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ABSTRACT

All-metal clusters, such as Al;M; (M = alkali metal ion), exhibit
interesting features of multi-fold aromaticity/antiaromaticity. Such
characteristics arise particularly because of the poor o— separation
in this class of systems. This Account presents computational
strategies to unambiguously determine the aromaticity/antiaro-
maticity characteristics of such clusters. Computations of the linear
and nonlinear optical responses show that all-metal clusters are
orders of magnitude more polarized than the conventional 7-con-
jugated molecules. We also propose new strategies to stabilize all-
metal antiaromatic systems through complexation to transition
metals and discuss mechanisms for substitution reactions within
the conventional organometallic systems by Al;M,. Additionally,
we find that these all-metal clusters form stacked superclusters that
are extremely stable and aromatic.

1. Introduction

One of the major emerging directions of research in both
basic and industrial areas has been to understand the
behavior of systems at the nanoscale.! Materials at nano-
scales are expected to show major differences in various
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properties compared to their bulk mode counterparts. For
example, the surface/volume ratios for the nanoparticles
are much larger than those in the bulk. This has resulted
in many industrial applications of nanoparticles, such as
in catalysis,> and also in the application of surface-
enhanced Raman scattering.’®

In search for new nanomaterials, the past decade has
witnessed major excitement in the area of all-metal
clusters. Boldyrev and Wang, on the basis of their com-
bined theoretical and experimental efforts, have reported
the first examples of aromatic all-metal clusters, such as
LiAl,~, NaAl,~, and CuAl,~.* Such molecules share the
structures and properties similar to that for the s-conju-
gated organics. From molecular orbital analysis and the
m-electron count in these systems, the neutral analogues
of Al,*>7, such as Na,Al,, are found to show large resonance
stabilization energy and large diamagnetic ring currents,
indicating that they are indeed aromatic. Similar examples
of such all-metal aromatic clusters have now been re-
ported for Ga,?, In,?", and also for mixed systems, such
as MAl;~ (M = Si, Ge, Sn, and Pb) and NaX; (X = B, Al,
and Ga).>® Recent developments in aromaticity/antiaro-
maticity of new metal clusters have been reviewed by
Boldyrev and Wang’ and also by Tsipis.?

The first example of all-metal antiaromatic molecules,
Al,Liy and Al4Li;~, was proposed recently by Boldyrev and
Wang.® Just like its organic antiaromatic counterpart,
cyclobutadiene (C4H,), the Al,*~ skeleton has a finite bond-
length alternation (BLA) between the two consecutive Al—
Al bonds and has four x electrons in its frontier orbitals.
However, unlike its organic counterpart, Al4Liy possesses
a very poor o—x separation, resulting in a substantial
intermixing of the ¢ and & orbitals. Furthermore, the
frontier orbitals do not have pure & characteristics. On
the basis of this fact and nucleus-independent chemical
shifts (NICS), Schleyer and co-workers suggested that Aly-
Li, is actually net o-aromatic, with the g-aromatic con-
tribution exceeding the s antiaromaticity.'®!! Santos and
co-workers performed topological analysis on Al4Lis based
on electron-localization function (ELF) analysis, and their
conclusions were similar to Boldyrev and Wang in that
the molecule is net antiaromatic.'?> Sundholm and co-
workers have calculated the magnetically induced current
densities on Al,*~, wherein they found it to be nonaro-
matic.’® Thus, the exact nature of delocalization of elec-
trons in Al,Li, has been quite controversial.'*

In this Account, we critically examine the o—x separa-
tion in these all-metal aromatic and antiaromatic systems
and provide a computational tool for measuring the
propensity of distortions in any given molecular system
even for cases where the o—x separation is poor.'> The
all-metal molecules are also considered for their second
hyperpolarizability responses.'® Computational strategies
are provided for the stabilization of all-metal antiaromatic
systems through coordination to low-valent transition-

*To whom correspondence should be addressed. E-mail: pati@-
jncasr.ac.in.
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(C). Ga,Li,

D). ALLi>

FIGURE 1. GS optimized structure of (A) C4Ha, (B) AlyLis, (C) GagLis,
and (D) AlLi?~.

metal centers.!” Reaction pathways are also studied for
substitution reactions of C,H, by Al;M, in organometallic
systems.!8 Additionally, we find that these all-metal clus-
ters form compact superclusters upon dimerization, which
are stable and aromatic.'®

2. A Model for Quantitative Estimation of
o— Distortions in All-Metal Clusters

A very accurate estimation of the nature of o and &
delocalizations can be obtained through a direct o—x
separation of the energies along the distortion coordinates
of the molecular system. Theoretical advancements in
such methods have been reviewed earlier.?>?! The basic
idea is to distort the molecules both in the ground-state
(GS) geometry and in their highest spin (HS) state by
freezing the z electrons in a parallel orientation. The
distortion in the HS state thus exclusively involves the o
electrons. Similarly, if one distorts the GS, one derives the
contributions from both the ¢ and xz distortions. Subtrac-
tion of the distortion energies of the GS and the HS state
thus provides an estimate of the zz-distortion energies.

To demonstrate the superiority of such a method, we
consider a variety of molecular systems: AlyLis;, AlsLis?",
and Ga,Li,. We compare these systems with C4H, and
similar organic analogues at each step of o—x analysis.
These systems have either four or six & electrons in their
frontier orbitals and provide a diverse set for unifying the
concept of aromaticity or antiaromaticity.

All of the molecular geometries were optimized at the
B3LYP/6-311G++ (d,p) level within the Gaussian 03
package.?? The structures are shown in Figure 1. The GS
geometry for both Al4Li, and Ga,Li, has a planar rectan-
gular structure for the ring, with the Li ions occupying
positions to maintain a Gy, architecture. The BLAs for Aly-
Li, and Ga,Li, are 0.12 and 0.16 A, respectively. Note that
the same BLA for C,H, is 0.24 A. The smaller BLA in Aly/
Gay is due to the coordination of two Li atoms with the
two short M—M bonds. To verify this, we consider Al,Li,?~
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FIGURE 2. (a) Distortion mode for the Mj rings (M = C, Al, and Ga)
in the GS. Li atoms are not shown for the sake of clarity. (b) Distortion
in the o electrons involving the distortion in a high-spin configuration.

(Figure 1D), which upon optimization leads to a BLA of
0.22 A, comparable to C;H,. The BLA picture thus suggests
a propensity to distort for these all-metal clusters.

The geometry-optimized structures are distorted by AR
(where AR is the difference between the long M—M and
short M—M bonds in the M, ring), so that the distortion
keeps the sum of two adjacent M—M bonds constant
(scheme a in Figure 2). The energy associated with the
distortion is partitioned into o and = components as AE,
= AEgs — AE,. The o backbone for a M, ring with four
electrons can be modeled as M4*~ with a HS configuration
(S = 2), where all of the four & electrons are parallel
(scheme b in Figure 2). For the six z-electron AlLi,>",
however, there are only four = orbitals, and thus, a HS
configuration with S = 3 is not feasible; rather two parallel
spins with S = 1 state in Al,Li,>~ correspond to the HS
state. AEys is thus defined as AE,. For the HS systems,
UB3LYP calculations are performed at the same basis set
level with annihilation of the first spin contaminant.

In Figure 3, the o0 and & energies as a function of the
distortion parameter, AR, are plotted. We have performed
an analysis of the fragmentation of the total energy into
contributions from the nuclear—nuclear (V,,), electron—
nuclear (Ven), electron—electron (V,.), and kinetic energy
(KE) as a function of BLA. In the inset, the core energy,
Veore [sSum of the kinetic energy and nuclear—electron (ne)
interactions], Ve, and V,, are plotted. For all of the
systems, it is found that the & electrons have a general
tendency of forming a distorted structure (;r energy is most
stable at large AR), while the o framework opposes the
distortion and tends to equalize the bonds. The final
structure and thus the propensity to distort or equalize
the M—M bond lengths will crucially depend upon the
predomination of either of the forces. In Figure 3a, the
result for the well-known C,H, system is shown. In this
case, the instability associated with the o-backbone
distortion is very little (4 kcal/mol for AR = 0.1), while
the stability for & distortion is quite substantial (22 kcal/
mol for AR = 0.1), clearly overwhelming the tendency for
o-backbone equalization. Thus, the C4H,4 has a rectangular
structure with a minor component from o-backbone
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FIGURE 3. Variation of the o energy (M) and 7z energy (O), both in kcal/mol, as a function of the distortion axis, AR, for (a) C4Ha, (b) AlsLis,
(c) Gaylis, and (d) AlLis2~. The insets show Vo (green), Ve (black), and V;, (red) components in the GS structures. All of the energies are
scaled to make the most stable geometry zero in energy, and positive values in the energy axis correspond to destabilization.

equalization. Both V.. and V,, are destabilized with
distortion, while the V.. component is stabilized. Further
analysis shows that it is the V. term in the Vi, that favors
the distorted structure. This is easy to understand because
the Vi, component is associated with the electron—lattice
interactions and lead to Jahn—Teller stabilization in the
distorted structure. However, components, such as Ve and
Vun, stabilize the AR = 0 structure associated with the
delocalized & electrons (for nonzero AR, the electron
density is localized in shorter bonds). Thus, the actual
preference for the highly symmetric or the distorted
structure is governed by the competition between all other
components and Vg,. For systems that adapt to a highly
symmetric structure (AR = 0), V., is only a minor
component.

For the all-metal system, however, the o—x separation
energy plays a crucial role. For example, in Al,Li,, the
distortion in the o framework leads to a destabilization
of 2.5 kcal/mol, while the & framework gains energy of
3.5 kcal/mol (Figure 3b). The GS energy is thus stabilized
by the distortion along the ring. Accordingly, Al,Li, can
be labeled as xz-distorted, although the propensity of
o-backbone equalization is quite substantial. The energy
components also follow very similar trends, such as that
for C4H, (inset of Figure 3b). A similar conclusion is also
derived for the GayLis, where the 7 stabilization associated
with the distortion is 4 kcal/mol, while o destabilization
is 2.5 kcal/mol (as seen in Figure 3c). The n-distorted
structure is thus stabilized by an amount of 1.5 kcal/mol,
0.5 kcal/mol more than that for Al,Lis. Thus, the z-distor-
tion propensity follows the order: C,H, > Ga,Liy > AlyLi,.

The fact that this simple o—x separation gives a very
clear picture for the nature of equalized/distorted M—M
bond lengths is evident from Figure 3d, where we have
analyzed the case for ALLi,>~. Contrary to the previous

cases, in AlLi,2, the stabilization associated with the
equalization of the o backbone overwhelms the instability
because of z-electron localization by 0.5 kcal/mol and
forces the system to be nondistorted. This is of course true
for C¢Hg, where o delocalization exceeds & localization.?!

3. Charge Transfer Induced Large Linear and
Nonlinear Qptical Properties of Small Al
Clusters: Al;M; (M = Li and Na)

The development of materials with large nonlinear optical
(NLO) properties is a key to controlling the propagation
of light by optical means. In particular, the response of
the materials to the application of the electric field has
found tremendous applications in designing materials
from application lasers to optical switches and optoelec-
tronics.?®> The NLO properties of organic z-conjugated
materials have been studied in great detail in the last 2
decades.?*%

While organic z-conjugated systems are stabilized
because of w-electron delocalizations, the inorganic metal
complexes reduce their energy through strong charge
transfer. We have performed the calculations on AL Li, and
AlyNa,. The linear and nonlinear optical coefficients are
calculated by Zerner’s INDO method with multireference
double CI (MRDCI) calculations,?%27 with four reference
determinants, including the Hartree—Fock GS, at an
electrical frequency of 0.001 atomic unit (au), much below
any optical resonance. To directly compare the efficiency
of these Al clusters with the conventional s-conjugated
systems, the optical properties of the 1,3-cyclobutadiene
(C4H,4) and benzene (CgHg) are also calculated at the same
level of theory. The optical gaps for Al4Liy and AlyNa, are
0.024 and 0.028 au, while the gaps for C4H, and CgH; are
0.2410 and 0.2588 au, respectively. It is evident that, for
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Table 1. GS Dipole Moment, xg, Linear Polarizability,
o, First Hyperpolarizability, f, and Second
Hyperpolarizability, y (Isotropic Average), for the
Molecules from ZINDO—-MRDCI Calculations®

molecule UG a p y

AlyLiy 0.00 5.5 x 103 0.00 5.33 x 108
AlyNay 0.00 8.7 x 103 0.00 2.00 x 108
C4Hy 0.00 2.9 x 102 0.00 4.76 x 10°
CeHs 0.00 5.4 x 102 0.00 8.44 x 10°

@ The units are in atomic units (au).

the Al clusters, the AR is very small compared to the C4H,
(antiaromatic, AR = 0.245 A) but larger than CsHg (aro-
matic, AR = 0). For the Al, clusters, there is a substantial
amount of charge transfer from the alkali atoms to the Al
atoms (negative charge), making them act as a donor and
an acceptor, respectively. Such a charge transfer induces
polarization in the GS structure and reduces the optical
gap. On the other hand, with the C—H bond being
perfectly covalent, there is almost no charge transfer in
the case of C;Hy and CgHs, and thus, they have a large
optical gap because of finite size molecular architecture.

In Table 1, the magnitudes of the GS dipole moment,
ug, and the linear (o) and nonlinear (8 and y) polariz-
abilities for the clusters are reported from the ZINDO
calculations. Note that the magnitudes for the tumbling
averaged @, B, and y are reported, which are defined in
terms of their tensor components as

) . 1
o= gZ(Qii) B= \/% Bi= gz(ﬁiﬁ + Bjij + By

1
V= 1_52(27/1'1']7 + vy (1)

where the sums are over the coordinates x, y, and z (i, j =
X, ¥, 2) and f3} refers to the conjugate of the f; vector.

The optically active states are the low-energy states of
these metallic clusters. Because the optical coefficients are
inversely proportional to the optical gaps and proportional
to the dipolar matrices, a large optical gap implies low
magnitudes for the optical coefficients. C;H, has the
highest magnitude of BLA and optical gap and the least
charge transfer on the ring structure, thereby the smallest
magnitude of 7. On the other hand, although BLA is 0 for
C¢Hs, because of complete 7-electron delocalization, there
is no charge transfer in the finite molecular structure,
leading to a large optical gap and weak polarization.
Consequently, 7 is also very small for CsHg. In contrast,
the optical coefficients in general are quite large for the
Aly clusters. For example, y values for the Al, clusters are
10 times greater than that for C,H, and CsHs.'®

4. Stahilization of the All-Metal Antiaromatic
Molecule through Complexation to Transition
Metals

From the discussion in the previous section, it is clear that
the all-metal charge-transfer clusters are excellent materi-
als for recording a large third harmonic generation.
However, these Al;M, compounds being antiaromatic are
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difficult to synthesize. In fact, the synthesis of antiaromatic
molecules is difficult because of their instabilities. Cy-
clobutadiene (C4H,), a four s electron system, remained
non-isolated for a long time before Longuet-Higgins and
Orgel proposed the concept of stabilization through
complexation with a transition metal to form an organo-
metallic compound.?® In the following section, such a
simplistic model is justified for the small Al, clusters and
we propose a few very stable complexes for these all-metal
species. Parallelly, these compounds are compared and
contrasted with their organic analogues (C,H, complexes).

A simple Hiickel m-electron theory predicts a triplet
square geometry for C4H, with equal C—C bond lengths.?
However, inclusion of the interaction with the underlying
o backbone stabilizes the C;H, molecule in a singlet state
with rectangular geometry. The rectangular C4H, is more
stable than the square geometry by 6.2 kcal/mol. In the
case of Al, systems, because of a smaller BLA, the triplet
state with Dy, symmetry is found to lie far above (~60
kcal/mol) the GS singlet. In the context of C,H,, Longuet-
Higgins and Orgel suggested that such a system can be
stabilized if the nonbonding electrons form bonding
molecular orbitals with suitable low-energy d orbitals of
a transition metal.

4.1. Fe(CO)3 Complex. A molecular complex, 7*(C,H,)—
Fe(CO)s, has been realized through the formation of such
bonding molecular orbitals. For the Al;M, systems, we
have performed the GS energy analysis on the similar
systems, 7*(Al;M4) —Fe(CO)s, using the same level of theory
mentioned above. Both the structures are shown in Figure
4. Al;M, indeed forms stable * complexes with Fe(CO)s.

The binding energies (defined as Ecomplex — Efragments) in
(Al4Liy) —Fe(CO);, (Al4Nay)—Fe(CO)s, and (AlsK,)—Fe(CO);
are found to be —118.85, —122.92, and —126.28 kcal/mol,
respectively. For comparison, the binding energy in
(CsHy)—Fe(CO); is —78.44 kcal/mol. The comparable
binding energies for the all-metal sandwich complexes
and the organometallic complexes suggest that Al,M, is
very well-stabilized in the complex, in fact, even more
stabilized than C,H,.

To understand whether the systems change their
geometries upon complexation, we compute the BLA for
the complexed geometries. While the free state C;H4 has
AR = 0.24 A, in the complex, 5*(C;H,)—Fe(CO)3, the AR
for the C4H4 ring is only 0.005 A. Thus, C;H,;, when
complexed, is a square rather than a rectangle and, as
expected from the m-only interaction, it behaves as
aromatic C,H,2.

In the complexes, (Al;M,)—Fe(CO);, the BLAs are very
small [0.028, 0.0345, and 0.041 A in (Al,Li,)Fe(CO)s, (Al,-
Nay)Fe(CO);, and (AlLKs)Fe(CO);, respectively]. Such a
large decrease in AR clearly supports that the Al:M,
ligands have been converted into a six 7 Al;M42~ species,
accounting for their substantial stability because of aro-
maticity.

4.2. Metal Sandwich Complex. Another well-known
methodology in stabilizing an unstable molecule is to form
a sandwich type of geometry, where two molecular species
can share the interaction with a transition metal; cyclo-



Nonlocal Electronic Distribution in Metallic Clusters Datta et al.

E=-1758.453 au

(ii) 9

E=-2603.711 au
FIGURE 4. Equilibrium minimum energy geometries for (i) 77*(C4Hq)—
Fe(CO); and (i) 77*(Al,Lis)—Fe(C0)s;. Bond lengths are in angstroms.
Ball color: red, O; violet, Fe; black, C; pink, Li; white, H; and light
brown, Al.

pentadiene is stabilized in such a geometry, resulting in
the ferrocene structure.®® After performing the geometry
optimization at the same level of theory discussed above,
we find that the structure for (C,H,).Ni is indeed a
sandwich geometry, with the two C,H, rings above and
below the Ni atom [see (i) in Figure 5]. In this complex,
the Ni atom sits symmetrically inside the cavity of the two
C4H, rings with a distance of 1.99 A from each C,H, ring.
The two C,H, molecules, however, remain staggered to
each other.

Similarly, we have stabilized the AlL,M, clusters by
introducing them in sandwiches of the type: (AlsM4),Ni.
The geometry for the (Al4Lis),Ni is shown in (ii) in Figure
5. The central Ni atom sits asymmetrically in the cavity
of the two AlLLiy rings. Recent theoretical studies by
Mercero et al. on its aromatic analogue, Al,>~, support our
claim.3!

The binding energies for (Al4Lis),Ni, (AlsNas),Ni, and
(ALLK,),Ni are 146.054, —147.12, and —103.12 kcal/mol,
respectively. For C;H,, the same binding energy is —150.819
kcal/mol.

4.3. Substitution Reaction. Because C4H, complexes
are already known,?® for the realization of all-metal
complexes, we carry out calculations with substitution
within conventional organometallic complexes. In Figure
6, we show the substitution reactions in (C4;H4)Fe(CO)3 by
Al;M, to produce (Al;M,)Fe(CO)s. The enthalpies for the

(i) Jd 11 456

E= -3508.301 au

FIGURE 5. Equilibrium minimum energy geometries for (i) (C4Hg);Ni
and (ii) (AlsLis);Ni. Distances are in angstroms. Ball color: black, C;
pink, Li; white, H; light brown, Al; and blue, Ni.

(ALM,)Fe(CO),
(C,H,Fe(CO), o

AH(M=Li) = -48.8 kcalimol
AH (M=Na)= -53 kecalimol
AH (M=K) = -56.3 kealimol
FIGURE 6. Substitution reactions in (C4H4)Fe(CO); by AlsLis, Al;Nay,
and Al;K, to produce (AlyLis)Fe(CO)s, (Al;Nay)Fe(CO)s, and (Al4K,)Fe-
(CO)s. Note that all of these substitutions are highly exothermic. Pink
balls indicate the alkali metal ions.

reactions are highly exothermic with AH = —48.8, —53,
and —56.3 kcal/mol for M = Li, Na, and K, respectively.
For the full-sandwich complexes, (Al;M,),Ni, the lowest
binding energy is for (Al4K,),Ni (see structures in Figure
7). This arises from the distortion in the sandwich
architecture because of the presence of the bulky K* ions,
as a result of which the average K distance to the Al,*~
ring is very large (3.5 A). For (Al4Liy),Ni and (Al;Nay),Ni,
the average M* distance from the Al4~ ring is 3.0 A. The
binding energy for (C,H4),Ni (calculated as mentioned in
the previous section) is —150.819 kcal/mol, and thus,
unlike the cases for (Al;M4)—Fe(CO);, direct substitution
of C4H, with Al;M, will be highly endothermic for the full-
sandwich complexes and thus quite unfavorable.
Instead, we consider a substitution reaction of the
type: (C4Hq)oNi + AlM, = (C4H)Ni(ALLM,) + C4Hy. As has
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FIGURE 7. Stepwise synthesis for all-metal sandwich complexes from the organometallic complex (C4H4);Ni. The energy for (C4Hs);Ni has
been scaled to zero to show the endothermic substitution reactions (the AE are shown in brackets). Pink balls indicate the alkali metal ions.

already been mentioned in the previous section, the AlsM,
(M = Li, Na, and K) binds quite strongly to the metal
center. Therefore, one expects that it is possible to
synthesize a hybrid organic—inorganic sandwich complex.
The structures of these hybrid complexes are found to be
quite stable. The heat of formation for (C4H4)Ni(Al4Lis),
(C4Hy)Ni(Al4Nay), and (C4H,)Ni(ALLK,) is —153.93, —158.82,
and —151.80 kcal/mol, respectively.

We rationalize the synthesis of these sandwich com-
plexes in a three step reaction of the type: (C4H4)Ni(C4H,)
to (CsHyNi(AlsM4) and finally to (Al:M4Ni(ALM,) (as
shown in Figure 7). As mentioned above, the intermediate
complexes, (C;H4)Ni(Al;M,), are quite stable and can thus
be isolated. However, these substitution reactions are
mildly endothermic. In this series, the heat of formation
is the least endothermic for both (Al;Na,)Ni(C,H,) and (Al,-
Nay),Ni. Therefore, we propose that (Al;Nas)Ni(C,H,) and
(Al4Na,),Ni are the best candidates for isolation.

b. Stahilization of All-Metal Aromatic/
Antlaromatlc Clusters through the Formation
of Superclusters

Intermolecular interactions between aromatic systems (&
stacking) have been extensively studied during the past 2
decades, both experimentally and theoretically.3>3 De-
tailed potential energy surface (PES) calculations for =«
stacks show the presence of a local minimum in the PES,
which favors the formation of z stacks in aromatic
molecules over the nascent molecule.3*

In a similar context, it will be interesting to ask if the
all-metal aromatic or antiaromatic molecules also form
similar sw-stacked dimers or form entirely different new
superclusters. In fact, Al;~ has been shown to form a stable
dimer, Alg2~.35 To address this issue, we consider [Al4]?~

218 ACCOUNTS OF CHEMICAL RESEARCH |/ VOL. 40, NO. 3, 2007

and [Aly]*~ as the monomers for modeling the aromatic
and antiaromatic stacked dimers and compare them with
their organic analogues. Electron correlation was taken
into account by using the second-order Moller—Plesset
perturbation method (MP2)3¢ at the 6-31+G(d,p) basis set
level.

We optimized the dimer structures of CsHs, CsHy,
[Al4]?>~, and [Al4]*~ at the above level of theory (see Figure
8 for structures). As shown, the optimized geometry of
(CsHg)2 corresponds to the well-characterized slipped
parallel zz-stacked dimer (perpendicular distance, d = 3.62
A). The geometry of (C4H,), corresponds to a completely
slipped parallel 7-stacked dimer, d = 2.96 A. The PESs
for the systems are analyzed to understand the stability
of the dimers. The energies at each configuration are
determined by varying the perpendicular distance be-
tween the two monomer rings. For the ([Al4]?7), and
([Al4]*7), clusters, pseudo-ring centers are used to calculate
the perpendicular ring—ring distances. The PESs for all
of the systems are plotted in Figure 9.

The stabilization energy (AE) is calculated as the energy
difference between the dimer and the monomer: AE =
E(dimer) — 2E(monomer). Note that this energy is cor-
rected for the basis-set superposition error (BSSE) through
the counterpoise (CP) correction scheme.* For the organic
systems, (C¢Hg)2 and (C,H,),, we find the stabilization
energy (AE) to be —2.23 and —3.52 kcal/mol, respectively.
The negative value for the stabilization energy corresponds
to the formation of a stable dimer structure. However, for
the all-metal systems, AE values are 89.96 and 616.98 kcal/
mol for ([Al4]?7), and ([Al4]*"),, respectively.

The apparent destabilization of the superclusters,
([ALL)%), and ([Al4]*7),, is due to the fact that, while (CsHg)2/
(C4Hy), are neutral, their Al analogues have formal nega-
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FIGURE 8. Optimized geometries of the aromatic and antiaromatic
dimers (side and top views): (a) CsHg stack, (b) C4H, stack, (c) [Al]2~
cluster, and (d) [Al]*~ cluster. The bond lengths and distances are
reported in angstroms. Color code: black, carbon; white, hydrogen;
and pink, aluminum.

(d)

tive charges [4 and 8 formal negative charges for ([Al4]?>7),
and ([AL4]*7),, respectivelyl].

To remove the Coulombic repulsions because of large
formal negative charges, we consider a dipositive metal
ion, such as Ca?", as the neutralizing charge and perform
geometry optimization for these clusters at the same level
of theory as discussed above. The structures are shown
in Figure 10. The corresponding stabilization energies (AE)
for ([Al,]%2~ Ca?"), and ([Al]*~ (Ca?"),), are found to be
—131.59 and —114.49 kcal/mol, respectively. The negative
value of AE and the large magnitude of the same stabi-
lization energy indicate that the superclusters are sub-
stantially stable.

6. Summary and Future Prospects

Major advances have been made in the past decade
toward an atomistic understanding of the structure and
properties in nanoscale systems. The concept of aroma-
ticity and antiaromaticity have been introduced for all-
metal clusters. Although there exist some obvious simi-
larities between these systems and the organic compounds,
additional care is certainly required for the correct as-
signment of aromatic characteristics to these systems. The
need for a direct methodology to characterize the role of
the o backbone and the x electrons is becoming all the
more essential, with new reports of aromaticity and
antiaromaticity rapidly emerging in the literature for new
molecules. A simple method to partition the distortion
energies belonging to ¢ and 7 electrons applicable for a
large class of systems with closely spaced ¢ and =
electronic levels is presented in this Account.

From the point of view of applications, these Al;M,
clusters show a very large off-resonance third harmonic
generation that is 10 000 times larger than their organic
analogues. These NLO-active molecules can be stabilized
through complexation to low-valent transition metals,
such as Fe(0) and Ni(0). AlM, forms stable 18 electron
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FIGURE 9. PES for the systems under study: (a) CsHs stack, (b) C4Hs stack, (c) ([Al4]2); cluster, and (d) ([Als]*~), cluster. The perpendicular
ring—ring distances are reported in angstroms, and energy is reported in kcal/mol.
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FIGURE 10. Optimized geometries of the aromatic and antiaromatic
metal-chelated neutral species: (a) ([Als]2~)Ca%™, (b) ([Al]"),(Ca?t),
side view, (c) ([AlJ%),(CaZ*), top view, (d) ([Alg]*")(CaZt), (e)
([Alg]*~),(Ca%t), side view, and (f) ([Alg]*~)(Ca%"), top view. The bond
lengths and distances are reported in angstroms. Color code: pink,
aluminum; and yellow, calcium.

(f)

half-sandwich and full-sandwich complexes, such as
(AlM4)Fe(CO);3 and (Al,My),Ni. In fact, (AL,M,)Fe(CO); can
be readily formed from its organic counterpart, (C4H,)-
Fe(CO)s, by the substitution reaction of Al,M, by C,H,.
Additionally, these all-metal clusters form extremely stable
compact superclusters through dimerization, which are
aromatic.

Future research in the area of nanoclusters would
consist of hybrid systems with nonlocal and multidirec-
tional charge distributions. A parallel between purely
metallic clusters and organic molecules would certainly
bridge the subject gap between physics and chemistry.
New synthetic routes with advanced crystallography would
help rationalize many of these possibilities. Major ad-
vances in theoretical modeling of these materials will,
however, require new and rigorous frameworks that will
accurately and unambiguously assign stability criteria
within these systems. The ever increasing computational
resources available to the quantum chemists would
certainly facilitate all-electron calculations for large clus-
ters, leading to an universal understanding of various
energy-scale interactions at the nanoscale.
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