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Breaking the plane: B5H5 is a three-dimensional
structure†
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In this study, we delved into the structure of B5H5 and questioned some of its accepted assumptions. By

exploring the potential energy surface, we found a new three-dimensional structure as the global

minimum. This finding is in contrast with the previously hypothesized planar and cage-like models. Our

exploration extends to the kinetic stability of various B5H5 isomers, offering insights into the dynamic

behavior of these molecules.

Introduction

Even though B5H5
2� has not yet been synthetized, it is expected

to assume a D3h form, a conjecture first formulated by Lips-
comb and coworkers in 1961,1–3 and later rationalized through
the Wade-Mingos rules.4,5 In 2000, Schleyer and coworkers
explored the geometric and electronic implications of electron
removal from B5H5

2� to elucidate the structure of the neutral
B5H5.6 Upon optimization, the initial trigonal bipyramidal form
with D3h symmetry transitioned to a C4v square pyramid,
keeping the five B–H units intact in B5H5 (Fig. 1). This trans-
formation from trigonal bipyramid to square pyramid was
rationalized via the pairing principle of incompletely filled
degenerate orbitals.6 However, McKee7 identified a Cs structure,
characterized as a BH2

+ and B4H3
� complex, which is energeti-

cally more favorable than the C4v square pyramidal isomer by
9.8 kcal mol�1 at the B3LYP/6-31G(d) level. This preferred struc-
ture is a trapezoid with three B atoms at the base and two above,
incorporating two terminal B–H bonds, a B–H–B bridge, a BH2

group, and a bare boron (see Fig. 1),7 mirroring the planar form
of B5

� and neutral B5.8,9

In our quest to understand the structural transformations
induced by the removal of two electrons from the dianions of
borohydrides, denoted by the formula BnHn

2�, we explored the
potential energy surfaces (PESs) of all borohydrides in the
series from n = 5 to 12. Our preliminary screening revealed
that for nearly all these dianions, the removal of two electrons
result in insignificant structural changes. Nonetheless, two
exceptions were identified: B12H12 and B5H5. While the former
case has been previously reported by us,10 our focus now shifts
to B5H5. Contrary to prior assumptions, our results show that
the global minimum structure of B5H5 is not quasi-planar but
rather an asymmetrical three-dimensional form.

Computational details

The systematic exploration of the PES of B5H5 in both its singlet
and triplet states was carried out through a modified genetic
algorithm as implemented in GLOMOS.11 Details on GLOMOS
are documented elsewhere.12 An initial screening was performed
at the PBE0/def2-SVP level.13,14 Isomers within a 50 kcal mol�1

range were re-minimized and characterized at the TPSS-D3/def2-
TZVP level.14,15 The stationary points were further characterized

Fig. 1 The structures proposed for B5H5
2� (D3h) and B5H5 (C4v and Cs).
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by harmonic vibrational frequency analysis at the same level. The
interconversion pathways for lower-energy minima were eluci-
dated and the corresponding transition states (TS) connecting the
local minima were confirmed by intrinsic reaction coordinate
(IRC) computations. Relative Gibbs free energies, including
entropic and thermal corrections at 298.15 K, were computed
at the CCSD(T)16/aug-cc-pVTZ//TPSS-D3/def2-TZVP level. Addi-
tionally, the stability of the wave function and the T1 diagnostic
for each isomer were evaluated, indicating stable wave functions
across all localized minima with T1 values below 0.02 for the
singlet systems and less than 0.023 for the triplets (see Table S1,
ESI†). This suggests that monodeterminantal approaches, such
as DFT and CCSD(T), reliably represent the structure and ener-
getics of these isomers. All these computations were performed
using Gaussian 16.17

Chemical bonding was examined using Wiberg bond indices
(WBIs) and natural population analysis (NPA) via the NBO 6.018

partitioning scheme. Furthermore, the adaptive natural density
partitioning (AdNDP) approach,19 as implemented in Multiwfn,20

provided further insights into the chemical bonding, describing
electronic structures in terms of n-center, two-electron (nc-2e)
bonds, recovering Lewis concepts such as lone pairs, 2c-2e bonds,
and delocalized bonds.

The dynamic behavior was studied using Born–Oppenhei-
mer molecular dynamics (BO–MD)21 at 900 K for 30 ps, employ-
ing a 1 fs time step and a Nosé–Hoover chain thermostat for
temperature control,22–24 using deMon-2k25 at the PBE0/
DZVP26 level. The chosen temperature, while is not real in the
macroscopic sense, was selected to regulate the total kinetic
energy of the atoms, ensuring they possess enough energy to
overcome energy barriers and allow for isomer interconversions
at realistic simulation times.

Results

The lowest energy structures of B5H5 in both singlet and triplet
states are shown in Fig. 2. We identified two structures, 1 and 2,
that are energetically more favorable than McKee’s proposed
structure, 3.7 The global minimum, 1, is a three-dimensional entity
with C1 symmetry, characterized by four terminal B–H bonds, a B–
H–B bridge, and a bare boron atom. Structure 2, which is only 0.7
kcal mol�1 higher than 1 in Gibbs free energy (computed at
CCSD(T)/aug-cc-pVTZ//TPSS-D3/def2-TZVP), adopts a trapezoidal
boron skeleton with three B–H units and a –BH2 group located
at one vertex of the larger base, adopting a Cs symmetry. McKee’s
structure (3), less favorable by 1.7 kcal mol�1 compared to 1,
shares a trapezoidal shape with 2 but includes a hydrogen atom
bridging the central boron and the –BH2 group. Structure 4, which
is 3.0 kcal mol�1 higher in energy than 3, possesses a distinctive
trapezoidal shape with an out-of-plane BH unit. Structures 5, 7, 8,
13, and 14, characterized by pyramidal boron skeletons, are
between 6.7 to 38.9 kcal mol�1 higher in Gibbs free energy than
1, with 7 corresponding to Schleyer’s C4v structure. Three Cs-
symmetry structures, 6, 9, and 10, consist of a B4 skeleton with a
–BH2 unit and a bridging hydrogen on a B–B bond, ranging from
6.8 to 17.0 kcal mol�1 above 1 in Gibbs free energy. Isomers 11 and
12 adopt a cage-like structure (DG 4 17.0 kcal mol�1), albeit with
one incomplete face. Specifically, structure 12 is a trapezoid with
two B–H–B bridges with an out-of-plane hydrogen atom in one
bridge. The lowest-energy triplets, 13 and 14, have DG values more
than 20 kcal mol�1 above 1. So, the putative global minimum for
B5H5 is not planar but a three-dimensional structure.

WBI analysis identifies two distinct ranges for B–H bond
distances, as summarized in Table 1. Isomers 2, 5, and 7, each
containing five B–H units, display high average WBIB–H of

Fig. 2 TPSS-D3/def2-TZVP low-lying energy structures of B5H5. Relative Gibbs free energies at the CCSD(T)/aug-cc-pVTZ//TPSS-D3/def2-TZVP level
are in kcal mol�1.
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around 0.95 and show the shortest average B–H bond lengths,
approximately 1.19 Å. In contrast, the presence of 3c-2e B–H–B
interactions increases average B–H bond distances and lowers
the average WBIB–H values. An extreme case is structure 12,
which features two B–H–B bonds, leading to a WBI of 0.66.
Regarding B–B bonds, planar structures 6, 9, and 10 show the
highest average WBIB–B values (nearly 1.0), contrasting with
Schleyer’s isomer, which has the lowest (WBIB–B = 0.74). 6, 9,
and 10 each contain a 2c-2e B–B bond connecting a BH2 unit to
the B4H3 fragment. The formation of the BH2 unit induces
electronic redistribution within the B4 rhombus, shortening
several B–B distances to almost 1.55 Å. In contrast, an increase
in the number of multicenter boron bonds correlates with
elongated B–B bond lengths and higher WBIB–B, the C4v form
being the extreme case (vide infra).

Let us analyze the bonding properties of 1, 3, and 7 (the
global minimum, McKee’s isomer, and Schleyer’s cage-
pyramidal structure, respectively). As depicted in Fig. 3, each
has five 2c-2e s-bonds. Isomers 1 and 3 are composed of four
2c-2e B–H bonds and one B–B bond, while in 7, all are B–H
bonds. Isomer 1 features three 3c-2e bonds (one in a B2H ring

and two in a B3 ring), in contrast to 3 and 7, which have four 3c-
2e bonds. Specifically, isomer 3 includes a 3c-2e B2H bond and
another in a B3 ring. In isomer 7, 3c-2e s-bonds are found
within the B3 rings of the pyramid’s four triangular faces. Each
isomer also contains a delocalized 4c-2e bond in a B4 unit.
Distinctly, the B5 skeleton in 1 is stabilized by a 5c-2e bond,
absent in 3 and 7, contributing to its enhanced stability.

The stabilization of 1 is further clarified when examining the
chemical bonding in the dianion B5H5

2�, which has 22 electrons.27

Ten of these electrons are in the five 2c-2e B–H s-bonds, leaving
twelve for B–B bonding, including three 3c-2e and three delocalized
4c-2e s-bonds.27 In contrast, neutral B5H5 requires different bond-
ing configurations. 7 has five 2c-2e s-bonds exclusively for B–H
bonds, one more than isomers 1 and 3. This leaves ten electrons for
B–B bonds in 7, while 1 and 3 each allocate twelve electrons to B–B
bonds, similar to the dianion. Therefore, 1 and 3 are capable to
maintain twelve electrons for keeping the boron skeleton in B5H5,
resulting in higher relative stability.

The kinetic stability of isomers 3 and 7, in their isomeriza-
tion to 1, is detailed in Fig. 4. Isomer 3 converts to 1 through a
one-step pathway (Fig. 4a), with a high activation barrier (DG‡ =
26.3 kcal mol�1), indicating that 3 is kinetically stable. In
contrast, the transformation of 7 to 1 follows a stepwise
mechanism with low barriers via intermediates 4 and 2
(Fig. 4b). Initially, a hydrogen atom migrates from the pyra-
mid’s apex to its base, forming a B2–H–B3 bridge and leading
to the cleavage of the B1–B2 bond. This results in the quasi-
planar structure of 4, crossing a small energy barrier (TS7-4,
DG‡ = 1.3 kcal mol�1). The subsequent conversion of 4 to 2
involves a hydrogen atom shift towards B2, forming a terminal
BH2 group (TS4-2, DG‡ = 4.9 kcal mol�1). The final step from 2
(a quasi-planar structure) to 1 (a three-dimensional structure)
implies the formation of the B2–H–B4 bridge and the B2–B5
bond, involving a barrier of 6.9 kcal mol�1 (TS2-1). Given that 7
isomerizes to 1 via a stepwise mechanism with achievable
energy barriers, 7 is considered kinetically unstable.

Table 1 Average Wiberg bond indices and average bond lengths rB–B and
rB–H in Å computed at the TPSS-D3/def2-TZVP level

Isomer rB–H rB–B WBIBH WBIBB

1 1.22 1.67 0.79 0.85
2 1.19 1.69 0.94 0.80
3 1.24 1.67 0.78 0.89
4 1.23 1.66 0.78 0.87
5 1.19 1.72 0.95 0.77
6 1.24 1.62 0.79 1.00
7 1.19 1.71 0.95 0.74
8 1.23 1.71 0.79 0.78
9 1.24 1.63 0.79 0.99
10 1.24 1.65 0.78 1.01
11 1.23 1.71 0.78 0.84
12 1.28 1.65 0.66 0.93

Fig. 3 AdNDP analysis for 1, 3, and 7 at the TPSS/def2-TZVP level. Occupation numbers (ON) in |e|.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 5

/7
/2

02
6 

2:
06

:1
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp00029c


8092 |  Phys. Chem. Chem. Phys., 2024, 26, 8089–8093 This journal is © the Owner Societies 2024

Two alternative mechanisms for the isomerization of 3 to 1
were explored. Both mechanisms involve a stepwise process,
with higher activation barriers than the concerted pathway
(Fig. S1 and S2, ESI†). The first pathway begins with converting
3 into 2 via a 1,2-H migration from B2 to B4, before transition-
ing to 1 (Fig. S1, ESI†). However, the initial step has a free
energy barrier of 31.8 kcal mol�1 (TS3-2), which is 7.2 kcal mol�1

higher than the barrier of the concerted pathway (TS3-1, Fig. 4a).
The second pathway initiates with the cleavage of the B2–B3

bond and the formation of a B4–H–B5 bond, leading to 9
(Fig. S2, ESI†). The activation barrier for this initial step
(TS3-9) is 14.9 kcal mol�1. Next, 9 is converted to 6 through a
double hydrogen rearrangement via TS9-6. This step involves break-
ing the B4–H–B5 bond and forming the B1–H–B2 bond with a low
energy barrier (DG‡ = 5.6 kcal mol�1) and can be viewed as a type II-
dyotropic migration.28 The conversion from 6 to 2 (TS6-2) has an
activation barrier of 27.5 kcal mol�1. As in the previous stepwise
pathway, this process concludes with converting 2 to 1. Note
that the barrier of TS6-2, acting as the rate-determining step, is
2.9 kcal mol�1 higher than that of TS3-1, indicating that these
alternative routes are energetically less favorable.

To gain deeper insight into the isomerization processes
from 3 to 1 and 7 to 1, Born–Oppenheimer molecular dynamics
simulations were conducted at 900 K for 30 ps, beginning with
structures 3 and 7 (see the Movie S1 and S2 in the ESI†). Isomer

3 displayed minor distortions while preserving its planar struc-
ture throughout the simulation, confirming its kinetic stability
in line with its high activation barrier (Fig. 4a and Movie S1,
ESI†). In the case of isomer 7, a transformation occurs at 9 ps
(Movie S2, ESI†), where its pyramidal cage transitions into a
trapezoidal shape reminiscent of isomer 4. This stage is char-
acterized by the heightened mobility of hydrogen atoms around
the boron-based trapezoid, leading to several structural inter-
conversions between isomers 4 and 2 until 20 ps. When
structure 2 forms, it briefly shifts to 1 but reverts to 2. Around
23 ps, 2 undergoes bending and transitions into the stable
structure of 1 with minimal distortions for the rest of the
simulation. This series of events confirms the kinetic stability
of both isomers 1 and 3, as they maintain their structural
integrity throughout the simulation.

Conclusion

By exploring the B5H5 potential energy surface, we found a
three-dimensional structure that challenges the previously
accepted planar model as the global minimum for this neutral
borohydride. The analysis of the kinetic stability of the B5H5

isomers indicates that isomer 3, suggested by Mckee, is a
kinetically stable system that could potentially be experimen-
tally detected, but it is not the global minimum. In contrast,
isomer 7 (Schleyer’s proposal) is likely to transform into isomer
1, making its experimental detection in the gas phase challen-
ging, if not impossible. Through molecular dynamics simula-
tions, we provided detailed insights into the dynamic behavior
of these molecules, enhancing our understanding of their
stability under various conditions.

These findings open new avenues for re-examining the
bonding and structure of boron hydrides, extending beyond
theoretical interest, and possibly influencing future experi-
mental endeavors and applications in related chemical areas.
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