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Does the endohedral borospherene supersalt
FLi2@B39 maintain the ‘‘super’’ properties of its
subunits?†

A. J. Stasyuk * and M. Solà *

The behavior of the entirely unique system represented by super-

alkaline species incorporated into a superhalogen cage has been

studied using density functional theory with hybrid functionals and

the triple-n quality basis set level of theory. The singlet ground state

and triplet excited state of an FLi2@B39 borospherene complex as

well as its cationic and anionic doublet ground states have been

investigated. Only the encapsulation of FLi2
+ into B39 in FLi2@B39

+ is

a thermodynamically unfavorable process. All other systems are

stabilized during encapsulation most likely via an unpaired electron

delocalization process and electrostatic interaction. The calcula-

tions revealed that superhalogen and superalkaline properties

inherent in the separated fragments are lost in FLi2@B39 complexes.

The applicability of vertically estimated ionization potentials and

electron affinities instead of adiabatic ones for description of such

systems has been demonstrated.

In the early 80s, Gutsev and Boldyrev demonstrated the existence of
two classes of extraordinary molecular systems, the so-called super-
alkalis (SAs)1,2 and superhalogens (SHs).3,4 Superalkalis are mole-
cules or clusters possessing lower ionization potentials (IPs) than
those of alkali metals (5.39–3.89 eV),5 while superhalogens are
polyatomic systems featured by electron affinities (EAs) that may
exceed 3.61 eV, i.e. the limit of chlorine.5 Later in the early 90’s, the
general superatom concept was formulated.6–10 During the past
three decades the interest of scientists throughout the world in this
phenomenon has been continuously increasing. A lot of theo-
retical11–15 and experimental16–19 studies have been carried out to
elucidate the structural and electronic properties of these systems.

Most of the investigated SA clusters belong to the empirical
formula of XM(n+k), where n is the maximal formal valence of

electronegative atom X, k Z 1 and M is an electropositive/metal
element. The first experimentally discovered SA was OLi3,
observed by Wu et al. in 1979.17,20 A few years later, Schleyer
et al. discovered theoretically a large number of XMn molecules
composed of first-row elements with unusual stoichiometries.
Despite the fact that in these systems violations of the octet rule
were observed, they show thermodynamic stability toward dis-
sociation or loss of an electron.21 A variety of interesting SAs
with one non-metallic center species have been intensively
studied both theoretically and experimentally.22–27 No less
attention was paid to SHs. Molecules with high EA usually act
as strong oxidizing agents that can react with various groups of
chemical compounds while they themselves tend to form very
stable negatively charged ions. Traditional SHs are usually
represented by a simple formula – MX(n+k), where M is the
central atom with maximal formal valence n, k Z 1 and X is a
halogen atom. Due to the high application potential of SHs in
the synthesis of new chemical compounds,27–30 and nonlinear
optical31,32 and magnetic materials,33–36 substantial efforts have
been made towards their theoretical and experimental investiga-
tion. Recent studies have demonstrated the applicability of SHs
in new halogen-free Li-ion batteries37,38 and the possibility of SHs
serving as dopants for tuning electronic and magnetic properties.
Furthermore, in the last few years researchers have demonstrated
that clusters containing no halogen or metal atoms can exhibit
SH properties.39–41

The most exciting discovery of recent years in the chemistry
of SH materials was connected with the discovery of all-boron
fullerenes D2d B40

� and B40
0 (referred to in the literature as

borospherenes).42 Right after that, the B39
� nanocluster with

C3 symmetry,43 which was produced via laser vaporization of a
10B-enriched boron target, was discovered. Two other cationic
borospherenes C1 B41

+ and C2 B42
2+ were found by Chen et al. on

the basis of global minimum structural searches.44 In addition,
a significant number of studies devoted to the electronic struc-
tures and spectral properties of various borospherenes have been
published.39,45–47 Photoelectron spectroscopy of C3–B39

� detects
leading bands with a vertical detachment energy of 4.00(5) eV.
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Based on this, an adiabatic detachment energy of 3.84(5) eV
that represents the EA of neutral B39

0 was determined. This in
turn allows the classification of B39

0 species as SHs.43 Similar to
a C60 buckyball,48–50 immediately after the discovery of the
borospherenes, a family of endohedral metalloborospherenes
M@B40 was predicted by Bai et al.51,52 Recently, Chen et al. have
foreseen the first axially chiral endohedral Ca@B39

+ monocation.53

Besides that, the stabilization of B37
3� trianion54 and B38

2�

dianion55 borospherenes by metal encapsulation has been
reported. Also it has been shown that lithium-decorated boro-
spherene B40 could be a promising medium for hydrogen
storage.56 Particularly, the recent work published by Misra et al.
should be mentioned, where the authors demonstrated that SAs
encapsulated into C60 fullerenes are thermodynamically stable.57

The ability of borospherenes to act as hosts for various
alkaline/alkaline-earth and transition metals has been clearly
demonstrated. It is well-known that fullerene C60 could host
small molecules, like H2,58,59 H2O59–61 or HF.62 Based on the
similarity of the molecular diameters of buckminsterfullerene
and borospherene B39 we assumed that a B39 cage could host
not just metal cations but also small molecules. In cases where
the encapsulated molecule can demonstrate superalkaline
properties, we would have an entirely unique system represent-
ing superalkaline species incorporated into a superhalogen
cage. In this work we report a systematic computational study
of endohedral C3–B39 borospherene (constitute SH) containing
SA FLi2 species.

There are multiple studies devoted to the structural and
electronic properties of clusters formed by SH and SA subunits.
Such supersalts (SSs) are characterized by significant non-linear
properties and demonstrate preferential ionic dissociation
pathways.63–65 It has to be mentioned that until now all studied
SSs are described as two-dimensional structures in which one
subunit is allocated near another. Discovery of the B39 cage SH
allowed the construction of a SS in which the SA subunit is
situated inside the SH subunit. Taking into account the fact
that B39

� borospherene possesses a cavity with a diameter close
to 6.0 Å, the SA subunit selection was primarily made based
on its spatial size. One of the smallest known SA species is
hypervalent FLi2. The ionization energy detected by electron
impact mass spectrometry using a surface ionization method
was 3.78 � 0.2 eV for FLi2.66,67 The experimentally determined
ionization energy as well as ab initio MO calculations confirmed
that the FLi2 species takes a SA configuration in which the odd-
electron is delocalized over lithium atoms.27,68

In the work by Wang and co-workers43 on axially chiral B39
�

borospherene the authors used PBE0 and CAM-B3LYP func-
tionals furnished with the 6-311+G(d) basis set for the optimi-
zation of low-lying isomers. The most stable C3–B39

� isomer
found in that study has been chosen as the starting point for
our project.

In our work, B3LYP and PBE0 functionals with double- and
triple-x quality basis sets have been tested for both FLi2 and B39

species in neutral and charged forms (Table S1, ESI†). Based on
the benchmark results it should be noted that the performance of
both studied functionals is comparable with a slight advantage of

the PBE0 functional. At the same time, the effect of the basis set
size in each case was not significant. The latter circumstance has
allowed us to use a 6-31+G(d) basis set for preliminary calcula-
tions. However, the final supermolecules formed by B39 and FLi2

subunits were fully optimized and their relative energies were
evaluated with the 6-311+G(2d) basis set (see the ESI† for the
detailed computational procedure).

Taking into account that each of two subunits could exist
in two forms – SH or SA and their conjugated ions, we could
construct four supermolecules (Fig. 1).

Supermolecules 2(B@1)+ and 2(A@2)� represent cationic and
anionic doublets, respectively. 3(A@1) is a neutral triplet struc-
ture formed by merging the SA and SH, while 1(B@2) is a
neutral singlet built from SA cations and SH anions. The 1(B@2)
structure could be assigned as an actual supersalt. 1(B@2) could
also be denoted as 1(A@1) and considered to be formed by SA
and SH fragments. However, the electronic structure of singlet
LiF2@B39 is closer to LiF2

+@B39
� (see Table S6, ESI†) and, for

this reason, we prefer to name it by considering it as being built
from SA cations and SH anions, i.e., 1(B@2).

Considering the rather small B39 cavity size, it seems likely
that rotation of the FLi2 fragment is limited, which in turn
implies the existence of several conformers with different relative
fragment orientations with respect to each other. For verification
of this hypothesis, we generated 12 starting geometries for the
1(B@2) system different in terms of the orientation of the FLi2

fragment (Fig. S1, ESI†). An unconstrained optimization pro-
cedure for the above-mentioned 12 initial geometries revealed
4 unique conformers of the 1(B@2) supermolecule. Graphical
representations and relative energies of the found conformers
are depicted in Fig. 2.

The found conformers are significantly different in energy,
such that all conformers are located in a 18.5 kcal mol�1 range.
For all other studied supermolecules (3(A@1), 2(B@1)+ and
2(A@2)�) a similar procedure has been performed. The relative
stability for the found conformers is displayed in Fig. S2, ESI.†

At the next stage of our work we optimized the neutral singlet
and triplet as well as cationic and anionic electronic states of the
FLi2@B39 supermolecule with both PBE0 and B3LYP functionals
equipped with the 6-31+G(d) basis set. To evaluate the stability of

Fig. 1 The studied endohedral supermolecules with total charge and
multiplicity constructed from B39

0/1� and FLi2
0/1+ subunits.
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the designed supermolecules, encapsulation energies have been
estimated. Surprisingly, we have found that PBE0 and B3LYP
functionals provide qualitatively different results (Table S3,
ESI†). The results obtained with the PBE0 functional indicate
that formation of 3(A@1) and 2(A@2)� supermolecules is
energetically a favorable process accompanied by the release
of ca. 14 kcal mol�1. At the same time, B3LYP results demon-
strate that the denoted encapsulation reactions are endothermic.
In order to get a more convincing answer to the question of
whether the encapsulation is an endothermic or exothermic
process we tried other hybrid functionals such as TPSSh,69,70

mPW1PW9171 and HSEH1PBE (in the literature known as
HSE06)72,73 (Table S3, ESI†). The results obtained with the
‘‘new’’ functionals clearly support the results produced with
the PBE0 functional. However, in order to be absolutely sure
of the correctness of the choice, the encapsulation energy for
the 1(B@2) complex on the basis of CCSD(T) calculations
(DLPNO-CCSD(T)) has been determined. Analysis of the equili-
brium geometries for each of the studied supermolecules
3(A@1), 2(B@1)+ and 2(A@2)� obtained with different hybrid
functionals revealed minimal differences in geometrical para-
meters (RMSD values lie in the range from 0.003 to 0.027, Table S4,
ESI†). Thus it can be argued that differences in encapsulation
energies are due to different estimations of the electronic nature of
the complexes by different functionals. The encapsulation energy
found for the 1(B@2) complex obtained at DLPNO-CCSD(T)/
cc-PVTZ//PBE0/6-311+G(2d) was�65.85 kcal mol�1. The encapsula-
tion energies obtained for the same geometries with the PBE0
and B3LYP functionals were �52.11 and �36.90 kcal mol�1

respectively.
Taking into account also the slightly better performance of

the PBE0 functional towards ionization potential predictions
for individual FLi2 and B39 subunits, as well as the apparently
more reliable description of the stabilization energies for the
supermolecules of interest, we have decided to use only the
PBE0 functional for further calculations. Table 1 demonstrates
the energies of encapsulation (DEencap.), deformation energies
(DEdef.) and interaction energies (DEint.) for the 3(A@1),
2(B@1)+, 2(A@2)� and 1(B@2) supermolecules obtained at the
PBE0/6-311+G(2d) level of theory. The detailed description of
the DEencap., DEdef., and DEint. calculation methods as well as
fragment determination are presented in Scheme S1 and in
eqn (E.1)–(E.4) and (D.1)–(D.4) of the ESI.†

Only 2(B@1)+ complex formation is a thermodynamically
unfavorable process. In all other cases, the formation of the
complexes is clearly an exothermic process. As could be seen in

Table S5 (ESI†), the encapsulation process causes substantial
shortening of the F–Li bond by 0.06 to 0.07 Å in all cases.
However, when cationic FLi2 is used as the encapsulation object
(2(B@1)+ and 1(B@2) systems), significant changes in the Li–F–Li
valence angle are observed. Taking into account that such changes
amount to the order of about 70 degrees we can determine that in
such supermolecules the FLi2 fragment is significantly strained as
confirmed by the high values of deformation energies (DEF2

def.) of
the discussed fragment in the 2(B@1)+ and 1(B@2) structures
compared with the 3(A@1) and 2(A@2)� ones (see Table 1). The
energies of deformation for the B39 species (fragment 1) slightly
differ from system to system, but generally are comparable.
Slightly larger values may be noted for the 3(A@1) and 2(A@2)�

systems. At the same time, the 1(B@2) cluster demonstrates the
highest value of the interaction energy among all studied com-
plexes. Considering the fact that the 1(B@2) complex is formed
by the cationic FLi2 species and B39 anion, we can assume that
the high interaction energy is provided basically by electrostatic
attraction. This also explains why in all other cases the inter-
action energies are noticeably weaker. It is worth noting that if
we consider LiF2@B39 formed from LiF2 and B39, then the
encapsulation energy of LiF2 into B39 is �45.90 kcal mol�1. Thus,
homolytic separation of LiF2@B39 into LiF2 and B39 fragments is
slightly more favorable than the heterolytic one into LiF2

+ and
B39
� by 6.21 kcal mol�1.
The 3(A@1) and 2(A@2)� complexes are characterized by

significant interaction energies and are thermodynamically
favorable. Both of these complexes comprise FLi2 species con-
taining one unpaired electron. In order to determine an actual
charge and spin density distribution (Table S6, ESI†), the
natural population analysis scheme for each complex at equili-
brium geometry has been applied. Our results show that the
formation of complexes 3(A@1) and 2(A@2)� is associated with
unpaired electron transfer from the FLi2 fragment to the B39

cage. Thus, taking into account that almost all spin density in
these complexes is localized on the cage, 3(A@1) and 2(A@2)�

could be formally represented with the formulas LiF2
+@B39

1�

and LiF2
+@B39

2�, respectively. On one hand, a driving force
for the designated electron transfer is the significantly better
electron delocalization ability of B39 species. On the other hand,
the extremely low IP of FLi2 favors the charge transfer. An
additional factor of stabilization in the 2(A@2)� complex is
the charge-induced dipole interaction between FLi2 and B39

�.

Fig. 2 Graphical representation and relative energies of 1(B@2) conformers
obtained at the PBE0/6-31+G(d) level of theory.

Table 1 Encapsulation (DEencap.), interaction (DEint.), and deformation
(DEdef.) energies calculated for the studied supermolecules as well as for
their fragmentsa (DEF1

def. and DEF2
def.) obtained at the PBE0/6-311+g(2d) level

of theory

3(A@1) 2(B@1)+ 2(A@2)� 1(B@2)

DEencap. �10.23 23.70 �10.66 �52.11
DEF1

def. 9.35 7.81 12.34 7.69
DEF2

def. 1.43 18.09 1.39 17.57
DEtotal

def. 10.78 25.90 13.74 25.26
DEint. �21.01 �2.20 �24.40 �77.36

a F1 is B39
0/1� species, F2 is FLi2

0/1+ species. The detailed decomposi-
tion scheme is shown in Scheme S1, ESI. DEencap. = DEdef. + DEint..
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The above-mentioned stabilization factors, except charge-induced
dipole interaction, are not observed in the case of the 2(B@1)+

complex with small interaction energy. This fact as well as the
remarkable deformation energy for the FLi2 fragment lead to the
result that 2(B@1)+ complex formation is endothermic and a
thermodynamically unfavorable process.

The encapsulation energy analysis based on Gibbs energies
at 298 K has been performed as well. DEGibbs

encap. was found to be
+3.54, +38.86, +3.21 and �36.88 for 3(A@1), 2(B@1)+, 2(A@2)�

and 1(B@2), respectively. It has to be noted that the complex
stabilization energies estimated via Gibbs energies in all studied
cases are approximately 14 to 15 kcal mol�1 less than the
estimations obtained with electronic energies.

The ionization process of an atom or a molecule from an
energetic point of view can be described in several ways using
adiabatic and non-adiabatic (vertical) formalisms. The adiabatic
ionization energy (AIP) is the minimum amount of energy
required to remove an electron from a neutral atom or molecule.
Subsequently, adiabatic electron affinity (AEA) is the amount of
energy released when an electron is added to a neutral atom
or molecule. In other words, AIP and AEA are the difference
between the ground state energy of neutral species and that
of a positively or negatively charged ion. On the other hand,
vertically determined potentials can be divided into two groups
depending on the point of reference. If we define energy
difference between the neutral molecule and its negative or
positively charged ion, both of which are in their initial (neutral
molecule) geometry, in this case the designated energy differ-
ences are vertical electron affinity (VEA) and vertical ionization
potential (VIP), respectively. However, if the negatively or
positively charged ion has been selected as the reference point,
then such energy differences between the denoted ion and
neutral molecule in the ion initial geometry are vertical detach-
ment energy (VDE) and vertical attachment energy (VAE),
respectively (see Fig. 3).

If we consider the vertical potential as some approximation
of the adiabatic one it should be noted that VIP always will
somehow overestimate the adiabatic values, while VAE will
underestimate the values of adiabatic IP to a certain degree.
In the case of electron affinity, the situation is reversed – VDE
will overestimate the adiabatic EA, while VEA will underestimate
it. The non-equivalence of the vertical and adiabatic values is due
to the changes in the geometry of species of reference during the
ionization process. Obviously, the use of vertical potentials in
computational chemistry is often more convenient because it
allows one to avoid calculations for systems with an open-shell
electron configuration and related difficulties. On the other
hand, experimentally used methods for IP or EA determination
frequently provide values associated with vertical processes.
In our work, we systematically compare adiabatic and vertical
ionization energies and electron affinities as well as vertical
attachment and detachment energies for the 1(B@2) super-
molecule and fragments (B39 and FLi2) of which it is composed
(Table 2).

The obtained ionization energies and electron affinities demon-
strate that the FLi2@B39 endohedral system loses both SA and SH
properties inherent in the individual subunits. At the same time, it
should be noted that calculated potentials behave in full accor-
dance with our expectations. We have shown that for the systems
investigated here, vertical potentials can be efficiently utilized as a
good approximation for subsequent adiabatic potentials in endo-
hedral systems similar to those studied in this work. For instance,
for the 1(B@2) system the absolute error for both adiabatic IP and
EA in comparison with vertically defined values never exceeds
0.2 eV, i.e. a few percent in a relative scale (Table S7, ESI†). The
results are very similar to the case of the B39 fragment. However,
it should be stressed that the inaccuracy of adiabatic IP and EA can
substantially increase simultaneously with decreasing the mole-
cular system size. As can be seen from Table S7 (ESI†), the relative
difference between vertical and adiabatic IP values for FLi2

species can reach a noticeable 16%, or as an absolute value it is
about 0.7 eV.

Conclusions

In conclusion, we have predicted and presented at the PBE0/
6-311+G(2d) level the viability of the first endohedral FLi2@B39

borospherene family composed of superalkaline and super-
halogen fragments or/and their conjugated ions. All studied
endohedral borospherenes, except the 2(B@1)� system, demon-
strate thermodynamic stability caused most likely by electro-
static attraction and unpaired electron delocalization. Based on

Fig. 3 Schematic diagrams illustrating the terms of electron affinity (EA),
ionization potential (IP), vertical EA, and vertical IP as well as vertical
detachment and attachment energies for molecules with hypothetical
Born–Oppenheimer potential energy surfaces.

Table 2 Computationally obtained values of adiabatic IP and EA, and
vertical IP, AE, EA, and DE energies for B39 and FLi2 species as well as for
the 1(B@2) (FLi2@B39) endohedral complex

Molecule AIP, eV VIP, eV VAE, eV AEA, eV VEA, eV VDE, eV

1(B@2) 7.19 7.34 6.99 2.38 2.20 2.54
B39 {0,2} — — — 3.90 3.77 4.03
FLi2 {0,2} 4.17 4.86 4.04 — — —
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the studies of adiabatic ionization potential and electron affinity
for the FLi2@B39 borospherenes, we found that the denoted
systems lose their ‘‘super’’ properties. In addition, we demon-
strated that easily available vertically estimated potentials could
be used for approximation of adiabatic values for endohedral
borospherenes. We hope that the findings presented in this work
will not only enrich our knowledge on superatom chemistry and
the electronic properties of encapsulated borospherenes, but also
stimulate interest in further research by both theoretical scien-
tists and experimentalists in the field of materials science.
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