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ABSTRACT 

Density Functional Theory based calculations of Zintl complex Ge5R, proposed that it is possible to anticipate which 

electron-counting rule will be suitable for the examination of stability of Zintl complex. The two prominent electron-

counting rules have been taken into consideration, Jellium shell closer model and Wade-Mingos  rule. Upon 

thorough analysis, we have observed that, if the ligand is electron donating, the Jellium shell closer model describes 

complex stability and electron withdrawing ligand leads to Wade-Mingos rule to describes the stability of the Zintl 

complex, Ge5R. 
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1. INTRODUCTION 

Electron counting rules
1-4 

plays a significant role 

in chemistry. They help in anticipating the 

stability of the molecules, complexes, metal 

clusters
5,6

 etc. Depending on the nature of the 

molecules, we have various electron counting 

rules e.g. the well-known Octet rule
7 

which is 

suitable for main group elements, while 18 

electron rule
4,8-11

accounts for the stability of the 

transition metals and its complexes. In spite of 

these electrons counting rules, there are other 

electron counting rules developed time to time to 

analyze the stability of different molecules and 

complexes. The renowned Jellium shell closer 

model
12,13 

and Wade-Mingos rule
14-17

are two 

among those other rules. The Jellium model had 

its origin in nuclear physics and first applied to 

gas phase clusters. The magic numbers of this 

model that leads to stability of the systems that 

includes 2, 8, 18, 20, 34, 40…. electrons. The 

superatom
18-24

behaviour of Al13-cluster can be 

explained by Jellium shell closer model. 

According to this model the electronic 

configuration is 1s
2
 1p

6
 1d

10
 2s

2
 1f

14
 2p

6
…... 

which is different from the Aufbau principle
25

. 

On the other hand, Wade-Mingos rule follows 

4n+2, 4n+4, 4n+6 pattern to form closo, nido, 

arachno based polyhedral cluster respectively, 

where n is the number of vertices of the cluster. 

The stability of Ge9
2-

 cluster
26-27

 which is a 38 

valance electron system is explained only by 

Wade-Mingos rule as it follows the 4n+2 pattern 

whereas, the stability of Ge9
4-

 cluster
28-29 

is 

explained by both Jellium and Wade-Mingos 

rule due to 40 electron system. Thus we can see 

that these electron counting rules can be 

implemented individually or simultaneously to 

foretell the stability of the complexes. In the 

manuscript we want to see which electronic 

counting rule will be applicable to predict the 

stability of a Germanium-based Zintl complex 

Ge5R where R act as some electron donating 

group (EDG) like -NH2, -OH, -NHCOCH3, -

OCOCH3, -CH3, -Ph, -(CH=C(CH)3)2,  and 

electron withdrawing group (EWG) as –F, -Cl, -

Br, -CHO, -COCl, -CF3, -CN, -SO3H,  -NO2. 

Here, Ge5 is a 20 valence electron system and we 

assume that each R will give one electron to the 

core,(when the ligand R coordinate with Ge5 
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cluster by one of equatorial Ge atom leads to the 

formation of Ge5R) leading to the formation of 

Ge5R in which , 21 electrons take part in the 

bonding. According to any electronic counting 

rule it is not a stable electronic configuration. 

Now to gain the stability, Ge5R complex can 

take either one additional electron to have 22 

electrons or it can lose one electron and becomes 

20 electron system. According to the Wade-

Mingos and Jellium rule, both 22 and 20 are 

stable electron configuration respectively. We 

assume that the nature of the R will play a 

significant role in selecting the electron-counting 

rule. If R is an electron-donating group, then 

electron density inside the core Ge5 will be high. 

To maintain the stability, the complex will eject 

one electron. So 21 electronic system becomes 

20 electron system and thus Jellium shell closer 

model can explain its stability. The situation will 

be reverse when the nature of the R will be 

electron withdrawing. In this case, the complex 

will take an additional electron. So in the 

complex 22 electrons will take part in the 

bonding. This which can be explained by Wade-

Mingos rule. In this manuscript we have 

investigated this idea and try to give a general 

explanation that helps to select the electron-

counting rule for the account of stability of 

Germanium complex. 

Objectives 

 To understand effect of ligand on the 

Ge5R complex. 

 Detailed study of Jellium shell closer 

model and Wade-Mingos rule in the help 

of EDG and EWG. 

 

2. COMPUTATIONAL DETAILS  

To investigate our idea, we have optimized all 

model Ge5R (R=EWG/ERG) clusters to have 

ground state electronic structure. In Ge5
2-

cluster
30 

two positions are suitable for ligand 

substitution, axial and equatorial. So we have 

optimized all the axial and equatorial isomers by 

employing wB97XD
31

 level of theory with 6-

31+G(d,p) as basis set. In addition, we have 

performed the vibrational frequency calculation 

by using same level of theory and basis set. In 

every cases zero imaginary frequencies indicate 

that all the investigated systems are at local 

minima on their respective potential energy 

surfaces. Further to obtain the electron affinity 

(EA) and ionization energy (IE) we have 

optimized their corresponding cations and 

anions. From the energy difference of the cation, 

neutral and anion, we have calculated the EA 

and IE. We have performed NBO
32

 analysis to 

get Wiberg bond index values, charge 

distribution pattern and electron population 

distribution. In addition to NBO analysis, we 

have calculated the Laplacian of electron 

density, bond critical point between two atoms to 

see whether the ligands are really sharing their 

valance electrons with the Core Ge5. A 2c-2e 

bonds are also analyzed by Adaptive Natural 

Density Partitioning (AdNDP)
33

 method. All the 

calculations were carried out utilizing the 

Gaussian 09W
34

 software and multiwfn
35

 

software. 

3. RESULTS AND DISCUSSION 

As mentioned earlier, we have assumed that the 

ligands are sharing one valance electron with 

Ge5 core to form Ge5R complex, we have taken 

three different ligands NH2, NO2 and CH3 to 

make sure that they indeed sharing one electron 

to make Ge5R (R= NH2, NO2 and CH3) complex 

where 21 electrons will be the number of 

bonding electrons. The optimized ground state 

geometries are given in Figure 1. We have 

noticed that, the equatorial isomer is more stable 

than axial isomer. The Wiberg bond index 

calculated from NBO analysis are given along 

with the optimized geometries. We have found 

that, the bond index values between Ge and N 

atom for Ge5NH2 is 0.785 whereas for CH3 and 

NO2 it is 0.853 and 0.565 respectively.  This 

suggests that there is an indication of bond 

formation between Ge and N/C atoms. To 

investigate further, we have generated the 

covalent character of the complex, contour map 

of electron density Laplacian along with bond 

critical points. The corresponding figures are 

given in Figure 2. Positive and negative electron 

densities are denoted as solid and dashed lines 

respectively. The electron density contour 

suggests that there is an interaction between 

atom involved in bonding. We have also found a 

bond critical point between Ge and N/C atoms. 



Rakesh Parida et. al./ Int.J.HIT.TRANSC:ECCN. Vol.4: Issue 1A (2018) 

 

ISSN: 0973-6875                                                                                                                                                        P a g e  | 3 

 

This indicates that ligands are forming bonds 

with Ge5 cluster to produce Ge5R complex. For 

further clarification we have performed a 2c-2e 

bond analysis between Ge and N/C atoms by 

AdNDP methodology. The 2c-2e bonds are 

presented in Figure 3.  The occupancy number 

for all three cases is 1.99|e| which indicates the 

presence of a bond between Ge and N/C atoms 

of the ligands via electron sharing. From the 

above analysis we can assume that 21 electrons 

(Core : 20 ligand : 1) are taking part in bonding. 

To confirm the number, we have seen the natural 

electron configuration and natural electron 

population after bond formation between the Ge5 

and the NH2 and NO2, which has been shown in 

Table 1 and Table 2 respectively. 

 
Figure 1:  Wiberg bond index in NAO basis between 

Ge, N of Ge5NH2 and Ge5NO2 and Ge, C of Ge5CH3 

From the NBO analysis we have found that the 

population of Ge5 is approximately 20. When 

this Ge5 forms bond with NH2 then the 

population of core Ge5 decreases to 19.26. That 

suggests, the remaining electrons are taking part 

in the formation of the bond between Ge-N. 

From 2c-2e analysis we confirmed that, two 

electrons are involved in the formation of the 

bond. So the overall bonding electron population 

in Ge5-N is approximately 21 (Core: ~19; Ge-N: 

2). The same is obtained for [Ge5NH2]
+
 and 

[Ge5NH2]
-
. In [Ge5NH2]

+
, [Ge5NH2]

- 
the 

population of core Ge5 is 18.39 and 20.25 

respectively and the overall population is 

approximately 20 for cation and 22 for anion 

complex. 

Similarly, we have found in [Ge5NO2] the 

natural population core Ge5 is 19.45 and the 

extra electron involved in 2c-2e bond formation 

between Ge5-N. So, we can say that the overall 

population is approximately 21 in this complex. 

 

 
 

 

 

 

 

Figure 2: Colour and Contour map of electron 

density laplacian of Ge5NH2 , Ge5CH3, Ge5NO2; 

On the plane containing three axial Ge and N in 

both the case;(3,-1) Bond critical point (blue), (3,-

3) Nuclear Critical point (orange) with topology 

paths; Positive and negative values are denoted 

by solid and dashed line respectively 

 

Figure 3:  2c-2e bond between Ge and R of Ge5NH2, 

Ge5CH3 and Ge5NO2 with occupation number (ON) 
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Again in [Ge5NO2]
+
, [Ge5NO2]

- 
the population of 

core Ge5 is 18.39 and 20.18 respectively. So the 

overall population is approximately 20 and 22 

for cation and anion complex respectively. Now 

it is important to know which stable electron 

system will be adopted by the neutral complex. 

 
Table 1: Valence electron configuration of Ge5NH2 

and Ge5NO2 from NBO analysis 

Atom 

with 

label 

Ge5NH2 Ge5NO2 

Ge1 

 

 

Ge2 

 

 

Ge3 

 

 

Ge4 

 

 

Ge5 

 

 

N 

4S(1.76)4p(2.11)4d(0.3)   

5p (0.1) 

4S(1.17)4p(2.40)5S(0.0) 

4d(0.04) 5p( 0.01) 

4S(1.76)4p(2.12)4d(0.3) 

5p(0.01) 

4S(1.67)4p(2.33)4d(0.4)    

5p (0.01) 

4S(1.67)4p(2.33)4d(0.4) 

5p(0.1) 

2S(1.48)2p(4.80)3p(0.1) 

4S(1.77)4p(2.07)4d(0.03)  

5p( 0.01) 

4S(1.69)4p(2.19)4d(0.04)   

5p( 0.01) 

4S(1.28)4p(2.57)4d(0.05)  

5p( 0.02) 

4S(1.77)4p(2.07)4d(0.03)    

5p( 0.01) 

4S(1.69)4p(2.19)4d(0.04)    

5p( 0.01) 

 2S( 1.22)2p(3.42)3S(0.02) 

3p( 0.03)3d( 0.02)4p( 0.01) 

 

 

Table 2: Natural electron population of Ge5NH2 

and Ge5NO2 from NBO analysis 

 
Natural electron population 

 

Ge5NH2  

 

Ge5NO2 

Atoms Neutral Cation Atoms Neutral Anion 

   Ge1 

Ge2 

Ge3 

Ge4 

Ge5 

N 

H 

H 

3.88 

3.56 

3.89 

4.0 

4.0 

6.28 

0.56 

0.56 

3.49 

3.24 

3.49 

4.09 

4.09 

6.28 

0.53 

0.53 

    Ge1 

Ge2 

Ge3 

Ge4 

Ge5 

N 

O 

O 

 

3.83 

3.88 

3.84 

3.83 

3.88 

4.63 

6.35 

6.35 

4.07 

4.08 

3.88 

4.07 

4.08 

4.62 

6.40 

6.40 

 

In the case of Ge5NH2, NH2 is acting as an 

activating group, and it can donate electrons to 

the Ge5 cluster. 

 

Figure 4:  Highest Occupied Molecular Orbital of 

Ge5NH2 and Ge5NO2 

        
So the electron density inside the cluster 

increases. Reverse will happen in case of a 

deactivating group like NO2. In this case electron 

density will be less. To account that we have 

generated the frontier molecular orbitals, mainly 

HOMO. The corresponding HOMO’s are given 

in Figure 4.  
 

From Figure 4 it can be visualized that electron 

density over the three membered ring of Ge5 

cluster is high in the case of NH2 than NO2. If 

this is the case, the electron affinity of Ge5R 

having activating/deactivating groups will be 

less/high. In other word ionization potential of 

Ge5R having activating/deactivating groups will 

also be less/high. To explain this, we have 

calculated the EA and IE of these complexes and 

found that the EA (IE) of Ge5NH2 is 2.625 eV 

(6.755 eV) whereas for Ge5NO2 it is 3.288 eV 

(7.699 eV). This suggests that Ge5NH2can easily 

release an electron to have the stable electronic 

structure as [Ge5NH2]
+ 

in which there will is 

approximately 20  bonding electron as found in 

NBO analysis. Now the stability can be 

explained by Jellium shell closer model. But The 

situation is reversed in the case of Ge5NO2. It 

wants to get stabilized by receiving an extra 

electron to form 22 electron system, [Ge5NO2]
-
 

which can be explained by the Wade-Mingos 

rule.  

After having these results, we have modeled the 

rest of the complexes with all possible isomers. 

The optimized geometries of Ge5R complexes 

are given in Figure 5. and Figure 6. 

In Figure 5, R is electron donating group 

whereas in Figure 6, R is electron withdrawing 

in nature. Most of the cases we have found that 
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equatorial position is most preferable than axial 

for ligand substitution. The energy differences 

between two isomers are also given in Figures 5 

and 6. As for example equatorial Ge5NH2, 

Ge5CH3 are 0.05 eV more stable than its 

correspond axial isomers. For ligand Ph, 

equatorial complex is 0.27 eV more stable than 

axial.  

 
Figure 5: Optimized geometries of different Ge5R 

(R=EDG) complexes with energy difference 

 

Figure 6:  Optimized geometries of different Ge5R 

(R=EWG) complexes with energy difference 

 The situation is reversed when the ligand is Cl. 

Here axial Ge5Cl is more stable than equatorial 

complex by 0.02 eV. Now the question is which 

selection rule we can apply for these complexes 

to describe the stability. The tendency of taking 

or releasing electron can be determined by 

calculating the electron affinity (EA) and 

ionization energy (IE) respectively. The 

calculated electron affinity and ionization energy 

values of these Ge5R complexes are shown in 

Table 3 and Table 4 respectively. 

Table 3: Calculated Electron affinity of 

different Ge5R complexes 

 
Table 4:  Calculated Ionisation Energy of 

different Ge5R complexes 

Compound 
IE 

(eV) 
Compound IE (eV) 

Ge5(NH2) 6.755 Ge5F 7.335 

Ge5(OH) 7.05 Ge5Cl* 7.268 

Ge5(NHCOCH3) 6.293 Ge5Br 7.238 

Ge5(OCOCH3) 7.031 Ge5(CHO) 7.22 

Ge5(CH3) 6.848 Ge5(COCl)     7.462 

Ge5(C6H5) 6.813 Ge5(CF3)     7.442 

Ge5(CHC(CH3)2) 6.7       Ge5(CN) 7.634 

Ge5H 7.047 Ge5(SO3H) 7.517 

  Ge5(NO2) 7.699 

Compound 
EA 

(eV) 
Compound EA (eV) 

Ge5(NH2) 2.625 Ge5F 2.970 

Ge5(OH) 2.798 Ge5Cl* 3.317 

Ge5(NHCOCH3) 2.782 Ge5Br 3.001 

Ge5(OCOCH3) 3.222 Ge5(CHO) 2.980 

Ge5(CH3) 2.587 Ge5(COCl)     3.161 

Ge5(C6H5) 2.724 Ge5(CF3) 3.049 

Ge5(CHC(CH3)2) 2.607      Ge5(CN) 3.216 

Ge5H 2.708 Ge5(SO3H) 3.399 

  Ge5(NO2) 3.288 
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From the table, we can observe that in the 

presence of electron donating group the EA 

values are less whereas it is high for electron 

withdrawing group. This implies that the system 

is not willing to take additional electron, rather 

releasing electron to gain stability. 

4. CONCLUSIONS 

By relating all the theoretical data and 

explanation, we can conclude that ligands are 

sharing electron to form complex and nature 

of the ligand leads to different electron 

counting rule to explain the stability. 

Electron releasing group ended up with 

Jellium shell closer model whereas Wade-

Mingos rule is associated with the electron 

withdrawing nature of the ligand. 
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