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Quantitative Assessment of B� B� B, B� Hb� B, and B� Ht
Bonds: From BH3 to B12H12

2�

Daniel Sethio,[a] Latévi Max Lawson Daku,[b] Hans Hagemann,[b] and Elfi Kraka*[a]

We report the thermodynamic stabilities and the intrinsic
strengths of three-center-two-electron B� B� B and B� Hb� B
bonds (Hb: bridging hydrogen), and two-center-two-electron
B� Ht bonds (Ht: terminal hydrogen) which can be served as a
new, effective tool to determine the decisive role of the
intermediates of hydrogenation/dehydrogenation reactions of
borohydride. The calculated heats of formation were obtained
with the G4 composite method and the intrinsic strengths of
B� B� B, B� Hb� B, and B� Ht bonds were derived from local
stretching force constants obtained at the B3LYP-D2/cc-pVTZ
level of theory for 21 boron-hydrogen compounds, including 19

intermediates. The Quantum Theory of Atoms in Molecules
(QTAIM) was used to deepen the inside into the nature of
B� B� B, B� Hb� B, and B� Ht bonds. We found that all of the
experimentally identified intermediates hindering the reversi-
bility of the decomposition reactions are thermodynamically
stable and possess strong B� B� B, B� Hb� B, and B� Ht bonds. This
proves that thermodynamic data and intrinsic B� B� B, B� Hb� B,
and B� Ht bond strengths form a new, effective tool to
characterize new (potential) intermediates and to predict their
role for the reversibility of the hydrogenation/dehydrogenation
reactions.

1. Introduction

Boron-hydrogen compounds are receiving a lot of attention
due to their diverse physical and chemical properties,[1–6] which
can be useful for various technological applications ranging
from hydrogen storage,[7] fuel cells[8] to high conducting
materials even at room temperature[9–11] as well as for
applications in medicinal chemistry.[12–15] Boranes and carbor-
anes are recently targeted because of their potential to form
BH � � � p interactions with the π-face of an arene.[16–19] It has
been suggested that these BH � � � p interactions may be driven
by a nonspecific weak dispersion contact, as for example based
on restrained fit to the electrostatic potential and symmetry-
adapted perturbation theory studies[20,21] or molecular orbital
analyses.[22] However, these approaches are not free from some
arbitrariness, therefore they are generally not suited for deriving
more definite conclusions on a particular bonding situation.[16]

In a combined experimental and theoretical study on several
iridium-dimercapto-carborane complexes Zhang, Zou and co-
workers verified the existence of this new nonclassical BH � � � p
H-bond in both, solid state and solution at ambient
temperatures.[16,17] They could also show that the bond strength
of the BH � � � p H-bond as determined via the Konkoli-Cremer
local mode analysis[23–26] is comparable to what is found for the
H-bond in the water dimer.[27,28] The same holds for the binding
energy, which is in both cases in the range of 5 kcal/mol.
However, in contrast to the water-dimer the BH � � � p H-bond is

electrostatic in nature as confirmed by the topological analysis
of the electron density 1ðrÞ.[28]

Closo-boranes have shown remarkably high ionic conductiv-
ities and stabilities at or near room temperature, making them
suitable for the use in rechargeable battery applications.[9,10,29–31]

Recently, a stable 3 V battery prototype has been successfully
assembled using, for example, the Na2ðB12H12Þ0:5ðB10H10Þ0:5

electrolyte.[9,32] On the other, metal borohydrides have attracted
considerable interest due to their potential as hydrogen storage
materials.[5,6,33,34] These compounds have a high gravimetric
hydrogen content[35,36] which can be used for mobile
applications.[36–40]

The actual use of boron-hydrogen compounds as hydrogen
storage materials has been constrained by their thermodynam-
ics and kinetics properties, and the reversibility of their
intermediates.[41–43] Many hydrogenation and dehydrogenation
reactions take place at extreme reaction conditions (such as
high pressure and high temperature) and are kinetically too
slow for practical use.[44–46] The formation of intermediate
species may hinder the reversibility of the reactions.

Thermal decomposition pathways of borohydrides (BH�4 (2))
are of multi-step character and complex (see Figure 1 and
Figure 2).[43] Some intermediates, such as B2H6 (3), B10H

2�
10 (18),

and B12H
2�
12 (21)[47–50] have been observed during the decom-

position of LiBH4. The formation of LiB12H12 has been confirmed
by NMR[51] and Raman spectroscopy.[52] The formation of B12H

2�
12

(21) hampers the reversibility of the reactions due to its
thermodynamic stability.[37,53–57] Other intermediates, such as
B2H

�

7 (4), B3H
�

8 (5), B10H
2�
10 (18), and B12H

2�
12 (21), have been

reported during the decomposition of MgðBH4Þ2.
[6,58–60] On the

other hand, the formation of B3H
�

8 (3) facilitates the reversibility
of the reaction.[6,61,62] Thermal decomposition of borohydrides
and its reverse reactions involve the breaking and forming of
B� B� B, B� Hb� B, and B� Ht bonds. The structural[63–65] and
spectroscopic properties,[66–70] as well as nature of bridging
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hydrogen and BB bonds[71,72] have been studied by different
authors. However, to the best of our knowledge, a systematic
and detailed study of the intrinsic strengths of the B� B, B� Hb,
and B� Ht bonds of the intermediate compounds and their role
for the reversibility of hydrogenation/dehydrogenation reac-
tions are still missing.

Vibrational spectroscopy is a useful tool to identify and
characterize molecules, which so far has not been explored to
its full extent. Konkoli and Cremer have refined the use of

vibrational spectroscopy to define intrinsic bond strengths via
local vibrational modes.[23,24] The associated local stretching
force constants ka are used to probe the intrinsic strength of
chemical bonds.[25,73–75] It has been shown that the local
stretching force constant ka is a superior bond strength measure
compared to the often used bond dissociation energies (BDE)
and bond dissociation enthalpies (BDH) as they contain
cumulative effects of geometry relaxation, multiple bonding
interactions, and also electronic density reorganizations of the
dissociated fragments.[73,76,77] Local stretching force constants ka

have been successfully used to determine the intrinsic bond
strength of covalent bonds such as: CC bonds,[74,75,78,79] NN
bonds,[80] NF bonds,[81] CO bonds,[82] and CX (X=F, Cl, Br, I)
bonds,[83–86] and weak chemical interactions such as: hydrogen
bonding,[87–90] halogen bonding,[91–93] pnicogen bonding,[94–96]

chalcogen bonding,[73,77] tetrel bonding,[97] and recently BH � � � p
interactions.[16,17]

The main objectives of this paper are: (i) to evaluate the
nature of the B� B, B� Hb, and B� Ht bonds; (ii) to evaluate why
intermediate species may or may not facilitate the reversibility
reactions in the perspective of thermodynamics and intrinsic
bond strength; (iii) to provide a new tool to characterize new
(potential) intermediates and their role for the reversibility of
the hydrogenation/dehydrogenation reactions; and (iv) to give
guidelines whether intermediates may be stable enough to be
isolated. To fulfill the objectives, we accurately determined the
heats of formation and the local stretching force constants ka of
21 boron-hydrogen compounds including 19 intermediates (see
Figure 2): closoboranes (BxH

2�
x ), nidoboranes (BxHxþ4 and

BxH
�

xþ3), and arachnoboranes (BxHxþ6 and BxH
�

xþ5). Quantum
theory of atoms in molecules (QTAIM) analyses was performed
in addition, to understand the nature of these bonds.

Computational Methods
Equilibrium geometries and normal vibrational modes of 21 boron
hydrogen compounds (see Figure 2) were obtained using the
procedure reported in Ref. [98–101] for an accurate prediction of
boron hydrogen compounds. Thus, the B3LYP functional[102]

augmented with Grimme’s semi-empirical D2[103] dispersion correc-
tion was used in combination with the Dunning correlation-
consistent cc-pVTZ basis set.[104,105] The inclusion of dispersion
correction improves the structural parameters of the bridging
hydrogen.[99,101] The vibrational analysis performed on each equili-
brium geometry showed that it corresponds to a minimum on the
potential energy surface (no imaginary vibrational frequencies).

The heats of formation were calculated using the G4 model
chemistry.[106] The G4 protocol isa composite method, where the
equilibrium geometries and frequencies calculation are calculated
at B3LYP/6-31G(2df,p) level of theory, whereas the energies are
corrected to the Hartree-Fock energy limit, and single point
calculations obtained at the Coupled Cluster theory with singles,
doubles, and perturbative triples (CCSD(T)) and the complete
fourth-order Møller-Plesset perturbation theory (MP4).[106] The G4
theory provides very accurate predictions of thermodynamics data
with an average deviation 0.83 kcal/mol from experimental data for
a test set of 454 molecules.[106]

Nguyen and co-workers used isodesmic and similar types of
reactions to determine the heats of formation of several boron-

Figure 1. Schematic (selected) decomposition pathways from metal borohy-
dride 2 to MBn through intermediates B2H6 (3), B2H7

� (4), B3H8
� (5), B10H10

2�

(18), B10H14 (19), and B12H12
2� (21).

Figure 2. Structures of 21 boron-hydrogen compounds: BH3 (1), BH4
� (2),

B2H6 (3), B2H7
� (4), B3H8

� (5), B4H9
� (6), B4H10 (7), B5H5

2� (8), B5H9 (9), B5H11 (10),
B6H6

2� (11), B6H10 (12), B6H12 (13), B7H7
2� (14), B8H8

2� (15), B8H12 (16), B9H9
2�

(17), B10H10
2� (18), B10H14 (19), B11H11

2� (20), and B12H12
2� (21). Intermediate

species are from B2H6 (3) to B12H12
2� ) (21), where B2H6 (3), B2H7

� (4), B3H8
�

(5), B10H10
2� (18), B10H14 (19), and B12H12

2� (21) have been observed during
the decomposition of metal borohydride.
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hydrogen compounds from calculated reaction energies and known
heats of formation of reactants and products.[107,108] Going along the
same line, we used the hydrogenation reactions given by Eq 1–
Eq 4, where known heats of formation were used to calculate
unknown heats of formation.

BxHxþ4 þ x � 2ð ÞH2 ! xBH3 (1)

B2H�7 ! BH3 þ BH�4 � (2)

B3H
�
8 þ H2 ! BH�4 þ 2BH3 (3)

BxH
2�
x þ x � 1ð ÞH2 ! 2BH�4 þ x � 2ð ÞBH3 (4)

where x=2,…,12.

The heats of formation of H2, BH3 (1), and BH4
� (2) were determined

using the total atomization energies given by Eq 5–Eq 7. The heats
of formation of B and H atoms were obtained from the
thermodynamic database (NIST-JANAF Tables).[109]

H2 ! 2H (5)

BH3 ! Bþ 3H (6)

BH�4 ! Bþ 4Hþ e (7)

Vibrational spectroscopy provides important information about the
electronic structure of a molecule and can be used to access the
intrinsic strength of a bond. However, normal vibrational modes are
of limited use due to mode-mode coupling, e.g. electronic and
kinematic (mass) coupling.[23] The electronic coupling is eliminated
by solving the Wilson equation.[110] The resulting normal modes are
delocalized in the molecular framework as a consequence of
kinematic (mass) coupling. Konkoli and Cremer showed that solving
a mass-decoupled equivalent of the Wilson equation leads to local
vibrational modes, which are associated with a given internal
coordinate, qn, (bond length, bond angle, and dihedral angle,
etc.).[23,24] Zou and Cremer proved that there is a one-to-one
relationship between the local and the normal vibrational modes,
which can be verified with the Adiabatic Connection Scheme
(ACS).[25]

For simplification, the local force constants, ka, of B� B� B, B� Hb� B
and B� Ht bonds can be converted into bond strength orders, BSO
nðBBBÞ, BSO nðBHBÞ and BSO nðBHÞ, using a power relationship:[23,26]

BSOn ¼ aðkaÞb (8)

The constants a and b can be obtained from the ka values of two
reference molecules which have well-defined bond order. In the
present work, the BSO values BSO nðBHÞ were derived by using the
BH bonds in BH3 and B2H7

� as reference, which have the ka values
of 3.863 and 1.632 mdyn/Å, respectively and correspond to Wiberg
bond indices[111,112] of nðBHÞ=0.984 in BH3 and nðBHÞ=0.498 in
B2H7

� . The BSO values nðBBBÞ were determined from the BB bonds
in B2H6 and B2H7

� which have ka values of 2.391 and 0.296 mdyn/Å,
respectively and correspond to Wiberg bond indices of nðBBÞ=
0.662 in B2H6 and nðBBÞ=0.265 in B2H7

� . It also assumed that ka =0
refers to BSO n=0. The values of ka and BSO n were taken as
averages over all B� B� B, B� Hb� B, and B� Ht bonds.

All calculations were performed using the Gaussian09 package.[113]

The geometries were optimized with ultrafine grid integration[114]

and tight convergence criteria for the forces and displacements.

Local mode force constants and frequencies[23] were calculated
using COLOGNE2017.[115]

The electron density (1c) and the total energy density (Hc) at the
B� B� B and B � Hb � H ring critical points, and at B� Ht bond critical
points[116–118] were calculated using the AIMAll program.[119] The
Cremer-Kraka criteria were used to identify the covalent character
of the bonds.[120–122] A negative value of the total energy density
(ıtHc <0) at bond critical point (BCP) on the bond path between
two atoms A and B forming C bond indicates a covalent interaction,
while a positive value (Hc>0) points to electrostatic interaction.

2. Results and Discussion

In this Section, first, the structures of 21 boron-hydrogen
compounds are discussed, showing that the chosen B3LYP-D2
model chemistry provides reasonable geometries compared to
experimental data. Second, the heats of formation of the
studied compounds are discussed, followed by the intrinsic
strength of the 3c–2e B� B� B and B� Hb� B bonds (Hb: bridging
hydrogen), and 2c–2e B � Ht bonds (Ht: terminal hydrogen).
Third, thermal decomposition of borohydride, intermediates,
and their reversibility are discussed, showing that the combina-
tion of thermodynamic data and intrinsic bond strengths forms
a new powerful tool to characterize the nature of the B� B� B,
B � Hb � H, and B� Ht of the intermediates and to disclose their
role for the reversibility of hydrogenation/dehydrogenation
reactions. Last, the use of local mode analysis as a predictive
tool to guide whether intermediates may be stable enough to
be isolated are discussed.

The studied 21 boron-hydrogen compounds include closo-
boranes (BxH

2�
x : B5H

2�
5 (8), B6H

2�
6 (11), B7H

2�
7 (14), B8H

2�
8 (15),

B9H
2�
9 (17), B10H

2�
10 (18), B11H

2�
11 (20), B12H

2�
12 (21)), nidoboranes (

BxHxþ4 and BxH
�
xþ3: BH

�
4 (2), B2H6 (3), B5H9 (9), B6H10 (12), B8H12

(16), B10H14 (19)), arachnoboranes (BxHxþ6 and BxH
�

xþ5: B2H
�

7 (4),
B3H

�

8 (5), B4H
�

9 (6), B4H10 (7), B5H11 (10), B6H12 (13)), and BH3 (1).

2.1. Structure of 21 Boron-Hydrogen Compounds

Table 1 and Figure 2 summarize the experimental and calcu-
lated average bond lengths of the 21 boron-hydrogen com-
pounds studied in this work. The calculated bond lengths
obtained at B3LYP-D2/cc-pVTZ level of theory are in good
agreement with experimental data. For example, the calculated
B� Ht in BH3 (1) (Calc. 1.189 Å) shows an excellent agreement
with the experimental data obtained by gas-phase high-
resolution infra-red spectroscopy (Exp. 1.185 Å).[123] The largest
deviation is about 0.08 Å for B� Hb in B3H

�

8 (5), where the
experimental values were recorded using X-ray spectroscopy on
solid NaB3H8.

[127] A larger deviation from experimental data was
expected (as we do not take into account the counter ions and
the influence of their environment in crystals).

Articles

1969ChemPhysChem 2019, 20, 1967–1977 www.chemphyschem.org © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Wiley VCH Mittwoch, 31.07.2019

1915 / 139442 [S. 1969/1977] 1

http://orcid.org/0000-0002-9658-5626


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

2.2. Heats (Enthalpies) of Formation

Table 2 compares the experimental and calculated heats of
formation obtained from B3LYP-D2, G3, G3B3, G4, and CCSD(T)/
CBS methods. B3LYP-D2 results have the largest deviation from
the experimental values with a RMSD of 13.32 kcal/mol. G3 and
G3B3 give comparable results with RMSD values of 10.01 and
9.38 kcal/mol, respectively. CCSD(T) performs better than the
aforementioned methods with a RMSD of 6.6 kcal/mol.

G4 is superior to the other methods with RMSD of 3.61 kcal/
mol. Curtiss noted that the inclusion of energy corrections at
the Hartree-Fock limit, CCSD(T), and the MP4 contributes to the
significant improvement of the G4 method.[106] The calculated
heats of formation obtained from the G4 deviate 0.08 to
9.37 kcal/mol from the experimental values, where the signifi-
cant deviations are observed for n larger than 6 (n is the
number of boron atoms). It is noteworthy that the experimental
heats of formation of B10H14 (19) range from 4.4 to 11.2 kcal/mol
(see Table 2).[140] Moreover, Nguyen and co-workers argued that
the values of a T1 diagnostic (from the CCSD(T)) are small,
indicating that boron-hydrogen compounds do not possess
significant multireference character; thus, suggesting the heats
of formation of boron-hydrogen compounds need to be
remeasured.[107]

Inspection of Table 2 and Figure 3 shows that the highest
heat of formation (positive ΔHo

f , the amount of energy or
heat absorbed during the formation of the substance) is that
for B5H

2�
5 (8) and the lowest (negative ΔHo

f , the amount of
energy or heat released during the formation of the
substance) is that for B12H

2�
12 (21). The heats of formation

values of closoboranes, from penta-closoborane (B5H
2�
5 (8)) to

dodeca-closoborane (B12H
2�
12 (21)) show a gradual decrease

from +109.91 to � 102.43 kcal/mol. It is also noteworthy that

Table 1. Average lengths of the B� B, B� Hb, and B� Ht bonds (in Å) of BxH
z�
y species (x=1-12, y=3-14, z=0-2)) calculated at the B3LYP-D2/cc-pVTZ level of

theory.

# Molecule, Symm. Fragment Calc. Exp. Fragment Calc. Exp.

1 BH3, D3h B� Ht 1.189 1.185a

2 BH4
� , Td B� Ht 1.237 1.215b

3 B2H6, D2h B� Ht 1.186 1.182(11)c B� B 1.761 1.747(7)c

B� Hb 1.315 1.303(11)c

4 B2H7
� , C2 B� Ht 1.212 B� B 2.383

B� Hb 1.315 1.32d

5 B3H8
� , C2v B� Ht 1.207 1.13(2)e B� B 1.826 1.820(5)e

B� Hb 1.261 1.345(2)e

6 B4H9
� , Cs B� Ht 1.201 B� B 1.784

B� Hb 1.339
7 B4H10, C2v B� Ht 1.186 B� B 1.724 1.704f

B� Hb 1.335 1.315f

8 B5H5
2� , D3h B� Ht 1.211 B� B 1.672

9 B5H9, C4v B� Ht 1.178 B� B 1.691 1.690g

B� Hb 1.346 1.352g

10 B5H11, Cs B� Ht 1.190 B� B 1.739 1.741h

B� Hb 1.334
11 B6H6

2� , Oh B� Ht 1.209 1.14(2)i B� B 1.730 1.726(2)i

12 B6H10, Cs B� Ht 1.180 B� B 1.695 1.654g

B� Hb 1.333
13 B6H12, C2 B� Ht 1.184 B� B 1.722 1.778h

B� Hb 1.325 1.308h

14 B7H7
2� , D5h B� Ht 1.210 B� B 1.767 1.735j

15 B8H8
2� , D2d B� Ht 1.208 B� B 1.794 1.74(2)k

16 B8H12, Cs B� Ht 1.179 1.115l B� B 1.784 1.789l

B� Hb 1.339
17 B9H9

2� , D3h B� Ht 1.203 B� B 1.711 1.71m

18 B10H10
2� , D4d B� Ht 1.200 1.181n B� B 1.702 1.727n

19 B10H14, D2d B� Ht 1.180 1.173° B� B 1.783 1.785°
B� Hb 1.324

20 B11H11
2� , C2v B� Ht 1.200 B� B 1.744 1.746p

21 B12H12
2� , Ih B� Ht 1.198 1.20q B-B 1.788 1.78q

Experimental values were taken from aRef. [123], bRef. [124], cRef. [125], dRef. [126], eRef. [127], fRef. [128], gRef. [129], hRef. [130], iRef. [131], jRef. [132], kRef. [133],
lRef. [134], mRef. [135], nRef. [136], °Ref. [137], pRef. [138], qRef. [139]

Figure 3. Heats of formation of 21 boron-hydrogen compounds calculated at
the G4 level of theory as a function of number of boron atoms.
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the larger the number of B atoms contained in a boron-
hydrogen compound, that compound tends to be more
stable as more energy is stored in the chemical bonds (see
Table 2 and Figure 3).

2.3. The Strength of B� B� B, B� Hb� B, and B� Ht Bonds

Table 3 summarizes the bond distances, the corresponding local
mode force constants, the bond strength orders, the local mode
frequencies, the electron densities 1c, the energy densities Hc,
and the energy density ratios (Hc/1c) for all B� B� B, B� Hb� B, and
B� Ht bonds taken as averages over all B� B� B, B� Hb� B, and B� Ht

bonds. Based on the Cremer-Kraka criteria,[120–122] the B� B� B,

B� Hb� B, and B� Ht bonds in the 21 boron-hydrogen compounds
are covalent, and involves multicenter bonds. Due to their
multi-center character, the bond strength order of the B� B� B
and B� Hb� B bonds are fractional and have BSO values less than
1.

Figure 4 shows the exponential relationship between the
relative bond strength order (BSO) and the local stretching
force constants of B� B� B, B� Hb� B, and B� Ht bonds of the 21
boron-hydrogen compounds. The bond strength orders of the
multicenter B� B� B bonds of the 21 boron-hydrogen com-
pounds range from 0.265 to 0.662 (local mode force constant
(ka): 0.296 to 2.391 mdyn/Å), which are weaker than the single
C� C bond in C2H6 (ka: 4.216 mdyn/Å).[74,75,78,79] The weakest and

Table 2. Experimental and calculated heats of formation at STP (ΔHo
f ) of the BxH

z�
y species (x=1-12, y=3-14, z=0-2) calculated using DFT (B3LYP-D2/cc-

pVTZ), G3a, G3B3a, CCSD(T)/CBSa, and G4 level of theory (in kcal/mol)*.

# Molecule, Symm. DFT G3a G3B3a CCSD(T)/CBSa G4 Exp.

1 BH3, D3h 19.53 25.4 25.7 – 23.97 21.3b

2 BH4
� , Td � 20.27 � 13.9 � 13.5 – � 15.52

3 B2H6, D2h 1.21 – – – 8.78 8.7b

4 B2H7
� , C2 � 35.07 – – – � 24.85

5 B3H8
� , C2v � 37.19 � 23.1 � 22.6 -23.1 � 27.42

6 B4H9
� , Cs � 33.55 – – – � 22.29

7 B4H10, C2v 2.95 – - – 16.50 15.8b

8 B5H5
2� , D3h 114.11 117.5 116.7 119.4 109.91

9 B5H9, C4v 9.09 26.4 26.2 24.1 18.83 17.5�1.6 b

10 B5H11, Cs 9.81 – – – 24.78 24.7b

11 B6H6
2� , Oh 59.97 62.7 61.4 64.1 53.12

12 B6H10, Cs 13.66 – – – 25.56 22.6b

13 B6H12, C2 12.68 – – – 29.85 26.5c

14 B7H7
2� , D5h 46.93 51.8 50.6 – 41.91

15 B8H8
2� , D2d 39.55 46.1 44.9 – 35.26

16 B8H12, Cs 11.10 – – – 25.83 35.2b

17 B9H9
2� , D3h 16.16 24.4 23.0 – 12.21

18 B10H10
2� , D4d � 21.00 � 12.5 � 13.9 – � 25.72

19 B10H14, D2d � 10.67 18.7 17.4 – 4.78 11.2b, 4.4c

20 B11H11
2� , C2v � 23.65 � 11.8 � 13.5 – � 26.33

21 B12H12
2� , Ih � 99.53 � 86.3 � 88.1 – � 102.43

RMSD 13.32 10.01 9.38 6.6 3.61

*This work: B3LYP-D2/cc-pVTZ and G4 level of theory, aCBS: Complete basis set limit. The values were taken from Ref. [107], bThe experimental values were
taken from Ref. [109], cThe experimental values were taken from Ref. [140].

Figure 4. (a) B� B� B and (b) B� Hb� B and B� Ht bond strength order (BSO n) of 21 boron-hydrogen compounds calculated at B3LYP-D2/cc-pVTZ level of theory.
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the strongest B� B� B bonds are found in B2H
�
7 (4) and B2H6 (12),

respectively.
The B� Ht bonds are weaker than the C� H bonds in CH4 (ka:

5.367 mdyn/Å.[74,75,78,79] The B� Hb� B bonds (BSO: 0.058–0.312, ka:
0.109–0.904 mdyn/Å) are significantly weaker and longer than
the B� Ht bonds (BSO: 0.759–1.026, ka: 2.781–4.074 mdyn/Å). In
general, the B � Ht bonds in arachnoboranes (BSO: 0.834–0.999,
ka: 3.134–3.937 mdyn/Å) are stronger than the B � Ht bonds in
closoboranes (BSO: 0.848–0.919, ka: 3.201–3.541mdyn/Å) and

weaker than the B � Ht bonds in nidoboranes (BSO: 0.759–
1.026, ıtka: 2.781–4.074 mdyn/Å).

2.4. Thermal Decompositions, Intermediates, and Their
Revesibility

Thermal decomposition of BH4
� (2). The weakest B� Ht bond is

found in BH�4 (2) (BSO=0.759, ka =2.781 mdyn/Å). Although the
B� Ht bond in BH�4 (2) is the weakest B� Ht bond among the

Table 3. Bond distances r(Å), local mode force constant ka(mdyn/Å), bond strength order n, local mode frequencies ωa(cm� 1), electron densities 1c(e=Å
3),

energy densities Hc(h=Å
3), and the energy density ratios Hc/1c of B� B� B, B� Hb� B, and B� Ht bonds.

# Molecule, Symm. Fragment r ka n ωtit a 1c Hc Hc/1c

1 BH3, D3h B� Ht 1.189 3.863 0.984 2665 1.281 � 1.436 � 1.121
2 BH4

� , Td B� Ht 1.237 2.781 0.759 2261 1.014 � 1.002 � 0.988
3 B2H6, D2h B� Ht 1.186 3.903 0.992 2678 1.271 � 1.411 � 1.110

B� B 2.391 0.662 859 0.794 � 0.460 � 0.580
B� Hb� B 0.904 0.312 1734 0.794 � 0.460 � 0.580

4 B2H7
� , C2 B� Ht 1.212 3.134 0.834 2399 1.127 � 1.179 � 1.046

B� B 0.296 0.265 302 0.651 � 0.284 � 0.436
B� Hb� B 0.109 0.058 607 0.651 � 0.284 � 0.436

5 B3H8
� , C2v B� Ht 1.207 3.351 0.880 2482 1.141 � 1.197 � 1.049

B� B� B 0.824 0.415 614 0.760 � 0.333 � 0.438
B� Hb� B 0.477 0.188 1233 0.760 � 0.445 � 0.585

6 B4H9
� , Cs B� Ht 1.201 3.474 0.905 2527 1.159 � 1.225 � 1.057

B� B� B 1.234 0.496 740 0.806 � 0.444 � 0.550
B� Hb� B 0.768 0.274 1560 0.781 � 0.541 � 0.693

7 B4H10, C2v B� Ht 1.186 3.871 0.986 2667 1.261 � 1.391 � 1.103
B� B� B 0.880 0.427 623 0.714 � 0.325 � 0.455
B� Hb� B 0.373 0.155 1155 0.654 � 0.343 � 0.524

8 B5H5
2� , D3h B� Ht 1.211 3.201 0.848 2425 1.060 � 1.066 � 1.005

B� B� B 0.935 0.439 677 0.705 � 0.357 � 0.506
9 B5H9, C4v B� Ht 1.178 4.074 1.026 2737 1.267 � 1.401 � 1.105

B� B� B 1.147 0.480 743 0.680 � 0.269 � 0.396
B� Hb� B 0.755 0.270 1577 0.592 � 0.227 � 0.383

10 B5H11, Cs B� Ht 1.190 3.783 0.968 2634 1.234 � 1.348 � 1.089
B� B� B 1.130 0.477 719 0.702 � 0.318 � 0.453
B� Hb� B 0.668 0.245 1502 0.616 � 0.237 � 0.385

11 B6H6
2� , Oh B� Ht 1.209 3.266 0.862 2450 1.081 � 1.100 � 1.018

B� B� B 0.960 0.444 665 0.800 � 0.376 � 0.470
12 B6H10, Cs B� Ht 1.180 4.027 1.017 2721 1.272 � 1.408 � 1.108

B� B� B 1.145 0.480 734 0.632 � 0.282 � 0.446
B� Hb� B 0.658 0.242 1487 0.537 � 0.165 � 0.306

13 B6H12, C2 B� Ht 1.184 3.937 0.999 2690 1.268 � 1.404 � 1.107
B� B� B 1.046 0.461 702 0.599 � 0.204 � 0.340
B� Hb� B 0.616 0.230 1453 0.557 � 0.210 � 0.377

14 B7H7
2� , D5h B� Ht 1.210 3.234 0.855 2438 1.087 � 1.110 � 1.020

B� B� B 0.793 0.408 617 0.727 � 0.330 � 0.454
15 B8H8

2� , D2d B� Ht 1.208 3.285 0.866 2457 1.102 � 1.133 � 1.028
B� B� B 0.654 0.375 563 0.763 � 0.363 � 0.476

16 B8H12, Cs B� Ht 1.179 4.048 1.022 2728 1.274 � 1.412 � 1.108
B� B� B 1.495 0.539 822 0.923 � 0.567 � 0.614
B� Hb� B 0.815 0.287 1602 0.843 � 0.524 � 0.621

17 B9H9
2� , D3h B� Ht 1.203 3.394 0.888 2498 1.119 � 1.158 � 1.035

B� B� B 0.448 0.318 560 0.800 � 0.467 � 0.584
18 B10H10

2� , D4d B� Ht 1.200 3.464 0.903 2524 1.131 � 1.177 � 1.041
B� B� B 0.754 0.399 590 0.678 � 0.263 � 0.388

19 B10H14, D2d B� Ht 1.180 4.022 1.016 2719 1.277 � 1.417 � 1.110
B� B� B 1.058 0.463 699 0.753 � 0.324 � 0.430
B� Hb� B 0.692 0.252 1527 0.258 � 0.017 � 0.066

20 B11H11
2� , C2v B� Ht 1.200 3.482 0.907 2530 1.141 � 1.193 � 1.045

B� B� B 0.954 0.443 662 0.718 � 0.299 � 0.416
21 B12H12

2� , Ih B� Ht 1.198 3.541 0.919 2551 1.153 � 1.212 � 1.051
B� B� B 1.067 0.465 702 0.747 � 0.316 � 0.423

*The values were taken as averages over all B� B� B, B� Hb� B, and B� Ht bonds.The electron densities 1c and energy densities Hc of B� B bonds of B2H6 (3) and
B2H�7 (4) are obtained from the middle point between two boron atoms.
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studied 21 boron-hydrogen compounds, BH�4 (2) shows high
thermal stability and sluggish kinetics.[35,141] The thermal decom-
position of metal borohydrides occur at high temperature. The
thermal decomposition of LiBH4

[142–145] and MgðBH4Þ2
[49,146,147]

take place at 380 and 320 °C, respectively.
During the thermal decomposition, BH�4 (2) releases hydro-

gen and forms many possible intermediates (see Figure 1). The
formation of intermediates, such as B2H

�
7 (4) and B3H

�
8 (5),

facilitate the reverse reactions,[47,54,59,62] due to their weak B� B� B
and B� Hb� B bonds (B3H

�
8 (5): BSO(B� B� B)=0.415, ka(B� B� B)=

0.824 mdyn/Å; BSO(B� Hb� B)=0.188, ka(B� Hb� B)=0.477 mdyn/
Å and B2H

�

7 (4): BSO(B� B)=0.265, ka(B� B)=0.296 mdyn/Å; BSO
(B� Hb� B)=0.058, ka(B� Hb� B)=0.109 mdyn/Å). The intermedi-
ates which facilitate the reverse reactions, such as B2H

�

7 (4) and
B3H

�
8 (5) also show low thermodynamic stability[61,62] with ΔHo

f

� 24.85 and � 27.42 kcal/mol, respectively, as shown in Figure 3.
On the other hand, the formation of intermediate such as

B12H
2�
12 (21) hampers the reversibility of the hydrogenation/

dehydrogenation reactions,[53–57] as it has strong B� B� B and
B� Ht bonds (BSO(B� B� B)=0.465, ka(B� B� B)=1.067 mdyn/Å;
BSO(B� Ht)=0.919, ka(B� Ht)=3.541 mdyn/Å). B12H

2�
12 (21) also

shows very high thermodynamic stability with ΔHo
f :

� 102.43 kcal/mol (ΔHo
f of BH�4 (2) is � 15.52 kcal/mol); the

highest thermodynamics stability among the 21 studied
compounds. McKee and Warneke noted that the high thermo-
dynamics stability of B12H

2�
12 (21) is attributed to both steric

protection and electron donation provided by the counter
ions.[63,148]

Selected Intermediates

B2H6 (3). Diborane, B2H6 (3), is the simplest stable boron-
hydrogen compounds at ambient condition.[149] It has a ring-
type molecular structure of two B and two-bridging hydrogen
atoms. The bridging hydrogen bond is constructed by an
electron deficient three center-two electron (3c–2e) B� Hb� B
bond. The formation of diborane is observed during the thermal
decomposition of e. g. LiBH4,

[47,48] MgðBH4Þ2,
[150] and

MnðBH4Þ2.
[151] Although diborane has weak B� Hb� B bonds (ka

(B� Hb� B)=0.904 mdyn/Å, BSO=0.312), the formation of dibor-
ane hinder the reversibility of the dehydrogenation reaction
due to the loss of boron (B2H6 (3) is a volatile gas).[152,153]

B2H6 (3) has both B� Hb� B and B� Ht bonds. The former
bonds (ka (B� Hb� B)=0.904 mdyn/Å, BSO=0.312) are weaker
than the later bonds (ka (B� Ht)=3.903 mdyn/Å, BSO=0.992).
This is in line with the work of Popelier and co-workers, who
found that the interaction energy of B� Ht (92.02 kcal/mol) is
significantly larger than the interaction energy of B� Hb� B
(53.06 kcal/mol).[154,155]

The bridging hydrogen bond, B� Hb� B, in B2H6 (3) has
strongly inwardly bent (concave) bond paths as shown in
Figure 5. The concave shape of the bond paths of B2H6 (3) is a
result of the charge transfer donation from the B� B bond to the
low-lying 2s orbital of Hb atom, while the back donation from
Hb is less favorable as all low-lying molecular orbitals of B� B are
occupied.[156]

B2H7� (4). The formation of B2H
�

7 (4) has been observed
during the thermal decomposition of MgðBH4Þ2.

[58–60] The
formation of B2H

�

7 (4) facilitates the reversibility of the reverse
reaction due its weak B� B and B� Hb� B bonds. The B� B bond in
B2H

�

7 (4) is the weakest B� B� B bonds among the studied 21
boron-hydrogen compounds. The B� B bond in B2H

�

7 (4) is the
lowest covalent character among the studied 21 boron-hydro-
gen compounds (1c: 0.651 e/Å3 and Hc=1c: � 0.436 h/Å3). B2H

�

7

(4) also has low thermodynamic stability (ΔHo
f : � 24.85 kcal/

mol).
It is also worth to mention that we do not observe bond

path and bond critical points between B� B in B2H6 (3) and B2H
�

7

(4) (BB lengths are 1.761 and 2.383 Å, respectively), as shown in
Figure 5. However, several authors have argued that the
absence of a bond path and bond critical point should not be
viewed as evidence against the absence of the bonds, but
rather missing one piece of evidence for chemical bonds.[157,158]

Based on that argument, we collected the electron densities 1c

and energy densities Hc of B2H6 (3) and B2H
�

7 (4) on the middle
point between two boron atoms (Table 3).

B3H8
� (5). The formation of B3H

�
8 (5) has been observed as

an intermediate during the decomposition of e. g. MgðBH4Þ2

and YðBH4Þ3.
[54,59,62] The formation of B3H

�

8 (5) facilitates the

Figure 5. The Laplacian contour plot of B2H6 (3) and B2H7
� (4) in the B1H3B2H4 plane for B2H6 (3) and in the B2H3B2 plane for B2H7

� (4). Continuous black solid
lines correspond to the bond paths, green points refer to the bond critical points (BCPs), and the red point corresponds to a ring critical point (RCP).The
dashed (pink) contours denote regions of charge concentration where r2

1 rð Þ < 0 and the solid (blue) contours denote regions of charge depletion where
r2

1 rð Þ < 0. Blue cross corresponds to the point where the electron density 1c and energy densities Hc of B2H7
� (4) were collected.
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reversibility of the dehydrogenation reaction because of the
weak B� Hb� B bonds. B3H

�

8 (5) has both B� Hb� B and B� Ht

bonds. The former bonds (ka (B� Hb� B)=0.477 mdyn/Å, BSO=

0.188) are weaker than the later bonds (ka (B� Ht)=3.351 mdyn/
Å, BSO=0.880). The B� Hb� B bond has lower covalent character
(Hc =-0.445 e=Å3, Hc=1c = � 0.585 h=e) than those of the B� Ht

bond (Hc =-1.197 e=Å3, Hc=1c =-1.049 h=e) (see Figure 6). The
B� Hb� B bond in B3H

�

8 (5) is stronger than the B� Hb� B bond in
B2H6 (3), while the B� Ht bond in B3H

�

8 (5) is weaker than the
B� Ht bond in B2H6 (3).

B12H122� B12H
2�
12 (21). B12H

2�
12 is the most stable boron-hydro-

gen compounds investigated in this work. The formation of
B12H

2�
12 has been observed as an intermediate during the

decomposition of e.g. LiBH4 and MgðBH4Þ2.
[51,52,62] The formation

of B12H
2�
12 hinders the reversibility of hydrogenation/dehydro-

genation reactions due to their strong B� B� B and B� Ht, and
their thermodynamic stability (see detailed explanation in
paragraph Thermal decomposition of BH�4 ). The B� Ht bonds in
B12H

2�
12 (21) is the strongest among closoboranes (BxH

2�
x )

investigated in this work.

2.5. The Local Mode Analysis as a Predictive Tool

As shown in this work, thermodynamic data paired with the
intrinsic bond strength provide an effective tool to explain and
to predict why and under which circumstances intermediate
boron-hydride compounds facilitate or impede the reversibility
of the hydrogenation/dehydrogenation reactions. The thermal
decomposition of borohydrides and their reverse reactions
involve bond breaking and bond forming of B� B� B, B� Hb� B,
and B� Ht bonds; therefore intermediates, which are character-
ized by strong B� B� B, B� Hb� B, and B� Ht bonds and high
thermal stability hamper the reversibility of the reactions, while
intermediates, which are characterized by weak B� B� B, B� Hb� B,
and B� Ht bonds and low thermal stability, facilitate them.

There is no correlation between the heats of formation and
the BB or BH bonds strength order for the 21 boron-hydrogen
compounds investigated in this work (see Figure 7(a)) reflecting
that the heat of formation is a cumulative property, while the
intrinsic bond strength concern just an individual part of the
molecule. For example, the heats of formation of B5H

2�
5 and

Figure 6. Plot of the bond strength order as a function of the total energy density Hc at B� B� B and B� Hb� B ring critical points (RCPs) and B� Ht bond critical
points (BCPs) for (a) B� B� B and (b) B� Hb� B and B� Ht bonds in 21 boron-hydrogen species, calculated at B3LYP-D2/cc-pVTZ level of theory.

Figure 7. Plot of the bond strength order of (a) 21 boron-hydrogen compounds and (b) closoboranes BxHx
2� as a functions of heats of formation.
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B12H
2�
12 are +109.91 and � 102.43 kcal/mol, respectively; while

the BSO of B� B� B and B� Ht in B5H
2�
5 and B12H

2�
12 are slightly

different (B5H
2�
5 : BSO(B� B� B)=0.439 and BSO(B� Ht)=0.848;

B12H
2�
12 : BSO(B� B� B)=0.465 and BSO(B� Ht)=0.919) as shown in

Figure 7(b)). Therefore, heats of formation and bond strength
order are complementary, and as such they form an efficient
tool to characterize intermediates and their role for the
reversibility of hydrogenation/dehydrogenation reactions.

The intrinsic strength of the B� B� B, B� Hb� B, and B� Ht

bonds are attributed to a combination of multiple factors, with
the covalent character playing a key role. We observed that
strong bonds possess a high electron density between a bond,
while weak bonds have lower electron density. The B� Ht bond
is significantly stronger than the three center-two electron (3c–
2e) B� Hb� B bond. The (nido- and arachnoboranes) intermedi-
ates such as B4H

�

9 and B5H9, which possess weak B� B� B,
B� Hb� B, and B� Ht bonds, and low thermodynamic stability, are
good candidates to be isolated as new intermediates for
reversible hydrogenation/dehydrogenation reactions.

3. Concluding Remarks

We present in this work for the first time a quantitative and
detailed analysis of the intrinsic multicenter B� B� B and B� Hb� B,
and B� Ht bond strengths complemented by calculated heats of
formation for 21 boron-hydrogen compounds ranging from BH3

to B12H
2�
12 . The chosen B3LYP-D2 model chemistry provides

reasonable geometries compared to experimental data and G4
predicts heats of formation close to the experimental values.
For n smaller than 6 (where n is the number of boron atoms),
G4 provides enthalpies with a maximum deviation of about
3 kcal/mol, while for n larger than 6, deviations may reach up to
10 kcal/mol.

Hydrogenation and dehydrogenation reactions involve
breaking and forming of B� B� B, B� Hb� B, and B� Ht bonds. The
use of the thermodynamic data and the intrinsic bonds strength
forms a new powerful tool to characterize new (potential)
intermediates and their role for the reversibility of hydro-
genation/dehydrogenation reactions. Based on our study, we
proposed that intermediates, which are characterized by weak
B� B� B, B� Hb� B, and B� Ht bonds and low thermodynamic
stability, facilitate the reversibility of hydrogenation/dehydro-
genation reactions; while intermediates, which are characterized
by strong B� B� B, B� Hb� B, and B� Ht covalent bonds and high
thermodynamic stability, impede the reversibility. This could be
confirmed for all experimentally observed intermediates, prov-
ing the correctness of our proposal.

The intrinsic strength of the B� B� B, B� Hb� B, and B� Ht

bonds are determined by a combination of multiple factors,
with the covalent character playing a key role. The stronger
bonds have a higher percentage of covalent characters, while
the weak bonds have less. The B� Ht bond is significantly
stronger than the three center-two electron (3c–2e) B� Hb� B
bond. Intermediate (nido- and arachnoboranes) species, such as
B4H

�

9 and B5H9, possessing weak three center-two electron (3c–
2e) B� Hb� B bonds and low thermodynamic stability are good

candidates to be isolated in the experiments for reversible
hydrogenation/dehydrogenation reactions, to be used as hydro-
gen storage materials.

The intrinsic bond strength may be changed by the
influence of counter ions and crystal packing effects. This will
be studied in more detail in future work. Our analysis revealed
the existence of a recently proposed B� B� B� B 4-center-2-
electron bond,[159] which will also be the subject of a future
investigation.
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