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Abstract  

Presolvated electron possibility in three oxidation states of aluminum –Al(0), Al(I), and Al(II)– 

has been theoretically investigated for the Al+6NH3, Al(CH3)+5NH3, and Al(CH3)2+4NH3 reactions. 

It has been shown that the metal center adopts a tetrahedral shape for its most stable 

geometric structure, whatever the degree of Al oxidation state. Using different analysis 

techniques (highest occupied molecular orbital shapes, spin density distribution, and electron 

delocalization range), we showed that we have shown that presolvated (delocalized) electrons 

are only formed in the Al(CH3)2(NH3)p coordination complexes when 2  p 4.  It has also been 

evidenced that these delocalized electrons being powerful reducing agent allowed two CO2 

molecules to be captured and forming an oxalate ion in close contact with 

[Al2(CH3)2(CH2)2(NH3)4]2+ dication core. 
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I. Introduction 

It has been well known, since the early years of the nineteenth century, that the alkali metal 

solvation in ammonia significantly displaces the alkali valence electron from the metal center, 

which leads to confined electrons by the solvent shell.1–3  

Over the last few decades, numerous experimental 4–7 and theoretical 8–16 studies have 

addressed not only the solubility of different metals 4,15,17–24 in NH3 but also the role of different 

solvents in the formation of solvated electrons. 25–28 The study of solvated metals in NH3 has 

recently been applied to some transition metals.21–23 Experimental and theoretical works have 

evidenced that the solvation of metals in different solvents (ammonia, water, and 

tetrahydrofuran (THF), for example) give rise to the three categories of solvated species: 

tetracoordinated complexes such as Li(NH3)4,6,18,29 hexacoordinated species such as 

Na(NH3)6,17,30 and octacoordinated compounds such as Y(NH3)8.22 

Several works have been devoted to understanding and rationalizing the process of solvated 

electron formation during alkali metal solvation in ammonia.8,10,20,30,31 In the case of 

Na(THF)6,30,31 the valence electron 3s loses its spherical symmetry as the number of THFs 

encircling the neutral Na atom increases from 1 to 6. The main cause of this deformation is 

indeed the Pauli repulsion between the valence electron of Na and the O lone pair electrons. 

Thanks to this repulsion, the valence electron of Na is pushed back in the opposite direction to 

the Na–O dative bond formation. The valence electron exhibits a three-dimensional fan shape 

(skullcap) located on the opposite side of four tetrahydrofuran molecules in Na(THF)4, which 

again gets its spherical shape in Na(THF)6.31 Miliordos and co-workers, in a systematic 

investigation on the nature of supermolecular bonds, showed that such a molecular complex 

mimics a super-atom whose valence electron is distracted in a super-orbital (outer 

orbital).13,20,23,32 For instance, the neutral Mg(H2O)6 complex in its ground electronic state 

should be considered as a dication Mg(H2O)6
2+ core in tight contact with two electrons 

accommodated near the coordinated water molecules.18 In this sense, a solvated electron 

distributed in the periphery of ligands in dative interaction with the cationic core differs from 

the proton encircled within a molecular building bloc.33,34 Such molecular clusters were called 
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“solvated electron precursors” (SEPs) for the first time by Miliordos and co-workers.15 

To the best of our knowledge, dissolving aluminum in ammonia by electrolysis has only been 

mentioned once in a communication to the editor.35,36 We found no other experimental or 

theoretical work in the literature about the solvation of Al in NH3 forming solvated cations and 

solvated electrons.  

The purpose of the present work is to extend the study of the solvated electrons to the 

molecular compounds containing Al, Al(CH3), and Al(CH3)2 in interaction with ammonia. Our 

study will focus on three questions: 1) for each of the three systems, what is the maximum 

number of NH3 in the first coordination shell? In other words, can we have hexacoordinated 

aluminum? 2) For the most stable structure of each system, do the valence electrons of Al 

remain localized on the metallic center, or delocalized to the periphery of NH3? 3) Can we use 

these delocalized electrons as reducing agent to capture and activate CO2 molecule? 

II. Computational details 

All first principles calculations were performed using the Gaussian 09 or Gaussian 16 quantum 

chemical packages.37,38 Optimization of the stationary points on the potential energy surface 

was performed using density functional theory with Handy's long-range corrected version of 

B3LYP exchange-correlation functional 39–43 including the D3 version of Grimme’s dispersion 

with Becke-Johnson damping (GD3BJ) 44, noted as CAM-B3LYP-GD3BJ in this paper. The Pople 

triple-ζ quality basis set extended with polarization and diffuse functions, 6-311++G (2d, 2p) has 

been used for all atoms.45,46 Selected calculations use Hartree-Fock theory (HF), second-order 

many-body perturbation theory (MP2), or complete active space self-consistent field (CASSCF) 

methods at CAM-B3LYP geometries. 

To analyze the structure of solvated electrons in real space, we used two topological 

approaches: the EDR (electron delocalization range) 47–49 and the ELF (electron localization 

function).50 The EDR and ELF are two complementary techniques that allow us to quantify the 

diffuse character of solvated electron (EDR), and measure the degree of electronic localization 

(ELF) within a chemical compound. The ELF is large (near 1) in regions that have single-electron 

character, and small (near zero) in regions such as core-valence overlap regions. 
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The EDR(r;d) is the expectation value of a nonlocal one-electron operator, namely, the 

projection of the system’s wavefunction onto a normalized one-electron Gaussian function 

centered at point r with Gaussian exponent d-2. In regions where this overlap is near 1, the 

electronic structure about point r is dominated by orbitals delocalized over distance d. We 

quantify this using the orbital overlap distance D(r), defined as the distance d maximizing 

EDR(r;d).  Plots of electron density isosurfaces, colored with the value of D(r), highlight regions 

of space containing delocalized electrons. For the ELF topological analysis, the partition of the 

molecular space in terms of nonoverlapping space-filling domains has been performed using the 

TopMod package. 51 The EDR and overlap distance are evaluated using the Multiwfn package 52 

or the Gaussian 16 package.38 

III. Results and discussion 

Recently, by pure analogy with the results obtained for the Be(NH3)4 complex, Miliordos and co-

workers suggested that Al(NH3)x should be hexacoordinated which could host three outer 

electrons.15 Therefore, we focus our investigation on three types of systems in which aluminum 

is surrounded by six molecules, but with different degrees of oxidation: Al(NH3)6, Al(CH3)(NH3)5, 

and Al(CH3)2(NH3)4. Before starting the discussion, let us note here the color code used in this 

paper to distinguish different atoms illustrated in different figures, as follows: the pink spheres 

represent an aluminum atom, blue spheres a nitrogen atom, white spheres a hydrogen atom, 

red spheres an oxygen atom, and gray spheres a carbon atom. 

A. Al(0) in interaction with six NH3 molecules 

All the optimized structures and corresponding relative energies of the neutral Al(NH3)6 are 

shown in Figure 1.  
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Figure 1. Optimized structures and relative energies (in kcal/mol) of the Al(NH3)6 compound. 

Starting from six initial geometries, we found 4 classes of structures:  

 Hexacoordinated Al (noted as Al(0)-6) 

 Three tri-coordinate structures were obtained by optimizing three structures initially 

penta-, tetra-, and tricoordinates, respectively noted as Al(0)-51, Al(0)-42, and Al(0)-33 in 

Figure 1. 

 Two structures Al(0)-24 and Al(0)-15 show respectively the two optimized di- and mono-

coordinated Al. 

As shown by the relative energy reported in Figure 1, the dicoordinated complex Al(0)-24 

corresponds to the global minimum on the potential energy hyper-surface. The mono- and tri-

coordinated local minima (Al(0)-15, Al(0)-33, Al(0)-42, and Al(0)-51) are placed a few kcal/mol (3 

– 5 kcal/mol) above the global minimum. The hexacoordinated species is much less stable than 

the other 5 structures. In the Al(0)-24 structure, only two NH3 molecules, in dative bonding with 

the Al atom, form the first solvation sphere, while the other fourth NH3 molecules, forming 

hydrogen bonds with the other NH3, constitute the second solvation shell.  

In contrast to the case of hexacoordinated sodium atom by tetrahydrofuran – Na(THF)6 – for 

which the average interaction energy per ligand (AIE) between Na and O (Eint/n) remains 

unchanged when the number of ligand increases from one to six,30 the AIE is almost divided by 

three in going from Al(NH3) – Eint/1 = 11.2 kcal/mol – to Al(NH3)6 – Eint/6 = 4.5 kcal/mol. Our 

energetic results are in agreement with conclusions obtained in an electron paramagnetic 
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resonance study of the Al(NH3) compound. It was concluded that the codeposition of Al atoms 

with neat NH3 gave only an olive-green deposit assigned to the di-coordinated species.53 Our 

conclusion is also in agreement with the fact that only two adduct species Al(NH3) and Al(NH3)2 

have been observed during the thermal reaction between Al and NH3 using matrix infrared 

spectroscopy.54   

To analyze the fate of the three valence electrons of Al within the Al(0)-24 complex, the 

contours of the two highest occupied molecular orbitals (HOMO and SOMO), as well as the ELF 

topological domains, are depicted in Figure 2.  

 

Figure 2. Contours of the two highest occupied molecular orbital (left panel) and the ELF 

domains (right panel) of the Al(0)-24 structure. 

Both HOMO (doubly occupied) and SOMO (simply occupied) are highly localized on the metal 

atom. While HOMO has retained its atomic valence shape (3p), the 3s atomic orbital has been 

transformed upon formation of the complex into a highly polarized orbital oriented away from 

NH3s. Consequently, we can stand that there is no diffuse (presolvated) electron in this 

compound. Additionally, the ELF topological domains show that two lone-pair basins with two 

Al-N dative bonding constitute a tetrahedral structure around the metal center. Assuming this 

quasi-VSEPR (valence shell electron pair repulsion), one would expect to obtain a tetrahedral 

structure upon optimization of Al(NH3)6
+ cation formed by lone pair electrons and three dative 

Al–N bonds. Our optimization calculations show that the global minimum on the potential 

energy surface of Al(NH3)6
+ is actually a tetrahedral structure as predicted by the model (see 
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Cartesian coordinates in SI). The calculated ionization potential (3.1 eV) is very close to its 

experimental value (3.09 ±0.06 eV).55 

The electron delocalization range function EDR(r;d) is the expectation value of a nonlocal one-

electron operator, namely, the overlap between the system’s wavefunction and a one-electron 

Gaussian function centered at point r with Gaussian exponent d. In regions where this overlap is 

large (i.e., near 1), the electronic structure about point r is dominated by orbitals delocalized 

over distance d. The overlap distance D(r) is defined as the distance d maximizing the EDR at 

point r. In regions of a molecule where D(r) is large, the electronic structure is dominated by 

delocalized electron density.   

Figure 3 shows the orbital overlap distance D(r) computed for Al(0)-24. The figure depicts the 

0.001 electrons/bohr3 density isosurface of the neutral Al(0)-24 complex, with each point r on 

the surface colored by the value of the overlap distance D(r), ranging from 2.5 au (red) to 5 au 

(blue). The overlap distance is around 2.5 bohr on the ammonia molecules, increasing to >5 

bohr in the region corresponding to the weakly bound electrons. For comparison, the right 

panel of Figure 3 shows the overlap distance computed for isolated NH3 and an isolated neutral 

non-spherical doublet aluminum atom. From this perspective, the valence electrons of the Al(0)-

24 complex are localized in diffuse orbitals on the aluminum. The electron density in the region 

of the frontier orbitals largely arises from diffuse and weakly bound electrons.  

 

Figure 3. Orbital overlap distance of the Al(0)-24 structure (left) compared to isolated 

neutral singlet nonspherical Al atom (right top) and isolated NH3 (right bottom). Blue regions 

denote delocalized electron density. 
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The above discussion revealed that ammonia ligand cannot displace any of the three Al valence 

electrons in the ground state of Al(NH3)6 molecular clusters. In order to modify the number of 

valence electrons available on Al, we will study the dissolution of Al(CH3) and Al(CH3)2 in NH3. 

Following the formation of Al-C polar bond, the metal center oxidizes to Al(I) and Al(II) within 

the two compounds Al(CH3) and Al(CH3)2, respectively. Furthermore, the addition of methyl 

radical also allows us to connect several metal centers by building hydrocarbon chain with 

several carbon atoms. 

B. Al(I) in interaction with five NH3 molecules 

Al(CH3) has a polarized lone pair electrons located on the metal atom. The two most interesting 

isomers arising from the Al(CH3)+5NH3 reaction are illustrated in Figure 4. The global minimum 

of Al(CH3)(NH3)5 Is a dicoordinated structure that is located by 13 kcal/mol below the 

pentacoordinated isomer.  

 

Figure 4. Optimized structures and relative energies (in kcal/mol) of two relevant isomers of 

Al(CH3)(NH3)5. 

For the global minimum Al(I)-23, Figure 5 reveals two interesting properties: 

 The highest molecular orbital (left panel) a pair of electrons is essentially centered on 

the aluminum atom, 

 As illustrated by the ELF localization domains (right panel), one C–Al polar covalent bond, 

two Al–N dative bonds, and one lone pair electrons of Al constitute a tetrahedral 

structure around Al atom.   
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Consequently, we can conclude that there is no delocalized (presolvated) electrons in the global 

minimum of Al(CH3)(NH3)5 coordination complex. 

 

Figure 5. Contours of the highest occupied molecular orbital (left panel) and the ELF domains 

(right panel) of the Al(I)-23 structure. 

C. Al(II) in interaction with four NH3 molecules 

In the previous two sections, we showed that the dative interactions Al–N are not strong 

enough to overcome the attachment energy of the non-bonding electrons of the metal center 

not to ionize the complex but to push them to the peripheral of the ligands so that the (Al+, e-) 

tight-contact pair energetically becomes the global minimum. What about the Al(CH3)2+4NH3 

reaction? Will the single non-bonding electron highly located on Al in the Al(CH3)2 reactant give 

way to an NH3 molecule within the global minimum of Al(CH3)2(NH3)4? 

The three most interesting isomers arising from the Al(CH3)2+4NH3 reaction are illustrated in 

Figure 6. 

 

Figure 6. Optimized structures and relative energies (in kcal/mol) of the relevant isomers of 

Al(CH3)2(NH3)4. 
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Within the global minimum structure, Al(II)-22, the Al(II) metal center is effectively in a dative 

bond with two NH3 molecules, while the other two NH3 constituting the second solvation sphere 

form hydrogen bonds with the first two NH3. Correspondingly, the two Al–N dative bonds 

together with two Al–C polar covalent bonds form a tetrahedral structure around the metal 

center. 

Is the single non-bonding electron always located on the metal center? As illustrated by the 

contour of the singly occupied molecular orbital (see Figure 7 left panel), it is no longer localized 

on Al but is distributed on peripheral NH3s. The ELF topology (see Figure 7 right panel) also 

found a peripheral basin placed near the hydrogen atoms of the two NH3s of the second 

solvation shell. However, it should be emphasized that because of the diffuse (delocalized) 

nature of this electron, the ELF topology is not able to well describe the topological domain 

attributed to this solvated electron. Indeed, we find by the ELF topology a basin dedicated to 

this delocalized electron, but the synaptic order as well as the population of this basin remains 

very poorly defined. In contrast, the EDR analysis is perfectly suited to quantify the diffuse 

character of such an electron. 

 

Figure 7. Contours of the singly occupied molecular orbital (left) and the ELF domains (right) 

with ELF=0.65 of the Al(II)-22 structure. 

Figure 8 shows the orbital overlap distance D(r) of the Al(II)-22 structure. The left panel depicts 

the 0.001 electrons/bohr3 density isosurface, with each point r on the surface colored by the 

value of the overlap distance D(r), ranging from 2.5 au (red) to 7 au (blue). The right panel 

displays the isosurfaces EDR(r;d)=0.7, computed for d=2.5 au (blue surface) and d=6 au (red 
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surface). Both measures confirm the substantially delocalized electron density separate from 

the metal atom.  

 

Figure 8. Orbital caption: Orbital overlap distance (left) and electron delocalization range at two 

representative distances d(right) of the Al(II)-22 structure. 

Therefore, the global minimum of Al(CH3)2(NH3)4 should be described as a (cationic 

Al(CH3)2(NH3)4
+ core / delocalized e-) pair, belonging to the SEPs family.15,21  

D. Some ideas for extension and application 

Inspired by a recent work on (CH3)B(NH3)3 and its extension following the aliphatic chain 

(NH3)3B(CH2)3–6B(NH3)3,19 we consider here Al2(CH3)2(CH2)2(NH3)4 resulting from the linkage of 

two Al(CH3)2(NH3)2 monomers via an aliphatic hydrocarbon bridge.  

For this system containing two metal centers, the singlet state is calculated to be more stable 

than the triplet one by 8.1 kcal/mol (see SI). As illustrated in Figure 9, two valence electrons of 

aluminum coupled into a singlet state are delocalized and distributed on the outer parts of 

NH3s, forming a SEP compound.19 
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Figure 9. Contour of the highest occupied molecular orbital of the global minimum (singlet spin 

state) of Al2(CH3)2(CH2)2(NH3)4. 

Figure 10 shows the orbital overlap distance computed for the singlet and triplet states of the 

two-metal-center Al2(CH3)2(CH2)2(NH3)4 system. The figure depicts the 0.001 electrons/bohr3 

density isosurface, with each point r colored by the value of the overlap distance D(r), ranging 

from 2.5 au (red) to 8 au (blue). Singlet and triplet states both show a delocalized electron 

density region on the amine groups’ outer parts. However, the singlet-coupled species displays 

substantially larger delocalization lengths, corresponding to a deep blue color, and consistent 

with a delocalized bonding-type orbital. 

 

Figure 10. Orbital overlap distance computed for the singlet and triplet states of the two-metal-

center Al2(CH3)2(CH2)2(NH3)4 system. 

Figure 11 shows the orbital overlap distance computed for Al(0)-24 at three different levels of 

theory: CAM-B3LYP DFT (left), Hartree-Fock theory (center), and second-order many-body 

perturbation theory (MP2) (right). The figure depicts the 0.001 electrons/bohr3 density 

isosurface of the neutral Al(0)-24 complex, with each point r on the surface colored by the value 

of the overlap distance D(r), ranging from 3 au (red) to 5 au (blue). Calculations use the DFT 

geometry from above. Each figure is labeled with the computed vertical electron binding 

energy. CAM-B3LYP DFT predicts the strongest electron binding, but also predicts that the 

solvated electron is relatively delocalized, visible as a darker blue color in the solvated electron 

region. Hartree-Fock and MP2 calculations predict more compact structures for the solvated 

electron. This is consistent with significant density-driven error in DFT calculations on solvated 

electrons.56   



13 
 

 

Figure 11. Orbital overlap distance computed for Al(0)-24 at three different levels of theory: 

CAM-B3LYP DFT (left), Hartree-Fock theory (center), and second-order many-body perturbation 

theory (MP2) (right). 

Figure 12 show the orbital overlap distance for singlet Al2(CH3)2(CH2)2(NH3)4 at four different 

levels of theory: CAM-B3LYP DFT, Hartree-Fock theory, second-order many-body perturbation 

theory (MP2), and multireference (two-electron two-orbital) CASSCF. The figure depicts the 

0.001 electrons/bohr3 density isosurface of the neutral complex, with each point r on the 

surface colored by the value of the overlap distance D(r), ranging from 3 au (red) to 8.5 au 

(blue). Each figure is labeled with the computed average vertical electron binding energy of the 

two solvated electrons. The bound electron pair is significantly more delocalized than the single 

solvated electron in Figure 11, with a large overlap distance around 8 bohr. In another contrast 

to Figure 11, the bound electron pair experiences a degree of “strong” electron correlation. 

(Spin symmetry breaking stabilizes the HF wavefunction by 7 kcal/mol). Both DFT and Hartree-

Fock theory predict that the solvated electron pair is relatively delocalized, visible as a dark blue 

color in the solvated electron region. MP2 and CASSCF calculations both predict more compact 

structures for the solvated electron pair. However, both CASSCF and MP2 predict relatively 

weak binding energies compared to the DFT calculations. This differs from the density-driven 

error visible in Figure 11, and motivates further studies using correlated multireference 

wavefunction approaches.  
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Figure 12. Orbital overlap distance computed for singlet Al2(CH3)2(CH2)2(NH3)4 at four different 

levels of theory. 

Let us devote the last paragraph of this work to the interaction of the CO2 molecule with 

Al2(CH3)2(CH2)2(NH3)4 compound. It is needless to underling that reducing CO2 emissions into the 

atmosphere by CO2 capture and conversion into value-added products is currently a highly 

attractive hot topic for all scientists. A very high number of publications in 2023 testifies to the 

high level of activity of researchers in this field. 57–62 

The approach of two CO2 molecules to the Al2(CH3)2(CH2)2(NH3)4 compound could lead to a two-

electron reduction reaction of CO2 in the singlet state and thus the formation of the C-C bond. 

The chemical compound containing two activated CO2 at the triplet state is calculated to be less 

stable than the product in the singlet state by 56.8 kcal/mol (see Figure 13, and SI for structural 

information).  
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Figure 13. Schematic one electron and two electrons reduction reaction of two CO2. 

As shown in Figure 13, two CO2 molecules are activated in the triplet state without forming an 

oxalate ion, and system is actually composed of three subunits: two bent CO2
-  ion-molecules 

and one [Al2(CH3)2(CH2)2(NH3)4]2+ dication. Energetic stability between the three subunits is 

essentially ensured by hydrogen bonds formed between each CO2
- ion-molecule and the 

hydrogen atoms of amine groups of the dicationic core. 

In the case of singlet state, the ELF topological analysis clearly shows that the population of the 

V(C, C) disynaptic basin rises to 2.3 e, characteristic of a single C-C bond (see Figure 14).  

 

Figure 14. The ELF topological domains (ELF=0.85) of the Al2(CH3)2(CH2)2(NH3)4(CO2)2 product at 
the singlet spin state. 

In addition, the net charge of the new species O2C–CO2 calculated within the ELF formalism 

being equal to -1.8 e, indicates the formation of an oxalate ion, C2O4
2-. Therefore, we should 
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consider the final product in the singlet state as a pair of ions: oxalate ion in close contact with 

[Al2(CH3)2(CH2)2(NH3)4]2+ dication core. The oxalate ion desorption is highly endothermic by 384 

kcal/mol.   

IV. Conclusions 

In the present work, we investigated the structural and energetic properties of three 

classes of coordination complexes: Al(NH3)6, Al(CH3)(NH3)5, and Al(CH3)2(NH3)4. The global 

minimum of each class of systems has a tetrahedral structure around the metal center. 

In other words, the aluminum atom does not admit a hexacoordinated structure as long 

as the metal center can contribute one, two, or three electrons to the coordination 

complexes. We have thus only two NH3s in the first solvation shell, while the other NH3s 

make up the second shell. Based on the SOMO/HOMO orbital properties and EDR 

analysis, we were able to identify the presence of a diffuse electron only in the case of 

the global minimum of Al(CH3)2(NH3)4 far from aluminum center and almost localized 

into the peripheral of the second solvation shell, being thus a solvated electron precursor 

(SEP). However, the valence electrons of Al constitute the lone-pair electrons of the two 

other coordination complexes, Al(NH3)6, and Al(CH3)(NH3)5, which are highly localized on 

the Al center.  

Theoretical study of the extended Al2(CH3)2(CH2)2(NH3)4 compound showed that the two 

delocalized electrons originating from the valence electron of Al centers couple in a 

singlet ground state. Delocalized lone-pair electrons could facilitate a two-electron 

reduction reaction when two CO2 molecules interact with the extended compound in the 

singlet potential energy surface. Based on the ELF topological properties, we could 

identify the formation of an oxalate C2O4
2- ion.  
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