
 

 

CHAPTER 3 

 

Concurrent loss of aromaticity and onset of superexchange 

in Mg3Na2 with an increasing Na–Mg3 distance 

 

 

 

 

 

 

Abstract 

 

 Gradual migration of Na+ from Mg3
2− brings about fascinating change in aromatic and 

magnetic behavior of inorganic Mg3Na2 cluster, which is addressed at the B3LYP and 
QCISD levels. During this process, Na+ takes away the electron density from Mg3

2− causing a 
net decrease in aromaticity. A tug-of-war between the Pauli repulsion and the aromaticity is 
shown to be responsible for the observed stability and aromaticity trends in singlet and triplet 
states. Implications of a spin crossover vis-à-vis a possible superexchange are also explored. 
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3.1. Introduction  

Triggered by the pioneering concept of ‘‘all metal aromaticity’’ by Boldyrev et al.,1,2 
all-metal annular systems have received a keen attention in past decade. The exceptional 
nature of aromaticity in this class of molecules has led the researchers to go through several 
experimental and theoretical studies of such all-metal aromatic systems.3–30 These systems 
include XAl3

−(X=Si, Ge, Sn, Pb),3,4 M4
2−(M=Ga, In, Tl, Sb, Bi),5–8 T5

6−(T=Ge,Sn, Pb),9,10 
M4

2+(M =Se, Te),11–15 M3−(M =Al, Ga),16–19 Al6
2−,20 Hg4,

5, 8 M5
−(M =Sb, Bi),24–26 Au5Zn+,27 

Cu3
3+,28 Cu4

2−,29 [Fe(X5)]
+(X=Sb, Bi),30 and so on. Ab initio and density functional theory 

(DFT)-based methods have been exercised to explain the stability and reactivity of a wide 
range of all-metal aromatic and antiaromatic systems.31 The dianionic annular systems 
containing main group metals have been perceived as stable building blocks for multi-decker 
sandwich complexes.32–36 The feasibility of using anionic annular systems to sandwich the 
cationic metal was first theoretically examined by Mercero and Ugalde, who found the 
proposed molecule [Al4TiAl 4]

2− to have large binding energy comparable to conventional 
metallocenes.37 Apart from the metal, the annular system N4

2− is found to fulfil all the 
aromaticity criteria38 and is also able to form stable sandwich complexes with transition 
metals.39 Among the anionic annular systems, Be3

2−, Mg3
2−, and Ca3

2− have been paid a 
special attention for their interesting nature of stability, reactivity, and aromaticity.40–43 Such 
electron-surplus anions are unstable due to large inter-electronic repulsion44–46 and hence 
require suitable counterions to attain necessary stability.47, 48 In a recent work, Chakrabarty et 
al.49 addressed the effect of Na+ counterions on the bonding, stability, and aromaticity of 
Mg3

2− in a neutral Mg3Na2 complex of D3h symmetry, which can also be seen as an 
‘‘inverted’’ sandwich compound with reference to the sandwich type clusters.37, 39 
Chakrabarty et al.49 have shown that with the increasing separation of Na+ Ion from the 
Mg3

2− triangular plane, the counterion is found to take away considerable amount of electron 
density from the planar dianion. Thus, the complex does not follow the common trend of 
ionic dissociation of inorganic salt and produces neutral Na and Mg3 at large separation. 
Further, with an increase in separation of Na+ from Mg3

2− plane, the trigonal dianion cluster 
Mg3

2− also experiences a gradual loss in its well-known π-aromaticity.40–43,47,48 All these 
interesting observations,49 arising from gradual separation of Na from Mg3, prompted us to 
opt for the present theoretical investigation where the genesis of such observations in Mg3Na2 
is thoroughly explored.  

The molecule Mg3Na2 shows an interesting convergence in its singlet and triplet state 
at a 5 Å separation between the counterion Na+ and triangular anion Mg3

2−. This observation 
alludes toward the stabilization of the high spin state at some particular distance between the 
Mg3 plane and Na. Moreover, during migration, Na+ ion tends to pull away the loosely bound 
π-cloud of the trigonal Mg3

2− ring,49 and they accumulate unpaired spin in neutral Na atoms 
at fairly large distance. Hence, at this critical Na–Mg3 distance, spins on two doublet sodium 
atoms can interact through planar Mg3 ring and superexchange mechanism is switched on. 
Through the superexchange of spins on doublet sodium atoms, the molecule can turn 
magnetic and gain significant stability even with wide stretched axis joining Na and Mg3. 
This possibility of magnetic phase transition in Mg3Na2 is the crux of present investigation. 
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The extent of magnetic interaction is intimately related to the relative stability of the singlet 
and triplet states which may also vary with Mg3–Na separation in the Mg3Na2 molecule. 
Thus, the change in the aromaticity may have some role in tuning the magnetic status of the 
molecule. In fact, an antagonistic relationship between aromaticity and magnetism has 
already been established in similar type of all-metal aromatic systems.50 Hence, in the present 
work with continuous migration of Na+ ion from the Mg3

2− plane, the possibility of 
appearance of magnetism due to onset of superexchange and its relation with the loss of 
aromaticity is put in focus. A part of the present results echoes and thus validates the fact in 
ref. 49, and another segment of this work describes the interplay between aromaticity and 
magnetism in Mg3Na2.  

3.2. Theoretical background and computational details  

The aromaticity of the present system is measured in terms of the magnetic criterion 
of aromaticity. The hypothesis that magnetic shielding tensor on a test dipole at the center of 
a ring can be used to quantify its magnetic property was first proposed by Elser and 
Haddon,51 which eventually became popular as nucleus-independent chemical shift (NICS). 
Negative (Positive) shielding tensor values are taken to indicate the presence of a diatropic 
(paratropic) ring current, and accordingly, the system is defined as aromatic (antiaromatic).52 
However, the poor correlation between different measures has led the scientific community to 
debate about the proper characterization of aromaticity.53–57 At this circumstance, the use of 
more than one aromaticity indices to describe the aromaticity in molecules occurs to be a 
logical suggestion.66 Although NICS is the most widely used descriptor of aromaticity in 
inorganic systems, nowadays delocalization-based indices are found to perform well in 
describing the aromaticity ofmaterials.58–62 One of such indices is the delocalization index 
(DI), δ(A, B), based on quantum theory of atoms in molecules (QTAIM) methodology. This 
is estimated as the double integration of the exchange–correlation density over the atomic 
basins as defined by the QTAIM theory. This index gives a quantitative idea of the number of 
electrons delocalized between atoms A and B.60 A larger DI value indicates more aromatic 
nature and corresponds to a more negative NICS. Being based directly on electron 
delocalization, which is the essence of aromaticity, NICS and the DI can be regarded as the 
absolute measure of aromaticity in the sense of not requiring reference standards for its 
quantification. Another such DI is the multicenter index (MCI) based on the extended 
delocalized bonding which is considered to be a typical characteristic of aromaticity.63 
Following the suggestions of Giambiagi et al.,64 Bultinck et al.63 formulated the MCI as 

 

                 

( ) ( ) ( )∑∑ ∑∑
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κµνρµνη ]...[......

                 
(3.1) 

 

where P and S represent charge density bond order and overlap matrices, respectively, and η 
is a normalization constant. Γi is the permutation operator which runs over the µ, ν, …κ basis 
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to take into account all the terms of generalized population analysis. In the preceding section, 
a link between aromaticity and magnetism is outlined, at a fairly large separation between Na 
and Mg3. According to ref. 40–43, the counterion Na+ moves away with the electron and 
eventually at a large distance becomes neutral. Na in the neutral state is expected to be in the 
doublet state which can undergo magnetic interaction with another doublet Na through 
diamagnetic Mg3 ring. Hence, at some optimum distance, superexchange mechanism may be 
operative due to charge transfer from Mg3 to Na. The second-order perturbation energy for 
such a charge transfer has been formulated by Anderson65–67 as follows, 
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here, ijt  is the hopping integral which carries an electron from site i to site j, U is the single 

ion repulsion energy, and iŜ  and jŜ  are the spin angular momentum operators on magnetic 

sites i and j. However, this t2/U term is well known in the Hubbard model and related to the 
coupling constant (J) of a spin exchange process.68,69 However, in a recent formalism, instead 
of direct estimation of this t2/U term, the above expression is modified to estimate the 
coupling constant in terms of the second-order perturbation energy (∆E) for charge transfer 
between sites and spin density on those centers (ρi and ρj).

70 This model suits in the present 
context, since here the magnetic interaction sets in due to charge migration from Mg3 to Na, 
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To study the system under investigation DFT as well as post Hartree–Fock level 
methods are used. In DFT, hybrid functional B3LYP, coupled with 6-311+g(d) basis set, is 
used in the unrestricted framework to optimize the structure. Besides, quadratic configuration 
interaction method QCISD is also employed with Dunning’s correlation consistent basis set 
aug-cc-pVDZ for geometry optimization. The shielding tensors on the dummy atoms are 
reported as the NICS value. While computing NICS, the sign convention coined by Schleyer 
et al.71 is followed. According to this convention, the signs of the computed values are 
reversed and negative (positive) sign is assigned for diamagnetic (paramagnetic) shielding. 
The choice of the gauge for the vector potential of the magnetic field is an important factor in 
the computation of shielding tensors. This well-known gauge problem had been resolved by 
adopting the gauge independent atomic orbitals (GIAO) method,72–75 and the same method is 
followed in the present work to compute the shielding tensors. To find out the contributions 
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of r and p electrons to aromaticity, NICS has been calculated both at the center of the ring 
[NICS(0)],71 and 1 Å above the plane [NICS(1)].76, 77 The second-order perturbation energies 
[∆E in eqn (3.3)] due to the charge transfer from Mg3

2− to Na+ are obtained from the natural 
bond orbital (NBO) output, carried out in the Gaussian NBO version 3.1.78–81 Bond energy 
decomposition is performed using Amsterdam Density Functional (ADF) software.82–84 The 
DI, δ(A, B) terms are computed by the Proaim and Promega first-order algorithms as 
implemented in the AIMAll suite of programs.85 To validate the DFT result, the NICS values 
of the singlet Mg3Na2 is also computed in CCSD method using DALTON.86 The MCI index 
is calculated by ESI-3D suit of program,87 which is popularly used for the calculation of 
electron sharing indices.88, 89 Other calculations are performed using Gaussian 09W suite of 
quantum chemical package.90 

3.3. Results and discussion 

The energy and geometry comparison of the system is reported in Table 3.1. It is 
interesting to observe that irrespective of the computational level, the system reserves its D3h 
symmetry at its energy minima. It is also apparent from the Table 3.1 that the geometries in 
the singlet and triplet states only differ in the distance of Na+ ion from the equatorial plane of 
Mg3

2−, whereas the sides of Mg3
2− triangle remains almost constant in both the spin states, 

irrespective of the methodology. Moreover, in both the methodologies, the triplet state of the 
molecule is found to have a longer separation between Na and Mg3 compared to the singlet 
state. This dependence of spin state energies on the Na–Mg3 separation is in agreement with 
the results in refs. 40–43. To further investigate the dependence of spin state energies on Na–
Mg3 separation, two Na+ ions are allowed to move away by 0.25 Å from their ground state 
position along the axis lying perpendicular to the Mg3

2− triangular plane till they reach a 
distance as large as ~14 Å (distance of Na is measured perpendicularly from the center of the 
Mg3 ring). 

Table 3.1. Energy and geometry comparison of the singlet and triplet states of Mg3Na2, 
optimized at (a) UB3LYP/6-311+g(d) and (b) QCISD/aug-cc-pVDZ level of theories. 

System Singlet Triplet 
Bond Length (Å) Energy (a.u) Bond Length (Å) Energy (a.u) 

 

(a) 
Mg – Mg = 3.13 
Mg3 – Na = 2.75 

 

(a) 
  – 924.918 

 

(a) 
Mg – Mg = 3.16 
Mg3 – Na = 3.19 

 

(a) 
  – 924. 877 

 

(b) 
Mg – Mg = 3.15 
Mg3 – Na = 2.84 

 

(b) 
– 922.694 

 

(b) 
Mg – Mg = 3.17 
Mg3 – Na = 3.16 

(b) 
– 922.654 
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It is interesting to note that in the DFT framework, the singlet state wave function 

with 
2

Ŝ = 0 shows an internal instability at longer separation between Na and Mg3. For this 

reason, the wave function corresponding to all the singlet states is optimized which results in 

the nonzero value of 
2

Ŝ onward 3.7 Å distance between Na and Mg3 (Table A.S1 and A.S2 

in Appendix A). Moreover, the spin square value approaches toward unity with gradual 
stretching of Na–Mg3 distance, indicating the attainment of open-shell singlet state (Table 
A.S1 and A.S2 in Appendix A). This observation is quite similar to that in the ref. 91, which 
says that for a two-electron two-radical system, if the bonding orbitals are beyond the range 
of any kind of interaction, the unrestricted solution is produced with an equal mixture of 
singlet state (S=0) and triplet state (S=1). Noodleman et al.92, 93 described such a spin state to 
be a broken symmetry (BS) state which is obtained by polarizing spins with antiparallel 
alignment at different magnetic sites within unrestricted formalism. The BS state, being a 

weighted average of high-spin and low-spin states,92, 93 is characterized by 
2

Ŝ  = 1. Hence, 

in the present case, the gradual separation of Na from Mg3 plane causes the appearance of BS 
situation in Mg3Na2. Next, the potential energy scan is executed on the optimized geometry 
of singlet state (with optimized wave function) with spin multiplicities one and three, which 
provides the information of vertical excitation energy. In another scan, optimized geometries 
of both the spin states are used at their respective spin multiplicities, and thus, the adiabatic 
excitation energy can be figured out. Interestingly, all the plots delineate that the singlet state 
is gradually destabilized with the increase in Na–Mg3 distance and ultimately overlaps with 
the triplet energy profile (Figure 3.1). However, the geometries and energies of the molecules 
in different spin states, the nature of the potential energy surface in Figure 3.1, obtained in the 
computational levels UB3LYP/6-311+g(d) and QCISD/aug-cc-pVDZ, are all found to be 
similar and concordant to each other. Hence, following computations on Mg3Na2 (with 
optimized wave function) are carried out only at UB3LYP/6-311+g(d) level with its 
geometry optimized at QCISD/aug-cc-pVDZ level (if not specified otherwise). 

 

                                     (a)                                                                 (b) 
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                                          (c)                                                                     (d)                          
 

Figure 3.1. Energy (a.u.) profile of Mg3Na2 with increasing Na–Mg3 distance (Å) on the (a) 
geometry of singlet state optimized at UB3LYP/6-311+g(d) level, (b) geometry of singlet 
state optimized at QCISD/aug-cc-pvdz level, (c) geometry of singlet and triplet states, both 
optimized at UB3LYP/6-311+g(d) level, and (d) geometry of singlet and triplet states, both 
optimized at QCISD/aug-cc-pvdz level of theory.  

The explanation of the above schematics can be attributed to the gradual charge 
neutralization of Na+ and Mg3

2− with their increasing separation as evident from ref.49 as 
well as from the change in the pattern of highest occupied molecular orbital (HOMO) of 
singlet ground state (Figure 3.2). This is characterized by the delocalized electron density 
above and below the trigonal Mg3 plane, which itself defines the nodal plane (Figure 3.2a). 
The electron density gradually migrates toward Na from Mg3 and ultimately resorts solely on 
Na. 

                                                                       
                                        (a)                               (b)                             (c) 
 
Figure 3.2. Schematics of the HOMO generated at (a) optimized geometry (b) Na–Mg3 
distance of 4.08 Å where the singlet energy approaches close to the triplet energy, and (c) Na 
– Mg3 distance of 5.58 Å. 
 

Since the HOMO of the singlet state retains two excess π-bonding electrons, they 
experience a repulsion which significantly reduces at large Na–Mg3distance owing to the 
charge accumulation on the Na atoms above and below the plane. The repulsion between the 
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bonding electrons is computed in terms of Pauli repulsion using ADF quantum chemical 
package.82–84 In ADF, the interaction energy between different fragments is split into 

                                                oiPauliStatbnd EEEE ∆+∆+∆=∆
                                 (3.4) 

The first term usually corresponds to the attractive potential [94, 95], whereas ∆EPauli is 
usually repulsive in nature. In ADF, ∆EPauli is equated as the energy change associated with 

going from superposition of fragment densities ( )BA ρρ +  to the wave function BANA ψψ that 

properly obeys the Pauli principle through explicit antisymmetrization (A) and 
renormalization (N) of the product of fragment wave functions.82 ∆Eoi accounts for electron 
pair bonding, charge transfer, and polarization. However, due to charge migration, the Mg3 

plane becomes completely devoid of any electron, and the system loses the bonding energy. 
This fact is apparent from the following plot (Figure 3.3), where both the attractive potential 
and Pauli repulsion are found to decrease with an increase in the Na–Mg3 distance. However, 
the stability gain by the system due to the decrease in Pauli repulsion energy cannot 
overcome the loss of attractive potential, resulting in a net decrease in binding energy. 

 

Figure 3.3. Bonding energy decomposition analysis in the singlet state of the molecule. 

Next, to investigate the variation of aromaticity with increasing separation of Na from 
Mg3 plane, NICS(0) and NICS(1) are scanned by varying the distance, at both the spin states 
of the system with its optimized geometry at the singlet state (Figure 3.4a). At the singlet 
ground state, large negative values of both NICS(0) and NICS(1) refer to the coexistence of 
σ- and π-aromaticity, rendering Mg3Na2 to be multiply aromatic. Existence of π-electron 
cloud above and below the Mg3 plane in the HOMO can well explain π-aromaticity, whereas 
the maximum diamagnetic contribution toward the total NICS(0) value comes from the 
26thMO (Figure 3.4b) of the system. As graphically represented in Figure 3.4b, this MO can 
evidently be narrated to be composed solely of Mg ‘s’ atomic orbitals. The contribution of 
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individual MOs toward the total NICS(0) value is computed in the ADF computational 
package. Contrary to the singlet state, low negative values of NICS(0) and NICS(1) are 
obtained near the ground state geometry of Mg3Na2 in its triplet state indicating lower degree 
of aromaticity than in the singlet state. This reduced aromaticity in the triplet state is due to 
the presence of unpaired spin in Na atoms which exalts the paratropic shielding tensor 
compared to its diatropic analog resulting in low aromaticity.50 To further verify the variation 
of aromaticity, the average of DI among Mg atoms and the MCI values in the singlet state are 
also plotted against the increasing Na–Mg3 separation (Figure 3.4c). A decaying nature of the 
average DI and MCI confirms the trend in the change of NICS. In addition to the DFT, ab 
initio method such as CCSD  is also adopted to compute NICS. The plot shows the same 
trend of decreasing negativity of NICS particularly after spin density grows on Na atoms 
(Figure A.S1 in Appendix A) and hence once again solicits gradual loss of aromaticity with 
increasing Na–Mg3 separation. However, with an increase in vertical distance of Na from the 
center of Mg3 plane, the aromaticity in both the spin states decays almost to a null value, 
which is quite obvious, since Na atoms take away all the charge density which has been 
maintaining the ring current. Since two apical Na atoms are pulled apart which leave behind 
the Mg3 moiety in the neutral state, the effect of dispersion can be argued to play a significant 
role in such scenario.96 Hence, a verification of the effect of dispersion interaction in 
aromaticity of the singlet Mg3Na2 is performed at the DFT level with dispersion correction 
due to Grimme.97,98 From Figure A.S2 in Appendix A, it is apparent that the effect of 
dispersion on the NICS values is negligible which is also obvious from the literature.99–101 
However, the dispersion may have effects on the energy of the molecule, and hence, the 
energy profiles of the system are compared with and without dispersion correction. The 
variation in energy with increase in Na–Mg3 distance appears similar with and without the 
dispersion correction (Figure A.S3 in Appendix A). 

 

                        

 
                             (a)                                                                           (b)  



 

                                     (c)                                                                      (d)

Figure 3.4. Plot of (a) NICS(0) and NICS(1) in the singlet and triplet state of Na
level. (b) The 26th MO contributing maximum toward the diamagnetic NICS(0). (c) The 
average DI and (d) MCI index of aromaticity for the singlet state as a function of increasing 
Na–Mg3 distance (Å). 

Since, with an increase in Na
responsible for maintaining the aromaticity, the system loses the aromatic stabilization
though gains stability due to reduction in the Pauli
The loss of aromaticity with increasing Na

                                         NICSδ

where ∆r is fixed at 0.25 Å in the present work. The plot of
and the loss of aromaticity with increasing separation between Na and Mg
Figure 3.5, which clarifies that as in one hand, a
to stabilize the system and on the other hand, loss of aromaticity acts
It is further interesting to note that
value of Na–Mg3distance (4.33 
(Figures 3.1b, d, 3.5). It is also noted here that the spin
zone of maximum change in the MCI and DI indices,
plots of the average DI and the MCI indices (Figure 
advocates the fact that such 
which corroborates to aromaticity. This suggests
consequent spin accumulation on the Na atoms at that point plays a definite
the aromaticity of the system. The localization of those two extra charges, which maintain the
aromaticity, on the Na+ ions causes cessation in circulation
the maximum loss of aromaticity as well the minimal
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(c)                                                                      (d) 

S(0) and NICS(1) in the singlet and triplet state of Na
MO contributing maximum toward the diamagnetic NICS(0). (c) The 

average DI and (d) MCI index of aromaticity for the singlet state as a function of increasing 

Since, with an increase in Na–Mg3 distance, Na move away with the pair of electrons 
the aromaticity, the system loses the aromatic stabilization

though gains stability due to reduction in the Pauli repulsion, particularly i
aromaticity with increasing Na–Mg3 distance is formulated as 

( ) ( ) ( )rNICSrrNICSrNICS −∆−=
                               

is fixed at 0.25 Å in the present work. The plot of Pauli repulsion energy (
and the loss of aromaticity with increasing separation between Na and Mg

3.5, which clarifies that as in one hand, a minimization of Pauli repulsi
the system and on the other hand, loss of aromaticity acts as an instability factor. 

It is further interesting to note that the maximum loss of aromaticity occurs near to the critical
distance (4.33 Å) where the singlet and triplet state energies are converged 

also noted here that the spin-crossover region corresponds
zone of maximum change in the MCI and DI indices, which can be found from the derivative 

DI and the MCI indices (Figure A.S4 of Appendix A
 spin-crossover occurs at the cost of the loss of delocalization 

which corroborates to aromaticity. This suggests that the appearance of BS state and 
accumulation on the Na atoms at that point plays a definite

the aromaticity of the system. The localization of those two extra charges, which maintain the
ions causes cessation in circulation of those electro

the maximum loss of aromaticity as well the minimal ∆EPauli continuum after that

 

S(0) and NICS(1) in the singlet and triplet state of Na2Mg3 at DFT 
MO contributing maximum toward the diamagnetic NICS(0). (c) The 

average DI and (d) MCI index of aromaticity for the singlet state as a function of increasing 

away with the pair of electrons 
the aromaticity, the system loses the aromatic stabilization energy 

, particularly in the singlet state. 

                               (3.5) 

Pauli repulsion energy (∆EPauli) 
and the loss of aromaticity with increasing separation between Na and Mg3 are depicted in 

minimization of Pauli repulsion energy tends 
as an instability factor. 

the maximum loss of aromaticity occurs near to the critical 
triplet state energies are converged 

crossover region corresponds to the 
which can be found from the derivative 

Appendix A). This observation 
crossover occurs at the cost of the loss of delocalization 

that the appearance of BS state and 
accumulation on the Na atoms at that point plays a definite role in reducing 

the aromaticity of the system. The localization of those two extra charges, which maintain the 
of those electrons and explains 

continuum after that point. 
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Figure 3.5. Plot of Pauli repulsion energy (∆EPauli) and δNICS (0) and δNICS (1) with increasing 
Na–Mg3 distance (Å) in the singlet state of Na2Mg3. 

Since, with the gradual increase in the Na–Mg3 separation, a charge transfer is 
occurred from Mg3 to apical Na atoms, decrease in charge density in the Mg3 plane causes 
weak bonding interaction (Figure 3.3). In this situation, the stability of the molecule can 
partly be compensated through the energy minimization due to charge migration from Mg3 
moiety to Na. The stability gained by such charge migration was given by Anderson in the 
framework of second-order perturbation theory and was equated with the energy of 
superexchange.65–67 In the present case also, the superexchange becomes possible between 
the spins accumulated on Na atoms as a consequence of charge transfer and gradual 
neutralization of Na+. The fact of gradual spin accumulation on Na with increase in Na–Mg3 

separation can be ascertained from the spin density plot in the Figure 3.6. 



40 

 

 

Figure 3.6. Plot of spin density on Na and Mg3 in the ground state with increasing Na–Mg3 

distance (Å). 

The value of coupling constant associated with the superexchange process can now be 
estimated through eqn (3.3). From the variation in MO with increase in Na–Mg3 (Figure 3.2), 
it becomes evident that the charge migration involves the out-of-plane p-orbitals of all the 
three Mg atoms and s orbitals of the Na atoms particularly for low Na–Mg3 distance. Thus, 
during NBO analysis, the out-of plane p-orbitals in Mg3 plane and s orbitals in Na are only 
considered as the donor and acceptor orbitals for obtaining the appropriate value of second-
order perturbation energy (∆E) due to charge migration. To clarify this choice of relevant 
orbitals, a truncated part of the NBO output corresponding to the Na–Mg3 distance of 5.08 Å, 
showing the donor and acceptor orbitals, and their composition are given in Table A.S3 in 
Appendix A as an example. From the plots in Figure 3.1 it appears that significant amount of 
spin density starts to grow on the Na atoms from the Na–Mg3 distance of 4.08 Å. This open-
shell singlet state is found to be more stable than the corresponding triplet state by a 
considerable amount up to ~6 Å distance between Na and Mg3, beyond which the singlet–
triplet energy gap almost vanishes. Thus, the superexchange energies (∆E) are obtained from 
the NBO analysis of singlet state of Mg3Na2 with Na–Mg3 separation in the range of 4.08–
6.08 Å. While using this ∆E value in the estimation of coupling constant, the right-hand side 
of eqn (3.3) is multiplied by 2 since there are two such transitions from Mg3 to first and 
second Na atoms. Moreover, these transitions leave almost zero spin density in Mg3 plane, 
and thus, the denominator in the right-hand side of eqn (3.3) takes the value of one with 
which eqn (3.3) transforms into, 

                                                                   EJ ∆= 4                                                          (3.6) 

which is ultimately used in this work to estimate the exchange coupling constant associated 
with superexchange. Moreover, no contribution from the Na–Na direct exchange is taken into 
account due to their large separation. The interaction between two spins on Na atoms 
expectedly decreases with an increase in separation between Mg3 and Na, and can be 
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understood from Table 3.2. The negative value of coupling constant indicates the 
antiferromagnetic interaction which is also attested by the spin density plot showing up-spin 
and down-spin on different Na atoms (Figure 3.7). 

Table 3.2. ∆E and calculated J value on the basis of eqn (3.6). 
 

Na – Mg3 distance (Å) ∆∆∆∆E (kcal/mole) J (cm-1) 
4.33 0.37 − 518 
4.58 0.295 − 413 
4.83 0.225 − 315 
5.08 0.17 − 238 
5.33 0.115 − 161 

 
 

 
Figure 3.7. Spin density plot at a Na–Mg3 separation onward 3.83 Å (greenandred color 
denote up-spin and down-spin density). 
 
 
3.4. Conclusion  

Present study explains the change in the aromaticity and energy profile of the singlet 
state of Mg3Na2 molecule and gradual attainment of the BS state with an increase in Na–Mg3 
distance. Near the ground state, Mg atoms are held together by a pair of π-bonding electrons 
onto which Na+ ions are impregnated. The circulation of π-electron cloud above and below 
the Mg3 plane also contributes to the σ- and π-aromaticity of the molecule. However, in this 
situation, the stability due to aromaticity has to compete with the Pauli repulsion. When the 
Na ions move away from Mg3plane with all the charge density, the aromaticity is also 
gradually lost, though the system gets stability due to decrease in Pauli repulsion. At a critical 
value (~4.33 Å) of Na–Mg3 distance, the Pauli repulsion approaches a minimum due to 
localization of charge density on Na atoms above and below the plane. This charge 
accumulation on Na atoms makes these neutral doublet species with up-spin polarization at 
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one Na and down-spin at another. The spins on Na atoms undergo superexchange which is 
quantified through eqn (3.6). The stabilization due to superexchange and lowering of Pauli 
repulsion partly compensates the loss in bonding energy in the molecule for the charge 
migration to Na atoms. The Na spins are found to been engaged in antiferromagnetic 
interaction which gradually decreases with an increase in Na–Mg3 separation. 
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