
Assemblage of Superalkali Complexes with Ever Low-Ionization
Potentials
C. Paduani*,†,‡ and Andrew M. Rappe†

†The Makineni Theoretical Laboratories, Department of Chemistry, University of Pennsylvania, 231 S. 34th Street, Philadelphia,
Pennsylvania 19104-6323, United States

ABSTRACT: A simple recipe is proposed for the obtention of new molecules with even
lower vertical ionization potential (VIP): to decorate an atom of an electronegative
element with superalkali species in number that exceeds its formal valence by one. For
instance, density functional theory calculations show that by using the superalkali Li3O
cluster (VIP = 3.83 eV) as building blocks decorating the O atom one obtains VIP =
3.33 eV for the Li9O4 cluster, which is lower than the calculated VIP for Cs (3.89 eV)
and Li (5.39 eV). This feature is systematic, as confirmed by calculated results on Li−F
and Li−S clusters as well. The calculated binding energy per atom of the large-sized
species exceeds by far that of LiF (134.7 kcal/mol).

■ INTRODUCTION

The first ionization potential (IP) is the energy cost to convert
an atom into a cation and a free electron. It is a very important
quantity, with great relevance to diverse material properties.
Elements on the left side of the periodic table have low IPs:1 Li
(5.39), Na (5.14), K (4.34), Rb (4.18), and Cs (3.89 eV).
These species play an important role in chemistry, since their
excellent reducing ability enables them to form charge-transfer
salts when interacting with species with low electron affinity.
Gutsev and Boldyrev2 showed a recipe for obtaining even
smaller IPs following the molecular formula Ak+1C, where A is
an alkali metal atom and C is an electronegative atom with
formal valence k. The low IPs of these species is due to the
antibonding character of the central atom−ligand interactions.
Examples of superalkali are Li2F, Li3O, Na3O, Li3S, and
Li4N.

3−5 Among these, Li2F, Li3O, Na3O, and Li3S indeed have
been synthesized,6,7 thus confirming the theoretical predictions.
The seeking of alternative candidates to act as potential

building blocks to assemble novel low-IP species is timely, and
it is important to develop new methods of identifying species
with tailored properties. Theoretical predictions have indicated
that superatom compounds formed by combining super-
halogens (Al13) with superalkalis (K3O and Na3O) can exhibit
novel chemical and tunable electronic features.8 New super-
alkali−superhalogen compounds BLi6-X (X = F, LiF2, BeF3,
BF4) have been also theoretically predicted,9 where the strong
interaction between superalkali and superhalogen X has been
found to be ionic in nature. The bond energies of these species
are in the range of 151.3−220.6 kcal/mol, which are much
larger than the traditional ionic bond energy of 130.1 kcal/mol
for LiF. More recently some novel binuclear species have been
proposed as superalkalis.10,11 A study on a new series of
polynuclear cations with various functional groups showed that

the stabilities of these cations are related to the structural
characteristics of the central core, and therefore strategies of
using acidic functional groups or peroxides for designing novel
superalkali cations has been suggested.12

In this work is investigated the structure and electronic
properties of Li-based supramolecular complexes using density
functional theory calculations at the B3LYP/6-311+G(2df)
level of theory. The aim is to make an assessment of the
feasibility for the obtention of new species with very low
ionization potentials using superalkali moieties as building
blocks to decorate atoms of the electronegative elements O, F,
and S. This procedure follows a simple recipe: CSv+1, where S is
a superalkali moiety and C is a central atom of an
electronegative element with formal valence v. We choose O,
F, and S as candidates for electronegative elements, since there
exist both experimental and theoretical results available for
comparison. The equilibrium structure, binding energy (per
atom), and vertical ionization potential (VIP) are calculated for
these species, as well as the dissociation energies along selected
channels to observe the thermodynamic stability of these
clusters. The results show that the new molecules indeed have
appreciably large bond energies and lower VIP than their
precursors, which represents a breakthrough to a new level for
the ionization potential of highly reactive species.

■ COMPUTATIONAL METHOD

The calculations based on the density functional theory are
performed with the Gaussian-09 package.13 The B3LYP
exchange-correlation functional is adopted, which combines
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the Becke 3-parameter correlation and the Lee−Yang−Parr
hybrid exchange.14 The 6-311+G(2df) basis set is used
throughout. Partial atomic charges were computed by the
natural population analysis scheme, which has been proven to
be more reliable than other population schemes due to its lower
basis set dependency. The equilibrium geometries were
obtained by performing multiple optimization runs, each
starting from a different geometry of the complex with a
careful check for possible isomers, without any constraint in the
potential energy surface. Optimized geometries are then
characterized by harmonic analysis and by removing any
imaginary frequency eventually observed, so that the nature of
the stationary points is determined according to the number of
negative eigenvalues of the Hessian matrix. Tight convergence
thresholds are chosen (i.e., 1 × 10−5 hartree/bohr for the root-
mean-squared force), and the residual atomic forces are no
larger than 2 × 10−5 hartree/bohr. The VIP is calculated by the
difference in the total energies of the neutral cluster and the

cation with the same geometry of the neutral precursor
(without relaxation).

■ RESULTS AND DISCUSSION

Let us begin by describing the equilibrium geometries of the
Li−F clusters, shown in Figure 1; significant bond lengths (Å)
and natural atomic orbital (NAO) occupancies (e) are
indicated. As a general trend among these clusters it is
observed that the Li−F bonding is primarily ionic, where Li is
an electron donor and F is an acceptor. The Li2F cluster has a
bent shape (C2v symmetry), where the angle ∠Li−F−Li =
109.95°. Compared to LiF, the Li−F bond length in Li2F
increases to 1.68 Å, and the NAO charges on the Li and F
atoms are +0.50 and −0.99 e, respectively. If another F atom is
added to Li2F the donor−acceptor interactions of the
oppositely charged ends of Li2F2 thus lead to the joining of
the two ends, forming a rhombus cyclic complex (D2h
symmetry), as depicted in Figure 1. The Li−F bond length is

Figure 1. Equilibrium geometries of LimFn clusters; bond lengths (Å) and NAO charges (e) are indicated.
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1.73 Å, and the angle ∠F−Li−F = 100.43°. Equal and opposite
NAO charges are seen on the Li and F atoms (+0.96 and −0.96
e, respectively). The equilibrium structure of the Li3F2 cluster
seen in Figure 1 matches exactly with results of earlier
calculations;7 the present results for the NAO charges and bond
lengths also are in very good agreement. Further, by using two
Li2F units as building blocks to decorate a F atom one sees a
nearly linear structure (C2v symmetry) for the large Li4F3
cluster. Each Li−F unit retains its identity along the chain,
where the NAO charges are +0.50, −0.99, +0.97, −0.97, +0.97,
−0.99, and +0.50 e, respectively. The terminal Li atoms become
weakened donors, with half the charge of the interior Li ions.
In Figure 2 are shown the calculated ground-state geometries

of the Li−O clusters. Strong ionic bonding is observed in these
clusters. Li2O is essentially linear. It is noteworthy that the
linear geometry has been also deduced from molecular beam
experiments.15 Ab initio calculations with different basis sets
also favored a linear D∞h structure.

3,16 The Li−O bond length
in Li2O is 1.61 Å, and the NAO charges on the Li and O atoms
are +0.95 and −1.90 e, respectively. This result, in good
agreement with the Li−O distance taken from gas-phase
electron diffraction, is 1.60 Å.17 Li3O otherwise has trigonal
shape (D3h symmetry) reflecting the characteristics of the
strong s−p σ-type interactions, where the NAO charges on the
Li and O atoms are +0.64 and −1.92 e, respectively, and the
Li−O bond length is 1.67 Å. With the addition of a second O
atom to the Li3O cluster we see the open-shell cluster Li3O2
with D3h. The same NAO charge (−0.95 e) is seen on both O
atoms; on the Li atoms this is +0.63 e, where the Li−O bond
length is 1.81 Å. By using two Li3O units as building blocks to
decorate the O atom is formed the larger Li6O3 cluster (D3h
symmetry), which has the O atoms aligned and bridged by a
triangle of Li atoms, whose NAO charge is +0.92 e on each of
them. The two O atoms at the end points have same NAO
charge (−1.81 e), and the Li−O bond length is 1.72 Å. Next, by
decorating the O atom with three Li3O units we see a
nonplanar geometry for the large Li9O4 cluster (Cs symmetry)
as depicted in Figure 2. The O atoms have approximately same
NAO charge, which are bridged to one another through a pair
of Li atoms.
Following a similar procedure for the assemblage of the Li−

S, we see similar trends in the equilibrium structures
throughout the series as illustrated in Figure 3. The bonding
mechanism has predominantly strong ionic character and
donor−acceptor σ-type interactions in these clusters. Moreover,
in addition to the size effect, since sulfur has lower
electronegativity as well as lower ionization energy than
oxygen, the bond ionicity decreases, as compared to the Li−
O clusters, and then we see in Figure 3 longer Li−S bond
lengths and smaller NAO charge on the metal atom.
Considering the isoelectronic nature of the species the task of
finding stability in similar structures is sensible, and a careful
check looking for isomers is needed, which demanded several
trial calculations starting with different geometries. Note that
the metal−chalcogen bonds are slightly stretched, once the size
of the complex increases. The properties of the larger
complexes are surprising from an electrostatic perspective: all
of them are stable equilibrium species with the same Cs
structure, strongly bound by 22−52 eV (relatively to isolated
atoms).
The calculated VIP and binding energy per atom Eb are

summarized in Table 1. This latter is obtained as Eb = (Ecluster −
∑n = 1

N En)/N. For LiF, VIP and Eb are 11.40 and 5.84 eV,

respectively. For the Li2F cluster, these are 4.81 and 7.49 eV,
respectively. The VIP of Li2F is thus lower than the VIP of Li
(5.61 eV) at the same level of theory. The result of Schleyer3

for the adiabatic ionization potential of Li2F at the higher level
of theory QCISD(T)/6-311+G(2df) is 3.91 eV. When the Li2F
cluster is used for decorating a F atom, the VIP and Eb are
11.80 and 14.46 eV, respectively, for the closed-shell cluster
Li2F2. This reveals a strongly bonded complex. For the Li3F2
cluster VIP = 4.79 eV, and Eb = 15.49 eV. The addition of two
Li2F units decorating the F atom leads to the formation of the
larger cluster Li4F3, for which VIP and Eb are 3.48 and 22.92 eV,
respectively. This is a remarkable result for VIP, which is
significantly lower than that calculated for Cs (3.96 eV) at the
same level of theory. The present result for Li4F3 thus

Figure 2. Equilibrium geometries of LimOn clusters.
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represents a decrease of ∼28% in VIP (compared to Li2F) and
is indeed the lowest value hitherto reported for Li−F clusters.
In the same sense of the behavior of the hyperhalogen moieties
relative to superhalogens, which represent a step further in
increasing the electron affinity, the Li4F3 cluster can thus be
regarded as a hyperalkali, which represents a step further in
decreasing IP to a new level. For the Li−O clusters shown in
Table 1, we see also a substantial decrease of VIP from Li2O
(6.67 eV) to Li3O (3.86 eV). A recent calculation reported VIP
= 3.85 eV.18 The experimental result for IP of this cluster is
4.45 eV;19 this is a superalkali. Proceeding further, by using
three Li3O units to decorate the O atom we see a significant
decrease of VIP to the even lower value of 3.33 eV for the large-
sized Li9O4 cluster. This represents a new level for VIP.
Similarly, when the Li2S cluster is used as building blocks to

decorate the Li atom the calculated VIP decreases from 6.63 to
4.52 eV for the Li3S cluster. The further addition of a second S
atom decreases VIP to 3.81 eV in the open-shell cluster Li3S2.
Now, the use of three Li3S units to decorate a S atom (thus
exceeding its formal valence by one) leads to a substantial
decrease in VIP to 3.78 eV, revealing again hyperalkali behavior.
These results indicate the feasibility for the obtention of new
species with VIP even lower than that of the Cs atom.
Furthermore, the large-sized clusters possess appreciably larger
binding energies. The calculated dissociation energies of these
clusters in selected channels are given in Table 2, which gives
an estimate of their thermodynamic stabilities relative to

Figure 3. Equilibrium geometries of LimSn clusters.

Table 1. Symmetry, Vertical Ionization Energy, and Binding
Energy per Atom

cluster symmetry VIP (eV) Eb
a (eV)

LiF C∞v 11.40 2.92
Li2F C2v 4.81 2.50
Li2F2 D2h 11.80 3.62
Li3F2 Cs 4.79 3.10
Li4F3 C2v 3.48 3.27
Li2O C2v 6.67 3.40
Li3O D3h 3.86 3.07
Li3O2 D3h 3.83 3.64
Li6O3 D3h 6.12 3.84
Li9O4 Cs 3.33 3.94
Li2S C2v 6.63 2.66
Li3S C3v 4.52 2.36
Li3S2 D3h 3.81 2.86
Li6S3 D3h 6.65 3.19
Li9S4 Cs 3.78 3.13

aCalculated at the B3LYP/6-311+G(2df) level.

Table 2. Dissociation Energiesa at Selected Channels

channel eV kcal/mol

Li2F→LiF+Li 1.65 38.05
Li2F→Li2+F 7.49 172.66
Li2F2→Li2F+F 6.98 160.96
Li2F2→Li2+F2 14.46 333.45
Li3F2→Li2F+LiF 2.16 49.81
Li3F2→Li2F2+Li 1.03 23.75
Li4F3→Li2F2+Li2F 0.97 22.37
Li4F3→Li3F2+LiF 1.58 36.55
Li2O→LiO+Li 3.72 85.78
Li2O→Li2+O 10.20 235.15
Li3O→Li3+O 12.29 283.36
Li3O2→Li3+O2 0.67 15.42
Li3O→Li2O+Li 2.09 48.20
Li3O2→Li3O+O 5.90 136.06
Li6O3→Li3O2+Li3O 4.11 94.78
Li6O3→2Li3O+O 10.01 230.90
Li6O3→Li2O+Li3O+LiO 5.62 129.70
Li9O4→Li6O3+Li3O 4.35 100.31
Li9O4→2Li3O2+Li3 14.84 342.33
Li2S→LiS+Li 3.11 71.64
Li2S→Li2+S 7.98 184.06
Li3S→Li3+S 9.44 217.76
Li3S2→Li3+S2 14.31 329.89
Li3S→Li2S+Li 1.46 33.67
Li3S2→Li3S+S 4.86 112.07
Li6S3→Li3S2+Li3S 4.92 113.46
Li6S3→2Li3S+S 9.78 225.50
Li6S3→Li2S+Li3S + LiS 6.36 146.78
Li9S4→Li6S3+Li3S 2.92 67.34
Li9S4→2Li3S2+Li3 12.14 279.86

aCalculated at the B3LYP/6-311+G(2df) level.
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plausible fragments. The results for the smaller clusters
compare well with available results of earlier calculations18,21

as well as with available experimental results.15,16,19,20 The large
dissociation energies indicate that these clusters are rather
stable. Earlier calculations21 give 33.1 for Li2F, 46.1 kcal/mol
for Li3O, 33.4 kcal/mol for Li3S, and 40.2 kcal/mol for Na3O.
Experimental results for Li3S and Na3O are 50.7 ± 10.0 and
45.4 ± 10.3 kcal/mol,19 respectively. The lowest fragmentation
energy is seen for Li4F3, which shows that this cluster is of the
van der Waals type with ionic dipole−dipole interactions.
Among the large clusters, the highest stability against
dissociation is observed for the Li9O4 cluster. Note that the

end Li atoms are holding loosely the extra electron in the
neighboring atom, contributing therein to stabilize the cluster.
In Figure 4a−c are displayed plots of the gradient and

contour lines (left) as well as of the electron localization
function (ELF, right) at the plane z = 0 for the larger complexes
Li4F3, Li9O4, and Li9S4. In Figure 4a, we can see the
antibonding characteristics of the strongly ionic Li−F σ-type
sp hybridization, which leads to the linear shape for Li4F3.
Despite the less ionic character of the end Li atoms, the
delocalized nature of the bonding charge originates equally
charged ends and thus provides the driving force to establish
the linear arrangement along a chain for this large-sized
molecule. As a result of repulsion between valence electrons the

Figure 4. Gradient lines with contour lines (left) and ELF (right) at plane z = 0 for the large-sized clusters (a) Li4F3, (b) Li9O4, and (c) Li9S4.
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bond polarities cancel, and the molecule is nonpolar. In Figure
4b, the interaction between donor−acceptor s−p orbitals
dictates the change in the ionicity of the Li−O bonding,
affecting the shapes of the diffuse outer lobes of bonding
charge, thereby causing the observed bending. Since O is more
likely to make twofold coordination than Li, the Li atoms are
deployed at end points of the molecule. In the contour plots of
Figure 4b,c, note the changes arising from the substitution of S
atoms for the O atoms in this plane. The increased
delocalization of bonding charge, which provides the
conspicuous stability of the large-sized clusters, is also
manifestly evident in the color plots (on the right). From a
comparison of the plots in Figure 4a−c we see the subtle
aspects of the different acceptor character of the electronegative
atoms, despite that in these complexes the leading σ-acceptor
hybrid is essentially of sp type. The increased electron density
on the Li atoms in the Li9O4 cluster yields its higher
stabilization, whereas the diffuse nature of the outer lobes of
the antibonding orbitals leads to the lower stability of the Li9S4
complex (Figure 5).

■ CONCLUSIONS
In summary, we provide theoretical evidence for a new class of
supramolecular complexes formed by assembling large-sized Li-
based clusters using superalkali clusters as building blocks to
decorate the electronegative atoms O, S, and F. First, we
observe that the calculated VIPs of the Li2F (4.81 eV), Li3O
(3.86 eV), and Li3S (4.52 eV) are smaller than that of the Li
atom (5.39 eV). After, when these clusters are used to decorate
the corresponding electronegative atom, that is, F, O, and S,
respectively, in number that exceeds their formal valence by
one, we verify a further decrease in the calculated VIP for the

clusters Li4F3 (3.48 eV), Li9O4 (3.33 eV), and Li9S4 (3.78 eV),
which are smaller than that of the Cs atom as well as those of
their precursors, and are thus hyperalkali species. These results
yield clear evidence to provide a breakthrough in the obtention
of new molecules with ever low-ionization energies.
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