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Abstract Structural and chemical properties of charged
and neutral Lithium microclusters are investigated for

Lif(n=5—-10,g =0,£1). A total of 18 quantum con-
formational spaces are randomly walked to produce candidate
structures for local minima. Very rich potential energy surfa-
ces are produced, with the largest structural complexity pre-
dicted for anionic clusters. Analysis of the electron charge
distributions using the quantum theory of atoms in molecules
(QTAIM) predicts major stabilizing roles of Non—nuclear
attractors (NNAs) via NNA--Li interactions with virtually
no direct Li-Li interactions, except in the least stable config-
urations. A transition in behavior for clusters containing more
than seven nuclei is observed by using the recently introduced
quantum topology to determine in a quantum mechanically
consistent fashion the number of spatial dimensions each
cluster has. We experiment with a novel scheme for extracting
persistent structural motifs with increase in cluster size. The
new structural motifs correlate well with the energetic
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stability, particularly in highlighting the least stable structures.
Quantifying the degree of covalent character in Lithium bond-
ing independently agrees with the observation in the transition
in cluster behavior for lithium clusters containing more than
seven nuclei. Good correlation with available exper-
imental data is obtained for all properties reported in this
work.

Keywords Cluster growth - Lithium microclusters -
QTAIM - Stochastic optimization

Introduction

Vasts amounts of scientific literature are routinely devoted to
the study of clusters. Current understanding of nature at the
atomic, molecular levels as well as at the macroscopic level is
way more complete than knowledge in the cluster regime,
clusters properties and behavior representing a transition from
atoms and molecules to bulk matter. The chief obstacle pre-
venting deeper insights into clusters is the fact that their
properties change by the addition or removal of individual
atoms or molecules.

Lithium clusters, Li,, have been extensively studied,
among other reasons, because having three electrons, Li
atoms are the smallest that can form metallic clusters under
normal conditions (hydrogen atom clusters are known to
become metallic under extreme pressures). Experimentally
measured properties for lithium clusters include ionization
potentials (IPs), [1] electron affinities (EAs), [2] polarizabil-
ities, [3] cohesive energies [4] and others. Recently, small
anionic lithium clusters, Li, —(n =3 —7) have been
investigated via a combination of photoelectron spectrosco-
py and ab initio calculations [2]. Among the large variety of
theoretical methods used to study lithium clusters, we cite
several flavors of DFT [5-11], configuration interaction
[9, 12—-15], MP2 [9, 11, 16], coupled clusters [5, 9, 11, 17,
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Fig. 1 Number of isomers for
each conformational space in 20 -
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18], CASSCEF [9], generalized valence bond theory [19-21],
ab initio molecular dynamics [22], ab initio path integral
methods [9, 23, 24], variational quantum Monte Carlo meth-
ods [25], and gradient embedded genetic algorithms [5].
Several works have shown that electron correlation energy
is an essential contribution to cluster stability [11-13,
26-28]. Boustani and Koutecky determined that geometries
for anionic lithium clusters differ appreciably from those in
neutral and cationic clusters [29].

Chemical bonding in Li, has been discussed from molec-
ular orbital analysis by Alexandrova and Boldyrev, they con-
cluded that multiple 7t and ¢ aromaticity play significant roles
as major stabilizing effects [5]. Visser and coworkers reported
that high spin lithium clusters, despite having no bonding
electron pairs, exhibit rich conformational spaces, with clus-
ters being held together via multiplet interactions [30]. Pérez
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and coworkers have provided the most exhaustive character-

o . 0,41
ization of the potential energy surfaces (PESs) for Lis;

microclusters in their lowest spin states at the MP2 level
[11]. Regarding structural issues, for homonuclear metallic
clusters M,,, n=6 seems to be the transition point from planar
(n<6) to 3D (n>6) structural preference [11, 17, 31, 32];
exceptions to this rule are known, for example, planar geom-
etries for cationic, neutral and anionic Au;, clusters are
reported as the most stable [33—36]. Relativistic effects have
been postulated to be responsible for such “anomalous” struc-
tural preferences [37]. Interestingly, n=06 is also the transition
point from planar to 3D preferred geometries in water clusters
[38]. An explanation for such structural preferences has been
recently provided [39] by means of the quantum theory of
atoms in molecules (QTAIM), it involves the identification of
cage critical points (CCPs) only for n>6. Jenkins and
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Fig. 2 Geometrical motifs for neutral and charged Lis clusters. Lines joining atoms are drawn to help visualize the geometrical motifs
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Fig. 3 Geometrical motifs for neutral and charged Lig clusters. Lines joining atoms are drawn to help visualize the geometrical motifs

coworkers suggested in the same work that dimensionality of
molecular geometries should be achieved via quantum topo-
logical analysis of the electron densities, since the rules of
euclidean geometry should not be applied at the molecular
scale to describe molecular structures. In this context, the
existence of only bond critical points (BCPs) will characterize
a structure as 1D in the quantum topological (QT) sense
regardless of the disposition of atoms; at least one ring critical
point (RCP) would lead to 2D QT structures, while CCPs
would characterize a structure as 3D according to quantum
topology.

Conformational spaces for alkali-metal clusters are no-
toriously difficult to characterize because the presence of
only one s electron in the valence shells leads to very flat
potential energy surfaces (PESs), numerous shallow local

minima appearing because of the non—directional bonding
[17]. A problematic issue in the study of atomic and molec-
ular clusters is the generation of equilibrium structures.
Modern advances in technology produce fast and powerful
computers that have allowed the recent implementation of
stochastic optimization methods with energy evaluated via
quantum Hamiltonians [5, 40—43]. In particular, a modified
Metropolis acceptance test in the simulated annealing optimi-
zation procedure [44—46] has recently been proposed [11, 47,
48] as means for generating cluster candidate structures that
undergo further optimizations by traditional gradient follow-
ing techniques. The method, incorporated into the ASCEC
(after its Spanish acronym Annealing Simulado Con Energia
Cuantica) program, [48] retains the comparative advantages
and disadvantages of stochastic optimization over analytical

Fig. 4 Geometrical motifs for neutral and charged Li; clusters. Lines joining atoms are drawn to help visualize the geometrical motifs
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methods, [49] namely, initial guess independence, exhaus-
tive exploration of the potential energy surface, and the
ability to jump over energy barriers and to sample several
energy wells on the same run without getting trapped in
local minima; however, the method is still computationally
intensive because of repetitive evaluation of the energy
function. The ASCEC method has been successfully used
to treat mono and bimetallic atomic microclusters [11, 50],
molecular clusters joint via hydrogen bonding networks,
[38, 39, 47, 51-53] and mixed atoms/molecules clusters
[54] stabilized via a wide variety of complex interactions.
The studies in question afforded contributing new struc-
tures never before reported in the literature, which in the
proper cases have helped rationalizing the stabilization of
small hydrogen—bonded networks, the reactivity of

metallic microclusters and the nature and complex inter-
play between forces involved in the microsolvation of
alkali metal cations.

In this work, we undertake a systematic exploration of
the conformational spaces of Li/(n =5— 10,4 =0,%1)
microclusters in their lowest spin states. A study with the
same methodology of the n=5-7 clusters can be found
elsewhere [11]; those results are also included in this
report for the sake of completeness, to elaborate trends,
to draw conclusions based in larger samples, and because
of new analysis not included in the previous manuscript.
We aim at expanding the limited knowledge of these very
important PESs as well as at shedding light into the
nature of interactions responsible for cluster stabilization
and bonding.

Fig. 5 Geometrical motifs for neutral and charged Lig clusters. Lines joining atoms are drawn to help visualize the geometrical motifs
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Computer methods and theory

We used the molecular cluster capabilities of the ASCEC
program [48] which contains a modified Metropolis accep-
tance test in an adapted version of the simulated annealing
optimization procedure. The annealing algorithm [44—46] was
used to generate candidate structures after random walks of
the HF/lanl2dz PESs. The BLYP density functional in con-
junction with the 6-311+G(d) basis set was used to optimize
and characterize the structures afforded by ASCEC. Further
refinement and characterization of the located minima was
conducted by means of B3LYP/6-311+G(d) calculations.
Analytical harmonic second derivative calculations were used
to characterize all stationary points as true minima (no nega-
tive eigenvalues of the Hessian matrix). Highly correlated

CCSD(T)/6-311+G(d) energies were calculated on all
B3LYP optimized geometries. This choice of methodology

has proven very successful in the treatment of Lilg}

clusters [11].

Binding energies (BE) were calculated by subtracting the
energy of the given cluster from the sum of the energies of
the constituent atoms, in this way, larger positive numbers
correspond to larger stabilization energies. Relative energies
(AE) were calculated as the difference between the energy
of the most stable structure and the energy of a particular
cluster on a given PES. Isomer populations were estimated
by standard Boltzmann distribution analysis using both the
ZPE corrected B3LYP and CCSD(T)//B3LYP calculated
energies. Adiabatic ionization potentials were estimated as
the difference between the statistically weighted average

Fig. 6 Geometrical motifs for neutral and charged Liy clusters. Lines joining atoms are drawn to help visualize the geometrical motifs
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energies of the neutral clusters and the statistically weighted
average energies of the cationic structures for a given number
of Li atoms, the weighting factor taken as the estimated
Boltzmann populations. All optimization, frequency, and
energy calculations were carried out using the Gaussian 03
suite of programs [55].

The properties of the electronic charge distributions for
Li? clusters are analyzed in the context of the quantum
theory of atoms in molecules, QTAIM [56]. QTAIM defines
an atom as an open system and provides a powerful method
for the study of bonding using only the charge density
distribution p (r). Within QTAIM, critical points in the
charge density distribution are identified where Vp (r)=0,
and further classified according to the properties of the
Hessian matrix (the matrix of partial second derivatives of
F(r) with respect to the components of r) evaluated at these
points. Diagonalizing this matrix gives the coordinate in-
variant (ordered) eigenvalues A;<A,<Aj3; the critical points
are conventionally labeled using the notation (w , o ) where
w is the rank (the number of distinct eigenvalues) and o is
the signature (the algebraic sum of the signs of the
eigenvalues).

In three dimensions, there are five types of topolog-
ically stable critical points, these are denoted as (3,-3),
which are local maxima, usually corresponding to a
nuclear position (NCP), in this work we also include
non—nuclear maxima (NNA); other critical points are
(3,-1) and (3,+1), which correspond to saddle points,
called bond critical points (BCP) and ring critical points
(RCP), respectively; finally, there are also (3,+3), cage
critical points (CCP).

We are interested in properties evaluated at the BCPs,
RCPs, and CCPs, e.g., the charge density evaluated at the
BCP denoted by p (1), its Laplacian V2p (1), and the local
total energy .37 (rp), also evaluated at the BCP. Closed shell
interactions (e.g., ionic bonds, hydrogen bonds, non—bond-
ing interactions) are characterized by positive values of the
Laplacian, V?p (1), low p (r}) values (<0.1 atomic units),
and values of |A;| /A;<1; these types of interactions are
dominated by the contraction of charge away from the
BCP toward each of the nuclei. Conversely, shared interac-
tions (e.g., covalent bonds) have negative V2p (r) values,
high values of p (rp), and values of [A1]| /A3>1. For a given
molecular system, the numbers of the four different types of
critical points are related by a fundamental theorem of
topology, the Poincaré—Hopf relationship [56]:

n—b+r—c=1, (1)

where n, b, r, and ¢ are the numbers of NCPs BCPs, RCPs,
and CCPs, respectively. When we are considering systems
with flat regions of charge density then there are also natu-
rally arising maxima: Non—nuclear attractors (NNAs) which
are included into the total for » within Eq. 1, but unlike the

number of NCPs for a given cluster size, the number of
NNAs can change for given cluster sizes.

In this work we will use the recently introduced concept
of quantum topology within QTAIM instead of using
Euclidean geometry to determine whether a structure is
3D, 2D or 1D, [39] the following notation is used to refer
to all possible molecular geometries consistent with

Table 1 Energetic analysis for the Lig’ﬁi_; clusters. AE: Relative

energies with respect to the most stable structure within a given PES
at each level. BE/atom: Binding energies/atom. All relative and bind-
ing energies corrected for the unscaled corresponding ZPEs. CCSD(T)
energies corrected for the unscaled B3LYP ZPEs. All calculations
using the 6-311+G* basis set. All energies in kcal/mol. The structures
are sorted following the CCSD(T)//B3LYP stabilities, and identified
according to the closest point group symmetry (see Figs. 2, 3, 4, 5, 6,
7). Strictly speaking, all structures belong to the C; group, as they are
randomly produced during the annealing and then optimized without
imposition of symmetry constraints. Isomer contributions estimated via
standard Boltzmann population analyisis

Cluster B3LYP CCSD(T)//B3LYP

AE BE/atom pop (=%) AE BE/atom pop (=%)

Lif clusters

Lii, Dy, 0.00 21.85 97.43 0.00 21.63 99.40
Lif, Dy 215 2142 257 3.03  21.02 0.60
Lis,C,, 0.00 1484 9524 0.00 15.21 93.79
Lis,C, 178 1449 476 1.61 14.89 6.21
Li;,Coy 0.00 1606  74.66 0.00 16.69 76.20
Li;,Cs  0.64 1593 25.30 0.69 16.56  23.66
Lis,Cop 444 1517  0.04 371 15.95 0.15
Lif clusters

Lif,Coa 0.00 2229 100.00  0.00 22.02 100.00
Lij,Cop 1076 2050 = 1273 1990 =
Lif, D)y 1295 20.14 =0 13.72 19.74 =
Lis, Dy,  0.00  17.02  99.44 0.00 17.68 99.67
Lie,Cs,  3.10 16.51 0.53 344 17.10 030
Lis, Dy, 479 16.23 0.03 477 16.88 0.03
Lig, Dy 0.00 18.09 100.00  0.00 18.85 100.00
Li;, D3, 689 1695 =0 954 1726 =
Lig, Csq 1165 1615 =0 13.74 1656 =
Lig, Csp 17.61 15.16 =0 1953 1559 =
Lig,Dooi 1942 1486 =0 2178 1522 =
Li? clusters

Lij,Ds,  0.00 23.87  99.99 0.00 23.79 99.98
Lij, Gy, 557 23.07  0.01 496 23.08 0.02
Li7,Dsp,  0.00 1840  98.74 0.00 19.12 98.36
Li7, C3, 2.58 18.03 1.26 243 18.78 1.64
Li;,Ds,  0.00 19.17  59.18 0.00 2044  72.89
Li;,Csp 042 19.11 29.36 0.62 2036  25.50
Li;,Csq 097 19.03 11.46 226 20.12 1.61
Li;,C 12,67 1736 =0 16.10 18.14 =0
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QTAIM: 3Dqr, 2Dgr or 1Dgr. This will be useful to
quantify any transitions or tendencies for clusters to
change dimensionality. In order to address the issue of
covalency in bonding within lithium clusters, we use the

Table 2 Energetic analysis for the Ligj;E ! clusters. See caption in
Table 1 for additional description. Structures marked with asterisks
come in enantiomer pairs, and therefore the calculated populations are
twice what is predicted for each one

Cluster B3LYP CCSD(T)//B3LYP

AE  BE/atom pop (= %) AE  BE/atom pop (= %)
Lifclusters
Li;cx,a 0.00 23.26 99.68 0.00 23.34 99.72
Li;Cv,b 340 22.84 0.32 347 2290 0.28
Lig, Ty 0.00 19.08 62.70 0.00 20.07 55.33
Lig,C3, 0.71 18.99 18.83 0.33  20.03 31.52
Lig,Cs,  0.72  18.99 18.47 0.85 19.97 13.15
Lig, Dy 0.00 19.71 89.20 0.00 20.89 96.90
Lig,Csa 136 19.54 9.06 2.13  20.62 2.68
Lig,Coa 241 1941 1.53 322 20.49 0.42
Lig,Cse  9.51 1852 =0 12.40 19.34 ~0
Lig,Cop 3.71 1924 0.17 19.05 18.51 ~0
Lig,Dy; 1647 17.65 =0 20.23 18.36 ~0
Lig,Coq  15.87 17.72 =0 20.44 18.33 ~0
Lig, G 16.42 17.66 =0 20.85 18.28 =0
Lig, Coy e 21.83 16.98 =0 2729 17.48 =0
Lig,Con 454 19.14 0.04 28.59 17.31 =0
Lig,Cse 1819 17.43 =0 36.16 16.37 =0
Lidclusters
Lig,Dag 0.00 2437  99.98 0.00 24.85  100.00
Lij,Cou 510 2380 0.02 630 2415 =0
Lig, Csva 9.59  23.30 =0 11.05 23.62 ~0

Lig,Csq 1693 2249 =0 19.72 22.66 =0
Liy,C;, 1840 2233 =0 2035 2259 =0
Liy,Cyp 2206 2192 =0 2499 22.07 =0
Lio,Cayp 026 19.11 36.92 0.00 20.01 87.50
Lio,Cs,, 138 1899  5.56 1.16 19.88  12.38
Lio,C;,  3.55 1875  0.14 422 1954  0.07
Lio,Csy  0.00 19.14  57.36 457 1950  0.04
Lio,C3,q  5.17 1857  0.01 513 1944  0.02
Liy,Cse  0.00 20.19  59.12 0.00 2143 7133
Lig,C5, 1.04 2007 2020 1.10 2131 2215
Liy,Coe  0.62 20.12  20.59 142 2127 649
Liy,Cove 3.83 1976  0.09 470 2091 0.03
Liy,Cp 536 1959 0.0l 6.18 2075 =0
Liy,Csve 649 1947 =0 745 2060 =0
Lig,Csp 747 1936 =0 9.03 2043 =0
Liy,Coe 1086 1898 =0 946 2038 =0
Lig,Csq 1643 1836 =0 20.40 19.16 =0

Lig,Cova 17.84 1820 ~0 21.67 19.02 ~0

local total energy density at the BCP suggested earlier
[57]:

%(rb) = '7/(1'1)) +E¢(rb) (2)

where a degree in covalent character is indicated
by .57 (r,)<0. Previously, one of us used Eq. 2 to
explain the unusual strength in hydrogen bonds in ice
I, [58] in agreement with experiment [59]. All QTAIM
properties were calculated using the AIMQB program
within the AIMStudio suite, [60] using the Proaim basin
integration method. For the lithium clusters where the
electron density distributions are rather diffuse, the
atomic integration radius was increased to 20 A to get
sufficient accuracy. The Promega (1st—Order) atomic
basin integration method was used, again for the rea-
sons of the diffuse nature of the electron density
distributions.

Table 3 Energetic analysis for the Li?bil clusters. See caption in

Table 1 for additional description. Structures marked with asterisks
come in enantiomer pairs, and therefore the calculated populations are
twice what is predicted for each one

Cluster ~ B3LYP B3LYP

AE  BE/atom pop (%) AE  BE/atom pop (=%)
Li?,clusters
Lify,Csy 000 2366  98.72 0.00 2410  99.71
Lify,Csa 348 2331 0.28 3.84 2372 0.5
Lijy, D 276 2338  0.93 409 2369  0.10
Lify, Cop 430 2323 0.07 466 23.63  0.04
Lij, Doy 0.00 19.88 9598 0.00 2085 6436
Lij0.Cpo 2.08 19.67  2.87 0.55 2080  25.58
Lij,Ci, 3.03 19.58 1.15 1.51 2070 5.03
Lijg,Cse  7.52 19.13 =0 7.10 20.14 =0
Lijg, Csq  0.13  20.34 17.81 0.00 21.53 34.90
Lijg, G, 0.00 2036  44.06 029 2151 4298
Lij, Cf, 049 2031 19.16 072 2146  20.84
Lij,, Cip 234 2012 042 245 2129 056
Lijy, Cse 218 20.14  0.55 257 2128 046
Lij,, Gy 291 2006  0.16 3.18 2122  0.16
Lijy,Cie 316 20.04  0.11 375 21.16  0.06
Lij,, Cia 423 1993  0.02 454 2108 0.2
Lij, Ci. 395 1996  0.03 486 21.05  0.02
Lij,Cse 524 1983 =0 598 2094 =0
Liy, Do 0.13  20.34 17.64 6.12 2092 ~0
Lijy, Cse 452 1990  0.01 6.18 2092 =0
Lij,Csn 848 1951 =0 10.09 20.53 =0
Lij,, Csi 946 1941 =0 11.07 2043 =0
Lijy, Dopp 20.12 1834 =0 28.53 1868 =0
Lij,Cs; 2679 17.68 =0 3322 1821 =0
Lijy, G 3115 1724 =0 3877 1766 =0
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Results and discussion
ASCEC conditions

We used two distinct approaches to construct the initial
geometries for Li! ASCEC runs: superimposing all atoms
at the center of a cubic box in a big bang-like fashion, or
placing them as far apart from each other as possible within
the boundaries of the cubic box; whatever the choice, each
collection of atoms was allowed to evolve as overall cation-
ic, neutral or anionic systems under the annealing condi-
tions. The annealing was run at least twice for each PES.
The systems were placed inside cubes of varying lengths
depending on the number of atoms in the cluster. The HF/
lanl2dz model chemistry was used to calculate the energy of
Markovian chains of randomly generated cluster configura-
tions; we used geometrical quenching routes with initial
temperatures of 500 K, a constant temperature decrease of
5% and 100 total temperatures.

Geometries and structural issues

The number of local extrema in a given PES increases
exponentially with the number of atoms, [49] therefore,
the amount of theoretical or experimental work needed for
complete characterization of PESs of the complexities of our
subjects is prohibitively large, rendering that aspiration
impractical.

In this work, 18 conformational spaces of Li clusters
were explored, Li? (n=5-10, ¢=0, +1), out of which nine
are closed shell and nine are open shell systems. Despite not
having chiral centers, a number of optical isomers were
found due to the overall spatial arrangement of the atoms.
A total of 94 stable structures within 68 geometrical motifs

were located by our methodology; the structures are distrib-
uted into 40 closed shell and 54 open shell clusters. There
are a total of 20 cationic, 20 neutral and 54 anionic clusters,
as shown in Fig. 1; it can be seen that anionic clusters have
richer conformational spaces with 2:1 (and larger) ratios in
the number of structures when compared to neutral and to
cationic clusters of similar sizes; large numbers of anionic
open shell systems lead to comparatively more complex
conformational spaces for anionic clusters (Fig. 1); on
the other hand, the ratios between the number of neu-
tral and cationic clusters remains quite similar (= 1:1)
regardless of number of electrons in the outermost
shell.

The geometrical motifs for each size are depicted in Figs. 2,
3,4,5,6, 7. Tables 1, 2, 3 list along with relevant energy
results, the closest point group for all equilibrium geometries.
The following observations are drawn after analyzing the
structures and energies encountered in this work: (7)) Neutral
and charged microclusters of the same size have very different
conformational possibilities except for Li;. (if) CCSD(T) and
B3LYP energies predict that n=5 is the transition point from
planar to 3D (Euclidean) structural preferences in all cations
(for Li{, the most stable structure is 3D); Lig, Lig prefer 3D
structures. (iii) There are four types of structures, which
according to euclidean geometry we label 1D, 2D, semi—2D
and open—3D, that only exist for anionic clusters and there-
fore contribute to the structural diversity of these charged
systems: D.;,(n=6) is 1D. C,,,(n=5); C,4Css(n=6); C,
(n=T7); D2j,Caye ,Cso(n=8); Ca,q (n=9) and Dy, ,C, jo
Cyy(n=10) are 2D. C, 4 ,C1(n=8) and C;, (n=9) are Semi—
2D. C . (n=8); C5,4(n=9) and C;;,C; (n=10) are open—3D.
Comparatively small HOMO energies and binding energies
for these systems suggest that the excess electron is weakly
bound in this set of anionic clusters.

Fig. 8 Distribution of the 150 : ‘ : ‘ : ‘ . ‘ ‘ . ‘ . ‘ .
Li-Li distances (A, first ,..
. . Lo 140 — -~ —
neighbors) in the anionic Lin, / \ @
n=5-10 clusters. An 130 [~ (] ® \ N
approximate gaussian 120 - / \ —
distribution centered around~ 110 / \ |
2.95 A is predicted. Similar @
: 8 100 - \ «
trends with fewer occurrences Q
are calculated for neutral and e 90+ .\ —
cationic clusters 3 80 / \ |
S / o
s 70— ¢ \ —
é 60 — / \ —
3 50 / \ -
40 - / Q .
30 - ¢ \‘ =
20 |- / ~e
/
10~ 2 7
e—-—e | . I . | . | . | ., |
2.5 2.6 2.7 2.8 29 3.0 3.1 3.2 3.3

Li - Li Distances (A)
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Table 4 Statistically weighted

properties for the Li? clusters. n  Cations Anions Neutrals

All quantities in kcal/mol. IPs

are for the neutral clusters BE/atom BE/atom BE/atom 1P

B3LYP CCSD  Exp* B3LYP CCSD  B3LYP CCSD  Exp* CCSD  Exp'
(M (M (M (T)

5 22.42 22.20 2421  16.49 17.13 15.33 15.69 17.89  3.96 4.02
6 22.90 22.63 2479  18.68 19.44 17.64 18.30 2022 4.25 4.20
7 24.54 24.46 25.66  19.78 21.05 19.04 19.79 20.89  3.95 3.94
8 23.92 24.00 2542  20.33 21.52 19.73 20.72 21.88 4.23 4.16
9 25.08 25.56 26.70  20.80 22.06 19.81 20.68 2132 347 3.29
10 2433 24.79 2594  21.15 22.18 20.60 21.55 22.62 397 3.95

Approximate gaussian radial distributions are predicted for
Li- - -Li distances for all clusters considered in this study.
Figure 8 plots the Li- - -Li distances for all anionic clusters,
similar trends with fewer occurrences are calculated for neu-
tral and cationic clusters. Li- - -Li distances for the same
geometrical motif but different charges decrease as 7,40, >
P anion™ Ineural - 101 Other words, neutrals are more compact than
anions and these than cations for the same structural pattern in
the same number of atoms. For larger clusters, addition of
individual atoms seem to energetically favor structures where
new fused tetrahedra are formed; this observation has previ-
ously been noticed by Boustani and coworkers [12]. A closer
look at the most stable structures of the larger clusters reveals
that several of them have the Ds, structure for seven atoms
(Fig. 4) as basic unit, in some cases, complex geometrical
fusions of the same structure lead to very stable clusters.

Energies, cluster stabilization and other properties

In 1994, Bréchignac et al. [4] presented atomization ener-
gies of cationic lithium clusters derived from rates of unim-
olecular decay in an evaporative ensemble. The same study
also included cohesive energies of the corresponding neutral
clusters, derived from the cationic values using the

25

BE/atom (kcal/mol)
N
o

»——« Neutrals experimental ]
e——e Cations calculated
=——a Neutrals calculated
A——a Anions calculated

15 | | | |
5 6 7 8 9 10

Number of Li atoms

experimental ionization potentials measured by Dugourd
and coworkers [1]. The most relevant calculated energetic
information for all clusters considered in this study are listed
in Tables 1, 2, 3.

As a general rule, for larger sizes, compact structures are
energetically preferred over open or planar conformations.
One interesting observation is that for all neutral and anionic
clusters, local minima appear very close in energy to the
global minimum, leading to contributions from several sour-
ces to the overall stability of those systems. On the other
hand, cationic clusters always show dominant contributions
from one particular structure (Tables 1, 2, 3). Notice that the
statistically weighted binding energies per atom increase
monotonically as a function of the cluster size for anionic
clusters while local fluctuations are observed for both neu-
tral and cationic systems (Table 4, Fig. 9). We point out that
the CCSD(T)//B3LYP calculated binding energies/atom re-
produce very well the available experimental data (Table 4,
Fig. 9); there is also a remarkable agreement (with few excep-
tions) between B3LYP and CCSD(T)//B3LYP binding ener-
gies values with deviations 0f~0.27, 0.76 and 1.03 kcal/mol in
average for cations, neutrals and anions, respectively. For the
calculated BE/atom, it should also be noticed that the singly
charged clusters are more stable than the neutral ones, with the
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§ 34 -
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Fig. 9 CCSD(T)/B3LYP Binding energies per atom for neutral and charged Li microclusters (left). Experimental data taken from Bréchignac et al.
[4] Tonization potential for neutral Li microclusters (right). Experimental data taken from [1]
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cationic clusters being the most stable. Ionization potential is a
valuable electronic property involved in the reactivity of a
molecular system. Figure 9 shows the statistically weighted
IPs computed at the B3LYP/6-311+G(d) level as a function
of the cluster size; an oscillatory behavior is observed due to
alternations between open and closed shells, for odd and even
number of electrons respectively. A remarkable coincidence is
also observed between our calculated statistically weighted
IPs and the experimental data for neutral clusters by about
0.08 eV in average. This satisfactory agreement is an indica-
tion of the good quality of the geometries produced by the

Table 5 Topological analysis of the electron charge distributions for
Lisji7 clusters: critical point data for the four sets of critical points,
NNAs, BCPs, RCPs and CCPs, see the main text for further explana-
tion. The number of lithium atoms equals the number of NCPs in every
case. The sum of the NNAs, BCPs, RCPs and CCPs is given by Y szrc-
The quantum topological dimension of each cluster is given by DQT;
[39] “structural motifs” refers to the structural subunits described in
Fig. 11. The structures are sorted following the CCSD(T)//B3LYP
stabilities, and identified according to the closest point group
symmetry

Cluster NNA BCP RCP CCP } . zrc Dqr Structural motifs
Lifclusters

Lig, Dy, 2 9 3 0 14 2 4
Li{, Dy 2 6 0 0 8 1 B
Lis,Core 3 8 1 0 12 2 B
Lis,C, 2 8 2 0 12 2 B
Lis,Cova 3 9 2 0 14 2 C
Liy,Cy 4 12 4 0 20 2 B
Lig, Coyp 2 6 0 0 8 1 By,
Lif clusters

Lig, Cova 2 2 0 13 2 D
Lig, Coyp 2 7 0 0 9 1 By, C
Lig,Da 3 8 0 0 11 1 By, C
Lig, Day, 4 16 9 2 31 3 4,C
Lig,Cs, 10 25 10 0 45 2 4,C
Lis, D3, 3 9 1 0 13 2 B.B,
Lig,Dyy 4 16 9 2 31 3 4,C
Lig,Dsn 3 13 0 17 2 By,B,
Lig,Coa 3 o 2 o0 15 2 B,
Lig,Cop 4 9 0 0 13 1 By,
Lig, Docn 5 o 0o o0 15 1 By,
Li? clusters

Lif,Ds; 5 20 11 2 38 3 4,C
Lij, Cyq 3 15 6 0 24 2 D
Li;, Ds, 10 23 9 2 44 3 4,C
Li7,Cya 3 12 4 1 20 3 D
Li;,Ds, 5 17 7 1 30 3 4,C
Li;, Gy 6 18 7 1 32 3 C
Li;, Gyva 4 12 3 1 20 3 D
Li;,C; 4 13 3 0 20 2 A4, By,

stochastic exploration of the conformational spaces for the
title clusters. We offer next a discussion of cluster stability in
terms of the topological properties of the electron densities.

Topological analysis of the electron densities

Tables 5, 6, 7 list all relevant quantities for the topological
analysis of the electron charge distributions for Li? clusters.

Taoble 6 Topological analysis of the electron charge distributions for
Lisjgil clusters. See caption in Table 5 for additional description.
Structures marked with asterisks come in enantiomer pairs

Cluster NNA BCP RCP CCP Y 4grc Dqr Structural motifs
Lifclusters

Li,Coa 4 4 4 1 23 3 D
Lii,Cop 3 16 6 0 25 2 D

Lis, T, 4 2 12 1 39 3 D
Lis,C;, 4 14 4 1 23 3 D
Lig,Coo 4 17 7 1 29 3 D

Lig, Dy 4 14 4 1 23 3  CD
Lig,Csa 3 14 5 1 23 3 D
Lig,Cou 4 18 9 2 33 3 D
Lig,Coe 2 4 5 0 21 2 By D
Lig,Cayp 4 14 3 0o 21 2 By,
Lig, Dy 4 12 1 0 17 2 Ay, B,
Lig,Coa 5 17 5 0 27 2 By,B,
Lig,C1 4 14 3 0 21 2 By, B,
Lig, Caye 4 12 1 0 17 2 By, By,
Lig,Cy 5 14 2 0 21 2 By, B,
Lig,Cse 5 13 1 0 19 2 By, B,
Li§ clusters

Lig,Dsg 8 24 8 0 40 2 CD
Lig,Coe 5 20 8 1 34 3 D

Lig, Csa 4 15 3 0 22 2 D
Lig,Coa 6 17 4 1 28 3 D
Lig,C;5, 4 18 6 0 28 2 D
Lig,Csp 4 19 7 0 30 2 D
Lio,Cop 4 20 8 0 32 2 CD
Lio,Cong 4 19 11 4 38 3 CD
Lio,C,, 4 2 12 2 40 3 D
Lio,Cs, 4 17 7 2 30 3 D
Lio,Cspe 5 21 9 1 36 3 A, D
Lig,Cc 4 16 6 2 28 3 D
Liy,C;, 5 18 5 0 28 2 D
Lig,Cova 4 16 5 1 26 3 D
Lig,Cp 4 15 3 0 22 2 D
Lig,Cyva 3 10 o0 14 1 4y,
Lig,Csvp 5 30 0 18 1 4,
Liy,Cae 5 15 3 1 24 3 A,D
Lig,Csa 8 19 3 0 30 2 By By,
Liy,Cova 5 16 3 0 24 2 By By,
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Table 7 Topological analysis of the electron charge distributions for
Li?bil clusters. See caption in Table 5 for additional description.
Structures marked with asterisks come in enantiomer pairs. Structure
Lij,, C,, does not satisfy Eq. 1

Cluster NNA BCP RCP CCP 3} ,grc Dqr Structural motifs
Li{,clusters

Lij,Cor 4 25 12 0 41 2 CD
Lify,Coa 6 20 5 0 31 2 D
Lijy, Do 6 26 15 4 51 3 CD
Lify,Cop 5 2 9 1 37 3 D
Lijg, Dsy 6 2 11 4 43 3 CD
Lij,Coq 5 9 5 0 29 2 D
Liy,Ci, 5 21 9 2 37 3 D
Lijp,Cse 5 23 10 1 39 3 D
Lijg, Csa 8 2 6 1 37 3 D
Lij,, G5 6 20 7 2 35 3 D
Lij,Ci, 5 18 4 0 27 2 D
Lijg,Cip 5 21 9 2 37 3 D
Lijy,Cse 6 2 9 2 39 3 D
Lij,, Gy 4 20 8 1 33 3 D
Lijg, Cie S 24 11 1 41 3 D
Lijg,Cia S 17 3 0 25 2 D
Liy, C, 4 20 8 1 33 3 D
Lij), Cog 3 2 0 0 15 1 B,
Lijg, Dopa 4 20 11 4 39 3 D
Lij;, G 4 19 8 2 33 3 D
Lig, G 5 19 6 1 31 3 B,
Lijg, Danp 4 16 3 0 23 2 By, By,
Lijy,Cs; 6 18 3 0 27 2 By, By,
Lijp,Con 6 20 5 0 31 2 By, By,

The first striking feature about bonding in the clusters in this
study, already pointed out by other works [19-21, 61, 62], is
that there are no directly bonded pairs of Li atoms among
the most stable structures, this holds regardless of charge,
size or geometry. Instead, bonding seems to occur via non—
nuclear attractors (NNAs), positioned between Li atoms:
well defined bond critical points (BCPs) are located in the
lines joining Li — NNA pairs, as seen for one illustrative
case in Fig. 10. NNAs, also known as “pseudoatoms”,
which are regions of local maximum electron density not
surrounding a nucleus, have been controversially invoked in
the past to help explain among other things metal-metal
bonding. A very recent report by Platts and coworkers,
[63] offers for the first time, experimental characterization
of a theoretically predicted NNA; in that particular study, a
NNA is found to stabilize a Mg — Mg bond in a stable
molecule. For Li,, Glaser et al. [64] suggested that the
NNA arises from a symmetric combination of valence 2s
orbitals with smaller contributions from 2 p. orbitals. It has
been argued that the stability of long bonds with low

@ Springer

Fig. 10 Geometry, critical points and electron density for the D3/ cluster
in neutral Lis. NNAs are responsible for overall stability of the clusters.
The pseudoatoms are surrounded by regions of high electron density.
Lines joining atoms (top) are drawn to help visualize the geometrical motif

polarities, negligible contributions from core orbitals, and
major radial contributions from the valence orbitals to the
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Fig. 11 Basic structural motifs
in this work. In sub—figures (a)
and (b) two basic motifs are
shown, where (b) is an

-o-l--o

orthogonal projection of (a), Y
these are referred to in this work Pt
as basic structural motifs 4; and G—" 4
its 2D projection 4, ,, ‘~.‘
respectively. Sub—figures (¢)

and (d) show two additional
structural motifs, where (d) is
an orthogonal projection of (c)
in the plane of (c); these
structural motifs are referred to
as basic structural motifs B; and
its 2D projection B, ,,
respectively. Sub—figures (e)
and (f) show the basic structural
motifs C and D

L J

(e)

@

electron densities would benefit considerably from the pres-
ence of NNAs intermediate between the atoms [64, 65].

@-eoo----@

Fig. 12 The critical point sets. NCPs, NNAs, BCPs and RCPs, of the
topologies of the charge density for the most energetically stable
lithium clusters containing five lithium nuclei for the three cluster
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types with respect to their charge. Traveling from left to right the
cationic, neutral and two views of the anionic clusters are shown
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Fig. 13 The critical point sets. NCPs, NNAs, BCPs and RCPs, of the
topologies of the charge density for the most energetically stable
lithium clusters containing six lithium nuclei for the three cluster types
with respect to their charge. Traveling from left to right the cationic,
neutral and anionic clusters are shown. In the cationic cluster all six of

distances reported here for Li clusters (Fig. 8) probably arise
from the stabilizing presence of NNAs. There is no correla-
tion between the number of bond, ring or cage critical points
with relative stability of the clusters (Tables 5, 6, 7).

Creation of structural motifs and cluster growth

The limitations of both quantum topology and the use of
point group symmetries are that they alone can not decom-
pose an individual cluster in order to provide some hints to
mechanisms of cluster growth. In order to probe the struc-
tural changes with cluster growth we will use two main
approaches. First, we create structural motifs based on 2D
projections, examples of such 2D projections can be seen in
Fig. 11, where (b) is a 2D projection of (a) and (d) is a 2D
projection of (c). A variation of this 2D projection approach
is to allow ’dynamic’ motifs that include more intricate
versions, an example of this is Fig. 11 (e), where this
dynamic motif has four lithium nuclei radially positioned,;
this motif appears unchanged in Fig. 12 (anion) and in Fig.
13 (neutral, anion); a variation of the theme with five radi-
ally positioned lithium nuclei appears in Fig. 14 (cation,
neutral, anion); variations are also observed for Fig. 15
(anion) and with eight radially positioned lithium atoms
for the cationic and neutral clusters of nine (Fig. 16) and
ten lithium atoms (Fig. 17). The second approach to struc-
tural decomposition is simply to choose a group of nuclei as

Fig. 14 The critical point sets. NCPs, NNAs, BCPs and RCPs, of the
topologies of the charge density for the most energetically stable
lithium clusters containing seven lithium nuclei for the three cluster
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the lithium nuclei are highlighted (seen in larger blue spheres in the
electronic version), this is because this structure is basic structural
motif D, which is present in larger more structurally complex struc-
tures, see Figs. 15, 16, 17, where the structural motif is highlighted

the basic motif and search for the same group with approx-
imately similar internal coordinates to each other in larger
clusters. The basic structural pattern for this type of motif is
given in Fig. 11 (f). Figure 13 (neutral), Fig. 15 (neutral,
cationic, anionic), contain this motif as do the neutral and
cationic clusters of nine (Fig. 16) and ten (Fig. 17) lithium
atoms.

In order to understand why the 2D projections may be
useful for the decomposition of clusters, the reader is asked
to first imagine a regular cylinder with its long axis parallel
to the z—axis and the circular cross section in the xy plane.
Then we wish to decompose this 3D object into the fewest
2D objects that best capture the character of the cylinder.
Then perhaps, by imaging a 2D universe it is possible to
decompose such a 3D object by passing a pair of bisecting
perpendicular planes through the cylinder to create the or-
thogonal structural sub—units of a rectangle and a circle.

We use this method of 2D projections in partnership with
structural motifs to follow changes in cluster topology with
growth. The choice of motifs can not be unique since our
choice is abstract and therefore can not relate to actual
growth processes, but it is a self referential characterization
which we think yields more information than symmetry use
alone. The use of symmetry only provides the generalized
principle (not always holding) that more energetically stable
structures tend to possess larger numbers of symmetry oper-
ations, which is less useful in situations where none of the
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types with respect to their charge. Traveling from left to right the
cationic, neutral and anionic clusters are shown
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Fig. 15 The critical point sets. NCPs, NNAs, BCPs and RCPs, of the
topologies of the charge density for the most energetically stable
lithium clusters containing eight lithium nuclei for the three cluster

structures under study have higher symmetries. An example
of the limitations of reliance on symmetry operations is that
of the case where the symmetry is lowered due to Jahn—
Teller distortions because of degeneracy of partially occu-
pied valence orbitals [66—69].

In Fig. 11 the basic structural motives that we will use to
follow the growth of the lithium clusters, 4y, 4, ,, By, By p,
C and D are presented in sub—figures (a)—(f) respectively. In
Figs. 12, 13, 14, 15, 16, 17 the critical point set for the most
energetically stable lithium clusters of sizes five to ten
respectively are presented for each of the charge types,
cationic, neutral and anionic. The lithium nuclei that are
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Fig. 16 The critical point sets. NCPs, NNAs, BCPs and RCPs, of the
topologies of the charge density for the most energetically stable
lithium clusters containing nine lithium nuclei for the three cluster

types with respect to their charge. Traveling from left to right the
cationic, neutral and two views of the anionic clusters are shown

highlighted in blue, in the electronic version of this work,
are to show the embedded structural motif D for clarity in
more complex structures. Tables 5, 6, 7 list the critical point
data for the four sets of critical points for lithium clusters:
NNA, BCP, RCP and CCP, including the dimensionality of
each cluster within the quantum topology and the new
structural motifs.

The results in this work allow us to venture descriptions
of cluster growth. We start by using QTAIM to analyze the
array of lithium clusters presented in Tables 5, 6, 7 for
clusters of sizes five—ten respectively. Figures 12, 13, 14,
15, 16, 17 show the most energetically stable structures for

.

L 4

types with respect to their charge. Traveling from left to right two
views of the cationic (top), two views of the neutral (bottom) and one
view of the anionic (bottom) clusters are shown
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Fig. 17 The critical point sets. NCPs, NNAs, BCPs and RCPs, of the
topologies of the charge density for the most energetically stable
lithium clusters containing ten lithium nuclei for the three cluster types

each charge type. Using QTAIM it can quickly be estab-
lished that in the smallest clusters (Lis, see Table 5 and
Fig. 12), no CCPs are present in any structure, some struc-
tures do not have RCPs either and so are 1Dqr, although this
is not the case for the most stable; in other words, the most
stable structures are 2Dqr. For the Lig clusters (see Fig. 13),
CCPs are now present in the most stable neutral and anionic
structures, some of the less stable structures are 2Dgr. This
trend of increasing cluster quantum topology dimensions
with energetic stability persists for larger sizes.

The topological complexity Y ,zrc steadily increases in
Table 5, but there is a decrease in the symmetry and topo-
logical complexity in Table 6.

Examination of the structural motifs in Tables 5, 6, 7
shows more clearly the distinction between the most and
least energetically stable structures than can be inferred from
the quantum topology or the symmetry. The least stable
structures being comprised more often of the projection
motifs 4; ,, By , and the planar motif B;. There is a clear
boundary between clusters of size seven and eight in terms
of the structural motifs present. We can clearly see from
Tables 5, 6, 7 a transition between Lis_ and Lig_;o in terms
of the structural motifs; clusters Ligg 1o show a complete
absence of motifs 4, 4, ,, B; and B, , (except for Liy,C3,,,
which contains 4; ,), unlike clusters Lig’w. The projection

motif B; ,, is quantum topologically 1Dgr and its
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with respect to their charge. Traveling from left to right two views of
the cationic (top), two views of the neutral (bottom) and one view of
the anionic (bottom) clusters are shown

increasingly dominant presence, with increase in cluster
size, amongst the least energetically stable structures shows
that planar character correlates inversely with cluster size;
this is especially true for the anionic clusters.

A very interesting result is that similar structural arrange-
ments for the same number of atoms but different total
charge exhibit considerably different topologies of the elec-
tron densities, this is a consequence of different number of
electrons being accommodated for different charge numbers
in the same geometry. As a typical example, Fig. 14 illus-
trates the changes in the number and disposition of critical
points for the Ds;, geometries in Lif clusters.

Covalent character and cooperativity

In Fig. 18 the degree of covalent character .37 (r,) from
Eq. 2 is plotted against the bond—path length (BPL) for the
most stable structures for neutral and charged lithium clus-
ters. Li; consists of Li--"NNA interactions in a tight cluster
with BPLs of length 5.8 au. The most stable structure of the
anionic clusters with nine lithium nuclei also contains
Li-~-NNA interactions for BPLs of 5.0-6.5 au. All of the
Li--*NNA interactions in this study were found to possess a
degree of covalent character. For the Ligﬁ‘7 clusters the
degree of covalent character for the most covalent of each
cluster charge and size is seen to be cationic > neutral >
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Fig. 18 Variations of the cova- —0.0005
lent bond character , 777 (ry,)
with BPL for neutral and
charged lithium clusters (Eq. 2).
Cationic, neutral and anionic —0.0010 | Hﬁ#x R 1
clusters are denoted as ¢, n and a
respectively. Top plot refers to o
clusters having 5, 6 and 7 Li + @
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anionic and for the cluster size 5>6>7. So the conclusion
from Fig. 18 (top) is that smaller cationic clusters tend to
posses bonding interactions with a higher degree of covalent
character than larger anionic ones. For larger sizes (8—10)
the outcome is far less clear, with no distinction between
size or charge type on the degree of covalent character
present in the bonding interactions.

Conclusions

Eighteen conformational spaces for neutral and charged
lithium microclusters (Li!,n = 5 — 10,¢ = 0, £1) are char-
acterized after random exploration of the corresponding

PESs. Very good agreement with available experimental

data is obtained. Very complex surfaces are predicted, with
the largest structural variety obtained for anionic clusters,
for which typical 2:1 ratios in the number of stable con-
formers when compared to cationic and neutral clusters are
predicted for the same number of atoms. Topological anal-
ysis of the electron densities suggest that the clusters seem
to be stabilized by the presence of non—nuclear attractors
located between Li atoms. Approximate gaussian—like radial
distributions are obtained for Li---Li distances for all clusters
considered in this study. As a general rule, for larger sizes,
compact 3D structures are energetically preferred over pla-
nar conformations, in addition, increasing the number of
atoms by one in the larger clusters seems to also favor
structures where new fused tetrahedra are formed. Binding
energies per atom predict that cationic clusters are the most
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stable when comparing systems having the same number of
atoms. Cluster dimensionality obtained from quantum
topology instead of the usual means of Euclidean geometry
shows a change in geometrical preferences for clusters con-
taining more than seven Li atoms, this observation is also
reached (independently) by quantifying the degree of cova-
lency in lithium bonding. A novel scheme of 2D projections
of recurrent structural motifs is used to formulate hypothesis
about cluster growth.
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