4 5 8 10 15 20 25 30 35 40 
VIP            
Be(Ni@Pb12)Be 5.10 5.10 5.10 5.11 5.15 5.23 5.14 5.38 5.14 5.08 5.08 
Mg(Ni@Pb12)Mg 5.56 5.08 5.29 5.09 5.26 5.24 5.01 5.43 5.06 5.65 5.45 
Ca(Ni@Pb12)Ca 4.47 4.46 4.46 4.48 4.45 4.44 4.45 4.47 4.50 4.55 4.60 
εHOMO            
Be(Ni@Pb12)Be -4.26 -4.26 -4.26 -4.27 -4.27 -4.28 -4.29 -4.30 -4.32 -4.34 -4.37 
Mg(Ni@Pb12)Mg -4.33 -4.36 -4.37 -4.38 -4.40 -4.42 -4.45 -4.48 -4.52 -4.55 -4.58 
Ca(Ni@Pb12)Ca -3.65 -3.65 -3.65 -3.65 -3.66 -3.67 -3.69 -3.71 -3.74 -3.78 -3.82 
H-L Gap(eV)            
Be(Ni@Pb12)Be 1.40 1.40 1.40 1.40 1.40 1.40 1.41 1.42 1.43 1.44 1.45 
Mg(Ni@Pb12)Mg 1.24 1.26 1.26 1.28 1.29 1.31 1.33 1.36 1.38 1.41 1.43 
Ca(Ni@Pb12)Ca 0.96 0.96 0.96 0.97 0.98 1.00 1.02 1.06 1.10 1.14 1.19 

quantity for examining the molecular chemical stability. A large gap value reflects a 

high chemical stability. Table 2 lists the HOMO–LUMO (H-L) gaps of these all-metal 

electride molecules M(Ni@Pb12)M (M = Be, Mg and Ca). These values, which are 

relatively smaller than those of organic electride,91, 92, 94, 95 decrease in the order Be > 

Mg > Ca. However, HOMO-LUMO gap values of M(Ni@Pb12)M (M = Be, Mg and 

Ca) are comparable or larger than those of the all-metal clusters with interstitial La 

ion.96 Therefore, these studied all-metal electride molecules have the chemical 

stabilities close to those of some organic electrides and all-metal clusters.  

3.3 Changes of Excess Electron Orbitals Caused by Increasing External Electric 

Field  
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As far as we know, molecular orbital (MO) changes caused by an external electric 

fields are rarely reported,61,63 let alone field-induced evolution of excess electron  

 
Figure 2 Evolutions of HOMOs of M(Ni@Pb12)M (M = Be, Mg and Ca) with increasing external 

electric field strength.  

orbitals of an all-metal electride molecule. Interestingly, the HOMOs of the 

M(Ni@Pb12)M (M = Be, Mg and Ca) species are all occupied by two excess electrons, 

as is shown in Figure 2. In Figure 2 we also present the modifications of HOMO 

provoked by the increasing external electric field strength. 

The HOMO orbital of M(Ni@Pb12)M involves two delocalized electrons from 

two M atoms, which exist in the form of loosely bound excess electrons. Without the 

influence of external electric field, they occupy two hemispherical orbital lobes 

located at two opposite ends of the molecule. Therefore, the all-metal molecule 

M(Ni@Pb12)M looks like an electride molecule with a salt-like electronic structure 

e-+(M2+)(Ni@Pb12)2-(M2+)+e-. Within an external electric field parallel to the M-M 

axis, one of the HOMO electrons is partly transferred from the lower lobe to the upper 
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lobe, leading to asymmetric HOMO orbitals of M(Ni@Pb12)M (M = Be, Mg and Ca). 

As the external electric field further strengthens, the lower lobe tends to totally merge 

into the upper one, and then a long-range excess electron transfer occurs through the 

all-metal anion cage (Ni@Pb12)2-. The minimum electric field strength needed to form 

a single lobe orbital of excess electron lone pair is named as single lobe orbital 

electric field (Fs). Obviously, the Fs values of the M(Ni@Pb12)M molecules vary 

depending on the atomic number of alkaline-earth metal atom M. 

For the HOMO of Be(Ni@Pb12)Be, even at the largest computed strength of the 

electric field (F = 40 × 10-4 au), there is still a two-lobe orbital with a large and a 

small lobe. That is, the Fs of Be(Ni@Pb12)Be is out of the studied electric field range. 

For the HOMO of Mg(Ni@Pb12)Mg, the Fs value is located at 15 × 10-4 au. And for 

Ca(Ni@Pb12)Ca, similarly, a single lobe HOMO with two excess electron lone pair 

appears at 8 × 10-4 au (Fs). Then, at higher electric fields than Fs, the electronic 

structure of Mg(Ni@Pb12)Mg (Ca(Ni@Pb12)Ca) can also be described as salt-like 

Mg2+(Ni@Pb12)2-Mg2++2e- (Ca2+(Ni@Pb12)2-Ca2++2e-). The field-induced evolution 

of excess electron orbitals can be considered the origin of field-induced evolutions of 

electronic molecular structure and properties. From Table 2, we can see that when 

external electric field strength increases, the HOMO orbital energies monotonically 

decrease. Therefore, the external electric field decreases the molecular reductant 

strength (the ability of donating electron to the species with large electronegativity) of 

these all-metal molecular electrides.  
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As previously reported, the electride molecule 

e−···K(1)+···calix[4]pyrrole···K(2)+···e−
, which has two excess electrons separated by 

organic molecule calix[4]pyrrole, has dual characteristics of electride and singlet 

diradical.63 In this paper, the all-metal electride molecules 

e-+(M2+)(Ni@Pb12)2-(M2+)+e- also has two excess electrons located at opposite ends 

of the molecule. Then, are these three all-metal electride M(Ni@Pb12)M unusual 

singlet diradical molecules?  

A singlet molecule having two weakly interacting electrons with similar energy 

may be an open-shell singlet diradical system. In the molecular orbital (MO) picture, 

they are also represented as systems with two nearly degenerate bonding and 

antibonding MOs.97 However, the singlet diradical characteristic of an all-metal 

electrides molecule has not been discussed yet.  

Figure 3 shows the HOMO of two isolated electride molecules 

e-···Ca+F···FCa+···e- and the HOMO of an organic electride molecule 

e-···Li+NH2PhNH2Li+···e- with two separated isolated excess electrons. 
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Figure 3 The excess electron orbitals (HOMOs) of (a) e-···Ca+F···FCa+···e- (b) 
e-···Li+NH2PhNH2Li+···e- and (c) e-···Ca2+(Ni@Pb12)2-Ca2+···e-. For the all-metal 
electride molecule e-···Ca2+(Ni@Pb12)2-Ca2+···e-, the middle piece of HOMO from 
all-metal anion cage connects the two excess electron lobes (see c), which quenches 
the possibility of singlet diradical character.  

e-···Ca+F···FCa+···e- has a nearly pure singlet diradical characteristic, due to the 

non-interaction between the two excess electrons localized at long enough distance. 

Its high diradical character is y0 = 0.99, obtained from natural orbital populations of 

1.00024 in HOMO and 0.99976 in LUMO. For the organic electride, the complexant 

has no contribution to excess electron orbital (HOMO). Thus, the 

e-···Li+NH2PhNH2Li+···e- is also a singlet diradical with y0 = 0.99. However, the 

all-metal electride molecule e-···Ca2+(Ni@Pb12)2-Ca2+···e- with y0 = 0 is in fact a 

singlet closed shell molecule. The piece of its HOMO from all-metal anion cage 

(Ni@Pb12)2- connects two the excess electron lobes, indicating an interaction between 

two excess electrons. So the possible singlet diradical character is quenched.  

3.4 The Role of All-Metal Electride Molecules as NLO Switches  

As mentioned before, some organic molecules,60,62 organometallic complexes32 have 

non-centrosymmetry and switchable first hyperpolarizability, so they may serve as 

NLO switch molecules. Recently, we have found that the organic electride molecule 

e−···K(1)+···calix[4]pyrrole···K(2)+···e−, which has two isolated excess electrons, 

may also serve as external electric field driven NLO switch molecule.63 However, an 

NLO switch of novel all-metal electrides molecule has not been reported although it 

be expected.  
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The all-metal electride molecules M(Ni@Pb12)M (M = Be, Mg and Ca) with 

centrosymmetry have loosely-bound excess electrons, which are easily polarized and 

cause a strong shift in the electron density. Naturally, a small stimulus of an external 

electric field may alter the electron density of the molecule, which will bring high  

Table 3 Effects of external electric field F on the static electronic first hyperpolarizability 
𝛽𝛽0𝑒𝑒(𝐹𝐹)/103 and 𝛽𝛽𝑧𝑧𝑧𝑧𝑧𝑧𝑒𝑒 (𝐹𝐹)/103, in parentheses, computed at the field-dependent optimized structures. 

 
F/10−4au  

Be(Ni@Pb12)Be Mg(Ni@Pb12)Mg Ca(Ni@Pb12)Ca 

0 0 (0) 0 (0) 0 (0) 
4 3 (5) 118 (195) 1500 (2500) 
5 4 (7) 106 (174)  1700 (2900) 
8 8 (12) 70 (115) 2200 (3620) 

10 10 (15)   50 (81) 2100 (3600) 
15 14 (21) 16 (24) 1300 (2100) 
20 17 (26)   2 (6) 220 (360) 
25 19 (29)    9 (18) 320 (560) 
30 20 (31)    9 (20) 420 (730) 
35 22 (33)    7 (16) 340 (600) 
40 24 (36)   1 (8) 200 (380) 

NLO contrast. Consequently, an external electric field driven NLO switch of all-metal 

electride molecule can be expected.  

Table 3 shows the static first hyperpolarizabilities (𝛽𝛽0𝑒𝑒(𝐹𝐹)) of the three all-metal 

molecular electrides within different external electric field strengths. The 

M(Ni@Pb12)M (M = Be, Mg and Ca) molecules have centrosymmetric geometrical 

and electronic structure e-+(M2+)(Ni@Pb12)2-(M2+)+e-, so, without the interference 

from external electric field, their 𝛽𝛽0𝑒𝑒(0) values are zero. As a result, the all-metal 

electride molecule M(Ni@Pb12)M with 𝛽𝛽0𝑒𝑒(𝐹𝐹) = 0 is the off form in NLO contrast. 

When external electric field is applied, the partial excess electrons gradually transfer 

from one side M1 through the middle (Ni@Pb12)2- to the other side M2. In 



 18 / 38 
 

consequence, its centrosymmetric electronic structure will be broken, and then a high 

𝛽𝛽0𝑒𝑒(𝐹𝐹) contrast may occur. 

 
Figure 4 Evolutions of 𝛽𝛽0𝑒𝑒(𝐹𝐹) and excess electron orbital (HOMO) of Be(Ni@Pb12)Be with 

increasing electric field strength (See Table S4). 

For Be(Ni@Pb12)Be, for all the range of studied electric field strengths, its 

electronic 𝛽𝛽0𝑒𝑒(𝐹𝐹) value increases when electric field increases. Hence, the function 

𝛽𝛽0𝑒𝑒(𝐹𝐹) could be approximated to a monotonically increasing curve as it is shown in 

Figure 4. Then, the maximum 𝛽𝛽0𝑒𝑒(𝐹𝐹) value of 2.4 × 104 au corresponds to the 

maximum studied electric field strength F = 40 × 10-4 au, which is thus selected as the 

working electric field (Fw). The 𝛽𝛽0𝑒𝑒(𝐹𝐹) value increases from 0 (off form, F = 0) to 

the largest 𝛽𝛽0𝑒𝑒(𝐹𝐹𝑤𝑤) value of 2.4 × 104 au (on form, Fw = 40 × 10-4 au), so the on/off 
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manipulation of NLO switch Be(Ni@Pb12)Be can be performed using F = 40 × 10-4 

au and F = 0, respectively. In Figure 4 it is also exhibited the field-dependent 

evolution of excess electron HOMO (in shape and lobe size) of Be(Ni@Pb12)Be 

which shows a clear correlation between with the 𝛽𝛽0𝑒𝑒(𝐹𝐹) value. When the external 

electric field increases, as commented above the two-lobe HOMO gradually evolves 

toward decreasing the lower lobe and increasing the upper lobe, and the 𝛽𝛽0𝑒𝑒(𝐹𝐹) value 

gradually increases. Within the working electric field Fw = 40 × 10-4 au, HOMO with 

the smallest lower lobe and the largest upper lobe corresponds to the largest 𝛽𝛽0𝑒𝑒(𝐹𝐹).  

For Mg(Ni@Pb12)Mg, as it is shown in Figure 5, the function 𝛽𝛽0𝑒𝑒(𝐹𝐹) 

corresponds to a monopeak curve. The maximum value of 𝛽𝛽0𝑒𝑒(𝐹𝐹) of 1.18 × 105 au 

corresponds to the electric field F = 4 × 10-4 au (see table 3). So F = 4 × 10-4 au can 

act as the working electric field Fw of Mg(Ni@Pb12)Mg. This very small working 

external electric field transfers part of the excess electron from one end Mg1 atom 

through the middle (Ni@Pb12)2- to the other end Mg2 atom, which leads to high 

𝛽𝛽0𝑒𝑒(𝐹𝐹) contrast from 0 (off form , F =0) to the largest 𝛽𝛽0𝑒𝑒(𝐹𝐹) value of 1.18 × 105 au 

(on form, Fw = 4 × 10-4 au). So the on/off manipulation of NLO switch 

Mg(Ni@Pb12)Mg can be performed by using small F = 4 × 10-4 au and 0, respectively. 

From Figure 5, we can also see that the HOMO with double lobes is gradually 

changed toward decreasing the lower lobe and increasing the upper lobe. Under Fw = 

4 × 10-4 au, the HOMO present small lower lobe and large upper lobe. For external 

electric fields larger than the working electric field Fw, an s-type excess electron lone 
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pair is formed in HOMO, and the electronic structure of Mg(Ni@Pb12)Mg becomes 

(Mg2+)(Ni@Pb12)2-(Mg2+)+2e-. 

 
Figure 5 Evolutions of 𝛽𝛽0𝑒𝑒(𝐹𝐹) and excess electron orbital (HOMO) of Mg(Ni@Pb12)Mg with 

increasing electric field strength (See Table S4). 

The dependence of Ca(Ni@Pb12)Ca 𝛽𝛽0𝑒𝑒(𝐹𝐹) (103au) respect to external electric 

field strength F (10-4 au) can also be presented by a monopeak curve，as shown in 

Figure 6 and table 3. We can see from field-dependent HOMO evolutions that the 

small nonzero external electric field F = 8 × 10-4 au already induces a complete excess 

electron transfer from one end Ca1 atom through the middle (Ni@Pb12)2- to the other 

end Ca2 atom. Then, for F = 8 × 10-4 au, an s-type excess electron lone pair is formed 

and the corresponding electronic structure of the electride molecule becomes 
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(Ca2+)(Ni@Pb12)2-(Ca2+)+2e-. As a result, a very high 𝛽𝛽0𝑒𝑒(𝐹𝐹) contrast occurs. The 

𝛽𝛽0𝑒𝑒(𝐹𝐹) value increases sharply from 0 (off form, F = 0) to the largest 𝛽𝛽0𝑒𝑒(𝐹𝐹) value of  

 
Figure 6 Evolutions of 𝛽𝛽0𝑒𝑒(𝐹𝐹) and excess electron orbital (HOMO) of Ca(Ni@Pb12)Ca with 

increasing electric field strength (See Table S4).  

2.2 × 106 au (on form, Fw = 8 × 10-4 au). So the all metal electride molecule 

Ca(Ni@Pb12)Ca displays the optimal NLO switching behavior when are used as 

off/on forms zero and small 8 × 10-4 au fields, respectively.  

Above all, our all-metal electrides switch is based on an electronic structure 

isomerization due to only an excess electron transfer process. Therefore, these new 

type of switches are associated with a novel nonbonding electronic mechanism, 
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instead of a chemical bonding mechanism to alter the molecular geometrical structure. 

Then the valence and chemical bond nature of the electrides are unchanged in the 

switching process. This is different from reported cases (forming new valence/bond in 

altered molecular structure) of chemical change in redox reaction NLO switches and 

light irradiation NLO switches and so on. Considering the special mechanism of 

merely altering electronic structure, this switch may be named as electronic structure 

isomerization switch, while the others are chemical change switches. So such 

switching should be more sensitive, faster and reversible due to the implementation of 

a distinctive nonbonding evolution in the electride molecules.  

In this work, the field-induced NLO response for an all-metal molecule cannot 

be explained with the aid of simple two-level model98,99 involving electron 

transitionproperties (see Tables S1, S2 and S3 in the Supporting Information). 

Nevertheless, some correlations between the maximum β0 𝑒𝑒(𝐹𝐹𝑤𝑤) and corresponding 

transition energy (∆E) and the oscillator strength f0 are exhibited for these all-metal 

electride molecules. In Table 4 it is shown that the increasing maximum β0 𝑒𝑒(𝐹𝐹𝑤𝑤) 

order is consistent with the decreasing order of ∆E and increasing order of f0.  

Table 4 Working electric field strength (Fw/10-4 au), the field-dependent electronic contribution 
to the average static first hyperpolarizability (β0 𝑒𝑒(𝐹𝐹𝑤𝑤)/103 au), and the corresponding transition 
energy (ΔE), oscillator strength (f0), and electronic (β𝑧𝑧𝑧𝑧𝑧𝑧 𝑒𝑒 (𝐹𝐹𝑤𝑤)/103) and vibrational (β𝑧𝑧𝑧𝑧𝑧𝑧 𝑛𝑛𝑛𝑛(𝐹𝐹𝑤𝑤)/103) 
contributions to the z diagonal β component (the z axis is defined as the axis that connects the two 
alkali metals). ηnr/e is the ratio between β𝑧𝑧𝑧𝑧𝑧𝑧 𝑛𝑛𝑛𝑛(𝐹𝐹𝑤𝑤) and β𝑧𝑧𝑧𝑧𝑧𝑧 𝑒𝑒 (𝐹𝐹𝑤𝑤). 
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 ∆E (eV) f0 transitiona Fw  β0 𝑒𝑒(𝐹𝐹𝑤𝑤) β𝑧𝑧𝑧𝑧𝑧𝑧 𝑒𝑒 (𝐹𝐹𝑤𝑤) β𝑧𝑧𝑧𝑧𝑧𝑧 𝑛𝑛𝑛𝑛(𝐹𝐹𝑤𝑤) ηnr/e 

Be(Ni@Pb12)Be 2.8105 0.3651 H-L+9 40 24 36 170 4.7 

Mg(Ni@Pb12)Mg 1.2614 0.4190 H-L 4 118 195 3070 15.7 

Ca(Ni@Pb12)Ca 1.1592 1.7350 H-L 8 2200 3620 9080 2.5 

aH=HOMO, L=LUMO. In the two-state approximation, we selected excited states with maximum 
f0, and the transition with the largest proportion. 

The comparison of the HOMO shapes corresponding to the maximum β0 𝑒𝑒(𝐹𝐹𝑤𝑤) 

for the three different all-metal electride is quite interesting. The HOMO present 

small lower lobe and large upper lobe for Be(Ni@Pb12)Be, almost single lobe (very 

small lower lobe and very large upper lobe) for Mg(Ni@Pb12)Mg, and a single lobe 

for Ca(Ni@Pb12)Ca. However, as it can be seen in Figure 4, for Be(Ni@Pb12)Be the 

maximum values of β0 𝑒𝑒(𝐹𝐹𝑤𝑤) is out of the range of the studied electric field strength. 

Based on the results obtained for the other two all-metal electride one can assume that 

also for Be(Ni@Pb12)Be there will be a correspondence between the maximum value 

of β0 𝑒𝑒(𝐹𝐹𝑤𝑤) and a single lobe or quasi-single lobe shape of the HOMO. 

Luis and coworkers have determined and analyzed the vibrational, as compared 

to the electronic, NLO properties for a representative set of electrides.82 The effect of 

vibrations on the hyperpolarizability can be quite important and may even be much 

larger than the electronic counterpart.100 In Table 4 we present the comparison 

between the electronic and nuclear relaxation contributions to β𝑧𝑧𝑧𝑧𝑧𝑧 𝑒𝑒 (𝐹𝐹𝑤𝑤) for the three 

all-metal electrides. The ratio between the nuclear relaxation and electronic 

contribution goes from about 2.5 for Ca(Ni@Pb12)Ca to 16 for Mg(Ni@Pb12)Mg. 

Then, for the three electrides, 𝛽𝛽𝑧𝑧𝑧𝑧𝑧𝑧𝑛𝑛𝑛𝑛 (𝐹𝐹) is far larger than 𝛽𝛽𝑧𝑧𝑧𝑧𝑧𝑧𝑒𝑒 (𝐹𝐹), showing the key 
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role of the vibrational contributions in the determination of the nonlinear optical 

properties of the electrides. 

For the NLO molecules, the transparent region of electronic absorption spectrum 

is selected as its working waveband. The region of the working waveband has great 

importance in the design of NLO devices. Figure 7 show that the three all-metal 

electride molecules have infrared (IR) transparent region from 1.5 to 10µm (their 

infrared region to vibrational excitations is > 25μm). Thus, these three all-metal 

electride molecules could be used as new IR NLO materials. 

 

Figure 7 The electronic absorption spectra of the three all-metal electride molecules.  

4. CONCLUSIONS 
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In this paper we have shown how to construct a novel NLO molecular switch with IR 

transparency and centrosymmetry, which is triggered by an external electric field. 

This could open a key breakthrough in the challenging field of the research of new 

NLO switches. We have focused on the new concept of all-metal electride. In 

particular, we have studied the centrosymmetric all-metal electrides M(Ni@Pb12)M 

(M = Be, Mg and Ca), which contain loosely-bound anionic excess electrons. These 

molecular nonlinear optical (NLO) switches, which have been theoretically designed, 

can be turn on and turn off by an external electric field.  

 The loosely-bound excess electrons can be very easily polarized. Therefore, the 

all-metal electride excess electrons can be gradually driven by an external electric 

field from one lobe to opposite lobe of HOMO orbital. This electron transition causes 

a high β0 contrast due to the breaking of the centrosymmetry of the excess electron 

HOMO orbital. In this new type of electron transfer switch, the valence and chemical 

bond nature of the electrides are not altered. Then, on the contrary to the usual NLO 

switches mechanism which implies a molecular structure variation, the all-metal 

electride switches present a nonbonding distinct switching mechanism that could be 

named electronic structure isomerization. Certainly, such new type of NLO switches 

should be high sensitive, fast and reversible. Besides, these all-metal electride 

molecules have a working waveband in the infrared range (1.5-10μm), and hence are 

commendable IR NLO switch molecules. This work opens a new research field of an 

electric field manipulated IR NLO switches of all-metal electride molecules. 
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included. This material is available free of charge via the Internet at 

http://pubs.acs.org. 
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In the all-metal electride NLO switch molecules, an excess electron is driven by 

an external electric field from one end of the molecule to the other end, which brings 

dramatic β0 contrast from 0 (off form) to 106 au (on form).  


