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Abstract: Multiply charged negative ions are seldom stable in
the gas phase. Electrostatic repulsion leads either to autode-
tachment of electrons or fragmentation of the parent ion. With
a binding energy of the second electron at 0.9 eV, B,H," is
a classic example of a stable dianion. It is shown here that
ligand substitution can lead to unusually stable multiply
charged anions. For example, dodecacyanododecaborate, B,
(CN),>", created by substituting H by CN is found to be highly
stable with the second electron bound by 5.3 eV, which is six
times larger than that in the B,,H,,>~. Equally important is the
observation that CB;;(CN),~, which contains one electron
more than needed to satisfy the Wade-Mingos rule, is also
stable with its second electron bound by 1.1¢eV, while
CB;H,,> is unstable. The ability to stabilize multiply charged
anions in the gas phase by ligand manipulation opens a new
door for multiply charged species with potential applications as
halogen-free electrolytes in ion batteries.

The study of multiply charged molecular ions has a long
history because of their importance in fundamental interstel-
lar chemistry as well as in coordination chemistry. Stabilized
by the presence of charge-compensating counter ions, multi-
ply charged negative ions primarily exist in solution or as
crystals, such as Zintl-phase compounds."? However, it is
difficult to stabilize these species in the gas phase because of
electrostatic repulsion between the excess charges.”! This
aspect is particularly true for small multiply charged anions
which either loose electrons (auto-detachment) or fragment
without encountering significant energy barriers. Thus, find-
ing ways to stabilize multiply charged ions in the gas phase is
a long-standing challenge.[*!

One classic example of a multiply charged dianion which
is stable in the gas phase is the icosahedral B;,H;,>~ molecule,
wherein the binding energy of the first (second) electron is
46eV (0.9eV)."” The stability of the B,,H,”~ cage is
governed by the Wade-Mingos rule.*" According to this
rule, (n+ 1) pairs of electrons are necessary for cage bonding
where 7 is the number of vertices on the boron icosahedral
cage. It has recently been shown that highly stable dianions
forming a sandwich complex can also be created in the gas
phase by simultaneously satisfying multiple electron counting
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rules. For example, a multidecker Cr[BCs(CN),],>~ organo-
metallic complex, which simultaneously satisfies the octet rule
(of CN moiety), aromatic Hiickle’s rule (of organic BC;
moiety), and 18-electron rule (of Cr atom), is very stable
with the second electron bound by 2.58 eV."? A previous
theoretical study also showed that TeFg®™ is a very stable
dianion with the second electron bound by about 5 eV.I"’!

Here, we propose that ligand manipulation can lead to
unusually stable dianions having an icosahedral cage struc-
ture. The importance of ligand engineering in stabilizing
a monoanion has already been demonstrated in the case of
benzene (C¢Hg). Replacing the ligand H by either F or CN
increases the electron affinity (EA) of C4Hy from —1.15eV to
0.75 eV in C4F, and to 3.53 eV in C4(CN),." In this paper we
consider closo-borane Bj,H;,>~ as an exemplary system. We
note that a previous study has shown that substitution of H in
B,,H;,> by halogens (F, Cl, Br, and I) can increase the
stability of dianion.'”) Herein we show that replacement of H
with CN can lead to halogen-free B;,(CN);,>~ with great
stability. The binding energy of the second electron in
B,,(CN),>" is 5.3 eV, which is about a factor of six larger
than the corresponding binding energy in B;,H;,>". To the best
of our knowledge, no other molecule exists whose stability as
a dianion is as high as that of Bj,(CN);,>". We also show
another unusual property resulting from ligand engineering.
Consider CB, H,,, the carborane. This molecule needs only
one extra electron to satisfy the Wade-Mingos rule.*!
Consequently, the EA of CB,;H,, should be high. Indeed,
a previous study found that its EA is 5.39 eV, which is
higher than that of any halogen atom. Hence CB;H,, is
a superhalogen. When a second electron is added, CB;;H;,*~
becomes unstable as it no longer satisfies the Wade-Mingos
rule. We find that CB,;(CN);,>", which is isoelectronic with
CB,,H,,*" is more stable than its monoanion by as much as
+1.07 eV. This stability further demonstrates the power of
ligand engineering. We show that these unusual results can
have technological applications in the design of halogen-free
electrolytes in Li/Na/Mg ion batteries with improved perfor-
mance.

To obtain the equilibrium geometries of B ,(CN),
molecules it was a priori not clear whether CN would bind
to B with its C or N atom. Therefore, we optimized the
structures by taking into consideration both possibilities. We
found that B,,(CN);, with N atoms bound to B atoms is
5.48 eV higher in energy than the structure wherein C atoms
are bound to B atoms. We also considered the possibility
where the CN ligands attached to adjoining B atoms may
buckle and dimerize. Following relaxation, the CN ligands did
not dimerize and pointed radially outward. In Figure 1a—c we
show the optimized geometries corresponding to the lowest

Angew. Chem. 2016, 128, 3768 —3772


http://dx.doi.org/10.1002/anie.201600275
http://dx.doi.org/10.1002/ange.201600275

Pc
Jd B
O

(b)

3000

2000

lOUO]J
0

Temperature (K)

Energy (eV)
¥ 8 ®

g & 8

T . v

T T T T
0 1000 2000 3000

Time (fs)
(©) (d)

Figure 1. Geometric structure of a) neutral, b) monoanionic, and
c) dianionic B;,(CN);,. d) Total energy and temperature fluctuation,
with respect to time, of an AIMD simulation of By,(CN);,>".

energy isomers of the neutral monoanion and dianion of
B,(CN);,. The ground state of neutral B,(CN),, has a D5,
point-group symmetry with average B—B, B—C, and C—N
bond lengths of 1.79, 1.52, and 1.17 A, respectively. The
symmetry increases to 7, (I,) when the first (second) electron
is attached. The average B—B, B—C, and C—N bond lengths of
B,(CN),,>~ are 1.80, 1.54, and 1.16 A, respectively. Note that
the charged state of B;,(CN);, has minimal effect on these
bond lengths. The binding energies of the first and second
electron, calculated using both Gaussian(03 and VASP codes,
are given in Table 1. These energies are defined as,

AE, = E(X)~E(X") (1)
AE, = E(X")~E(X™). @)

Here X represents the molecule in question [B;,(CN);, or
(Bj,Hy,)]. Note that the binding energies calculated using
both the real space (Gaussian03) and reciprocal space
(VASP) approaches agree well with each other. Conse-
quently, for the remainder of the calculations and discussions
we only present results obtained using the Gaussian 03 code.
The binding energy of the first electron, AE; for B;,(CN),,, is
almost twice that of B,H,,, while AFE, for the second electron
(5.28 eV for Bj,(CN),,) is six times as large (0.86¢V for
B,,H;,). We attribute this enhancement of binding energies in

Table 1: The binding energies (in eV) of the first and second electron of
the studied dianions.

B12H12 B]Z(CN)H CBH (CN)TZ
AE, (G03/VASP) 4.57/4.68 8.56/8.77 8.72/8.90
AE, (G03/VASP) 0.86/0.97 5.28/5.51 1.07/1.29
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B,(CN),”" to two reasons: First, the electron affinity of the
CN ligand is 3.86 eV, which is much larger than that of H
(0.75 V). The second reason is the size effect. As the size of
the molecule increases, the electrostatic repulsion between
excess charges decreases, hence enhancing the stability of the
larger dianion. We define the diameter (d) of I, B;,(CN),>~
(and Bj,H,,>") as the distance between the two opposite N
(and H) atoms. The diameter of B,,(CN),,>" is 8.83 A which is
larger than that of B,,H,,>" (5.81 A).

To check its thermodynamic stability, we also performed
ab initio molecular dynamics (AIMD) simulation using the
Nosé-Hoover heat bath scheme!'”! with the average temper-
ature of the system at 1000 K. Time step is set to 1 femto-
second. After 3500 simulation steps (3.5 picoseconds), the
B;»(CN),,>~ only exhibits slight distortions and can be
optimized to its ground state at 0 K, thus establishing its
thermodynamic stability (Figure 1d).

According to our NBO analysis, in the neutral B,,(CN),,,
each CN receives 0.04 electrons on average from the B cage,
and is consistent with the electronegative character of CN.
The average valence electron configuration of each B, C, and
N are 2s™2p**, 25%%22p*% and 2s"%2p*%, respectively. To
explore the nature of the excess electron distribution we
calculated the electron deformation density of B,(CN);,
between different charged states (Figure 2a and b). Green

Paianion = Pmonoanion -0.3

@) (b) ©

Prmonoanion = Preutral

0.2

Figure 2. a,b) Electron densities in isosurface mode (0.005|e|A~?).
Green (light) and red (dark) colors represent positive and negative
values, respectively. c) NBO charge distribution of B;,(CN),,*".

and red colors represent electron accumulation and depletion
regions, respectively. We observe that from the neutral state
to monoanion, and from monoanion to dianion, the excess
electrons distribute primarily on the CN ligands. To be
specific, when forming the monoanion B;,(CN),,", the a-spin
electron configuration of each B, C, and N is 25**2p'#,
2s"42p!4 and 25*%2p!¥ respectively, while the correspond-
ing electron configurations of B-spin are 2s*2p!!8, 25%462p!45,
and 2s*%2p'78, respectively. This data means that each CN
pair receives about 0.08 electrons on average, and the B cage
obtains about 0.02 electrons. When the second electron is
attached, the electron configurations of each B, C, and N are
25732p2# 250922p?% and 2s'32p>”°, respectively, thus sug-
gesting that each CN pair and B atom gain about 0.13 and 0.03
electrons, respectively, on average. The larger electron gain
on CN is consistent with its high electronegativity. The NBO
charge distribution of B,,(CN),,> is given in Figure 2c.

The electronic structure of B;,(CN),,*" is further explored
by calculating its energy level (Figure3). The highest
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Figure 3. Energy diagram and frontier orbitals of B,,(CN);,*".

occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) are both fourfold degenerate with
G, and G, symmetry, respectively. The HOMO-LUMO gap is
estimated to be 6.44 eV. This large value confirms the unusual
stability of the dianion in the gas phase. We also calculate and
plot the wave functions of HOMO and LUMO. Both of these
have distributions on the B cage, but show different behavior
on the ligands. The HOMO on the CN is more delocalized
with & character while the LUMO is localized on N with p
character.

Having demonstrated the great stability of Bj,(CN);,*"
originating from the substitution of H by the highly electro-
negative ligand CN, we now focus on the stability of CB;-
(CN),>". To demonstrate the effect of the ligand we begin
with a study of the stability of CB;;H;,>". The binding energy
of the second electron (AE,) in CB;;H,,*" is found to be
—3.26 eV. Thus, CB;;H,,*" is unstable against autodetachment
of an electron. This characteristic is expected as the molecule
contains one electron more than needed to satisfy the Wade-
Mingos electron shell closure rule. Would substitution of H by
CN change this scenario? To study this, we optimized the
geometries of neutral, monoanionic, and dianionic forms of
CB,;(CN),,. The results are given in Figures 4a—c. After full
geometry relaxation we observe that the replacement of B by
C (denoted as Cg) reduces the symmetry of the system
compared to that of B;,(CN);,. The neutral CB,;(CN);, has
a C, point-group symmetry. The average bond length between
C and B is 1.52 A and that between C and Cy is 1.44 A. The
average Cz—B and B—B bond lengths are found to be 1.75 and
1.81 A, respectively. When one electron is attached, the
CB;;(CN);,” has a Cs point-group symmetry. The binding
energy of the added electron, AE; given by Equation (1) is
8.72 eV (Table 1). This value is much larger than that in the
case of CB,;H,,, as it is 5.36 eV. When we add the second
electron into the system, we find that CB;(CN);* is
distorted additionally, around the Cy site and the point-
group symmetry reduces to C,. The average B—B bond length
around the Cj site is 1.86 A, while the average Cz—B bond
length on the cage is 1.84 A. Surprisingly, the binding energy
of the second electron CB;;(CN),,>" is +1.07 eV. This value
means that CB;,(CN),,”" is stable against autodetachment of
the electron, and is contrary to expectation as CBy;(CN);,*,
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Figure 4. a) Geometric structure, b) spin density, c) NBO charge dis-
tribution, and d) energy diagram and frontier orbitals of CB;;(CN);,>".

like CB,,H,’", contains one more electron than needed to
satisfy the Wade-Mingos electron-counting rule. Thus,
replacement of H by CN not only increases the magnitude
of the electron binding energy, but also stabilizes a multiply
charged dianion against its electron shell closure rule.
Because of the odd number of total electrons, CB,;(CN),,>~
has a magnetic moment of 1 ug which is distributed over the
entire system (Figure 4b).

According to the NBO analysis each B in the neutral
CB,;;(CN),, cage loses 0.08 electrons on the average. The Cg
site gains 0.57 electrons while each CN pair receives 0.03
electrons. In CB;(CN);,~ each CN pair gains 0.09 electrons
on the average, each B atom loses 0.06 electrons, and the
charge state of Cy remains almost unchanged. In CBy;-
(CN);,>~ the CN ligands also receive most of the charge,
whereas the charged state of Cz becomes —0.67, and the B
atoms continue to loose electrons (Figure 4c). The high
electronegativity of CN ligands is the main reason for the
large first and second EA of CB;;(CN);,. The energy diagram
and molecular orbitals of CB;(CN),,>~ are shown in Fig-
ure 4d. We see that HOMO and LUMO are in spin up and
spin down channels, respectively, with a gap of 1.62 eV.

Very recently it was proposed that CB,;H;,” can work as
a high-performance halogen-free electrolyte in lithium ion
batteries because of its smaller binding energy with cations
(e.g. Li* binding energy with CB,;H,,” is only ~5.08 eV),!¥l
relative to those in currently used electrolytes in lithium ion
batteries. This theoretical prediction has already been con-
firmed experimentally in lithium and magnesium ion bat-
teries.'”"?”! We note that the binding energy of the cation to
the anion depends on the size of the anion. As the anion size
increases, the distance between the cation and anion would
increase and the binding energy should decrease. Since the
diameter of B;,(CN),,>" (ca. 8.8 A) is larger than those of
CB,H;, and B;;H;,* (ca. 5.8 A), we expect that the binding
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energy of the cations (Li" or Mg*") to be reduced, thus
improving the battery performance. To get a quantitative
estimate of the cation binding energy, we have optimized the
geometries of Li,X, LiX, and MgX, where X=B,H,, or
B,(CN);,, and calculated the energies necessary to remove
the first and second lithium ion as well as the magnesium ion,

AE,; = E(Li") + E(Li;X")—E(Li,X), (3)
AE;;, = E(Li*) + E(X*)—E(Li, X "), (4)
AEy, = E(Mg™) + E(X*)—E(MgX). (5)

AE;;, and AE;;, are the dissociation energies when the
first and second Li* are removed from the stable salt Li, X.
AEy, is the dissociation energy for MgX. The optimized
structures of the lithium and magnesium salts are given in
Figure 5. For the lithium salts, we find that the Li atoms prefer
to adsorb on the center of the islands formed by the three N
(or H) atoms on the opposite sites of the cage. Our calculated
dissociation energies are summarized in Table 2. AE;; and
AE;;, for Li,B,H, are 5.91 and 9.03 eV, respectively. These
values are consistent with previous results (5.94¢V and
9.00 eV respectively).'! These values are both higher than
that in the previously proposed LiCB,,;H,,,"* hence Li,B,,H,,
was judged not to be a good candidate as an electrolyte for
a lithium ion battery. As for Li,B;,(CN),,, the calculated AE, ;
and AE,;, are 4.66 and 6.83 eV, respectively. These values are
significantly lower than those in Li,B,,H,, and lie in the range
for electrolytes used in current lithium ion batteries.™® For the
magnesium salts, the AEy, for B;,H;, and B;,(CN),, are found

()

()

Figure 5. Optimized geometries of a) Li,B;,(CN),,, b) Li,CB4;(CN);,,
) MgB,,(CN);,, and d) MgCB;(CN),.
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Table 2: Dissociation energies in lithium salts (AE_;, AE,;) and in
magnesium salts (AEy,).

AE; (eV)  AEy; (eV) AEy, (eV)
Li,By,H, 5.91 9.03 MgB1,Hy, 21.31
Li,B1,(CN)y, 4.66 6.83 MgB,,(CN);, 17.46
LiCB,;(CN),,  4.09 MgCBy;(CN);,  18.30
Li,CB;(CN);,  4.67 6.89

to be 21.31 eV and 17.46 eV, respectively. Again MgB,,(CN),,
would be a better candidate as an electrolyte for a magnesium
ion battery than MgB,H,.

We have also explored the potential of CB,;(CN),, as an
electrolyte. As pointed out in the above, recently CB; H;,”
was predicted to be a good halogen-free electrolyte. To
examine if CB;;(CN);,” may be a better candidate for an
electrolyte rather than CB,;H;, , we calculated the binding
energy of Li in the LiCB,;(CN),, salt. This binding energy,
namely 4.09 eV, is smaller than that in LiCB,;H;, (5.08 eV),
and implies that it will be easier to detach Li" from
LiCB,;(CN),, than from LiCB;H;,. The other advantage of
CB;;(CN),, is that it is stable also as a dianion. This data
means that electrolytes such as Li,CB;(CN);, and MgCB;-
(CN),, are also possible. The advantage of the former is that
current density can be higher than that in LiCB,;H;,. The
calculated binding energy of the two Li atoms in Li,CB,;-
(CN),, are AE;; =4.67 ¢V and AE;;, =6.89 ¢V, and they are
also significantly lower than those in Li,B,H;,. The binding
energy of Mg”>" in MgCB;;(CN);, is 18.30 eV, which is also
significantly lower than that in MgB,H;, (21.31eV) and
comparable to that in MgB;,(CN),, (17.46 eV).

In summary, we show that ligand engineering can lead to
some remarkable results. The closo-borane B,H,,”~, known
for its stability as a dianion in the gas phase can be made
unusually more stable by replacing H with CN. For example,
the binding energy of the second electron in By,(CN),> is
5.3 eV, which is about six times larger than that in B;,H;,*". To
our knowledge, no other molecule, of this size, exists that is
more stable as a dianion than B,,(CN),,>". Equally important
is our observation that CB,;;(CN),,>" is also stable with the
second electron bound by 1.07 eV. This observation was not
expected as CB;;(CN);,>~ contains one more electron than
necessary to satisfy the Wade-Mingos electron shell closure
rule. In chemistry, several electron-counting rules, such as the
octet rule, 18-electron rule, aromatic rule, and Wade-Mingos
rule exist and account for the stability of many molecules.
These rules are routinely used to design both stable and
reactive species. Our studies show that ligand engineering is
another option which can yield similar results. Application of
these unusually stable multiply charged anions in the design
and synthesis of halogen-free electrolytes in either lithium,
sodium, or magnesium ion batteries is also presented. We
show that LiCB;;(CN),,, Li,CB;;(CN);,, Li,B;,(CN),,, MgB,,-
(CN),,, and MgCB;(CN);, possess better properties as
electrolytes in metal ion batteries than those where CN
molecules are replaced by H atoms. Our results are based on
density-functional theory whose predictive power has already
been proven experimentally. We hope that these results will
stimulate the synthesis of B;,(CN);, and experimental study
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of its unusual properties. We note that experimental studies of
B,X,, (X=F, Cl, Br, and I) have already showcased their
remarkable properties.”!

Experimental Section

Our results are obtained using first-principles calculations based on
density-functional theory (DFT). We used hybrid functional B3LYP
for exchange-correlation potential®?! and the 6-31 + G(d,p) basis set
for all the atoms embedded in the Gaussian 03 code.”*! All geometries
were fully optimized without any symmetry constraint. The total
energies and forces were converged to 2.7 x 10° eV and 0.02 eV A,
respectively. Frequency analyses were performed to ensure that the
structure belongs to a minimum on the potential energy surface.
Charge analysis was carried out using the natural bond orbital (NBO)
method.% To check the sensitivity of our results to numerical
procedure we have repeated our calculations using the Vienna ab
initio simulation package (VASP)?"! and HSE06 form hybrid func-
tional for exchange-correlation potential.”®! Computations of the
geometries and total energies were carried out using a plane-wave
basis set with energy cutoff of 400 eV. Vacuum space of 15 A in x, y,
and z directions was applied and the reciprocal space was represented
by the I' point. The results obtained using these two different methods
agree with each other, giving us confidence in the numerical results
and the predictive power of our approach.
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