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1.Introduction 
Materials with electride property have achieved much 

attention in the recent years. The history of the electride 

materials begins by the introduction of alkali metal-

ammonia solutions and solvated electrons in solution [1]. 

In addition, the first to postulate the existence of 

electrides, synthesize and characterize them was Dye et 

al [2-8]. The electrides (with cavity-trapped electrons) 

can be introduced as the smallest possible anions [9].  

 

Note that the confined electrons in the electride do not 

belong to any specific atom. It is interesting to notice that 

the electrides have low work function. Therefore, they 

can be used as strong reducing agents in chemistry. 

Unique properties of electrides can provide suitable 

opportunity for researchers to study electron transfer 

process at room temperature. Moreover, the isolated 

electrons in the electrides cause its potential applications 

such as the improved cathode material for fluorescent 

lights [10], emitting diodes for organic light [11], 

improved catalysts for the CO2 activation [12], splitting 

of N2 molecule [13-15], storage device of H2 molecule 

with reversible features [16] and powerful and selective 

reducing agents [17-19]. 

In the electride materials, the density of the confined 

electrons is not big enough to identify through the X-ray. 

Therefore, experimental researchers used indirect 

evidence [20-22] to achieve its experimental 

characterization. Indeed, a few researchers have 

attempted to analyze the electronic structure of the 

electrides [23, 24]. This means that computational 

techniques can be more suitable tools to identify the 

electride materials. In this regards, researchers used 

different computational techniques to identify the 

electride material. For example, some researchers 

introduced materials as electride based on large non-

linear optical properties (NLO) [25-27], non-nuclear 

attractors (NNAs) [28, 29] and electron localization 
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function (ELF) basins [30, 31]. Subsequently, some 

molecules presented these properties without the 

presence of confined electron in cavity of molecule. 

Therefore, none of these properties by itself can be used 

to identify electride materials, unambiguously. Matito et 

al. [32] 

 

 presented that some molecules mentioned in literature as 

electride material based on large NLOPs or frontier 

orbitals are not really materials with electride properties. 

They have suggested the simultaneous investigation of 

four criteria, the NNA and ELF basins, the Laplacian of 

the electron density (∇2𝜌(𝑟)) and NLO as necessary 

conditions to assert the presence of confined electron in 

cavity and confirm the true nature of electride material. 

Note that these four criteria can be used except when the 

NNAs are located in the close vicinity of an atom. More 

recently, Matito et al. [33] have established other 

computational protocol to identify, characterize, and 

design a new type of electrides which have the 

delocalized polyattractor character (metal cluster 

electrides). 

In the present work, our main objective is to introduce 

materials with electride property. To achieve this goal, 

we have focused on the tetracyanoethylene (TCNE) as 

backbone and carried out the systematic addition of the 

Na atoms (as strong electron donor) to TCNE backbone. 

By means of state of the art computational technique, we 

reveal details about the most stable geometry of 

Nan@TCNE (n=1-4) systems and incorporate them in 

either category of Sodium salts or Sodium electrides 

based on the investigation of the NNA and ELF basins, 

∇2𝜌(𝑟)) and NLO criteria. The results of the present 

work can introduce materials with electride properties. 

 

2. Computational methods 

In the present work, we have used the MP2 method 

conjugated to aug-cc-pVDZ [34] basis set to optimize 

possible geometries of the Nan@TCNE (n=1-4) systems. 

Moreover, the calculation of all vibrational frequencies 

of the Nan@TCNE (n=1-4) systems has been carried out 

to confirm lack of imaginary vibrational frequencies in 

the reported geometries. After the identification of the 

most stable geometries, we have calculated adsorption 

energy per Na atom (Eads), vertical ionization (EVI) and 

deformation energies (Ed) through equations (1)-(3), 

respectively. 

Eads = [E1 – nE(Li) – E (TCNE)]/n  

      (1) 

EVI = E2 − E1     

      (2) 

Ed = E3 – E (TCNE)    

                 (3) 

In the equations (1)-(3), E1 and E2 show the energy of 

Nan@TCNE (n=1-4) and [Nan@TCNE (n=1-4)]+ 

systems, respectively. Moreover, E3 stands for the energy 

of Nan@TCNE (n=1-4) system after elimination of the all 

Na atoms. We have used equations (4) and (5) to 

calculate the first hyper-polarizability (βtotal) using the 

finite-field approach [35] and an electric field magnitude 

of 0.0010 a.u. 

 𝛽𝑖 = 
3

5
 (𝛽𝑖𝑖𝑖 + 𝛽𝑖𝑗𝑗 + 𝛽𝑖𝑘𝑘)  

 (4) 

 𝛽𝑡𝑜𝑡𝑎𝑙 = (𝛽𝑥
2 + 𝛽𝑦

2 +  𝛽𝑧
2 ) 

1

2  

 (5)  

Finally, the optimization of geometry and the analysis of 

electron density in the present paper have been carried 

out by the Gaussian09 [36] and the multiwfn [37] 

programs, respectively. 

 

3. Results and discussions  

To design materials with electride features, we have 

added systematically up to four Na atoms to TCNE 

backbone. In the Na1@TCNE system, one Na atom has 

been added to different positions of the TCNE backbone. 

After the optimization process without constraint, we 

have categorized all the obtained geometries for 

Na1@TCNE system based on total energy and selected 

the most stable geometry of Na1@TCNE system. In the 

next step, the second Na atom has been added to different 

positions of the most stable geometry of Na1@TCNE 

system to obtain possible structures of Na2@TCNE 

system through full optimization process. 

 

 The similar trend has been used to reveal the most stable 

geometry of Na3@TCNE and Na4@TCNE systems in the 

present work. It is necessary to say that the Na1@TCNE, 

Na2@TCNE and Na3@TCNE systems are on the doublet, 

singlet and doublet potential energy surfaces (PESs), 

respectively. Because of comparable energies of 

Na4@TCNE system on the singlet and triplet PESs, we 

have reported the most stable geometry of Na4@TCNE 

system on both singlet (denoted as TCNE- Na4-I) and 

triplet (denoted as TCNE- Na4-II) PESs. Finally, solid 

lines have been used to present atomic connections in the 

Nan@TCNE (n=1-4) systems based on atoms in 

molecules (AIM) [38] analysis. 

 

3.1. Geometry and stability 

Fig. 1 presents the most stable geometry of Nan@TCNE 

(n=1-4) systems. In the TCNE- Na1 and the TCNE- Na2 

species, the Na atoms interact only with the Na atoms of 

the TCNE backbone. The Na - Na interaction has been 

found in the TCNE- Na3 and the TCNE- Na 4-II species. 

It is interesting to notice that Na -C interaction reveals  
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Face view                                   Side view                                             Top view            

Fig. 1 The most stable geometry for Nan@TCNE (n=1-4) systems.
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TCNE-Na1                               TCNE-Na2                             TCNE-Na3 

                        

TCNE-Na4-I                                                 TCNE-Na4-II 

Fig. 2 HOMO distribution in the Nan@TCNE (n=1-4) systems (isosurface=0.03 a.u). 

 

only in the TCNE- Na 4-I species. To study 

thermodynamic stability, we have listed the adsorption 

energies (Eads) per Na atom for the Nan@TCNE (n=1-4) 

systems in Table 1. According to Table 1, the range of 

Eads per Na atom is from -2.26 eV (in the TCNE-Na2 

species) to -1.08 eV (in the TCNE-Na4-I species). These 

big values indicate high thermodynamic stability of the 

Nan@TCNE (n=1-4) systems. Note that Eads per Na atom 

in the TCNE-Na4-I and the TCNE-Na4-II species is -1.08 

eV and -1.39 eV, respectively. This means that there is 

no significant difference between thermodynamic 

stability of the TCNE-Na4-I and the TCNE-Na4-II 

species. In addition to Eads, we have obtained the vertical 

ionization (EVI) and deformation (Ed) energies for the 

Nan@TCNE (n=1-4) systems to present other aspects of 

the electronic features. EVI can be used to evaluate the 

suitability of these species as an electron donor in 

electron transfer reactions. From Table 1, the smallest 

value of EVI belongs to the TCNE-Na4-I (4.88 eV) and the 

TCNE-Na4-II (5.04 eV) species. Therefore, these two 

species have the highest ability of electron donor among 

the Nan@TCNE (n=1-4) systems and these values are 

comparable with EVI of graphene (4.50 eV) [39] and 

graphite (4.80 eV) [39] which are used in the anode of Na 

based batteries. In the next step, we have calculated  

 

deformation energy (Ed) of the TCNE backbone due to 

the addition of Na atoms. Our results show that the TCNE 

backbone in the TCNE-Na4-I species includes severe 

deformation (4.75 eV) due to addition of four Na atoms. 

In contrast, the range of Ed for other species is from 0.31 

eV (in the TCNE-Na1 species) to 1.83 eV (in the TCNE-

Na4-II species). 

We have listed the energy values of the highest occupied  

 

molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) and their corresponding gaps 

in Table 2 to investigate electrochemical stability of the 

Nan@TCNE (n=1-4) systems. The range of 5.07 eV-7.72 

eV has been found for HOMO-LUMO gap which 

indicates high electrochemical stability in the 

Nan@TCNE (n=1-4) systems. Note that HOMO-LUMO 

gap of the TCNE-Na3 (5.57 eV) species is comparable 

with that of the TCNE-Na4-II (5.53 eV) species. It is 

interesting to reveal the distribution of HOMO (Fig. 2) 

and LUMO (Fig. 3) 

 

 in the Nan@TCNE (n=1-4) systems. In the TCNE-Na1, 

the TCNE-Na2 and the TCNE-Na4-I species, the 

distribution of HOMO is on the TCNE backbone. In 

contrast, the HOMO of the TCNE-Na3 and the TCNE-
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Na4-II species distributes in the space between Na atoms. 

Different from HOMO distribution, a similar trend has 

been found for the distribution of the LUMOs. All 

LUMOs in the Nan@TCNE (n=1-4) systems are on the 

Na atoms as shown in Fig. 3. 

 

3.2. Spin density 

In the next step, we have focused on spin density 

distribution of the Nan@TCNE (n=1-4) systems (Fig. 4). 

It is necessary to say that the TCNE-Na1, TCNE-Na3 and 

TCNE-Na4-II species have odd electrons in their 

electronic structure. Our results present that odd electron 

of the TCNE-Na1 species distributes only on the TCNE 

backbone. In contrast, more addition of Na atoms causes 

to transfer of odd electrons from the TCNE backbone to 

the space between Na atoms in the TCNE-Na3 and the 

TCNE-Na4-II species.  

 

                 

TCNE-Na1                                      TCNE-Na2                                          TCNE-Na3 

                            

TCNE-Na4-I                                                           TCNE-Na4-II 

Fig. 3 LUMO distribution in the Nan@TCNE (n=1-4) systems (isosurface=0.01 a.u). 

 

  TCNE-Na1                       TCNE-Na3     TCNE-Na4-II 

Fig. 4 Spin density distribution in the Nan@TCNE (n=1-4) systems (isosurface=0.004 a.u). 

 

3.3. Charge transfer  

The electron density of both TCNE backbone and Na 

atoms change due to Na-TCNE interactions in the 

Nan@TCNE (n=1-4) systems. To the best of our 

knowledge, the source of electron density change is 

charge transfer process. Therefore, the difference map of 

electron density (Fig. 5) can be used as useful tool to 

visualize the details of the charge transfer process. We  
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             TCNE-Na1                                                                  TCNE-Na2                                                                               

                                                                     

TCNE-Na4-II                                                               TCNE-Na3      

TCNE-Na4-I                                                             

Fig 5. Difference map of electron density for the Nan@TCNE (n=1-4) systems (isosurface=0.003 a.u). 

Table 1. Adsorption energy (Eads) per Li atom, vertical ionization energy (EVI) and deformation 

energy (Ed) for the Nan@TCNE (n=1-4) systems at the MP2/aug-cc-pVDZ computational level. 

Species Eads per Na atom EVI Ed 

TCNE-Na1 -1.57 5.94 0.31 

TCNE-Na2 -2.26 7.03 1.21 

TCNQ-Na3 -1.68 5.08 1.50 

TCNE-Na4-I -1.08 4.88 4.75 

TCNQ-Na4-II -1.39 5.04 1.83 

All energies are in eV   



Chem Rev Lett 3 (2020) 207-217 

213 

 

           

TCNE-Na1                        TCNE-Na2                          TCNE-Na3 

                      

TCNE-Na4-I                     TCNE-Na4-II 

Fig. 6 Position of the center of NNA basins (green basins) in the Nan@TCNE (n=1-4) systems. 

have obtained the difference maps of electron density in  

Fig. 5 through the difference of electron density between 

the Nan@TCNE (n=1-4) systems and its corresponding 

isolated subunits (the TCNE backbone and Na atoms) in 

the geometry of the complex. According to Fig. 5, the 

green regions (electron increment) have localized mainly 

on nitrogen atoms and two central carbon atoms in the 

Nan@TCNE (n=1-4) systems which confirm the role of 

electron acceptor for these atoms. 

 

Table 2. HOMO and LUMO energies and the HOMO-LUMO gaps for the Nan@TCNE (n=1-4) systems. 

HOMO-

LUMO gap 

Set 𝛽 Set 𝛼 Species 

LUMO energy HOMO energy LUMO energy HOMO energy 

7.72 -0.52 -8.85 -0.52 -8.24 TCNE-Na1 

7.00 ---- ---- 0.24 -6.76 TCNE-Na2 

5.57 0.31 -6.92 0.31 -5.26 TCNE-Na3 

5.07 ---- ---- 0.12 -4.95 TCNE-Na4-I 

5.53 0.44 -7.12 0.33 -5.20 TCNE-Na4-II 

Italic values have been selected for the calculation of the energy gap between the HOMO and the LUMO. 

All reported energies are in eV. 
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In contrast, the localization of red regions on the Na 

atoms and four side carbon atoms shows electron 

depletion regions and the role of electron donor in these 

atoms. Therefore, charge transfer process is from the Na 

atoms and four side carbon atoms to nitrogen atoms and 

two central carbon atoms. 

 

3.4. Category: sodium salt vs sodium electride   

The investigation of some electronic properties of the 

Nan@TCNE (n=1-4) systems in the previous sections 

such as EVI, distribution of HOMO and spin density 

indicates that the features of TCNE-Na3 and the TCNE-

Na4-II species are somewhat different from the TCNE-

Na1, TCNE-Na2 and TCNE-Na4-I species. These 

different features motived us to categorize the 

Nan@TCNE (n=1-4) systems using the following four 

criteria: NNA, ELF, ∇2𝜌(𝑟) and NLO. At first, the 

existence of NNA basin has been investigated for all 

Nan@TCNE (n=1-4) systems. Note that NNA basin is not 

a frequent property of electron density and appears only 

in few species. According to Fig. 6, there are no NNA 

basin in the TCNE-Na1, the TCNE-Na2 and the TCNE-

Na4-I species. This means that we can incorporate the 

TCNE-Na1, the TCNE-Na2 and the TCNE-Na4-I species 

in the category of lithium salts. In contrast, one and two 

NNA basins appear in the space between Na atoms in the 

TCNE-Na3 and the TCNE-Na4-II species, respectively. It 

should be very interesting to determine the electron 

population in the obtained NNA basins. Based on the 

calculated results, 0.43 e exists in each of NNA basins of 

the TCNE-Li3 and the TCNE-Li4-II species. More details 

regarding NNA basins are in Table 3. Subsequently, three 

additional criteria: ELF, ∇2𝜌(𝑟) and NLO have been 

studied with more details to confirm the presence of 

isolated electron in the Nan@TCNE (n=1-4) systems. The 

ELF [30, 31] has been known as a popular descriptor of 

electron rich regions among computational researchers. 

 The ELF has been widely used in different systems to 

confirm electron localization in a covalent bond, a lone 

pair, etc. Therefore, the detection of ELF basins is a 

useful tool for the confirmation of isolated electron 

associated to the electron density NNA basins. Fig. 7 

presents the ELF isosurface with 0.80 value. From Fig. 7, 

the ELF displays a basins (with 0.90 e) in the space 

between Na atoms for the TCNE-Na3 and TCNE-Na4-II 

species. This confirms the presence of an isolated 

electron in the NNA positions. In the next step, we have 

calculated ∇2𝜌(r) value in the NNA positions for the 

TCNE-Na3 and TCNE-Na4-II species. The negative value 

of ∇2𝜌(r) (-0.010 a.u) reinforces possibility of electride 

material in the TCNE-Na3 and the TCNE-Na4-II species.  

As fourth criterion, we have investigated the NLO 

characteristics of the Nan@TCNE (n=1-4) systems 

through the value calculation of the first 

hyperpolarizability (βtotal) which has been shown in Fig. 

8. Note that the NLO criterion may only be applicable to 

the molecular, rather than solid-state, electrides [40]. The 

βtotal value of the TCNE-Na4-II species (3.02 a.u) is very 

small. This means that fourth criterion of electride 

formation (NLO behavior) has been not fulfilled in the 

TCNE-Na4-II species. Therefore, the TCNE-Na4-II 

species should be incorporated in category of sodium salt. 

We have calculated the βtotal value of 4298.5 a.u for the 

TCNE-Na3 species which is the biggest value reported for 

the βtotal in the present paper. Therefore, four criteria of 

NNA, ELF, ∇2𝜌(𝑟) and NLO fulfill in the TCNE-Li3 

species and we can introduce the TCNE-Na3 species as 

electride material in the Nan@TCNE (n=1-4) systems. It 

is necessary to say that Chen and Manzhos [41] have 

proposed the Nan@TCNE (n=1-4) systems as promising 

candidate materials for organic battery electrodes which 

confirms significant application of Nan@TCNE (n=1-4) 

systems. 

 

Table 3. The distance of the sodium atoms to the NNA |𝑟(𝑁𝑁𝐴−Na)|, the values of the electron density (ρ(Ω)) and the 

Laplacian of the electron density (∇2𝜌(Ω)) at the Ω position, electron population of Ω (N(Ω)), electron localization (LI) 

and percentage of electron localization (%LI) from the total electron population. 

Species Ω |𝑟(𝑁𝑁𝐴−Na)| 𝜌(Ω) ∇2𝜌(Ω) N(Ω) LI %LI 

TCNE-Na3 NNA1 3.42 0.010 -0.004 0.43 0.18 42 

TCNE- Na4-II NNA1 3.42 0.010 -0.004 0.43 0.18 42 

NNA2 3.42 0.010 -0.004 0.43 0.18 42 

All values are in atomic units. 
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TCNE-Na1         TCNE-Na2                                    TCNE-Na3 

 

        

TCNE-Na4-I                                 TCNE-Na4-II 

Fig 7. ELF isosurfaces in the Nan@TCNE (n=1-4) systems (isosurface value =0.80) 

 

Fig. 8 Value of first hyperpolarizability for the Nan@TCNE (n=1-4) systems.

4. Conclusions 

In the present work, we have carried out a computational 

study based on MP2 method to report the electronic and 

structural properties of the Nan@TCNE (n=1-4) systems 

which includes systematic addition of four Na atoms to 

TCNE backbone. The obtained results can be 

summarized as follows: 

a) The range of Eads per Na atom is from -2.26 eV to -1.08 

eV which presents high thermodynamic stability of 

Nan@TCNE (n=1-4) systems. 

b) According to vertical ionization energy (EVI), the 

smallest values of EVI has been found for the TCNE-Na3 

(5.08 eV) species and the TCNE-Na4-II (5.04 eV) species 
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and the TCNE-Na4-I (4.88 eV) species that shows their 

higher ability for using as source of electron donor.  

c) The range of 7.72 eV - 5.07 eV has been found for 

HOMO-LUMO gap which confirms high 

electrochemical stability in the Nan@TCNE (n=1-4) 

systems.  

d) According to the difference map of electron density, 

Na and N atoms have the role of electron donor and 

electron acceptor, respectively. In contrast, C atoms can 

have both roles in the Nan@TCNE (n=1-4) systems. 

e) To classify the Nan@TCNE (n=1-4) systems in two 

categories: sodium electride or sodium salt, we have 

studied four criteria: NNA, ELF, ∇2𝜌(𝑟) and NLO. Our 

results show that TCNE-Na1 and TCNE-Na2 and TCNE-

Na4 species cannot fulfil simultaneously the four criteria 

of NNA, ELF, ∇2𝜌(𝑟) and NLO. In contrast, all four 

criteria have been fulfilled for TCNE-Na3 species. This 

means that the TCNE-Na3 species can be considered as 

electride material with the isolated electrons in the space 

between the Na atoms. Therefore, Na:TCNE ratio is very 

important factor to provide species with electride 

property through the addition of Na atom to the TCNE 

backbone. 
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