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Abstract: In this work, we analyze the geometry and electronic structure of the [XnM3]
n22 species (M 5 Be, Mg,

and Ca; X 5 Li, Na, and K; n 5 0, 1, and 2), with special emphasis on the electron delocalization properties and

aromaticity of the cyclo-[M3]
22 unit. The cyclo-[M3]

22 ring is held together through a three-center two-electron

bond of r-character. Interestingly, the interaction of these small clusters with alkali metals stabilizes the cyclo-
[M3]

22 ring and leads to a change from r-aromaticity in the bound state of the cyclo-[M3]
22 to p-aromaticity in the

XM3
2 and X2M3 metallic clusters. Our results also show that the aromaticity of the cyclo-[M3]

22 unit in the X2M3

metallic clusters depends on the nature of X and M. Moreover, we explored the possibility for tuning the aromaticity

by simply moving X perpendicularly to the center of the M3 ring. The Na2Mg3, Li2Mg3, and X2Ca3 clusters undergo

drastic aromaticity alterations when changing the distance from X to the center of the M3 ring, whereas X2Be3 and

K2Mg3 keep its aromaticity relatively constant along this process.
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Introduction

All-metal aromatic clusters represent one of the most exciting

species synthesized in the beginning of this 21st century.1 These

species have attracted the attention of both basic and applied

researchers as they are worth studying, on one side, for their dif-

ferential physicochemical properties and, on the other, for their

potential application in the field of nanomaterials.2–5 These all-

metal clusters present several common features with organic aro-

matic compounds, such as stabilization upon complexation to

transition metals (through Fe(CO)3 complexes3 or by metal

sandwich complexes6,7), substitution reactions with conventional

organometallic complexes,3 or the formation of superclusters.3,8

In contrast with its p-conjugated organic analogues, all-metal

clusters possess exalted linear and nonlinear optical properties

such as higher polarizability or higher second hyperpolarizabil-

ity.9 In addition, while classical conjugated organic compounds

possess only p-(anti)aromaticity (with some relevant exceptions

having double p- and r-aromaticity like the D3h 3,5-dehydro-

phenyl cation10 among others11), all-metal clusters and inorganic

compounds can have not only the conventional p-(anti)aroma-

ticity, but also r-12,13 or even d-14 and u-(anti)aromaticity,15

thus giving rise to the so-called multifold aromaticity.2,16

Among all-metal aromatic species, the simplest metal cluster

exhibiting aromatic character is the cyclo-[Li3]
1.4,12,17 This spe-

cies shows r-aromaticity with a completely delocalized electron

pair in a nonclassical three-center two-electron (3c-2e) bond,

similar to that found for the conventional r-aromatic H3
117,18
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and cyclopropane species,19 among others.20 For this species,

the electron density delocalized in the center of three-membered

rings leads to specific magnetic properties.21 Let us mention

here that the aromaticity of cyclo-[Li3]
1 is, however, somewhat

more controversial than that of H3
1, as the Li3

1 in contrast to H3
1

does not show the characteristic diatropic ring-current of aro-

matic species.17

Kuznetsov and Boldyrev (KB)22 have studied the NaMg3
2

and Na2Mg3 bimetallic clusters having the unusual cyclo-
[Mg3]

22 trigonal planar cluster as the basic structural unit.

According to the electronic structure and NICS(0) calculations

by KB, the cyclo-[Mg3]
22 unit in NaMg3

2 and Na2Mg3 has a

pair of p-delocalized electrons which gives p-aromatic character

to the cluster without the formation of a r-framework. During

the course of a recent study,23 we found through the inspection

of the shape of occupied molecular orbitals (MOs) that the iso-

lated cyclo-[Mg3]
22 cluster has exclusively r-aromaticity like

the analogous cyclo-[Li3]
1.4,12,17 Apparently, it is the interaction

with the Na1 that triggers off a shift from r-aromaticity in

cyclo-[Mg3]
22 to p-aromaticity in the NaMg3

2 and Na2Mg3 me-

tallic clusters. More recently, Roy and Chattaraj24 (RC) have an-

alyzed the aromaticity of D3h cyclo-[Be3]
22 and of its com-

plexes XBe3
2 and X2Be3 (X 5 Li, Na, and Cu). The authors

found that the cyclo-[Be3]
22 unit is highly p-aromatic in nature

according to nucleus-independent chemical shift (NICS),25–27

polarizability, hardness, and electrophilicity values. The aromatic

cyclo-[Be3]
22 and cyclo-[Mg3]

22 units have also been studied

by Chattaraj and Giri (CG), who discussed their stabilization

through the formation of sandwich-like complexes.7

Inspired by the change from r-aromaticity in free cyclo-
[Mg3]

22 to p-aromaticity in the alkali metal complexed salts, we

decided to undertake a detailed investigation of the trigonal

alkaline earth metal clusters and their alkaline salts, i.e., the

[XnM3]
n22 species (M 5 Be, Mg, and Ca; X 5 Li, Na, and K;

n 5 0, 1, and 2) with a threefold purpose: first, to obtain a set

of consistent structural data for the [XnM3]
n22 species; second,

to analyze the electronic structure, electron delocalization prop-

erties, and aromaticity of these species; and finally, to discuss

aromaticity changes as a function of the distance from the alkali

metal to the center of the M3 ring.

Computational Details

All geometry optimizations were performed with the B3LYP func-

tional28 using the 6-3111G(d) basis set29 by means of the Gaus-

sian03 package of programs.30 Vibrational frequencies were com-

puted to verify the nature of the optimized minima. To obtain two-

center electron sharing indexes (2c-ESI)31 and the three-center

counterparts (3c-ESI),32,33 the ESI-3D software34 was used.

Within the formalism of the so-called Generalized Population

Analysis (GPA),33,35,36 different partitions of N electrons [eq. (1)]

can be reached for each value of k (i.e., for k 5 2, DAB gives 2c-

ESI and for k 5 3, DABC corresponds to 3c-ESI) as follows:

N ¼
X

A

DðkÞ
A þ

X

A<B

DðkÞ
AB þ

X

A<B<C

DðkÞ
ABC þ :::

X

A<B<C:::<K

DðkÞ
ABC:::K

(1)

where A,B,C. . .K are the atoms involved and DA contains the

monoatomic terms, DAB diatomic terms and so on. The way in

which an atom in a molecule is defined (the partition used) gives

rise to different ESIs. For instance, we may define a partition in

the 3D space following an Atoms-in-Molecules (QTAIM) scheme

or either we can distribute our basis functions in different atomic

centers as it is done in a Mulliken-like approach. In our study, we

have found that QTAIM defines nonnuclear attractor (NNA)

regions that cannot be directly associated to a given atomic region.

In this work, we address the dissociation of some species for

which the use of diffuse functions is mandatory for an accurate

description of the process. Since diffuse functions cannot be

straightforwardly assigned to a given center, the use of Mulliken

partition in this context is not recommended. In that event, one

may consider the use of fuzzy-atom partition, which employs em-

pirical radii to construct weight functions for each atom in the

molecule.37 As shown by some of us,38 the dissociation of species

bonded by a closed-shell interaction into neutral fragments, needs

to use an atomic partition that can change along the dissociation

process. Therefore, fuzzy-atom partition is not the candidate of

choice in this context. An alternative to fuzzy-atom approach is

the Becke-rho method,38 which avoids the arbitrary use of radii by

employing partial information of the electron density to replace

the atomic radii. Namely, the weight functions of a given pair of

atoms cross in the point with minimal density along the line

between the two centers. Notice that in some cases this point coin-

cides with the bond critical point (BCP) defined in QTAIM and it

is then natural that this approach gives numbers close to QTAIM.

However, the approach has the advantage of not presenting

NNAs, and it was used successfully to describe dissociation reac-

tions similar to the ones presented in this study.38 Thus, we have

adopted this partition in the present work.

The performance of the integration was checked by assessing

that the sum of electron populations equals the number of elec-

trons in the molecule. Such criterion was fulfilled with precision

up to 0.001 electrons. Calculation of these 2c-ESI and 3c-ESI

within the density functional theory (DFT) cannot be performed

exactly because pair density (or higher-order densities) are not

available at this level of theory.39 As an approximation, we have

used the Kohn-Sham orbitals obtained from a B3LYP/6-

3111G(d) calculation to compute Hartree-Fock-like ESIs. In

practice, the values of the ESIs obtained using this approxima-

tion are generally closer to the Hartree-Fock values than corre-

lated ESIs obtained with a configuration interaction method.38,39

The atomic overlap matrices needed for the calculation of 2c-

and 3c-ESIs were computed with the FUZZY program.40

In a recent work, we showed that NICS profiles can be used

to characterize aromaticity in inorganic species and to classify

inorganic clusters into aromatic, nonaromatic, and antiaromatic

categories.23 More recently, Stanger41 has checked the perform-

ance of this method for organic species and Tsipis et al.42 have

applied it to study cyclo-Cu3Au3 homotops. In this work, we use

NICS profiles to classify the studied compounds and to analyze

the [X2M3] regions where the changes in aromaticity as a func-

tion of the distance from the alkali metal to the center of the

Mg3 ring are more important. Although several authors have

emphasized the need of using various aromaticity descriptors to

correctly assess the aromatic character in a given species,4,26,43
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other aromaticity descriptors such as PDI,44 FLU,45 HOMA,46 or

ASE47 are not straightforwardly applicable in this context. In the

case of PDI, the reason is that this descriptor can be employed

only in six-membered rings. FLU and HOMA cannot be used

here because of the necessity of a reference system that has not

been defined yet for the present systems. Finally, for ASE the

problem is to find homodesmotic schemes that have the same

number of bonds between the given atoms in each state of

hybridization both in products and reactants. In addition, the

necessary corrections for conjugation, hyperconjugation, and

protobranching48 to produce correct ASE values are still unknown

in the field of inorganic compounds. Therefore, we have restricted

our aromaticity study to both 3c-ESI and NICS indices. Different

studies have shown that multicenter ESIs are good descriptors of

aromaticity in organic species,36,49,50 whereas NICS is probably the

most widely used index of aromaticity.

The GIAO method51 has been used to perform calculations

of NICS at ring centers (NICS(0)) determined by the non-

weighted mean of the heavy atoms coordinates and at 1 Å above

or below the center of the ring (NICS(1)). We have also ana-

lyzed the out-of-plane components of the NICS(0) and NICS(1),

which are NICS(0)zz and NICS(1)zz, respectively. The latter

measure is, according to Schleyer et al.,52 one of the most reli-

able indicators of aromaticity among the existing NICS measures

together with NICS(0)zz,p. Moreover, in selected cases, we have

decomposed the NICS indices into their molecular orbital com-

ponents27,52 using the NBO 5.0 program.53

Finally, we have used the electron localization function

(ELF)54 to get more insight about the nature of the chemical

bond between the Na cation and the [Mg3]
22 unit in NaMg3

2.

The ELF has been extensively used in the literature to analyze

the chemical bonding in molecular species,55 to distinguish

between different reaction mechanisms56 or to account for the

aromaticity of molecular systems.57 In this work, we have used

the TopMod package58 to perform the analysis.

Results and Discussion

In Figure 1, we present the geometries of the ground state of

cyclo-[Mg3]
22 (D3h,

1A1
0), NaMg3

2 (C3v,
1A1), and Na2Mg3 (D3h,

1A1
0) species. To check whether we got the correct electronic

state of cyclo-[Mg3]
22, we have calculated the energy of two

possible low-lying closed-shell singlet electronic states, namely,

the 1A1
0(r) electronic state of cyclo-[Mg3]

22 with two electrons

occupying the HOMO of r-symmetry and the 1A1
0(p) electronic

state with the two r-electrons of the initial HOMO promoted to

the LUMO of p-symmetry (Fig. 2a). The latter was considered

by CG7 as the ground state of cyclo-[Mg3]
22. B3LYP/6-

3111G(d) calculations show that the 1A1
0(r) electronic state of

cyclo-[Mg3]
22 is 5.3 kcal mol21 lower in energy than the 1A1

0(p)
electronic state. More refined CCSD(T)/6-3111G(d) and

CASPT2//CASSCF(8,9)/6-3111G* results in which the geome-

try optimization of the two states was taken into account further

confirm this trend by giving the 1A1
0(r) electronic state more sta-

ble than the 1A1
0(p) by 3.6 and 5.0 kcal mol21, respectively. We

have also checked that the 1A1
0(r) ground electronic state is

more stable than the open-shell singlet 1A2
00 and triplet 3A2

00

states. CASPT2//CASSCF(8,9)/6-3111G* results indicate that

the open-shell singlet 1A2
00 is 2.7 kcal mol21 lower in energy

than the 1A1
0(p) state, and therefore, the 1A2

00 state must be con-

sidered the lowest-lying singlet excited state. In our opinion,

these calculations unambiguously establish that the 1A1
0(r) (and

not the 1A1
0(p)) state is the ground state of the cyclo-[Mg3]

22

species.

Analogous calculations on cyclo-[Mg3]
2 (2A2

00, D3h) deter-

mined that this molecule is more stable than the former one.

Therefore, the cyclo-[Mg3]
22 species is unstable with respect to

the loss of an electron. It is important to note that cyclo-[Mg3]
2

species has been detected in photoelectron spectra experi-

ments.59 Because of the instability of the cyclo-[Mg3]
22 spe-

cies, the only way to study this dianionic cluster experimentally

is through electron scattering experiments. Depending on the

size of the repulsive Coulomb barrier for electron detachment

found by the excess electron in cyclo-[Mg3]
22 species, this iso-

lated dianion can have a bound state with a substantial or short

lifetime. If the isolated metastable dianion is relatively stable,

then the addition of moderately diffuse functions should not

change significantly the results obtained for the different molec-

ular properties. In a recent important work, Lambrecht et al.60

have shown that the properties of Al4
22, which is also unstable

when compared with Al4
2 1 free e2, change significantly when

increasing the number of diffuse functions in the basis set. After

inclusion of certain number of diffuse functions, the Al4
22

evolves to Al4
2 1 free e2. In this sense, Lambrecht et al.60

warned about the validity of calculations carried out for

unstable dianions. The problem is that the molecular properties

change from those of the bound state of Al4
22 to those of Al4

2

1 free e2 by adding more and more diffuse functions. In a

recent comment61 (see also the rebuttal in ref. 62) on the

work by Lambrecht et al.,60 Zubarev and Boldyrev argued

against this point of view by saying that ‘‘the bound state of

individual Al4
22 is an adequate model of Al4

22 in stabilizing

environment such as in NaAl4
2 or Na2Al4 (. . .) when Al4

22 is

stabilized by the external field, the ‘tails’ of continuum solu-

tions can be disregarded’’. They also considered that calcula-

tions for isolated Al4
22 species using a 6-3111G(d) basis pro-

vide an adequate model for the Al4
22 unit embedded in a stabi-

lizing environment. Following the Zubarev and Boldyrev

arguments,61 we will assess the properties of the bound state in

a metastable dianion, such as cyclo-[Mg3]
22 by employing the

6-3111G(d) basis set.

The unstable cyclo-[Mg3]
22 ring can be stabilized by interac-

tion with alkali metal cations, such as Na1, yielding the

[NanMg3]
n22 species (n 5 1 and 2) that contain a Mg3 unit

whose properties may resemble those of the bound state of

cyclo-[Mg3]
22. In this work, we focus our interest, first, in the

NaMg3
2 and Na2Mg3 bimetallic clusters already discussed by

KB in a previous work.22 Second, we analyze the effect of

changing the nature of the alkali metal cation in the [XnMg3]
n22

species (X 5 Li and K; n 5 1 and 2). Third, we discuss the mo-

lecular and electronic structure of the [XnM3]
n22 species (M 5

Be and Ca, X 5 Li, Na, and K; n 5 0, 1, and 2). And finally,

for the [X2M3] (M 5 Be, Mg, and Ca, X 5 Li, Na, and K)

compounds, we examine the effect of increasing the distance

from X to the center of the M3 unit on the aromaticity of the
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M3 ring. Let us first begin with the analysis of the Na2Mg3 and

NaMg3
2 species.

Electronic Molecular Structure and Aromaticity of

Cyclo-[Mg3]
22, NaMg3

2, and Na2Mg3

The molecular orbitals (MOs) of valence electrons obtained for

NaMg3
2, Na2Mg3, and cyclo-[Mg3]

22 have been depicted in Fig-

ure 2. One can observe that the three species share almost the

same set of MOs. The main difference corresponds to the fron-

tier MOs that are exchanged. Thus, the HOMO in cyclo-
[Mg3]

22 becomes the LUMO in the NaMg3
2 and Na2Mg3 bimet-

allic clusters and vice versa. As a consequence, the 3c-2e bond

becomes of p-character in NaMg3
2 and Na2Mg3 as pointed out

by KB.22 The reason for this change is the fact that the pair of

electrons responsible for the 3c-2e bond interacts better with the

Na1 cations in the p- than in the r-MO both from an electro-

static and covalent (better HOMOMg3 2 LUMONa overlaps)

points of view.

Figure 1. B3LYP/6-3111G(d) optimized structures for (a) trigonal planar cyclo-[Mg3]
22 (D3h,

1A1
0),

(b) trigonal pyramidal NaMg3
2 (C3v,

1A1), (c) bipyramidal Na2Mg3 (D3h,
1A1

0), (d) bipyramidal Li2Mg3
(D3h,

1A1
0), and (e) bipyramidal K2Mg3 (D3h,

1A1
0). Bond lengths are given in Å.

Table 1. Total and p Two-Center (2c), Mg��Mg, and Three-Center (3c),

Mg��Mg��Mg, Electron Sharing Indices (ESI, in Electrons), and NICS

(in ppm) Indices for cyclo-[Mg3]
22 (D3h,

1A1
0), NaMg3

2 (C3v,
1A1), and

Na2Mg3 (D3h,
1A1

0) Calculated at B3LYP/6-3111G(d) Level of Theory.

Index Mg3
22 NaMg3

2 Na2Mg3

2c-ESI 1.303 1.092 0.947

2c-ESI p 0.000 0.172 0.190

3c-ESI 0.458 0.306 0.255

3c-ESI p 0.000 0.070 0.066

NICS(0) 22.85 222.58 228.86

NICS(0)ZZ 212.72 217.92 221.38

NICS(1) 24.00 220.69a (215.33)b 224.07

NICS(1)ZZ 212.21 221.46a (217.90)b 224.82

aMeasured in the direction to the cation.
bMeasured in the opposite direction to the cation.
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This exchange in the frontier MOs has remarkable effects.

First, the Mg��Mg bond distance decreases from cyclo-[Mg3]
22

(3.37 Å) to NaMg3
2 (3.12 Å) and Na2Mg3 (3.14 Å). Interestingly,

the Mg��Mg bond distance in cyclo-[Mg3]
2 is 3.16 Å and its

electronic structure is similar to that of the NaMg3
2 and Na2Mg3

species in Figure 2, the HOMO being a p-orbital and the LUMO

a r-orbital. Since when going from cyclo-[Mg3]
22 to NaMg3

2,

there is a partial charge transfer from [Mg3]
22 to Na1, one may

already expect that the Mg��Mg bond distances could be similar

in cyclo-[Mg3]
2 and NaMg3

2. What is probably less expected is

the reduction of the Mg��Mg bond distance when going from

cyclo-[Mg3]
22 to NaMg3

2 as it is usually said that r- are stronger

than p-interactions. However, in this particular case, the overlaps

between Mg 3p atomic orbitals (AOs) in the r-HOMO of cyclo-
[Mg3]

22
, with p-orbitals pointing toward the center of the ring,

are not necessarily larger than those between Mg 3p AOs that

give rise to the p-LUMO. In addition, the reduction of the

Mg��Mg bond length favors the interaction of the Na1 with the

[Mg3]
22 unit. Second, when comparing the sequence: from

cyclo-[Mg3]
22 to NaMg3

2 and from this to Na2Mg3, a substantial

reduction of the three-center ESI (3c-ESI) between Mg atoms is

observed, in spite of the fact that there is still a positive and rela-

tive large value consistent with a 3c-2e bond33 (Table 1). Such

3c-2e bond has a contribution of 23% (for NaMg3
2) and 26% (for

Na2Mg3) from p-orbitals (only contributions from the HOMO or-

bital in NaMg3
2 and Na2Mg3 are considered in the evaluation of

the p-character* of the 2c- and 3c-ESI63) in contrast with cyclo-
[Mg3]

22 for which the 3c-ESI has exclusively r-character. Third,
the 2c-ESI in cyclo-[Mg3]

22 is also relatively high as expected

from the covalent nature of the Mg��Mg bond; it has only r-
component and it is mainly due to the pair of electrons in the r-
HOMO orbital. When one or two Na1 cations are coordinated in

the center of the ring, we find a reduction of the Mg��Mg 2c-

ESI, which acquires certain p-character (16–20%), due to the fact

that some electrons are now delocalized between the Na and Mg

atoms. Indeed, for Na2Mg3, the electron pair in the HOMO or-

bital is about 66% delocalized between Na and Mg atoms and

only about 34% between Mg atoms.

To discuss the bonding mechanism of Na1 with the [Mg3]
22

unit, we have analyzed the NaMg3
2 system by means of the

ELF. In Table 2, we have collected the data concerning this

analysis and Figure 3 shows the ELF topology. The analysis

reveals three bonding basins between Na and Mg, V(Mg,Na)

with population of 2.41 e, highly delocalized (high variance and

fluctuation values). In spite of being located closer to Mg atoms,

these basins are significantly delocalized (14.4%) over the Na

fragment (C(Na) and V(Na)); the remaining delocalization is

mainly due to other V(Mg,Na) basins (61.2%) and the closer

Mg core basins (20.7%). The valence basin associated to Na

atom, V(Na) is located above the core basin, C(Na), farther

from the [Mg3] unit. This basin, which contains 0.65 e, is also

quite delocalized, particularly due to V(Mg,Na) basins (83.7%).

Thus, there is an evident interaction between Mg and Na atoms.

Although there is no trisynaptic basin in this system associated

to three Mg atoms, the high delocalization between V(Mg,Na)

neighboring basins, and the high value (ELF 5 0.72) at which

these three bonding basins are separated into individual localiza-

tion domains (Fig. 3, l.h.s. above picture) indicates a certain

degree of three-center bonding.

In their previous work, KB22 confirmed the van der Waals

nature of the bonding in the neutral trigonal planar cyclo-[Mg3]

cluster.64 KB also found that the unpaired electron in cyclo-
[Mg3]

2 occupies a delocalized p-MO that is responsible for the

chemical bonding in this anionic cluster. For the bound state of

isolated cyclo-[Mg3]
22, the bonding situation is completely dif-

ferent. As can be seen in Figure 2, the chemical bond in this

species is due to the r-electron pair that occupies the HOMO

forming a 3c-2e bond similar to that of cyclo-[Li3]
1. The pres-

ence of this 3c-2e bond is further substantiated by the positive

and relatively large values of the 3c-ESI.33 Because of the delo-

calized nature of the pair of electrons in the 3c-2e bond, the

cyclo-[Mg3]
22 has r-aromaticity. Indeed, this is confirmed by

the NICS profiles of Figure 4, which point out a dramatic

change in aromaticity due to Na1 coordination. The values of

NICS become clearly more negative as we move from cyclo-
[Mg3]

22 to NaMg3
2 and from this to Na2Mg3 (Table 1). Thus,

according to the NICS values, the aromaticity of the Mg3 unit is

Table 2. Value of the ELF at the Attractors of the Basins, ELF, Population of the Basins, N(X1), the

Variance of the Population, r[N(X1)]
2, and the Fluctuation Value, kF(X1) for Mg3Na

2 Calculated at B3LYP/

6-3111G(d) Level of Theory.

X1 ELF N(X1) r[N(X1)]
2 kF(X1) Contribution analysis (higher than 2%)

1 C(Mg1) 1.000 10.02 0.28 0.03 5 (85.2) 6 (7.4) 7 (7.4)

2 C(Mg2) 1.000 10.02 0.28 0.03 5 (7.4) 6 (7.4) 7 (85.2)

3 C(Mg3) 1.000 10.02 0.28 0.03 5 (7.4) 6 (85.2) 7 (7.4)

4 C(Na) 1.000 10.04 0.2 0.02 5 (21.1) 6 (21.1) 7 (21.1) 8 (36.8)

5 V(Mg1,Na) 0.960 2.41 1.16 0.48 1 (20.7) 4 (3.6) 6 (30.6) 7 (30.6) 8 (10.8)

6 V(Mg3,Na) 0.960 2.41 1.16 0.48 3 (20.7) 4 (3.6) 5 (30.6) 7 (30.6) 8 (10.8)

7 V(Mg2,Na) 0.960 2.41 1.16 0.48 2 (20.7) 4 (3.6) 5 (30.6) 6 (30.6) 8 (10.8)

8 V(Na) 0.639 0.65 0.47 0.72 4 (16.3) 5 (27.9) 6 (27.9) 7 (27.9)

*Because of the loss of symmetry in NaMg32, one should talk about

pseudo-p instead of p-orbitals in this species. It is worth noting that in

this compound the maximum overlap between r and p occupied molecu-

lar orbitals is smaller than 1025 a.u., and, consequently, the r/p separa-

tion in this compound is almost exact.
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larger in NaMg3
2 and Na2Mg3 than in cyclo-[Mg3]

22. In con-

trast, the 3c-ESI values are clearly larger for isolated cyclo-
[Mg3]

22 than in NaMg3
2 and Na2Mg3, thus indicating a reduc-

tion of aromaticity of the [Mg3] unit due to the interaction with

Na1 cations.

For distances longer than ca. 2 Å from the center of the ring,

the values of the NICS start to be influenced by the proximity of

the Na1 and for this reason this index calculated at such distan-

ces cannot be used to discuss aromaticity.65 Obviously, for

NaMg3
2, we have two different NICS profiles as we move

from the center of the ring in the same or in the opposite direc-

tion to the Na1 cation, both depicted in Figure 4. It is worth

noting that the cyclo-[Mg3]
22 and the NaMg3

2 (down) NICS

profiles coincide for values larger than 2.5 Å.

Finally, Table 3 gathers the most important molecular orbital

contributions of the dissected NICS indices for cyclo-[Mg3]
22,

NaMg3
2, and Na2Mg3 species, and, in particular, of the large

negative NICS(0) values. As can be seen, the largest contribu-

tion to the total NICS comes from the HOMO-2 orbital with the

only exceptions of the NICS(1) of NaMg3
2 and Na2Mg3 for

which the contribution of the HOMO is the most important.

Figure 3. The ELF topology from different perspectives of Mg3Na
2

molecule (the pictures above with the C3 axis perpendicular and the

ones below with C3 parallel to the molecular Mg3 plane) and differ-

ent isosurface values (ELF 5 0.50 for the r.h.s pictures, and ELF 5
0.70 above ELF 5 0.60 below in the l.h.s.) In red, yellow and green

the valence basins for Mg and Na, V(Mg, Na), in salmon the Na

core basin, C(Na) and in blue the valence basin for Na, V(Na).

Figure 4. NICS profiles of the cyclo-[Mg3]
22, NaMg3

2, and

Na2Mg3 species.

Figure 2. Valence molecular orbital plots for (a) cyclo-[Mg3]
22

(D3h), (b) NaMg3
2 (C3v), and (c) Na2Mg3 (D3h). Isosurfaces values

are at 0.03 a.u. (We have checked the nature of these MOs by per-

forming QCISD(T) and CASSCF(8,8) calculations with the same ba-

sis set. These calculations have provided identical shapes for the

corresponding natural MOs).
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Interestingly, the contribution of the HOMO-1 degenerated orbi-

tals is in these three species relatively small. It is also worth not-

ing that according to NICS the contribution to aromaticity is

somewhat larger in the HOMO of p-symmetry of the NaMg3
2

and Na2Mg3 species than in the HOMO of r-symmetry of

cyclo-[Mg3]
22.

The Effect of Changing the Nature of the Alkali Metals in

the [XnMg3]
n22 Species (X 5 Li and K; n 5 1 and 2)

Table 4 contains the data of clusters of Mg3
22 complexed by

other alkali metals such as Li1 or K1, whereas Figure 1 depicts

the molecular geometry of Li2Mg3 and K2Mg3 species (see also

Figure S1 in Supporting Information for monocoordinated Mg3
22

clusters). The changes in the molecular structure of the cyclo-
[Mg3]

22 due to Li1 or K1 coordination are similar to those

found in NaMg3
2 and Na2Mg3, i.e., there is a small reduction of

the Mg��Mg bond distance in the coordinated species. This

reduction is particularly important (by more than 0.3 Å) for X

5 Li.

A reduction of 3c-ESI is observed when going from isolated

cyclo-[Mg3]
22 to complexed [XnMg3]

n22 species (X 5 Li and

K; n 5 1 and 2). Moreover, the p-component of the total 3c-ESI

decreases from 95% (LiMg3
2) to 21% (Li2Mg3) and from 60%

(KMg3
2) to 46% (K2Mg3). In general, this reduction of 3c-ESI

goes with a reduction of 2c-ESI with the only exception of

K2Mg3. According to the 3c-ESI values, the highest reduction of

Mg��Mg��Mg electron delocalization with respect to Mg3
22

cluster occurs for the Na2Mg3 system, followed by K2Mg3 [
KMg3

2 [ NaMg3
2 [ Li2Mg3 [ LiMg3

2. In general, the smallest

differences in 2c- and 3c-ESIs between isolated and complexed

cyclo-[Mg3]
22 species occur for X 5 Li. When the cyclo-

[M3]
22 clusters are complexed with alkali metals, the effect in

the 2c- and 3c-DIs depends on two opposing factors: first, the

reduction of the M–M distances results in an increase of these

2c- and 3c-ESIs; second, the charge transfer from the cyclo-
[M3]

22 clusters to the alkali metals reduces the electronic popu-

lation of the ring and decreases the 2c- and 3c-ESIs between M

atoms. We attribute the smaller changes in the 2c- and 3c-DIs

induced by Li1, when comparing with Na1 and K1, to the short

Mg��Mg distance found in LiMg3
2 and Li2Mg3.

The Electronic Molecular Structure and Aromaticity of

[XnM3]
n22 Species (M 5 Be and Ca, X 5 Li, Na, or K;

n 5 0, 1, and 2)

In this section, we analyze the effect of replacing Mg atoms by

other alkaline earth metals such as Be or Ca. As found for the

cyclo-[Mg3]
22 species in this study and for the cyclo-[Be3]

2

reported by RC,24 the cyclo-[Be3]
2 and cyclo-[Ca3]

2 are more

stable than the cyclo-[Be3]
22 and cyclo-[Ca3]

22, respectively.

However, these dianionic clusters become stable when com-

plexed by alkali metals. The optimized geometries for these

clusters are shown in Figures 5 and 6. See also Figures S2–S4

in Supporting Information where the corresponding molecular

orbitals of these species are depicted. As we already discussed

for the Mg clusters, M–M distances in the ring are shorter when

the cations are incorporated. Interestingly, the interaction with

Li1 leads to the most compressed cyclo-[M3]
22 (M 5 Be, Mg,

and Ca) units. It is important to remark here that the energy and

geometry obtained by RC24 for cyclo-[Be3]
22 and by CG7 in

cyclo-[Mg3]
22 differ from the present results despite RC and

CG used the same method and basis set than us. We have

checked that our results correspond to the ground state at the

B3LYP/6-3111G(d) level (vide supra), whereas RC and GC

reported one of the lowest-lying excited states of cyclo-[Be3]
22

and cyclo-[Mg3]
22 according to our calculations. On the other

Table 3. Values of the Dissected NICS (in ppm) Indices for the Highest Occupied Molecular Orbitals in

cyclo-[Mg3]
22 (D3h,

1A1
0), NaMg3

2 (C3v,
1A1), and Na2Mg3 (D3h,

1A1
0) Calculated at B3LYP/6-3111G(d)

Level of Theory.

Index

Mg3
22 NaMg3

a Na2Mg3

HOMO HOMO-1b HOMO-2 HOMO HOMO-1b HOMO-2 HOMO HOMO-1b HOMO-2

NICS(0) 22.6 5.3 210.9 28.3 21.4 211.6 28.8 23.9 212.0

NICS(0)ZZ 24.4 0.7 212.4 24.3 21.9 212.7 24.8 23.1 212.5

NICS(1) 23.0 2.7 26.3 26.2 22.4 24.5 29.3 23.3 27.5

NICS(1)ZZ 23.4 0.0 29.4 25.1 22.2 29.0 26.5 23.0 29.7

aMeasured in the opposite direction to the cation.
bDoubly degenerated orbital.

Table 4. Total and p Two-Center (2c), Mg��Mg, and Three-Center (3c),

Mg��Mg��Mg, Electron Sharing Indices (ESI, in Electrons), and NICS

(in ppm) Indices for XMg3
2 (C3v,

1A1) and X2Mg3 (D3h,
1A1

0), X 5 Li, K

Calculated at B3LYP/6-3111G(d) Level of Theory.

Index LiMg3
2 KMg3

2 Li2Mg3 K2Mg3

2c-ESI 1.226 0.864 1.157 0.964

2c-ESI p 0.289 0.235 0.283 0.193

3c-ESI 0.377 0.270 0.358 0.263

3c-ESI p 0.122 0.110 0.122 0.194

NICS(0) 225.02 221.53 230.19 227.64

NICS(0)ZZ 219.15 218.03 223.44 222.08

NICS(1) 222.24a (217.39)b 219.61a (214.14)b 224.09 221.83

NICS(1)ZZ 221.91a (219.23)b 221.33a (217.89)b 225.72 225.17

aMeasured in the direction to the cation.
bMeasured in the opposite direction to the cation.
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hand, the RC24 results for the [XnBe3]
n22 species (X 5 Li, Na

and n 5 1, 2) fully coincide with the present data.

Tables 5 and 6 collect the electron delocalization data and

NICS values for these compounds. The cyclo-[Be3]
22 and cyclo-

[Ca3]
22 clusters present common features to the cyclo-[Mg3]

22

species. As said before, when the cyclo-[M3]
22 clusters are com-

plexed with alkali metals, the effect in the 2c- and 3c-DIs

depends on two factors that counteract, namely, the reduction of

the M–M distances and the charge transfer from the cyclo-
[M3]

22 clusters to the alkali metals. As can be seen in Tables 1

and 4–6, in general, the second factor is the most important and

complexation decreases the 2c- and 3c-ESIs with the exceptions

of the 3c-ESI of X2Be3 species. For the latter, the reduction of

the M–M distances due to complexation becomes a more impor-

tant factor in determining the 3c-ESIs than the charge transfer.

In general, all the clusters with either one or two metal cati-

ons exhibit profiles with large negative NICS values, whereas

isolated cyclo-[M3]
22 species show a low constant NICS profile

(Fig. 4), except for the cyclo-[Be3]
22 species. In this latter case,

the large negative NICS(0) and NICS(1) values have large in-

plane components (the zz-component is significantly smaller)

due to the small size of the ring. Inspecting Tables 1 and 4–6,

in general (again with the exception of M 5 Be), we find an

increase of aromaticity when going from cyclo-[M3]
22 species

to Xn[M3]
n22 systems according to NICS predictions while the

3c-ESI predicts a reduction of aromaticity. Thus, there is a clear

discrepancy between NICS and 3c-ESI aromaticity predictions

in these compounds. This result is not totally unexpected since

there are many examples in the literature showing discrepancies

in aromaticity trends given by descriptors based on different

Figure 5. B3LYP/6-3111G(d) optimized structures of beryllium species for (a) trigonal planar cyclo-
[Be3]

22 (D3h,
1A1

0), (b) bipyramidal Li2Be3 (D3h,
1A1

0), (c) bipyramidal Na2Be3 (D3h,
1A1

0) and (d)

bipyramidal K2Be3 (D3h,
1A1

0). Bond lengths are given in Å.

Figure 6. B3LYP/6-3111G(d) optimized structures of calcium species for (a) trigonal planar cyclo-
[Ca3]

22 (D3h,
1A1

0), (b) bipyramidal Li2Ca3 (D3h,
1A1

0), (c) bipyramidal Na2Ca3 (D3h,
1A1

0), and (d)

bipyramidal K2Ca3 (D3h,
1A1

0). Bond lengths are given in Å.
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physical properties.66 Thus, for instance, predictions based on

magnetic criteria of aromaticity often deviates from those based

on energetic grounds67 but also in several cases NICS and ESI

indices lead to remarkable differences in aromaticity tenden-

cies.50,68,69 Let us also mention here that while NICS values are

computed as a response to an external magnetic field and virtual

orbitals are involved in the calculation, in the ESI computation

just occupied orbitals are used. This could be the reason for the

differences observed.

Many times the apparent contradictions found among differ-

ently based indices are overcome by addressing to the so-called

multidimensional character of aromaticity.70 In this way, one

can argue that it is understandable that different indices afford

divergent orderings since one compound may be more aromatic

than other in one dimension and less aromatic in another.71 The

discrepancies sometimes can be solved by using a set of indices

based on different physical properties. In this case, the trend

given by most of the indices can be taken as the correct one.

However, as said before, many useful descriptors that are rou-

tinely applied in the classic organic compounds cannot be used

in this work. In other cases, one can assess the validity of the

indices by applying them to a set of systems having widely

accepted aromaticity behaviors.50 Unfortunately, series of inor-

ganic species showing clear trends in aromaticity are still lack-

ing and, therefore, we cannot used them to discuss whether

NICS or 3c-ESI results are the most reliable. Therefore, from

our results is not possible to conclude which of the trends

(reduction or increase of aromaticity upon alkali metal complex-

ation) is the correct for the cyclo-[M3]
22 species. However, it is

also true that the two methods agree in that alkali metal com-

plexation leads to important changes in aromaticity and we con-

sider it is worth analyzing both theoretically and experimentally

the scope of the aromaticity variations.

Aromaticity Tuning

We have shown that the coordination of the alkali metal atoms

into the M3 unit undergoes important changes in its electronic

distribution. With this scenario, the next natural question arising

is at which extent can the aromaticity of the M3 ring be

Table 5. Total and p Two-Center (2c), Be��Be, and Three-Center (3c),

Be��Be��Be, Electron Sharing Indices (ESI, in Electrons), and NICS (in

ppm) Indices for cyclo-[Be3]
22 (D3h,

1A1
0) and X2Be3 (D3h,

1A1
0), X 5

Li, Na, K Closed-Shell Species Calculated at B3LYP/6-3111G(d) Level

of Theory.

Index Be3
22 Li2Be3 Na2Be3 K2Be3

2c-ESI 1.462 1.330 1.229 1.247

2c-ESI p 0.000 0.312 0.238 0.243

3c-ESI 0.471 0.577 0.506 0.517

3c-ESI p 0.000 0.174 0.115 0.118

NICS(0) 262.88 242.05 245.01 244.14

NICS(0)ZZ 241.39 245.31 246.76 247.90

NICS(1) 231.53 225.28 228.28 225.90

NICS(1)ZZ 233.50 238.81 241.25 242.76

Table 6. Total and p Two-Center (2c), Ca��Ca, and Three-Center (3c),

Ca��Ca��Ca, Electron Sharing Indices (ESI, in Electrons), and NICS (in

ppm) Indices for cyclo-[Ca3]
22 (D3h,

1A1
0) and X2Ca3 (D3h,

1A1
0), X 5

Li, Na, K Closed-Shell Species Calculated at B3LYP/6-3111G(d) Level

of Theory.

Index Ca3
22 Li2Ca3 Na2Ca3 K2Ca3

2c-ESI 1.705 1.306 1.018 1.096

2c-ESI p 0.000 0.297 0.189 0.206

3c-ESI 0.530 0.351 0.244 0.263

3c-ESI p 0.000 0.109 0.054 0.060

NICS(0) 1.75 227.07 225.75 223.91

NICS(0)ZZ 210.80 215.42 215.02 215.45

NICS(1) 20.41 223.00 222.73 220.26

NICS(1)ZZ 210.65 219.45 219.09 218.45

Figure 7. NICS (ppm) and 3c-ESI (electrons) of a) Na2Mg3 (D3h)

and b) Li2Be3 (D3h) as a function of the distance (in Å) between Na

or Li and the center of the ring.
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Figure 8. Absolute NICS values at r Å above the M3 ring, as a function of the distance between X

and the center of the M3 ring (M-X). The horizontal blue line shows the NICS(1) values, while the

straight vertical red lines separate the three tuning regions. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]



influenced by the alkali metal atom distance to the ring? In Fig-

ure 7 are analyzed the changes in aromaticity of the M3 ring for

the homolytic dissociation of Na2Mg3 bimetallic cluster into

2Na 1 cyclo-[Mg3] (the ionic dissociation into 2Na1 1 cyclo-
[Mg3]

22 is energetically unfavorable in gas-phase) and Li2Be3
into 2Li 1 cyclo-[Be3] species. As it can be seen in Figure 7,

the change in the aromaticity of the ring along the reaction coor-

dinate is very important. For the Na2Mg3 cluster, there is an

increasing monotonic curve in the NICS values when going

from Na2Mg3 to 2Na 1 cyclo-[Mg3], thus indicating a continu-

ous reduction of aromaticity as the distance from Na to the cen-

ter of the cyclo-[M3] ring increases; meanwhile, the 3c-ESI indi-

cates also a decrease in aromaticity when Na cations are going

far until 3.4 Å and then it follows the prediction of NICS. In

particular, in this zone, the orbital switching occurs and changes

the type of aromaticity. This switch does not manifest in NICS

calculations but is represented in the 3c-ESI curve. Furthermore,

for Li2Be3 system, total NICS(0) and NICS(1) scans have a nice

agreement with 3c-ESI as it is predicted an augment in aroma-

ticity followed by a continuous decreasing at 3.5 Å, again near

to the zone of orbital switching. Unfortunately, because of the

lack of proper treatment of static correlation in our calculations,

the NICS and 3c-ESI values reported for this region have to be

taken with caution. However, we have checked that 3c-ESI

scans of some of these clusters performed with the CASSCF(10,10)

method yield a similar curve shape as that found with the

B3LYP method; so we concluded that the B3LYP results pre-

sented here are reliable.

We have calculated NICS profiles at different distances

between X (X 5 Li, Na, and K) and the three possible M3 units

(M 5 Be, Mg, and Ca). Although the NICS profile is depicted

down to 0.5 Å above the X atom (farther values are quite influ-

enced by the X atom), we will focus on the region r 5 0–1 Å.

By examining the NICS profiles as the distance of X atom to

the M3 unit increases, we can assess the change in aromaticity

as a function of the X-M3 distance. In Figure 8 are depicted the

three NICS profiles as the distance of X increases with respect

to the three metallic units: Be3, Mg3, and Ca3. In this Figure,

one can see the line at r 5 1 Å corresponding to NICS(1) values

at the different distances of the alkali metal to the center of the

M3 cluster. Perpendicular to this line, there are two straight lines

which separate the spectrum in three different regions as fol-

lows: A, B, and C. A is the region where the NICS profile

remains approximately constant, region B is where the NICS

profiles change, and region C begins at the value of X-M3 dis-

tance where the profile becomes flat (straight vertical line).

Additionally, there is a dashed line which shows the equilibrium

X-M3 distance. It is worth noting here that variations of NICS

with the distance to the M3 unit are not surprising in the light of

the report by Havenith et al.68 showing that maps of induced

current density in Li3Al4
2 and Li4Al4 vary strongly with the dis-

tance to the plotting and Al4 planes.

There are basically two different kinds of NICS profiles with

X-M3 distance. Those that exhibit the three regions A, B, and C,
and the rest which have only the B region. For the former (Be3
clusters and K2Mg3), the optimal X-M3 distance lies in the

region A, thus one expects these clusters show very little de-

pendence of aromaticity with small changes of X-M3 distance.

Only large variations in the coordination distance will lead to

substantial aromaticity changes. On the contrary, the rest of the

clusters do not have constant NICS profile region, thus leading

to sensible changes when X-M3 distance is modified. The only

exception is the Li2Mg3 cluster, which exhibits the A region,

however, the optimal X-M3 distance lies in the B region, provid-

ing different NICS profiles for larger Li-Mg3 distances. This

means that not all the clusters studied here are good candidates

for observing experimentally a significant change in aromaticity

by modifying the M-X distance. This finding may open the way

to control reactivity based on aromaticity tuning. We hope this

result will stimulate the research of new materials with this kind

of reactivity changes.

Conclusions

In this article, we have shown that the all-metal aromatic species

do not only have different types of aromaticity (r-, p-, d-, or u-
aromaticity) but also that the type of aromaticity of a given spe-

cies can change depending on external conditions, such as the

presence of alkali metals. We have found that the coordination

of one or two Na cations within the cyclo-[Mg3]
22 unit leads to

a switch on the aromaticity behavior of this species. Such

change in the type of aromaticity is also found in all [M3]
22

rings (M 5 Be, Mg, and Ca) when coordinated to alkali metal.

The aromaticity of the trigonal [M3] rings can be tuned by

simply controlling the distance from X to the center of the ring.

This is especially true for Na2Mg3, Li2Mg3, and X2Ca3 that can

undergo drastic aromaticity alterations by changing the distance

from X to the center of the M3 ring, whereas X2Be3 and K2Mg3
clusters have been shown to be highly resistant to small pertur-

bations of the distance between X and the M3 unit. This result

may have implications in inorganic chemistry, since control of

aromaticity may also help to control reactivity of all-metal aro-

matic clusters.
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38. Matito, E.; Solà, M.; Salvador, P.; Duran, M. Faraday Discuss 2007,

135, 325.
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2776 Jiménez-Halla et al. • Vol. 30, No. 16 • Journal of Computational Chemistry

Journal of Computational Chemistry DOI 10.1002/jcc


