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The nature of the bonding of a series of gas-phase all-metal clusters containing, th@tAdttached to an
alkaline, alkaline earth, or transition metal is investigated at the DFT level using Mulliken, quantum theory
of atoms in molecules (QTAIM), and Hirshfeld iterative (Hirshfeld-I) atomic partitionings. The characterization
of ionic, covalent, and metallic bonds is done by means of charge polarization and multicenter electron
delocalization. This Article uses for the first time Hirshfeld-1 multicenter indices as well as Hirshfeld-1 based
atomic energy calculations. The QTAIM charges are in line with the electronegativity scale, whereas Hirshfeld-1
calculations display deviations for transition metal clusters. The Mulliken charges fail to represent the charge
polarization in alkaline metal clusters. The large ionic character 6fliand Na—Al bonds results in weak
covalent bonds. On the contrary, scarcely ionic bonds{®eCu—Al and Zn—Al) display stronger covalent
bonds. These findings are in line with the topology of the electron density. The metallic character of these
clusters is reflected in large 3-, 4- and 5-center electron delocalization, which is found for all the molecular
fragments using the three atomic definitions. The previously reported magnetic inactivity (based on means of

magnetic ring currents) of the system in the AP~ cluster contrasts with its large electron delocalization.
However, it is shown that the different results not necessary contradict each other.

1. Introduction

The discovery of aromatic/antiaromatic behavior of gas-phase

metal clusters has given rise to an ever growing number of
studies of their properties. Among the most important papers,
especially the ones by Kuznetsov etldland the review by
Boldyrev and Wanghave contributed to the interest in these
systems.

Kuznetsov et al. first made a series of bimetallic clusters,
Al4Li~, Al,Na- and ALCu, in the gas phase and obtained their
photoelectron spectfalhey also performed a theoretical study
pointing out that the most stable isomers of these bimetallic
clusters all contain a square-planar?l dianion, which was
shown to be simultaneously and ¢ aromatic. Consequently,
they extended the concept of aromaticity to all-metal clusters.
Since then, the aromaticity of the At dianion has been studied
using different criteria; maps of ring currerts, aromatic ring
current shieldings (ARCS)? nuclear independent chemical
shifts (NICS)?induced magnetic field analysisyalence bond
calculations (VB)\? bifurcation analysis of the electron localiza-
tion function (ELF)!3 resonance energy estimations (REj
and conceptual DFT descriptdfs.Also, the aromaticity/
antiaromaticity of a large number of new gaseous all-metal or
metalloid clusters has been investigated? XX = B, Al, Ga,

In, TI),89141517.185j,X , (X = B, Al, Ga)8?XAl3~ (X = C, Si,
Ge, Sn, Pb}? XGa~ (X = Si, Ge)2° NaGg~ and Naln~,1821
X3~ and NaX (X = Al, Ga)??2 AusZn",22-25 CuH, (n =
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3—6),26 sandwich structures of [ATiAl 4]~ and Na[ALTiAl 4] ~,%7
Alx(COX,28 X2~ and NaX~ (X =N, P, As, Sb, Bip% X5~ (X

= N, P, As, Sbh, Bi®®33 and AlNa; and A4Nag~.3* In the
works by Tsipig® and Nigam et al®® the aromaticity of a large
variety of charged and neutral tetramer cluster is investigated
and deserves mention. Obviously, the vague definition of
aromaticity has already given rise to sometimes conflicting
conclusions for all metal clusters. It is therefore important to
stress that in the following, aromaticity should be considered
the presence of a delocalized electronic system, except if
explicitly mentioned otherwise.

A previous study using electron localization function, ELF,
indicated the presence of multicenter bonding in thg<Al(X
= Be, Mg, B, Si) clusterg? In the same work, Shetty et al.
detected large ionic character in small Sn-doped Li clusters.
Unfortunately, the ELF method does not provide quantitative
information about the extension of the multicenter bonding to
different molecular fragments. Here we employ a quantitative
tool, the multicenter delocalization indices, using different
atomic partitioning schemes, to study the bonding in several
all-metal clusters containing the Afragment.

Electron delocalization indicé8 also referred to as covalent
bond orders?4%are nowadays accepted as a good estimator of
the covalent character of traditional 2-center bonds. Also, when
its definition is extended to more than two atoms, they are called
multicenter delocalization indices or multicenter bond orders.
The multicenter delocalization indices were formerly shown to
be a powerful tool for characterizing three-center bétd8
and at a later stage proposed as a measure of the multicenter
electron delocalization in cyclic aromatic hydrocarbéhg®
More recently, Bultinck et #1%-55 and Mandado et &% have
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extended the application of multicenter delocalization indices NScc Miec NSec Mec

into the study of local and total aromaticity of polycyclic A = 2n Z[ Z ¢:(T) ¢(T) dT [ ¢(T)
aromatic hydrocarborf§, 51.5354.56,57.5% romaticity of hetero- " .Z ,Z ; ﬁ I : ﬁa :
cycles®® homoaromaticity??°° and concerted reaction mecha- Mec Mec Mee  Mec

nisms $T) dF .. [ D) (D) AT + 5 S Z WA
(] m

In this work the multicenter delocalization analysis is shown
to provide valuable quantitative information about the covalent - Y dF i Y d7 Y b (F) dF
meptal—metal bondin(z:j and the multicenter bonding in different 9i(1) $(T) dF ‘/‘; 9(1) #{F) dF .. f’\" n(1) A1) dT] (2)
molecular fragments. This is the first time that multicenter
delocalization indices are computed using the Hirshfeld atomic
partitioning. Also, a brief discussion of the and & local
aromaticity of the Al unit in terms of multicenter electron
delocalization is included and compared to previously reporte
results.

The atomic charge polarization, related to the ionic character
of the bond, is also investigated using the Mullikémuantum
theory of atoms in molecules (QTAIMY, and Hirshfel§®
iterative (Hirshfeld-I) atomic partitioning schemes. The ap- e Moo NSe N
plicability of different schemes to describe the charge distribu- A — o, WA(T) &.(T) &.(T) dF
tion in these metal clusters is discussed. The partitioning of the " Z [IZ ]Z Z ; f A1) 9(7) () f
total molecular energy into molecular fragment energies is _ _ . _ _ .
performed using QTAIM and Hirshfeld-l. For the latter a Wg(T) ¢4(T) #(T) dF "'fWM(r)¢m(r)¢i(r)dr +
detailed study of intra-atomic and interatomic energy terms is b ec Mec  Mbec
carried out, showing large differences between transition metals z z Z z f W,(T) ¢(T) ¢j(?) dr f wy(T) ¢,—(T)
and alkaline or alkaline earth metals. It must be remarked that 4~ 4 m
this is first time that Hirshfeld atomic energies are computed at =\ A - =\ g\ o
the DFT level of theory. ¢(T) dF '"IW'V'(r) (1) $(7) 7] (3)

The paper is organized as follows: In the second section where now the integrals run over the whole space, and the

multicenter indices are briefly reviewed. Also, the calculation ztomic domain of atond is defined through the atomic weight

of DFT atomic energies using Hirshfeld atomic partitioning is  factor wp,.

introduced. The computational details are presented in section Al the expressions above are based on monodeterminantal

lll. The “Results and Discussion” section (section 1V) is split wavefunctions. As such, they are restricted to Hartfeeck

into four different parts: the first is devoted to the study of the calculations and, in principle, also to Density Functional Theory

electron charge polarization (the ionic character of the bonds), in the Kohn-Sham approach. In the latter case, however, the

the second deals with the analysis of the electron delocalizationwave function strictly refers to independent electrons and as

(covalent and metallic character of the bonds), in the third the such application of the multicenter index expressions above is

local aromaticity of the Ad units is studied in detail through  not strictly justified. Nevertheless, DFT based delocalization

the analysis of the multicenter delocalization indices, and someindices have been shown on numerous occasions to give

results obtained from the atomic energy decomposition are chemically significant result®

discussed in the fourth. Finally, the conclusions are formulated.  Hirshfeld-DFT Atomic Energy Partitioning. The Hirshfeld
atomic energy is obtained by partitioning the different one- and

Il. Theoretical Background two-electron contributions to the total energy. For one-electron
contributions, such as the kinetic energy, this is accomplished

Multicenter Delocalization Indices. Given an atomic par- by introducing the atomic weight factar into the appropriate

titioning of the molecular electron density, the multicenter integral. The contribution of atom A to the total kinetic energy

delocalization indices represent the extent to which the electronsis thus given by

are delocalized among a set mfatoms. Using the Mulliken

where the overlap integrals between two molecular spin orbitals,
¢i(f) andg;(r), are performed within the QTAIM atomic basins
of the atomsA, B, etc.n’_ andn’ . represent the number of
d occupiedo. and 8 spin orbitals, respectively. Expression 2 is
the extension of the delocalization indices idea of Béftier
the multicenter case.

On the other hand, when the Hirshfeld atomic partitioning
schemé& is employed, eq 2 turns into

partitioning schemé! the n-center delocalization index{DI) A [ _ 1.
adopts the expression given®§5 Eiin = dT W, (F) > |- 5 (Vgy(T)) (4)
I
A,=2n Z [Z Z Z: Z' (P*9;(P* Y- P + The partitioning of DFT-related one-electron integrals, describ-
IEA |€B ke me

ing exchange and correlation contributions to the total energy,

Z Z Z ZA (PﬁS)ij(PﬂSjk...(PﬁS)mi] (1) is performed in a similar fashion:
i€A JeB ke me

A — — — —

in which P andP? are the so-called. and3 density matrices Be fdr WalT) &xc(p(F)) () ®)

andS s the overlap matrix in terms of basis functiong, .... wheree, represents the actual functional used.

The first summation in (1) runs over all the nonequivalent  The partitioning of two-electron contributions is slightly more

permutations> of the n atoms. The remaining summations run - complicated, as they involve integration over the coordinates

over the basis functions centered on the atémB, etc. of two electrons. In this case, a separate weight function must
When the quantum theory of atoms in molecules (QTAMM)  be employed for each electron. For example, the contribution

is employed, ther-Dl is readily written in terms of molecular ~ of atoms A and B to the coulomb interaction energy is given

spin orbitals by
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Ecouoms= p J 071 Wa(Ty) [T, We(F) / . ,
1<) :." _II
1 | |

$:(F) ——— () (6) / 9 > ?

|?1 - T2|
AL"(Dyy) ALLI(C4) ALNa{(Ca)

The exchange contributions are partitioned in a similar
manner. Further details of this partitioning scheme can be found A 1 . N
in ref 67. For hybrid DFT functionals such as B3LYP, the one- H r ;‘ J’_____
electron terms are partitioned according to eq 5 and the Coulomb
and exchange terms are partitioned according to eq 6. ALCu(Cy) AlsBe (Cy) AlMg (Cay) AlZn (Cy)

The partitioning of the HF and DFT molecular energy into rigyre 1. Molecular geometry and symmetry of all-metal clusters
atomic contributions leads initially to a sum of one-center and st died.
two-center energy ternf§; 74 depending on whether one atom
or two atoms are involved in the calculation of the core- TABLE 1: Charges of the Al, and M Fragments in
attraction, Coulomb, exchange and nuclear repulsion terms.All-Metal Clusters Studied (Figure 1)°

Using symmetrized expressions for the core-attraction energy AlLi=  AlLNa- Al,Cu  AlBe AlMg AlzZn
between two different atont8the initial partitioning of the total Q(Al) -1.748 —1.512 —0.335 0.398 —0.700  0.158
energy into one-center and two-center terms can be expressed —1.533 —1.498 -1.119 0.038 —0.523 —0.225
by a sum of atomic terms. —-0.729 -0.776 —-0.552 0.333 0.125 0.226

QM)  0.748 0512 —0.665 —0.398 0.700 —0.158
0533 0498 0.119 —0.038 0523 0.225

lll. Computational Details 0271 —0224 —0.448 —0333 —0.125 —0.226

Thg DFT level of calculation, with the B3LYP hybrid aThe first, second, and third numbers are respectively the QTAIM,
functional and the 6-31G(d) basis set, was employed for the  irshfeld-I. and Mulliken values.

geometry optimizations and wave function calculations. The

geometries and frequencies obtained with this method Were contrary, the energy minima of e and AkZn correspond to
shown to be in good agreement with ghztise obtained vylth the the Cs symmetry group. These clusters display two equivalent
MP2, CASSCF, or CCSD(T) method$®! Also, theoretical  \y_a| gistances, the other two MAI distances are one

vertical detachment energies obtain_ed with the B3LYP/_6' significantly shorter and the other one longer than the rest. These
311+G(d) method were shown to be in good agreement with ¢ sters also display pairs of equivalent-A4l distances.
experimental datdAll DFT calculations were performed using Table 1 collects the QTAIM, Hirshfeld-I, and Mulliken

the Gaussian 03 prografd.The calculations of the QTAIM
atomic charges and energies were performed using the AIMPACCharg_es .Of th? Aland M fragmer_lt'_s. Th_e QTAIM charges are
more in line with the electronegativity criterion. Thus, the charge

package of progran?. The QTAIM atomic energies were . . -
computed from the atomic kinetic energies using the molecular is always polarized from the least to the most electronegative
atoms according to QTAIM. The Hirshfeld-I charges only

virial ratio.®2 The calculations of the Hirshfeld atomic charges di ith th for th " ol
and energies were carried out with the BRABO package of 21S3dr€e€ with the QTAIM ones for the transition metal clusters,
especially for the AICu~. According to Hirshfeld-I the negative

programs’”78 The calculations of multicenter indices were X ) ;
carried out using a self-written FORTRAN program. AIMPAC ~ charge is located at the Alinit, whereas the Cu atom displays

and BRABO were employed to obtain the QTAIM and Hirshfeld & Small positive charge, contradicting the electronegativity
overlap integrals within the atomic domains, respectively. The Cfiterion. On the contrary, Mulliken charges coincide with the
topological analysis of the electron density and characterization QTAIM ones for the transition metal clusters andsBe.
of bond, ring and cage critical points (BCPs, RCPs, and CCPs,According to Mulliken the charge polarization is unnoticeable
respectively) were performed using the AIM2000 progidm.  In alkaline metal clusters, the total negative charge being shared
Recently, two of us introduced a new iterative Hirshfeld Py all the atoms according to the Mulliken charges. This also
atomic partitioning schemf@,referred to as Hirshfeld-1, based ~ contradicts the results obtained for smalk@ clusters using
on the maximal conservation of the entropic information of the ELF2 This shows that the Mulliken approach, in the present
isolated atoms in the atoms-in-molecules. This new procedure €ase, fails. This may be due to the use of diffuse functions for
avoids some problems concerning the promolecular density thatWhich it is known that the Mulliken approach does not perform
affect charged molecules [see refs 80 and 81 for details]. Well.%? On the other hand, the polarity of the present molecules
Because most of the metal clusters studied here are negativelymay also cause problems with this schefhe.
charged, this new procedure has been employed to calculate According to the QTAIM and Hirshfeld-1 charges the, i~

the Hirshfeldn-Dls, charges, and atomic energies. and AlLNa~ clusters and to a lesser extent theMg cluster
_ _ display a large charge polarization from the metal M to the Al
IV. Results and Discussion fragment. This large charge polarization indicates an important

Electron Charge Polarization. The optimized geometries  ionic character of the MAI bonds.

of the most stable conformers of the studied metal clusters are As a common point of the three atomic partitionings, the most
shown in Figure 1. The molecular symmetry and spin multiplic- electron deficient A fragments correspond to ti& clusters,

ity (singlet for all molecules) are also included in the figure. Al4Be and AkZn. The QTAIM and Mulliken charges indicate
As one can see, the energy minima oflAl, Al;Na-, AlsMg, that the Al fragments are positively charged in these clusters,
and ALCu~ correspond to th€,, symmetry group, displaying  whereas according to Hirshfeld-I they display small positive
four equivalent M-Al and Al—Al distances. These structures and negative charges in /e and AkZn, respectively. It must
were previously obtained using the same level as well as otherbe noticed that an electron transfer from Be to Al atoms was
levels of theory (see ref 3 and references therein). On the previously proposed in the ABe, system using ELE? How-
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TABLE 2: Multicenter Bond Indices for Different Molecular Fragments of the C,, All-Metal Clusters and the Al2~ Cluster?

Al Al——AI

A——M AN A, A.éjtt*'/\A. A——Al N

A—AI Al—AI Al—AI

1.0651(0.8012) | 0.3875 | 0.3417
Al 1.3608(0.8980) | 0.4901 | 0.3726
1.1239(0.6482) | 0.3612 | 0.3350

0.1207 | 0.0721(0.0697) | 0.0594 | 0.0684 | 1.0211(0.7585) | 0.3423 | 0.2866
AlLLiC | 0.2549 | 0.1335(0.1104) | 0.0886 | 0.0914 | 1.2392(0.8055) | 0.3960 | 0.2699
0.4257 | 0.1278(0.1740) | 0.0820 | 0.1218 | 0.6355(0.6185) | 0.1507 | 0.2051

0.2071 | 0.1123(0.1075) | 0.0831 | 0.0857 | 0.9670(0.7060) | 0.2958 | 0.2339
AltNa” | 0.2954 | 0.1411(0.1224) | 0.0942 | 0.0933 | 1.2157(0.7787) | 0.3733 | 0.2464
0.3600 | 0.0867(0.1462) | 0.0599 | 0.1108 | 0.6340(0.6200) | 0.1640 | 0.2285

0.6266 | 0.2078(0.1114) | 0.0835 | 0.0597 | 0.7375(0.5375) | 0.1736 | 0.1277
Al,Cu | 0.7789 | 0.2442(0.1508) | 0.1085 | 0.0834 | 1.0255(0.6422) | 0.2650 | 0.1576
0.4481 | 0.1658(0.0558) | 0.0784 | 0.0249 | 0.7029(0.5071) | 0.1361 | 0.1307

0.3853 | 0.1535(0.1313) | 0.0786 | 0.0655 | 0.8336(0.5975) | 0.2125 | 0.1533
AlMg | 0.5339 | 0.2244(0.1659) | 0.1043 | 0.0800 | 1.0005(0.6350) | 0.2501 | 0.1447
0.4169 | 0.0969(0.1170) | 0.0640 | 0.0796 | 0.5373(0.5341) | 0.1208 | 0.1665

aThe first, second, and third numbers are respectively the QTAIM, Hirshfeld-1, and Mulliken values. The numbers in Parentheses correspond to
molecular fragments that define a vertical symmetry plane.

TABLE 3: Multicenter Bond Indices, Ay, for Different ences with the Mulliken ones. The values for the-@ubonds
Molecular Fragments in Al,Be and Al,Zn? are quite close to that of a single bond (0.6266 and 0.7789 using
AlZ - AD A A =AY A QTAIM and Hirshfeld-I, respectively) and are also close to that
iiF L Sa\ 0.7258 0.4937 0.5933 0.4456 of the Al—AI bonds in the same cluster (0.7375 and 1.0255
s‘/‘@ 0.9456 0.6133 0.8495 0.5050 using QTAIM and Hirshfeld-1, respectively). The values forLi
0.5781 0.4762 0.5108 0.4223 . L. .
Al and Na—Al bonds are significantly smaller, indicating a much
AP = A% AP A¥ AP A=A weaker covalent bond. Also, the AAIl bonds in ALLi~ and
3'?232 g‘gggi }-gggg 0.1066 0.1178 Al Na are stronger than the rest, approaching the values in
0.5354 0.3507 0.9232 g:ég?g gqgg‘; the Als?~. The values for Mg-Al are between those of NeAl
> : and Cu-Al using QTAIM and Hirshfeld-I. It is noticeable that
A AIZ = AT Al = AW Al AMS K . ; i 3
01;13 515451 53?61-1 01341 02;94 no significant differences are found along the series using
02421 01896 0.4312 0.2167 02218 Mulliken scheme, displaying values between 0.3600 and 0.4481
0.0945 0.1176 0.3078 0.0818 0.1953 for Na—Al and Cu-Al, respectively. On the other hand, the
A AP A g s A Mulliken Al —AI. 2-DIs are smaller than thg corresponding
0.0742 0.0713 04125 01364 0.0749 QTAIM and _H|rshfeld-l values.. These differences found
0.1005 0.0915 0.1299 0.1752 0.0944 between Mulliken and QTAIM/Hirshfeld-I 2-Dls are a conse-
bl MR i S g quence of the small Mulliken electron charge polarization in
AR A A A% =AY A alkaline metal clusters.
|F' 0.7490 0.5121 0.6897 0.4697 The QTAIM, Hirshfeld-l, and Mulliken results reflect a
' 0.9444 0.5902 0.9127 0.5297 nifi ; ing i
‘/9 o 61554 b.5850 Siteas significant three cent(_er bondmg in the MAfragments for all
clusters, being especially large in theg&8U~. Remarkably, the
A =AY AT A¥ AP Foa QTAIM 3-DI of the CuAl, fragments is even larger than those
g.ggg g-gggg ?.ggg‘; g.zggg g.;g?g of the Al; fragments. Once again, the smallest values are
0.2976 02165 0.6537 6 e ooy displayed by t_he LiAl and NaA}b fragments according_ to
= = — = = = = QTAIM and Hirshfeld-l. The QTAIM value for MgAl is
A, Ay =47 | A=Ay Ay 45 between that of CuAland NaAp, whereas the Hirshfeld-I value
0.1691 0.0972 0.2522 0.1098 0.1610 H H
0.2345 0.1205 0.3101 0.1423 0.1683 fqr this fragment gpproaches to that. of CpAMulliken values
0.0881 0.0748 0.1896 0.0497 0.1497 display again deviations for the alkaline metal clusters; although
A A5 A s s LS the larger 3-DI corresponds to the CyAit is followed by that
% - ) X 2 > of LiAl
0.1092 0.0543 0.1125 0.0822 0.0625 2
3-};?? 0-06;; 0.0911 3-1193 0.0675 The 4-DIs and 5-DIs for MA} and MAIl; fragments,
. L S e S respectively, have the same order of magnitude. To estimate

aThe first, second, and third numbers are respectively the QTAIM, the relat!ve weight of the electron delocalization fgr multiple

Hirshfeld-1, and Mulliken values. centers in metal clusters, one can compare for instance the
QTAIM 4-DI and 5-DI values from Tables 2 and 3 with those

ever, that contradicts the atomic charges obtained with Mulliken, of highly delocalizedr systems like GH4?" and GHs ™, which
QTAIM and Hirshfeld-I, which suggest the contrary. are 0.180 and 0.042, respectively. The 4-DIs of the MAI

Multicenter Bonding Analysis and Electron Density To- fragments display values that are smaller than that of e
pology. Tables 2 and 3 collect theDls (n = 2—5) for all the yet considerably large. On the other hand, the values of 5-DIs
non-symmetrical molecular fragments contained in the metal for the MAI, fragments are larger than that of theHs~, which
clusters. Table 2 collects the values for g clusters, whereas  denotes the large extension of the electron delocalization in these
Table 3 collects the values for th& clusters. metallic compounds. On the other hand, although the 4-DI of

Let us discuss first the results obtained for the serieGpf the Al, fragment is always larger than those of the MAI
clusters. The QTAIM and Hirshfeld-I 2-Dls show large differ- fragments, its difference drastically reduces in@u~. This is
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Figure 2. Plot of critical points found in the all-metal clusters studied: (a) Al42-; (b) Al4Li-; (c) Al4Na-; (d) Al4Be; (e) Al4Mg; (f) Al4Cu-; (g)
Al4zn. Small black dots represent bond critical points, BCPs, and small white dots represent ring critical points, RCPs. No cage critical points,
CCPs, were found.

due to the decrease in the electron delocalization of pure electron delocalization analysis. Thus, the topological features
aluminum fragments when the electron delocalization of M of C4, clusters are very different between clusters with large
containing fragments increases. This fact was first noticed in ionic M—AI bonds (M = Li, Na) and large covalent MAI
polycyclic aromatic hydrocarbort&%” where the extension of  bonds (M= Cu). The former do not display BCPs linked the
the 7 electron delocalization to neighboring rings results in a aluminum atoms and the metal, but they show a BCP placed
decrease of the local ring electron delocalization. on the symmetry axis connecting the metal and one of the Al
The n-DIs for Al,Be and AlZn are collected in Table 3. atoms and passing through the RCP of the #hg. On the
These compounds display a large geometry distortion, which contrary, the AICu~ cluster shows four BCPs connecting the
can be understood in terms of electron delocalization. The Be metal with all the aluminum atoms and the corresponding RCPs
and Zn atoms approach one of the Al atoms, to which they are of the ALM rings. Moreover, in this cluster the RCP corre-
strongly covalently bonded. As result, the corresponding 2-DI sponding to the Alring disappears. An intermediate behavior
for that bond is the largest one according to the three atomic is displayed by the AMg cluster. In this cluster the BCPs
partitionings, even larger than those for-A44l bonds, which connecting the metal with the aluminum atoms and the
explains the proximity of these metals to one of the Al atoms. corresponding RCPs still remain, although they are close to
Also, the 3-DlIs and 4-Dls of fragments containing these two collapsing. For this cluster, the RCP corresponding to the Al
atoms (numbered as atoms 2 and 3 in the table) are the largesting also disappears.
ones, reflecting also the large metallic character of these clusters. Much more atypical is the topology of thg; clusters. The
All of this is in line with a preference for the MAI bonding Al Be shows BCPs connecting the metal and all the aluminum
instead of the AFAl when M = Be and Zn. atoms, whereas the Adn only displays the BCP corresponding
The large multicenter electron delocalization, which is present to the bond between the metal and the nearest aluminum. This
in all molecular fragments containing three, four, and five is explained by the smaller 2-Dls displayed in thezx cluster
centers, agrees with the large electron sharing associated to thevith respect to the same atom pairs inBé¢. On the other hand,
metallic bonding. This is another proof of the ability of all the BCPs connecting two aluminum atoms remain in the
multicenter delocalization analysis to detect multicenter bonding, Al4Zn cluster, whereas two of them (those with smallest 2-DIs)
even in the particular case of metals. disappear in the ABe. Once more, this difference can be
To get an image of the bonding we have determined the explained by the values of 2-Dls, where the smallest values of
topology of the electron density and plotted the BCPs, RCPs, the Al—Al pairs correspond to the ABe cluster.
and CCPs. Figure 2 clearly shows the atypical topology Local Aromaticity of the Al4 Unit. The Al, molecular
displayed by these metal clusters. It must be noticed that nofragment merits special attention becauseriemdsr aromatic
CCPs have been found in these systems, and that the Poincare character has been already studied in the literature (see introduc-
Hof relation is satisfied so that the set of critical points found tion). In this subsection we try to give extra information about
is complete. The information obtained from Figure 2 agrees with theo andxr local aromaticity of the AJ unit in metal complexes
the conclusions derived from the atomic charge and multicenter using multicenter electron delocalization indices. Havenith et
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AlLLT AluNa AlyCu AlsMg

Figure 3. Plots of the Koha-Shams molecular orbitals corresponding to the valence shell of the all-metal clusters studied. The nodal plane of
the zr system corresponds to theAllane.
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Figure 4. QTAIM (a) and Hirshfeld-I (b)o andx 4-Dls vs the number of andx valence electrons of the Afragment inC,, clusters.

al® found that ther system of the A~ molecule, formed by context, it should again be stressed that confronting conclusions
two electrons in agreement with the'ekel’s rule, is magneti- from different studies of aromaticity should be done carefully,
cally inactive. They also found a large magnetic activity of the making sure that the concept of aromaticity reflects the same
o system, attributing the major part of the aromaticity toshe  quantity. Multicenter indices reflect the delocalization aspect
molecular orbitals. Magnetic ring current determinations pointed of a molecule whereas ring currents reflect a response property.

out that the GH42" system, also containing twe electrons, In some molecules these are related, as for example in benzenoid
displays larger activity than the system of Aj2~. On the rings24 but this is not generally true.
contrary, the 4-Dls show that the electron delocalization Looking at the local aromaticity of the Alnit in the metal

among the four Al atoms in A~ (0.1804 and 0.1875 for  clusters in terms of 4-Dls, one finds that theand z local
QTAIM and Hirshfeld-1, respectively) is quite similar to that aromaticity is directly related to the andx electron popula-

of the four C atoms in gH4?* (0.1804 and 0.1620 for QTAIM tions. The splitting of the 4-DlI for Alinto o andzr contributions

and Hirshfeld-I respectively). On the other hand, ¢thelectron can be done, in a good approximation, for systems where the
delocalization is slightly smaller than theone for Al2~ (0.1613 Al4 unit displays a planar geometry. Those systems ar€ihe
and 0.1850 for QTAIM and Hirshfeld-I, respectively). These clusters, which display one molecular orbital that shows
results are in line with ther and o components of the NICS  approximater symmetry with respect to the plane defined by
index (—17.8 and—11.1) computed at the same levéland the aluminum atoms (see Figure 3), and that can be identified
also with the ELE and ELFo bifurcation values calculated by  as thexr molecular orbital responsible for thearomaticity in
Santos et al. (0.99 and 0.88, respectively), which reflect small Al4#~. The calculation of the n-DlIs for th€,, clusters as
larger contribution of ther electrons to the total aromaticity. It  summation of approximated s and p contributions leads to errors
might thus appear that ring current maps and multicenter indiceson the total 4-Dls lower than 2.6% using Hirshfeld-I partitioning,
contradict each other. This is, however, not necessarily the casewhereas they are lower than 5% using QTAIM partitioning. The
First, Havenith et al.have shown that the NICS data should only exception is the ACu cluster where the error is 18.3%
be treated with care as the induced current fromstheystem for QTAIM, although it is only 1.5% for Hirshfeld-I.

is not a ring current and thus better not considered as indicating In Figure 4 the values af andx 4-Dls for the Al fragments
aromaticity. The magnetic properties can in fact all be related are depicted versus tlweands electron populations, calculated
to theo system. As the ring current is a response to an external using the QTAIM and Hirshfeld-I partitionings. As one can see,
perturbation, it also involves the virtual orbitals of appropriate the local aromaticity increases monotonously with the electron
symmetry. In this sense, a delocalized system is a necessarypopulation. It is interesting to note that tlearomaticity is
condition to have a ring current but not a sufficient héf linearly correlated with the number ofelectrons, whereas the
there is no virtual orbital of correct symmetry within some s aromaticity shows an exponential decay. Tharomaticity
energetically acceptable range from an occupied orbital in the of the Al,2~ is preserved in the alkaline metal clusters, whereas
unperturbed situation, no ring current will be found. So the fact it decreases significantly in ACu~ and ALMg. On the other
that multicenter indices reveal botlwandzr delocalized system  hand, ther aromaticity of the Al unit experiences a higher
does not necessarily contradict ring current findings. In this decrease than that ofin all the clusters, as is expected from
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TABLE 4: Relative Hirshfeld-l and QTAIM Energies of the 0 = AlAl
Al, and M Fragments in kcal mol~! (Details in Text)? S
w o M-Al
E(Al) E(M) -30 1 ALi-Al and Na-Al
QTAIM Hirshfeld-I QTAIM  Hirshfeld-I Ent A
AlLi- -1398 —36.7 —685 —1705 —211.1 601
Al,Na- —150.2 —-4.7 —44.4 —189.1 —198.2 r=0979
Al,Cu- 481.7 209.7 —765.6 —494.2 —284.9 -90 - ’
AlBe -1.1 —29.1 —676.8 —649.0 —676.4
Al,Mg —138.6 —-21.4 —410.8 —527.9 —550.2 120 r=0.988
Al4Zn 492.1 106.5 —1141.7 —757.6 —649.6 B 0 0‘4 0‘8 1'2 1‘
aThe total interaction energie&M, between the AF~ and the cation Ay(A,B)
M or M?* are listed in the last column. Figure 5. Hirshfeld-l1 2-Dls, A5(A,B), in au vs the 2-center energy

terms, Eag, in kcal moft. The A=Al and M—Al atomic pairs are

the large overlapping between theMlO and the metal M (see represented respectively by boldface squares and boldface circles,
Figure 3). The largestr aromaticity is shown again by the whereas the L+Al and Na—Al atomic pairs are represented by boldface
alkaline metal clusters. triangles. N

It must be noted that the Afragments in the ABe and Al- Although the total stability of the clusters also depends on
Zn clusters display the smallest 4-Dls according to the three _the _'_”“?'atom'che“eggl( terms or one-center terms, one can
atomic partitionings, indicating that they are the least aromatic Intuitively state that the Interatomic terms or two-center terms,
Al units. The strong covalent bonds shown by the Be and Zn resulting from the atomic energy partitioning, provide valuable

atoms with one of the Al atoms breaks down the aromaticity of information about the bond strength. Thus, information about

the Al unit and give rise to a large geometry distortion of the the !—hrshfeld-l Interatomic and Intra-atomic_energies in the
cluster. studied metal clusters is collected in Table 5. The strongest

" M—Al bonds are found in th€s clusters and correspond to the

_Energy Decomposnmn.Table 4 collects the QTAIM and shortest M-Al bond distances and largest 2-Dls, witag(M —
leshf_eld-l energies of th_e Alfragment and the metal M_. The Al) values of —96.6 and—93.3 kcal mot* for AlBe and Al-
energies are shown with regard to those of the isolated 7 oy sters, respectively. However, it is one of e clusters,
fragments. The isolated fragments are created by isolating the, LCu-, which displays the largest total stability of the-M
coordinates of the Alfragments in the clusters and setting their bonds,’represented in Table 5 by the summation of alEthe
charge and multiplicity to the ground state of ##¢4>~ dianion. M—A) values. Looking at the summation of tiigg (Al —Al)
The energies of those isolated fragments were calculated Usmg\/alues, which are shown with respect to those oAl one
the same basis set as in the clusters (Boys and Bemardic,, remark that the most destabilized-l bonds are found
method)®® In that way, the values of Table 4 represent the i, ye C_ clusters, whereas the alkaline metal clusters display
partitioning into molecular fragments of the total interaction A _ | interatomic energies close to those of A,
energy (also included in the Table) between*hi? unit and One can also extract some valuable information from the one-
the ground state of the metal M in its cationic form,;"Mr center terms. Thus, the “own energy” of thesAlagments is
M?*, depending on the total charge of the cluster. Thus, the represented by the summation of the intra-atomic and inter-
results of Table 4 give information about the stability/instability  5tomic energy terms involving only Al atoms. These values are
of the Aly unit due to the new bonding situation. In addition, ghown with regard to the energy of the,Al in Table 5. One
they provide a classification based on the energy of the different ¢5p, see that all the relative values are positive, which indicates
Al, fragments along the series. It must be noticed that we have 5 gestabilization of the “own energy” of the Alinit. This is
also calculated the same relative energies using®Ah¢’ as not a surprising result, because these values reflect the desta-
refert_ence. Nevertheless, the energy difference betidghand bilization of the Al unit due to the geometry distortion and
'Al2~ at the level of theory here employed is only 5.6 kcal gjectron charge donation, but these values do not reflect any
mol™*, so that the relative energies of the;Alagments do not  g¢apjlization due to the formation of new-MAl bonds. On the
change significantly compared to the values shown in Table 4. contrary, surprising results are found when adding the 2-center

According to both QTAIM and Hirshfeld-1 energies, the;Al M—Al energy terms to the “own energy” of the AlThe
fragment is stabilized by alkaline and alkaline earth metals, resulting values are also included in Table 5 and shown with
whereas it is clearly destabilized by transition metals. The regard to the energy of the &F. The stabilization given by
destabilization of the Alfragment in the transition metal clusters the M—Al interatomic interactions is not enough to get a stable
is compensated by the large stabilization of M, resulting in a cluster when M is a transition metal (see the positive values
total stabilization of the cluster (see Table 4). According to the for Al4Cu and AkZn); the opposite is found when M is an
QTAIM energies, the Al unit can be classified into three alkaline or alkaline earth metal. This implies that the intra-atomic
groups: alkaline metal clusters andMlg, transition metal energy of the metalEa(M) (not shown in Table 5), and its
clusters, and the specific case of4Bé, which shows a small  stabilization play a key role in the total stability of the cluster
stabilization with regard to the reference. On the other hand, when the metal is a transition metal. The values from the last
according to the Hirshfeld-I energies, theAlnit can be row in Table 5 reflect a clear relation between the relative
classified approximately into two groups: alkaline metal and destabilization of the AF~ and the size of the cation, being a
alkaline earth metal clusters, and transition metal clusters. Thebit larger for monocations. Mang et®&linvestigated the relative
destabilization of the Alfragment in the transition metal clusters ~ stability of the square pyramidal conformations with regard to
cannot be attributed to the electron transfer because it is quitethe planar ones for several M~ all metal clusters. They found
different in the ALCu~ and AlZn. It must be noticed that the  that the stability decreases with the size of the catioh, M
Al, displays very different energy in e and AkZn, even reversing the stability order for Au
though these clusters display similar structure and charge Finally, it would be desirable to find a good relation between
polarization. the 2-Dls and the two-center energy terms, because both have
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TABLE 5: Summation of Hirshfeld-1 Two-Center, Eag, and One-Center,EA, Energy Terms Obtained for Several Fragments of
the Metal Clusters Studied. All Values in kcal mof?.

Al4Li~ Al ,Na Al,.Cu Al Be A|4Mg Al.Zn
SEA(Al)? 33.8 52.3 314.9 11.6 15.9 132.4
ZEas(Al—Al)2 11.8 15.5 48.9 79.3 55.8 72.7
ZEas(M—Al) —-172.8 —153.6 —302.4 —235.3 —-177.8 —194.8
[SEA(A]) + SEag(Al—Al)] 2 45.6 67.8 363.9 90.9 71.7 205.2
[SEA(A]) + SEas(Al—Al) + SEas(M—Al)] 2 -127.3 -85.8 61.5 —144.4 ~106.1 10.4

aValues relative to that of At~ (—969.1350 au aneé-379.7 kcal mol for respectivelfEa(Al) and ZEag(Al —Al).

been used here to measure the bond strength between pairs aind ELF; bifurcation values. The andx electron delocalization
atoms. In Figure 5 the 2-Dls are depicted versus the two-centerwithin the Al unit in the series of metal clusters studied is
energy terms for all the bonds in all the clusters. The correlations shown to depend on the and s atomic electron populations

obtained by separating the AAl bonds from the M-Al bonds and to decrease as the electron delocalization increases in
are very good. Only the EAI and Na—-Al bonds display fragments containing the metal M.
deviations with regard to the rest of ™Al pairs. They show a According to the QTAIM and Hirshfeld-1 fragment energy,

larger stabilization than that predicted by the values of the 2-Dls. the Al>~ system is stabilized by the cations®#12" when M
This is mainly due to the large ionic character of these bonds, is a light alkaline or alkaline earth metal. On the contrary, it is
which has been discussed at the beginning of this section.destabilized by the transition metal cations. The stabilization
Because the 2-DI only provides a measure of the covalent of the complex is giving by the intra-atomic stabilization of
character, they are expected to fail for highly ionic bonds. On the transition metal cation. A comparison of the interatomic
the other hand, the slope of the representation ferAlbonds energy terms with the 2-Dls reflects a linear correlation between
is smaller than that of MAI bonds, meaning that the both magnitudes for the MAI and Al—Al bonds separately.
interatomic energies within the Afragments are less sensitive
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