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Heats of formation on the way from B,Hg to
B,oH16: thermochemical consequences of
multicenter bonding in ab initio and DFT
methods+

Jindfich Fanfrlik, © *@ Jan Reza¢, (2@ Drahomir Hnyk ©2° and Josef Holub®

The objective of this study is to evaluate the effectiveness of various computational methods in reprodu-
cing the experimental heats of formation of boron hydrides using the atomization energy approach. The
results have demonstrated that the empirical dispersion combined with the BJ damping function provided
too large intramolecular dispersion energies, thereby compromising the accuracy of the outcomes pro-
duced by the DFT-D3 methods. Additionally, the CCSD(T) method has reproduced the experimental
values only when combined with a basis set optimized for an accurate description of the core-valence
correlation effect. Furthermore, the number of multicenter bonds present in the molecules under exam-

ination has also reflected their stability, as indicated by the heats of formation. Finally, a five-center two-
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1 Introduction

Boron hydrides represent a vast chemical space and an aston-
ishing variety of stable structures of various shapes. The
shapes are dictated by the formation of three-center two-elec-
tron (3c-2e) bonds," leading to 3D aromaticity.>* Therefore,
they differ dramatically from aliphatic hydrocarbons, which
only exhibit two-center two-electron (2c-2e) bonds. In aromatic
hydrocarbons, the 2c-2e bonds are complemented by & elec-
tron clouds, which form the background of 2D aromaticity.
The gas-phase enthalpy of formation (A¢H°) of a chemical
substance is a fundamental observable in chemical sciences. In
addition to its use in thermochemistry, A¢H° has been actively
employed in the development, parameterization and evaluation
of the methods of electronic structure theory, in particular
density functional theory (DFT) and semiempirical quantum
mechanical (SQM) methods. For instance, the most prevalent
SQM techniques, including the PM6 and PM7 methods, have
been parameterized against A¢gH°. Such calibrations are typically,
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electron (5¢c-2e) bond has emerged in BsHg, by applying the intrinsic bond orbital (IBO) method.

although not exclusively, based on experimental A¢gH° data.*” It
is noteworthy that even high-level computational methods
exhibit greater discrepancies in the reproduction of the A¢H° of
boron hydrides than that of hydrocarbons.*” For instance, the
mean absolute errors (MAEs) of the B3LYP-D3, ®B97X-D3 and
DLPNO-CCSD(T) methods for a comprehensive set of 113
organic molecules have been documented to be 6.0, 3.2 and
1.6 keal mol™, respectively.® For boron hydrides, the reported
MAEs for B3LYP-D2, G3, CCSD(T) and G4 were 13.3, 10.0, 6.6
and 3.6 kcal mol™, respectively.® This limitation of higher-level
computational methods represents a significant obstacle to the
advancement of approximate techniques for the accurate repre-
sentation of boron hydrides. It is thus evident that the bench-
mark computational methods capable of reproducing the experi-
mental A¢H° of boron hydrides are a prerequisite for the further
development of more reliable approximate methods. The lack of
computational methods applicable to molecular systems con-
taining boron atoms poses a significant challenge when dealing
with extended molecular systems. This limitation is frequently
addressed through the implementation of simplistic solutions,
such as the substitution of boron atoms with carbon atoms in
protein-ligand docking of boron-containing compounds.®*°

In this study, we have evaluated the efficacy of computational
methods in reproducing the experimental AgH° of boron
hydrides using the atomization energy approach and proposed a
novel benchmark methodology for these calculations, which can
be employed for generating reference data for the development
of more approximate methods. Furthermore, we sought to gain
deeper insights into the bonding of boron hydrides by applying
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the intrinsic bond orbitals (IBOs) bonding analysis to a series of
binary boron hydrides and also to electron-precise (with a suffu-
cient number of electrons to form conventional electron-pair
bonds between the linked atoms) boron compounds.

It is noteworthy that boron hydrides have garnered signifi-
cant interest in thermochemistry as a potential rocket fuel.'*
There are experimental A¢H° for eight boron-hydride com-
pounds documented in the literature, as presented in Table 1.
For the archetypal boron hydride, diborane B,Hg, the JANAF
tables provide a A¢H° value of 9.8 kcal mol™"."* This value is in
close agreement with those determined by Gunn (8.6 kcal
mol™)** and by Prosen et al.'* (7.5 kcal mol™", derived from
6.7 keal mol ™ for conversion to amorphous B and applying the
0.4 kcal mol™ estimate for amorphous B'®). Gunn and Green
have reported a lower value of 5.8 kcal mol™", determined by
explosive decomposition.'® We use the average value of 7.9 keal
mol ™" for B,H, in this study (see Table 1). Gunn and Green
have determined the A¢H° of B,H;o, BsHy, BsHy; and BgH; by
explosion of mixtures with SbH; (the AHP of 13.8, 15.4, 22.2
and 19.6 kcal mol ™, respectively)."” Prosen et al. have deter-
mined a A@HP° value of 15.0 kcal mol™ for BsHo,'**® and the
JANAF tables give the AgH° value of 17.5 keal mol™ for BsH,."
We utilize the average value of 16.0 kcal mol™ for BsH,
(Table 1). Gunn and Kindsvater have measured the A{H® of
BeH1z, BioHi4 and BjoHje calorimetrically by explosion and
obtained the A{H° of 26.5, 4.4 and 34.8 kcal mol™, respect-
ively.'"® Johnson et al'® and Galchenko et al*° have studied
BioH14 by pyrolysis methods, and when combined with the
heat of sublimation by Miller,*! similar A¢H° values of 2.5 and
4.3 keal mol™" were obtained. However, the JANAF tables give a
higher value of 11.3 kcal mol™."* Because of this discrepancy,
we did not include B;yH;, in the evaluation of calculation
methods. In order to assess the impact of multicenter bonding
on computational estimation more accurately, we also utilized
eight electron-precise boron compounds (B,Cl;, B,F;, B,Os3,

Table 1 The experimental gas-phase enthalpy of formation (A{H°) of
boron compounds in kcal mol™. The molecular structures of boron
hydrides are shown in Fig. 1

Molecule Exp. A¢H° Avg. exp. AH®

Boron hydrides

B,H; 9.8,'2 8.6,"% 7.5,'15 5.8 1¢ 7.9+1.7
B,Hio 13.8" 13.8

BsH, 15.4,7 15.0,** 17.5** 16.0 £ 1.3
BsH,, 2221 22.2

BeHio 19.6 "7 19.6

BeHio 26.518 26.5

BioHua 11.3,'2 4.4,'8 2.5,1921 4,3 2021 5.6 + 3.9
BioHise 34.818 34.8

Other boron compounds

B,Cl, -116.9'? —~116.9

B,F, —342.21% —342.2
B,O; —199.8 12 —199.8
B;N;H, —121.9,"* —124.1%* -123.0+ 1.6
BCl, —96.3,"> —97.5 %3 —96.9 + 0.9
BF, —269.7,% —271.6 ** —270.7 £ 1.3
HO-BO —134.0"2 —134.0
BO;H; —237.2"2 —237.2
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B3;N;3;Hg, BCl;, BF3, HO-BO and BOsHj3), for which experimental
AHP data are available (see Table 1).

2 Methods

All the compounds were optimized using the B3LYP/DZVP-DFT
(the DZVP-DFT basis set* is available through the basis set
exchange repository, https:/www.basissetexchange.org, as
dgauss-DZVP) and MP2/cc-pVDZ levels and the LBFGS algor-
ithm with strict optimization criteria, namely the energy
change below 0.0006 kcal mol™", the largest gradient com-
ponent below 0.12 kcal mol™ A™ and the root-mean-square
gradient below 0.06 kcal mol™ A™'. Cuby4®**® was utilized for
gradient optimizations. The Cuby4 program used Turbomole
7.3%7 for the MP2 and B3LYP calculations.

The A¢H° values were computed using the atomization
energy approach as described in ref. 28. We utilized the Cuby4
framework.”>*® The Cuby4 program used Turbomole 7.3%” for
the CCSD(T), MP2, B3LYP and BLYP calculations. For the
®B97X calculations, Cuby4 utilized ORCA 5.0.3.>° Harmonic
vibrational calculations providing the ZPVE and other thermo-
dynamic contributions necessary for the evaluation of AHP°
were performed at the same level as gradient optimizations,
namely at the B3LYP/DZVP-DFT and MP2/cc-pVDZ levels. The
energy calculations of the studied molecules and their constitu-
ent atoms were performed at the all-electron CCSD(T) and
various DFT levels. The DFT calculations were carried out in
combination with the def2-QZVP basis set. The impact of
empirical dispersion (D3)***' with Becke-Johnson (B]) and
zero (0) damping functions on DFT was tested. Unless other-
wise stated, the B] damping function was used as the default
option. In the case of CCSD(T), we utilized the cc-pVQZ basis
set. In the method abbreviated as CCSD(T), we used cc-
pwCVQZ** for boron atoms and cc-pVQZ for all the other
elements (H, F, Cl, N, and O) and abbreviated it as CCSD(T)". In
the case of larger molecules, namely BgH;5, BoH;s, BioHi4,
B,oHi6 and B,oH;6, a composite approach was employed to
compute CCSD(T). The CCSD was evaluated with cc-pwCVQZ
and cc-pVQZ basis sets, while the perturbative triples (T) were
evaluated using the smaller cc-pwCVTZ and cc-pVTZ basis sets.

The intrinsic bond orbitals (IBOs) method was used to link
the quantitative SCF wave functions to a qualitative chemical
picture.*® In other words, a projection operator projected IBO
orbitals from the canonical ones. The IBOview program®* was
utilized for this purpose. The corresponding input files for the
latter were generated at the B3LYP/def2-TZVP level using the
Turbomole 7.3%” program package.

3 Results and discussion
3.1 Bonding properties

As far as the electronic structure is concerned, the compounds
listed in Table 1 have been investigated in terms of the IBOs.*?
The bonding in the electron-precise boron compounds is strictly

This journal is © The Royal Society of Chemistry 2025
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dominated by 2c-2e bonds only. In the case of cyclic borazine,
the 2c-2e bonds are complemented by pseudo 3c-2e bonds,
which form the classical = electron clouds (the corresponding
expansion coefficients, ECs: N 1.51, B 0.23 and B 0.23). Bonding
properties in borazine are of 3c-2e-like in terms of the multicen-
ter bonding approach. As a consequence, these two 3c—2e-like
bonds form “r-bonds” (see Fig. 2, the violet vs. pink regions visu-

B2He

BeH10

B1ioH14 B1ioH16

Fig. 1 Molecular structures of boron hydrides with experimentally
determined A¢H°.

B,F,4, 2c-2e (B-B) B,F,4, 2c-2e (B-F)

B3N3Hg, 2c-2e (B-N) and "3c-2e" (B-N-B)
Fig. 2 Examples of bonding as revealed in electron-precise boron

compounds by the application of the IBO computational approach.
Color coding: pink — 2c-2e, violet — 3c-2e.
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alize the different phases). However, the wave function of this
kind changes its sign in contrast to genuine 3c-2e bond
appeared in the polyhdral boron clusters in which these orbitals
have exclusively one sign.

In the case of boron hydrides, there used to be a concept of
two kinds of 3c-2e bonds, namely central and open. The struc-
tures of B,H,, B4H;o, BsH;; and BgH,, were well described using
open three-center bonds.>® However, the bonding schemes in
BsHy and B;oHy, required a resonance hybrid of four valence
structures and 24 valence structures, respectively, when open 3c-
2e bonds were omitted. We have made efforts to unify these con-
cepts by analyzing the bonding properties using the above
approach, which has given rise to not only three- but also four-
and even five-center bonding. The four-center bonding concept
was found during the bonding analysis of a series of heterobor-
anes with the EB,; (E =S, Se, Te) closo-icosahedral core.*®*® The
results have demonstrated that all the boron hydrides with brid-
ging and terminal hydrogens have 3c-2e BHB and 2c-2e BH
bonds, respectively. They are exemplified for the case of B,Hg.
The rest of the bonds in the remaining seven cases consist of a
mixture of 3c—2e and 4c—2e bonds. In addition, the bond
description of BsHy even appears to have a 5c-2e bond (see
Fig. 3), a motif that has been earlier observed by Lipscomb by
Extended Huckel Theory (EHT).>® The corresponding ECs in this
IBO have been computed as B 0.79, B 0.74, B 0.16, B 0.16 and B
0.11. B4H;, serves as an example of the 4c-2e bonding scheme
(EC: B 0.80, B 0.80, B 0.18 and B 0.18). The most commonly

B,H,, 2c-2e (B-H) B,oH16, 2¢-2€ (B-B)

a o

B,Hg, 3c-2e (B-H-B) BsH,,, 3c-2e (B-B-B)

%

B,H,o, 4c-2e (B-B-B-B) B,H,, 5¢-2e (B-B-B-B-B)

Fig. 3 Examples of bonding as revealed in boron hydrides by the appli-
cation of the IBO computational approach. Color coding: pink — 2c—-2e,
violet — 3c—2e, yellow — 4c—2e, green — 5¢c—2e.
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Table 2 The mean absolute error (MAE) and Pearson correlation coeffi-
cient (R) of the computed gas-phase enthalpy of formation (A:H°) for
boron hydrides (Bsz, B4H10, B5H9, BsHli, BsHlo, BGle and BlOHls) and
other boron compounds (B,Cly, B>F4, B,Os, BsNsHg, BCls, BFs, HO-BO
and BOsHys) in kcal mol™. The CCSD(T)//MP2 approach entails the utiliz-
ation of CCSD(T) for the evaluation of energy, whereas MP2 is employed
for the determination of gradients and the calculation of other thermo-
dynamic contributions, which are essential for the evaluation of A¢H°

Method MAE R MAE R
Other boron
Boron hydrides compounds
CCSD(T)//MP2 12.1 0.71 2.2 0.999
CCSD(T)'//MP2 1.4 0.99 1.9 0.999
B3LYP 3.2 0.98 4.6 0.998
B3LYP-D3//B3LYP 23.0 -0.12 3.4 0.997
B3LYP-D3-0/B3LYP 11.9 0.91 4.2 0.998
BLYP//B3LYP 14.8 0.98 7.2 0.996
BLYP-D3//B3LYP 9.8 0.58 8.3 0.996
BLYP-D3-0//B3LYP 4.0 0.98 7.7 0.997
®B97X-D3BJ//B3LYP 23.5 —0.58 5.1 0.998
®B97X-D3-0//B3LYP 17.1 —0.06 2.9 0.999
®B97X-V/B3LYP 19.7 —0.26 4.9 0.999

used B;oH;4 has such bonding schemes with the ECs of B 0.74,
B 0.71, B 0.22 and B 0.22. Interestingly, a classical 2c-2e B-B
bond has been identified in the conjuncto B,oH;6 system (Fig. 3).

H wB97X-D3BJ//B3LYP

W CCSD(T)/IIMP2
# CCSD(T)'lIMP2

¢ wB97X-V//B3LYP
A wB97X-D3-0//B3LYP
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Furthermore, the number of multicenter bonds present in
the molecules under study also reflects their stability, as indi-
cated by the A¢HC. It is evident that an increase in the number
of multicenter bonds results in enhanced system stability with
respect to this thermochemical parameter. Decaborane(10),
ByoH14, @ fundamental component of boron chemistry, is dis-
tinguished by its exceptional stability among binary boron
hydrides, which is attributable to its nine multicenter bonds
(six 3c—2e BBB and three 4c-2e BBBB). In contrast, BsH;; and
BgH;, have only two multicenter bonds (one 3c-2e BBB and
one 4c-2e BBBB) and three multicenter bonds (two 3c-2e BBB
and one 4c-2e BBBB), respectively, which is indicative of a lack
of stability, consistent with the observed heats of formation.

3.2 Thermochemical properties

Whereas in the previous section, we evaluated the studied
molecules in terms of the nature of the bonds, in this section,
we are going to focus on the energetic contributions of these
motifs when reproducing experimental A¢H° as precisely as
possible. First, we evaluated the correctness of the optimized
geometries employed for the A¢H° calculations. Both methods
utilized for the optimizations, namely MP2/cc-pVDZ and
B3LYP/DZVP-DFT, were in good agreement with the experi-

EmBLYP/B3LYP
¢ BLYP-D3//B3LYP
A BLYP-D3-0/B3LYP

EmB3LYP
¢ B3LYP-D3//B3LYP
A B3LYP-D3-0/B3LYP
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Fig. 4 The computed gas-phase enthalpy of formation (A:H°) for (A) boron hydrides (BHs, B4H10, BsHg, BsHi1, BgH1o, BsH12 and BigHie) and (B)
other boron compounds (B,Cly, BoF4, B,O3, BsN3Hg, BCls, BF3, HO-BO and BO3zH3) plotted against the experimental A¢H®. All in kcal mol ™.
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mental structures of B,Hg, ByH;(, BsH,; and BgH;, determined
by electron diffraction,*®™** with the MAEs in the bond lengths
being 0.015 and 0.020 A, respectively (see Table S11). We have
also tried a larger basis set for MP2 calculations, specifically
cc-pVTZ, but the obtained geometries had a larger MAE of
0.023 A.

In the case of electron-precise boron compounds, the AgH®
computed by all the tested methods was in good agreement
with the experimental values, with the Pearson coefficient R
being higher than 0.995 (see Table 2 and Fig. 4). The MAEs of
the A{H° of the DFT-based methods were between 2.9 and
8.3 kecal mol™", with the best performance among the DFT
methods achieved by ®B97X-D3-0/B3LYP. The empirical dis-
persion D3 did not dramatically change the MAE in any case.
CCSD(T)//MP2 and CCSD(T)'/MP2, with the MAE for the AH°
being 2.2 and 1.9 kcal mol™", respectively, approached the
experimental accuracy. A comparison of the MAE obtained for
the individual molecules across all the evaluated compu-
tational methods, as presented in Table 3, revealed that
B;N;H, was the most challenging electron-precise boron com-
pound for the computational reproduction of A¢H°. This is
consistent with the established difficulty of B;N3Hs in this
context.”® Surprisingly, another molecule that is known to be
challenging, B,F4,*"*> had the MAE comparable to other elec-
tron-precise compounds.

In the case of boron hydrides, all compounds were com-
puted with a similar average error (Table 3), but the perform-
ance of the tested methods exhibited notable discrepancies.
DFT-D3 methods combined with the B] damping function had
a large MAE in the range of 9.8 to 23.5 kcal mol™* and Pearson
correlation in the range of —0.58 to 0.58. The D3 dispersion
was excessively attractive, resulting in too low AgH°, Table 2
and Fig. 4. Using the zero-damping function instead of BJ
improved the results, with MAE in the range of 4.0 to 17.1 kcal
mol ™" and Pearson correlation in the range of —0.06 to 0.98. In
agreement with our results, Becke has recently found that BJ
damping may give too large (in absolute value) intramolecular
dispersion energies in some alkaline clusters, in particular in
Lig and Nag clusters. It has been shown that it is due to the
too-small effective van der Wals interatomic separation
(Rvdw,ij) that is linearly related to a critical interatomic separ-
ations (Re;j).*

Table 3 The mean absolute error (MAE) of the computed gas-phase
enthalpy of formation (A¢H°) divided by molecular weight (M). A¢H° Mt
in kcal g7t

Molecule MAE Molecule MAE
Boron hydrides Other boron compounds
B,H, 0.17 B,Cl, 0.04
B,H,, 0.18 B,F, 0.05
BsH, 0.20 B,O; 0.07
BsH,, 0.18 B,N,H, 0.15
BsHio 0.16 BCl, 0.04
BeH,, 0.17 BF; 0.03
BioHie 0.21 HO-BO 0.09
BO,H, 0.04

This journal is © The Royal Society of Chemistry 2025
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CCSD(T)/MP2 had surprisingly large MAE for boron
hydrides of 12.1 kcal mol™". In contrast, CCSD(T)'/MP2 had a
small MAE of 1.4 kcal mol™", being thus close to the experi-
mental accuracy also for this class of compounds. In analogy
with our observations, the incorporation of core-correlation
functions, as exemplified by the cc-pwCVnZ basis sets, also led
to an improvement in the computational description of A¢H°
in complexes comprising alkali and alkaline earth metals.”
We propose CCSD(T)'//MP2 as the benchmark method for the
computational evaluation of A¢H° data for the boron com-
pounds for which no experimental determinations are avail-
able or in cases where there are discrepancies between several
experimental measurements. Consequently, we have applied
this method to BgH;,, BoH;s, B1oHy4 and B,oHye (see Table 4
and Fig. 1, 5). The computed AgH° of —2.5 kcal mol™" for
BioH14 thus preferred, among several experimental values, the
smallest one of 2.5 kcal mol™", reported by Prosen et al'’
Although the X-ray crystal structures of BgH;, and BgH;5 are
known,*®*® no experimental A¢H° values are available.
Nevertheless, these A¢H° values have been estimated empiri-
cally and calculated ab initio many times in the literature.®>°"?
The ranges of the theoretical values reported for BgH;, and
BgH; 5 are considerable, spanning from 11.1 to 42.0 and from
26.5 to 49.4 keal mol ™", respectively. The CCSD(T)'//MP2 gives
values of 21.5 and 14.7 kcal mol™’, respectively. The ByoHjs

Table 4 The computed gas-phase enthalpy of formation (A¢H°) in kcal
mol™*

AfHO
Molecule CCSD(T)'//MP2
BgH,, 21.5
BoH, 5 14.7
BioHi4 -2.5
B,oHye -33.8

Fig. 5 Molecular diagrams of the BgHj,, BgHj;s and B,oHig boron
hydrides.
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molecule is the first synthesized closo macropolyhedron.>
Whereas the crystal structure of B,oH,s is known,>® there are
no experimental or computational estimates of the AgH° of
ByoHje in the literature. The CCSD(T)'//MP2 method yields a
AHP® value of —33.8 kecal mol™ for B,oH;s, which is a highly
favorable result even when compared to that of BjoHy. In
accordance with these findings, the pyrolysis of B,H, at lower
temperatures results in the formation of B;oH;,4, while higher
temperatures lead to the production of B,yH;s. This confirms
that B,oH,;e exhibits relatively higher thermodynamic stabi-
lity.>® Additionally, in accordance with these findings, the IBO
analysis has shown besides sixteen 2c-2e terminal B-H bonds
also thirty multicenter bonds. Specifically, they are fourteen
3c-2e B-B-B and sixteen 4c-2e B-B-B-B bonds, which is
approximately three times the number observed in the pre-
viously discussed B;oHj,.

4 Conclusions

This paper investigates the accuracy of various computational
methods for reproducing the available experimental A¢H° data
for boron compounds. Our findings demonstrate that CCSD(T)
yields reliable A¢H° values for boron hydrides only in conjunc-
tion with a correlation-consistent basis set optimized for a
reliable description of core-valence correlation effects (cc-
pwCVQZ) on boron atoms. Additionally, we have demonstrated
that empirical dispersion can impair the results of DFT-based
methods, particularly when employed in conjunction with the
BJ damping function.

The IBO method has been utilized to establish a correlation
between quantitative SCF wave functions and a qualitative
chemical representation. In addition to confirming the exist-
ence of 2c-2e and 3c-2e bonds, our findings have also revealed
the existence of 4c-2e and 5c-2e bonds. The 5¢-2e bond, a pre-
viously reported configuration of a five-centered ¢ molecular
orbital, has been identified in BsH,.
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