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We propose a concept of electronic transmutation. According to this concept, elements, by acquiring an
extra electron, begin to have the chemical bonding and geometric structure properties of compounds
composed of neighboring elements. We demonstrate that boron, by acquiring an extra electron in
boron–hydrogen compounds, forms molecular analogs of those of saturated hydrocarbons. We show
by the means of quantum chemistry that the Li2B2H6 molecule in the most stable geometric form has
the B2H6

2� kernel, which is isostructural to the C2H6 ethane molecule. We believe that this concept
may have a significant effect on predicting new chemical compounds.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

One of the most important goals of alchemists was the transmu-
tation of common metals into Gold or Silver. In their pursuit of this
goal they learned how to extract metals from ores, and how to
compose many types of inorganic acids and bases, and by doing
that they created foundations for modern chemistry. In the 20th
century science proved that though nuclear transmutation is pos-
sible, and an element can be transformed into another by a nuclear
reaction, such reactions require significantly higher energies com-
pared to the energies of chemical transformations. Thus, elements
which are not radioactive are stable, unchangeable entities in
chemistry, chemical transmutation is not possible, and it appears
that alchemists were completely wrong. We want to show in this
Letter, however, that the old alchemist idea of chemical transmu-
tation is not completely dead. We demonstrate that when a boron
atom acquires an extra electron a sort of transmutation is occur-
ring, and the chemical bonding and geometric structure of the
resulting chemical species appear as if a carbon atom is sitting in
place of the boron. We will call that transformation an electronic
transmutation or pseudo-transmutation.

Boron and carbon are neighbors in the Periodic Table but are
very different elements. Carbon is known to form strong classical
two-centered two-electron (2c-2e) C–C r-bonds while p-bonding
can be delocalized in aromatic organic compounds. Boron, on the
other hand, is known to avoid the formation of 2c-2e B–B r-bonds
and prefers to form multi-centered r-bonds and p-bonds. The best
illustration of this is two of the most stable two-dimensional mate-
rials: graphene [1–2] and an a-sheet of boron [3–5]. Graphene
forms a rigid network of 2c-2e C–C r-bonds responsible for its
ll rights reserved.
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honeycomb structure. The a-sheet of boron has a strange derivative
of the honeycomb structure with some of the hexagons being
empty and some being filled with an extra boron atom. Chemical
bonding analysis revealed that there are no 2c-2e B–B r-bonds in
the boron a-sheet and that the r-framework of this material is
formed by either 3c-2e or 4c-2e r-bonds [6]. The p-bonding in both
materials is similar and is due to delocalized p-bonding. Having
said that, we acknowledge that boron occasionally forms four 2c-
2e B–H r-bonds (in the BH4

� anion, for example), but that is exactly
an example of electronic transmutation, where boron acquires an
extra electron, becomes ‘carbon’, and now form bonds which are
common for carbon. Indeed, BH4

� is a ‘copycat’ of CH4 in that both
have similar chemical bonding and geometric structures.
2. Computational details

The search for the global minimum structures of the Li2B2H6

molecule was performed using the Coalescence Kick program,
written by Averkiev [7]. These calculations were performed at
the B3LYP/3-21G [8–11] level of theory. The lowest energy isomers
(DE < 60 kcal/mol) were then reoptimized and frequencies were
calculated at B3LYP/6-311++G⁄⁄ [12–15] and CCSD(T)/6-311++G⁄⁄

[16–18] and single point calculations were performed using the
RCCSD(T)/aug-cc-pVXZ level of theory (X = D and T) [19–23]. The
final relative energies were obtained through extrapolation of total
energies at the CCSD(T) level of theory to the complete basis set
limit (CBS) using the Truhlar formula [24–25] (CCSD(T)/CBS//
CCSD(T)/6-311++G⁄⁄) and corrected for zero-point energies calcu-
lated at CCSD(T)/6-311++G⁄⁄. Chemical bonding analysis (B3LYP/
6-311++G⁄⁄) of all species was performed using the AdNDP [26].
All calculations were done using GAUSSIAN 03 [27] and GAUSSIAN 09
[28]. Molekel 5.4.0.8 was used for MO visualization [29], and
MOLDEN 3.4 [30] was used for molecular structure visualization.
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3. Results and discussion

In order to extend this concept of electronic transmutation fur-
ther in chemistry we computationally studied the next three mem-
bers of the saturated hydrocarbon series with B2H6

2� being a part
of the Li2B2H6 molecule, B3H8

3� being a part of the Li3B3H8 mole-
cule, and B4H10

4� being a part of the Li4B4H10 molecule. For the
smallest Li2B2H6 molecule, we first performed an unbiased search
for the global minimum structure and low-lying isomers of this
molecule using the Coalescence Kick program, written by Averkiev
[7]. These calculations were performed at a low level of theory as
described above. The lowest energy isomers (E < 60 kcal/mol) were
then reoptimized, and harmonic frequencies were calculated at a
high level of theory as described above. These isomers are pre-
sented in Figure 1.

The lowest three structures (I–III) contain the B2H6
2� kernel

with lithium cations coordinated in three different manners. Struc-
Figure 1. Lowest isomers of the Li2B2H6 molecule and their relative energies ca

Figure 2. Chemical bonds recovered by the AdNDP analysi
ture IV is very different. It appears as if one hydrogen atom runs
away with one of the extra electrons, leaving the B2H5

� kernel be-
hind. Chemical bonding analysis performed using the Adaptive
Natural Density Partitioning (AdNDP) [26] revealed the chemical
bonding pattern shown in Figure 2.

For structures I-III we found one 2c-2e B–B r-bond, six 2c-2e B–
H r-bonds, and lithium cations bound to the dianion through pri-
marily ionic bonding. Calculated effective charges are �1.88 |e| on
the B2H6 fragment and +0.94 on Li. Thus, the chemical bonding pic-
ture for B2H6

2� is exactly the same as one would expect from the
Lewis structure for ethane, and the 3c-2e bonds so common in bor-
on-hydride chemistry are no longer present. Indeed, adding an ex-
tra electron to each boron atom causes them to form a molecule
which is a ‘copycat’ of the corresponding saturated hydrocarbon,
and the electronic transmutation has occurred. However, as we
are discussing chemical transmutation, it does not take a lot of en-
ergy to restore bonding typical for boron in isomer IV. It takes only
lculated at CCSD(T)/CBS//CCSD(T)/6-311++G⁄⁄ + ZPE (CCSD(T)/6-311++G⁄⁄).

s for isomers I (A) and IV (B) of the Li2B2H6 molecule.



Figure 3. Li3B3H8 and Li4B4H10 are minima on their potential energy surfaces.
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about 17 kcal/mol in order to destroy the ‘electronic transmuta-
tion’ of boron. The hydrogen atom wins the competition for one ex-
tra electron in structure IV, leaving less than one electron per
boron atom, and the boron atoms become boron atoms again.
The calculated effective charges for structure IV are �0.84 |e| on
the B2H5 fragment, +0.75 on Li, and �0.65 on the departing H.
We now see the formation of the bridged B–H–B bond in structure
IV which is very typical for boron-hydride compounds. Moreover,
as can be seen from the AdNDP analysis for isomer IV (Figure 2B),
the departed hydrogen atom forms a 3c-2e r-bond. This ‘chemical’
aspect of the proposed electronic transmutation should always be
kept in mind when this concept is applied in chemistry. The elec-
tronic transmutation can be readily destroyed.

From our findings we can now predict that the Li3B3H8 molecule
should have the B3H8

3� kernel similar to C3H8 and so on along the
LinBnH2n+2 and CnH2n+2 series. The global minimum searches for
such molecules become very expansive, so we decided to check if
the expected geometric structures for Li3B3H8 and Li4B4H10 mole-
cules were minima on their potential energy surfaces. Results of
our calculations are presented in Figure 3.

Indeed, both molecules have minima at the structures, which
one would predict on the basis of analogy to the corresponding sat-
urated hydrocarbons. We would like to point out that LinBnH2n+2

compounds could be formed during decomposition of the LiBH4 so-
lid. It was shown that decomposition of borohydrides could lead to
the formation of dodecaborane [B12H12]2� [31–34]. Clearly on the
way from BH4

� to [B12H12]2� there are many intermediates that
could be formed with the number of boron atoms from two to ele-
ven. Moreover, recently it was demonstrated that the B3H8

� anion
can be produced during the reversible dehydrogenation of
Mg(BH4)2 to Mg(B3H8)2 in the solid under moderate conditions
[35]. Thus, the LinBnH2n+2 molecules can be important for hydrogen
storage.

The question arises whether other examples exist in boron
chemistry where the acquiring of an extra electron leads to the for-
mation of compounds similar to the corresponding carbon com-
pounds. We found two examples in the literature which support
our theory of electronic transmutation of boron. The first is the
well known high-temperature superconductor MgB2 [36]. It is
known that it is comprised of 2D layers of honeycomb structures
composed of boron atoms with Mg atoms located above and below
the boron hexagon. The 2D-lattice of boron appears exactly as the
2D-lattice of graphene. Please note that it is very different from the
2D-lattice formed by the neutral boron atoms in the a-sheet. If we
assume that a complete charge transfer from Mg to B occurs, which
is consistent with the stoichiometric formula of the compound,
then we have the case of electronic transmutation here, too, since
every boron atom acquires an extra electron and becomes a ‘car-
bon’. This is a remarkable example of the electronic transmutation
for an experimentally known compound. There is another set of
molecules [37], such as Li6B6H6, Li6B5H5, and Li10B10H8 which were
theoretically predicted but have not yet been experimentally syn-
thesised. These species have robust B6H6

6�, B5H5
6�, and B10H8

10�
kernels, which are isoelectronic to C6H6, C5H5
�, and C10H8 aromatic

molecules, and these boron analogs indeed have the geometric and
electronic structure of the carbon analogs.

On the basis of all these finding we believe that there exist
many molecules which can be built out of B� rather than B atoms
and we can predict their chemical bonding and geometric structure
using carbon analogs. The question now is whether this is a prop-
erty of just boron. We believe that this phenomenon is very com-
mon throughout chemistry, and point out that Si4

4� has the
tetrahedral structure in the solid state as a part of MSi salts
(M = Na, K, Rb, Cs) [38–39] similar to P4 in the compound. It should
be noted that Si� is chemically transmuted into P and not into N.
Another very interesting compound was recently reported [40]
which also supports our concept. This compound is built from
Ga(GaH3)4

5� kernels, which would be an analog of the Ge(GeH3)4

compound. In this case, Ga� is behaving like Ge.

4. Conclusions

We believe the concept of electronic transmutation should be
explored throughout the entire Periodic Table. It can also be moved
in the opposite direction: is C+ a pseudo-boron? If it will be proven
that this concept holds throughout the entire Periodic Table, it will
aid in the rational design of a tremendous number of new chemical
materials using knowledge of the bonding and structure of neigh-
boring elements. Another important consequence of this concept
will be the significant simplification of teaching chemistry. The
complicated chemistry of boron can be significantly simplified if
we separate molecules composed of B� and consider them as pseu-
do-carbon molecules, leaving delocalized bonding to compounds
which are built out of neutral boron atoms.

The concept of electronic transmutation shows us that maybe
alchemists leave us more legacy than we previously thought.
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