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ABSTRACT: Ammonia borane (H;BNH;) is a promising material
for hydrogen storage and release. Dehydrogenation of ammonia
borane produces small boron—nitrogen hydrides such as amino-
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borane (H,BNH,) and iminoborane (HBNH). The present study 40488 | 3 | 408.20
investigates ammonia borane and its two dehydrogenated products H-e=n-H || I B~ | N_;f._?_u
for the first time using calculated photoemission spectra of the J ‘ I NES =
valence and core electrons. It is found that a significant decrease in e i = R e oy ‘ A
the dipole moment was observed associated with the dehydration ot - |

from 5.397 D in H,BNHS,, to 1.942 D in H,BNH,, and to 0.083 D in 1.1 .M -—= @
HBNH. Such reduction in the dipole moment impacts properties N -t ||
such as hydrogen bonding, dihydrogen bonding, and their spectra. 193 194 195 196 197 198

Dehydrogenation of H;BNH; impacts both the valence and core
electronic structure of the boron—nitrogen hydrides. The calculated
valence vertical ionization energy (VIE) spectra of the boron—
nitrogen hydrides show that valence orbitals dominated by 2p-electrons of B and N atoms exhibit large changes, whereas orbitals
dominated by s-electrons, such as (3a,4a,5a,/364056) remain less affected. The first ionization energy slightly increases from 10.57
eV for H;BNH; to 11.29 eV for both unsaturated H,BNH, and HBNH. In core space, the oxidative dehydrogenation of H;BNH,
affects the core electron binding energy (CEBE) of borane and nitrogen oppositely. The Bls binding energies increase from 194.01
eV in H;BNH; to 196.93 eV in HBNH, up by 2.92 eV, whereas the N1s binding energies decrease from 408.20 eV in H;BNH; to
404.88 eV in HBNH, dropped by 3.32 eV.

lonization Energy (eV)

1. INTRODUCTION

Hydrogen (H,) storage and controlled release from high
content hydrogen compounds such as ammonia borane (AB,
amminetrihydridoboron or borazane) is paramount to the

solvolysis (typically hydrolysis) and thermolysis (either in
solution or the solid state).” For example,

2 H;BNH, + 5 H,0 — 2 NH,OH + B,0, + 6 H,

hydrogen energy life cycle. AB (H;BNHj;) has been considered
as a promising solid hydrogen carrier as it is an excellent source
of hydrogen (19.4 wt %) for fuel cell applications." AB is a
nontoxic, environmentally benign, and a stable material that
can be safely transported without hydrogen loss, which dictates
the success of any chemical for hydrogen storage.” AB
dehydrogenation renders B—N oligomers and polymers as
byproducts that are suitable starting materials for the synthesis
of boron nitride (BN) ceramics.’ Although dehydrogenation of
AB can be carried out under simple thermal conditions,
insufficient kinetic control of the process leads to the formation
of ill-defined B—N containing solids. This can be a serious
drawback for the H,-depleted material recycling.'

AB (H,BNH,) is the simplest amine boranes, yet its history
has been anything but simple.” First reported in 1955, AB is
isoelectronic with ethane (H,C—CH,;). It has exceptional
properties for chemical hydrogen storage, and in recent years,
it may have been dehydrogenated by multiple paths including
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AB is stable under an inert atmosphere and at room
temperature. For the destabilization of AB for thermolytic H,
generation, there are still rooms for improvement.” For
example, AB is composed of three protic and three hydridic
hydrogens that are able to react under heating to generate H,
at temperatures from 100 °C and is able to release two
equivalents of H, below 200 °C. An extensive overview has
been given by Demirci® covering 1955—2016 literature studies
dedicated to ammonia borane’s fundamentals and exceptional
properties, including main achievements, limitations, and
challenges for chemical hydrogen storage. As a result,
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understanding of the electronic structures of AB and its
dehydrogenated products such as geometries, stabilities, and
ionization energies are very important for the study of the most
economic hydrogen release mechanism. In addition, inter-
molecular interactions of AB such as hydrogen and dihydrogen
bonds also play a significant role in the properties of AB during
and before dehydrogenation.

The dehydrogenation (or oxidization) of AB produces
unsaturated borane hydrides such as aminoborane (H,BNH,)
and iminoborane (HBNH) with planar and linear config-
urations, respectively. They are essential for developing
chemical methods of hydrogen release and regeneration of
chemical hydrogen storage materials. The calculated energies
for the sequential dehydrogenatlon of AB in the gas phase at
298 K are reported (in kcal/mol).® For example,

H,BNH, — H,BNH, + H, AH = -5.1
H,BNH, - HBNH + H, AH =314

HBNH — BN + H, AH = 1343
There are other reactions to release hydrogen, such as,’

2H,BNH, — c-(H,BNH,), + 2H, AH = —26.9

H,BNH, + H,BNH, — H,NH,BNHBH, + H,
AH = —11.5

Small boron—nitrogen hydrides are often polar analogues of
hydrocarbons.” AB (H;B—NH,) and unsaturated aminoborane
(H,B=NH,) and iminoborane (HB=NH) are isoelectronic
hydrocarbon compounds of ethane (CH;—CH;), ethene
(CH,=CH,), and ethyne (CH=CH), respectively. The
dehydrogenated (or oxidized) products of AB, however, has
much different properties from its hydrocarbon analogues as
the B—N bond is polar and contains protic and hydridic
hydrogens.

A number of theoretical studies for AB and its dehydro-
genated products (or small boron—nitrogen hydrides) has
been performed For example, average B—H and N—H bond
dissociate energy (BDEs) for a range of main group
compounds obtained from isodesmic reactions have been
reported using MP4(SDTQ)/6-311++G(3df2p) calculations.®
Kirwan and Roberts estimated the B—H and N—H BDEs for
BH,NH, with MP3/6-31G** calculations.” Matus et al.'’
calculated the standard heat of formation of small boron—
nitrogen hydrides in the gas phase using high-accuracy ab initio
electronic structure theory calculations of thermodynamic
parameters at the coupled-cluster CCSD(T) level with
energies extrapolated to the complete basis set (CBS) limit.
Other properties, such as ionization energy of a molecule
quantifies the energy required to remove an electron from the
system. As such, it is a fundamental quantity in the context of
redox chemistry, charge transfer, and molecular electronics,’
which is also important for the understanding of kinetics and
the mechanism of the processes releasing H, and regenerating
the compounds in different molecular forms. 510 However, to
our knowledge, available ionization energy studies are only
limited to the first ionization energies rather than complete
valence and core spaces of the small boron—nitrogen hydrides.

The valence ionization energies of these boron—nitrogen
hydrides are not available, nor their core electron binding
energies (CEBEs). The first ionization energy (IE) of AB
obtained by Yuan et al'” using mass spectroscopy (MS) was

given by 10.58 eV (vertical) and by 9.44 eV (adiabatic),"”
which agrees well with the calculated value of 10.61 eV using
CCSD(T)/CBS for vertical IE'* and 9.29 eV,*'? for adiabatic
IE using different methods. No other valence IEs for
aminoborane (H,B=NH,) is available except for the first.
The first IE of the compound was measured using MS at 11.0
+ 0.1 eV'* and the same energy was calculated to be 10.62 eV
using CCSD(T)/ CBS.° Similarly, no other valence IEs were
available for iminoborane (HB=NH), but the first IE of the
compound was recently measured at 11.31 + 0.02 eV using
photoelectron photoion coincidence spectroscopy (CREF-
PEPICO),"” in agreement with an earher calculation of 11.27
eV using the CCSD(T)/CBS method.® To our knowledge, no
CEBEs of the boron—nitrogen hydrides are available, neither
in theory nor in experiment. The present study is to explore
both complete valance and core ionization energies (i.e.,
photoemission spectra) of these boron—nitrogen hydrides
(H,BNH,, n = 1—3), which are critical to establishing the most
economic hydrogen release mechanism.

2. COMPUTATIONAL DETAILS

The ground electronic structures of three boron—nitrogen
hydrides H,BNH, (n = 1-3) are studied in the gas phase.
Geometry optimization of the stationary points was based on
coupled-cluster theory [CCSD(T)] with the correlation-
consistent polarized triple-zeta basis set, abbreviated as the
CCSD(T)/cc-pVTZ level of calculation. Based on the
optimized geometries of the small nitrogen hydrides, the
complete valence vertical ionization energies (VIEs) are
calculated in the gas phase using three different methods,
including the APBEO(SAOP) /et-pVQZ method developed by
Segala and Chong, the meta-Koopmans’ theorem (mKT)
and the outer valence Green’s function (OVGF) method."” "’

The cc-pVTZ basis set is a standard one in the Gaussian
program®® and the et— VQZ basis set is an even-tempered
Slater-type basis set”*> which is a standard one in the
Amsterdam Density Functional (ADF) program.”’ The et-
pVQZ functions are polarized valence quadruple zeta with
even-tempered basis functions (similar to cc-pVQZ), which
use even-tempered 1s, 2p, 3d, etc. functions without higher
quantum number members such as 2s, 3s, .., 3p, 4p,... and
hereby enable faster approximation of the integrals. Unlike the
Gaussian type cc-pVnZ basis sets, the et-pVnZ basis sets use
Slater-type orbitals (without contraction) which allows more
flexible coverage of the core region. The et-pVQZ basis set in
the present study was tested against a very large basis set of
QZ4P.** This all-electron QZ4P basis set is triple zeta in the
core and quadruple zeta in the valence region.”* The even-
tempered basis et-pVQZ is an adequate ba51s for the
representation of Hartree—Fock atomic orbltals

The APBEO(SAOP)/et-pVQZ method'® calculates energy
difference with E,. = PBEO calculation with SAOP (statistical
average of orbital potentials) densities.””> The mKT calcu-
lations directly assume that the VIE is the negative of the
orbital energies of the boron—nitrogen hydrides from SCF
calculation of the density functional theory (DFT) where V, =
SAOP.”> The OVGF/et-pVQZ method performs electron
propagator calculations for electron ionization or electron
attachment processes where the frozen-orbital, single determl—
nant picture of Koopmans’ theorem is qualitatively valid.'” The
calculated pole strength (PS) needs to be no smaller than 0.80
or the OVGF method is inapplicable as the one-electron
approximation (molecular orbital picture) may break. A recent
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benchmarking study”® has compared the calculated valence
ionization and core ionization spectra of indole and azaindoles
in the gas phase against available experimental measurements.
Excellent agreement has been achieved.*

The CEBE calculations use the A(PW86-PW91/et-pVQZ)
+ C,y method.”” It takes the energy difference with Vxc of
PW86™® for exchange and PW91*’ for correlation and
empirically determined relativistic effects (C,;).”” This method
has been employed to accurately produce ionization potentials
for a large number of compounds, including antioxidants,°
radio sensitizers,> dipeptides,32 other biomolecules,®® and
drugs,***® for synchrotron sourced X-ray photoelectron
spectroscopic (XPS) measurements in the past decades. Errors
of mKT tend to be about 0.4 eV for valence IPs and as large as
16 eV for CEBE of Cls.”

All calculations were performed using the Gaussian 09
computational chemistry package’ and ADF suites of
programs.”

3. RESULTS AND DISCUSSION

3.1. Properties of Small Boron—Nitrogen Hydrides
(H.BNH,, n = 1, 2, and 3). The boron—nitrogen hydrides
(H,BNH,, n = 1-3) are of fundamental interest. As a
promising hydrogen carrier, AB (H;BNHj;) can be heated to
release hydrogen and polymers of aminoborane (H,BNH,)
and monomeric iminoborane (HBNH) intermediates in the
laser-induced preparation of nanodimensional BN.””* Both
aminoborane (H,B=NH,) and iminoborane (HBNH) have
only been synthesized in low temperature matrices and
oligomerizes above —150 °C for aminoborane (H,B=
NH,)** and below —233 °C (40 K) for iminoborane
(HBNH)."~" The calculated structural properties of the
boron—nitrogen hydrides are given in Table 1. Among the

Table 1. Selected Electronic Properties of Small Boron—
Nitrogen Hydrides (H;BNH;, H,BNH,, and HBNH)“

properties HBNH H,BNH, H;BNH;

structure \BfN/ I]3 rlx -
H-B=N-H / \ -

symmetry Coy Cy Cav

AE (Ep) 2.407475 1.174139 0*

Rpx (A) 1.243(1.24)° 1.394(1.39)° 1.655(1.649)°

u (D) 0.083 1.942° 53977

A (MHz) - 139195° 73821

B (MHz) 32781 27433° 17713

C (MHz) 32781 22917° 17713

“All calculations are performed using the CCSD(T)/cc-pVTZ level of
theory in this study. “Refer to the total energy of H;BNH; of
—83.063511 E;. “The results in parenthesis are from refs S, 10. The
B—N bond of H;BNH, is given by 1.649 A.** 4Calculated dipole
moment of H,BNH, in the literature is 1.758 D.*> “The observed
value of the gaseous state molecule of AB (H;BNHj) is 5.56 D.° fAn
earlier microwave measurement (1987) of the rotational constants
was given by 138218.0, 27487.74, and 22878.52 MHz.*°

boron—nitrogen hydrides, aminoborane (H,BNH,) and
monomeric iminoborane (HBNH) are unsaturated but AB
(H;BNH,) is saturated with two isomers of eclipsed and
staggered configurations. The difference between the eclipsed
and the more stable staggered configuration of AB is very small
(~2 keal/mol)** under standard conditions, whereas in ethane
(CH;-CH,), this energy difference is nearly five times larger at
~10 kcal/mol. As a result, the present study only considered
eclipsed AB due to the high symmetry. The optimized ground-

state electronic structures of the boron—nitrogen hydrides, i.e.,
iminoborane (HBNH), aminoborane (H,BNH,), and AB
(H;BNH;) are linear with C.,, planar C,y, and a three-
dimensional C;y point group symmetry, respectively, as
indicated in Table 1.

The agreement of the calculated B—N bond lengths of the
boron—nitrogen hydrides is excellent with literature values,
indicating that the present calculations are sufficiently accurate,
and the method used is adequate. For example, the B—N bond
lengths of HBNH, H,BNH,, and H;BNH; are 1.243, 1.394,
and 1.655 A, accordingly, which are in excellent agreement
with literature values of 1.24, 1.39, and 1.66 A, respectively.
For comparison, the calculated C—C bond lengths of CH=
CH, CH,=CH,, and CH,;CHj, using the same method"” are
1.203, 1.334,"” and 1.538 A,"® which are all shorter than the
corresponding boron—nitrogen hydrides. The rotational
constants (A, B, and C) of the boron—nitrogen hydrides also
agree well with the available microwave measurement of
H,BNH,.*® For example, the rotational constants of H,BNH,
are calculated to be 139,195, 27,433, and 22,917 MHz,
respectively, which are quite close to the rotational constants of
ethylene (C,H,) of 145,878, 30,019, and 24,835 MHz,
respectively.”’ As a saturated boron—nitrogen-hydride, AB is
in fact a complex of H;B and NH; and the B—N single bond is
formed by the donation of the lone electron pair from NH;
(dative bond),*® which is significantly different from the C—C
bond in hydrocarbons. The complexation energy (E.) of
H3;BNH; with —25.97 kcal/mol agrees with such calculated
energies summarized by Demirci.” The complexation energies
are calculated as the energy differences between the complex
(e.g, H;BNH;) and the respective donor—acceptor moieties
(H;B and NH;) in the gas phase. The B—N bonding of the
unsaturated borane nitrogen hydrides, such as H,BNH, and
HBNH, is quite different from AB.

The boron—nitrogen hydrides may form hydrogen bonding,
such as N—H-B, where N—H is the (hydrogen) donor and B
is the acceptor. The electron negativity of N, B, and H is 3.04,
2.04, and 2.20, respectively, and hydrogen has a higher
electronegativity than boron, but a lower one compared to
nitrogen. The more electronegative N atom withdraws electron
density from the N—H bond, so that the hydrogen in N—H
possesses a partial positive charge. The acceptor B atom
stabilizes the positive charge, typically through a lone or
nonbonding pair of electrons. As such, the hydrogens bonding
to boron are slightly hydridic and to nitrogen are protonic. For
example, the calculated Mulliken charge population of
H;BNH, is given by B (—0.29¢), N (—0.91e), Hy (0.4Se),
and Hy (—0.05¢).”" As a result, an ionic attractive interaction
may form between these B—Hs(6~) and N—Hs(6*) on
neighboring AB molecules, forming a ‘dihydrogen’ bond of
B—H(67)-+(6*)H-N. As a result, these boron—nitrogen
hydrides can form various dimers through dihydrogen
bonding.”" The B—N bond of the AB complex is formed via
B—p and N—p hybridization and is dative in nature. The
electron deficiency of the B atom induces a charge transfer,
which results in hydrogen bonding and dipole—dipole
interactions among H;BNH; complexes.”’ The large dipole
moment of AB of 5.397 D in Table 1 confirms this dative
property of H;BNH; This calculated dipole moment agrees
well with the literature value of 5.56 D.” The dipole moment of
aminoboran H,BNH, is 1.942 D in good agreement with 1.758
D.* The dipole moment of HBNH is very small, which is
given by 0.083 D so that HBNH exhibits a repulsive nature of
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Table 2. Comparison of Valence VIE of Ground Electronic States of Imonoborane (HBNH), Aminoborane (H,BNH,), and AB

(H;BNH,;) Using Different Methods (eV)”

H,BNH,(C,,) H,BNH,(C,,) HBNH(C,,,)
(3a,)*(1e;)*(4a,)*(5a,)*(2¢,)* (3a,)*(42,)*(1b,)*(52,)*(2b,)*(1b, ) (30)*(40)*(50)*(17)*
MO APBEO mKT® OVGF/ MO APBEO mKT*® OVGF/ MO APBEO mKT*® OVGF
2e,” 10.57 10.48 10.85 1b,° 11.29 11.73 11.33 177 11.29 11.49 11.42
Sa, 12.58 12.65 13.06 2b, 11.87 11.75 12.23 5¢ 15.82 15.05 15.87
4a, 16.95 16.59 17.83 Sa, 13.84 13.65 14.36 40 18.42 17.59 18.76
le, 18.56 17.76 18.88 1b, 17.39 16.97 17.62 30 2621 24.71
3a, 29.88 27.99 4a, 17.52 17.12 1822
3a, 27.48 26.08

“Here, APBEQ is the short for APBEO(SAOP)/et-pVQZ. Experlment (MS) VIE for 10.58 eV and adiabatic ionization energy (AIE) for 9.44 eV, 12
which agree well with a recent AIE of 9.26 + 0.03 eV and VIE of 10.00 + 0.03 eV, using photoelectron—photoion coincidence (PEPICO)
spectroscopy.”> Theory with CCSD(T)/CBS, 9 29 eV.° 896.4 kJ/mol (9.29 eV)'® and 997.7 kJ/mol (10.61 eV)."* “Experiment (MS) 11.0 =+ 0.1
eV."* Theory with CCSD(T)/CBS, 10.62 eV.® “Experiment (CRF-PEPICO) 11.31 + 0.02 eV."* Theory vmth CCSD(T)/CBS 11.27 €V.° “mKT,
SAOP/et-pVQZ// CCSD(T)/cc- pVTZ. 5 OVGF/cc-pVQZ, where the spectroscopic PS is greater than 0. 8s.!

25
H3B-NH3
2
1.5
[y 1
z
S 0 AOVGF
< 0o =
|
I 1
1 AmKT
-1.5

il

AmKT

H2B=NH2 HB=NH
|
AOVGF  § AOVGF
I I . -
AmKT

Figure 1. Comparison of deviation of the VIEs calculated using mKT and OVGF methods from the APBEO method.

intermolecular interaction. As a result, HBNH unlikely forms
dimers.>’

3.2. lonization Energies and Photoemission Spectra
of H.BNH, (n = 1, 2, and 3). Accurately determined
properties such as IEs are crucial to establish the
thermochemistry of the various steps in the H, release and
recovery.'” The recently available experimental measurement
from combustion reactions followed by photoelectron—photo-
ion coincidence spectroscopy (CRF-PEPICO) using synchro-
tron radiation'® reported that the first IE of iminoborane
(HBNH) is 11.31 # 0.02 eV, which is in excellent agreement
with 11.29 eV in the present study and 11.29 eV using the
CCSD(T)/CBS® for the same compound. The agreement
indicates that the ionization process is a fast process, the
ionized hole states (the cations) do not have time to relax so
that the VIE model is appropriate. Table 2 reports the valence
electron configurations and the complete valence VIEs of the
boron—nitrogen hydrides. As the valence VIEs for the boron
nitrogen hydrides did not exist before the present study, Table
2 compares the calculated VIEs using three different methods.
In this table, the valence ground electronic configurations of
the linear (C,,) iminoborane (HBNH), the planer (C,,)
aminoborane (H,BNH,), and the AB complex (C,,) are also
given. Iminoborane (HBNH) with 10 valence electrons
occupies five doubly occupied molecular orbitals. The lowest
occupied molecular orbital (HOMO) is a doubly degenerate
17 orbital and its VIE is 11.29 eV. It agrees well with 11.31 +
0.02 eV measured using CRE-PEPICO."> The VIEs of other

35927

valence orbitals of this HBNH compound are well separated
and spreading up to 26 eV.

The VIE energy differences between APBEO and mKT (A1)
and OVGF (A2) of the boron—nitrogen hydrides are small in
the outermost valence space but increase in the inner valence
space due to stronger effects such as orbital relaxation. Figure 1
compares the AVIEs using three different methods. It is a
known fact that the mKT method can be the least accurate
method as it provides large error bars for the inner valence
shell VIEs, whereas the OVGF method is able to provide quite
accurate VIEs but the method does not apply to inner valence
electron ionization. For the complete valence VIEs of the
boron—nitrogen hydrides, the APBEO method can be the one
which is sufficiently accurate and at the same time provides
complete valence VIEs. As a result, the following discussion is
based on the VIEs obtained using the APBEO method.

Addition of two hydrogen atoms to HBNH forms the planer
aminoborane (H,BNH,) with a C,, symmetry. A total of 12
valence electrons occupy six orbitals without energy degener-
acy in the valence space. The VIE of the HOMO (1b,) is given
by 11.29 eV, HOMO-1 (2b,) is 11.87 eV, HOMO-3 (1b,) is
17.39 eV, and HOMO-4 (4a,) is 17.52 eV, which are more
closely located compared to the VIEs of HBNH. AB
(H;BNH;) has 14 valence electrons which occupy seven
orbitals with two pairs of doubly degenerate orbitals. The VIEs
of the doubly degenerate HOMO (2e,) is 10.57 eV and
HOMO-3 (le,) is 18.56 eV. The other three occupied orbitals
of AB spread up to 29.88 eV. It is noted that HBNH is subject
to the Renner—Teller effect and H3;BNH; to a Jahn—Teller

https://doi.org/10.1021/acsomega.2c04632
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Figure 2. Valence VIEs of borane compounds (using the APBEO method). The ionization energies (degeneracy is considered) in Table 2 are
convoluted using Gaussian broadening with full width at half maximum (FWHM) at 0.05 eV for photoelectron spectroscopic resolution.

effect. However, in their most recent experimental study,
Schleier et al."” indicated that the Renner—Teller splitting in
the X*IT' state of HBNH gives rise to two sets of vibrational
progressions, separated by 70 meV, which is ~0.62% of the
VIEs As a result, the present study does not consider such
effects.

It is noted that the VIE and AIE of ammonia borane
(H;BNH;) can differ by as much as approximately ~1 eV,'* as
the structures of the cation and neutral AB can be quite
different. This is confirmed by a measurement using photo-
electron—photoion coincidence (PEPICO) spectroscopy of
and AIE of 9.26 + 0.03 eV and an VIE of 10.00 + 0.03 eV.**
The present calculated VIE of AB at 10.57 eV agrees well with
the measurements which are between the two experimental
measurements of 10.58 eV'* and 10.00 eV.*” In addition, our
recent joint XPS experimental and theory study of hydrox-
ybenzoic acids revealed that the vibrational impact is small for
fast ionization processes™ so that in the present study, only the
first-order VIEs are considered. In addition, the fact that only
the first IE available without any higher valence IEs of the
boron—nitrogen hydrides also makes such high level
calculations less useful. As a result, the present study calculates
valence VIE for the boron—nitrogen hydrides.

Figure 2 reports the simulated valence ionization energy
spectra of the boron—nitrogen hydrides based on the VIEs of
the APBEO method in Table 2. The ionization spectra in this
figure share certain similarities. Particularly between the
spectra of AB (H;BNH,;) and iminoborane (HBNH). When
AB (H;BNH,;) loses four Hs and becomes iminoborane
(HBNH), it is equivalent to the removal of the doubly
degenerated le; orbital of AB (circled in the spectrum in
Figure 2). Due to the molecule symmetry changes, the
symmetric a;-orbitals become o-orbitals and the doubly
degenerate 2e;-orbital (HOMO of AB) becomes a doubly
degenerate 17-orbital (HOMO) in HBNH. In the ionization
spectrum of H,BNH, (the middle spectrum in Figure 2) the
orbitals are not degenerate. In this case, the doubly degenerate
HOMO (2e,) of AB (H3;BNH,) splits into 1b, and 2b, orbitals
in H,BNH, for the C,; symmetry, and the other doubly
degenerate orbital le; in AB becomes the 1b, orbital in
H,BNH, due to the loss of two Hs. The VIE of 1b, (17.39 V)
and VIE of 4a, (17.52 eV) are closely located accidently but
with different symmetry. Finally, the orbitals such as (e, b, and

b, and 7) in the boron—nitrogen hydrides (highlighted in red)
dominate the dehydrogenation of AB (H;BNH,) and its
dehydrogenated products H,BNH, and HBNH. These orbitals
(ey, b, and b, and 7) in the compounds are contributions of 2p
electrons of B and N and are responsible for the unsaturated
B—N bonding. The s-electron dominated symmetric orbitals
such as (3a,4a;5a,/364050) exhibit minimal changes except
for energy shifts.

In Figure 3, the ionization spectra of the isoelectronic
hydrocarbons, ethane (C,Hy), ethylene (C,H,), and acetylene
(C,H,) are compared with the simulated ionization spectra of
the boron nitrogen hydrides. The VIEs are taken from
experimental measurements®*>° of the three hydrocarbons.
The ionization spectrum (Figure 3c) of the linear acetylene
(C,H,) shows similarities to the spectrum of HBNH, as they
both have the same electron configurations of
(36)*(406)*(56)*(1x)*, while the ionization energies of
HBNH shift without changing the patterns but spanning in a
larger energy region of (11.29, 26.21 eV). The outer valence
electrons of HBNH on the orbitals of (46), (56), and (1x) are
easier to ionize as they have smaller VIEs than the electrons in
acetylene but the inner valence electron on the orbital (30)
shifts to higher energy and therefore more difficult to ionize.

The ionization spectra of the planar H,BNH, and C,H, in
Figure 3b perhaps is the most different spectra among the
three isoelectronic compound pairs, although they have the
same number of occupied orbitals. The electron configurations
are different and the VIE patterns also different. The ground
electronic state configuration of H,BNH, is KK-
(3a,)*(4a;)*(1b,)*(5a,)*(2b,)*(1b;)* and the ethylene elec-
tronic configuration is given by KK-
(Zag)z(lblu)z(leu)2(3ag)2(2b2g)2(lblu)zl as HZBNHZ and
C,H, belongs to different point group symmetries. The most
apparent differences between the two spectra are that energies
of the states with b-symmetries (1b,,) and (1b,,), as well as
(szg) and (1b,,) in C,H,, become closely located in H,BNH,.
It is interesting that the spectra of AB H;BNHj; and ethane
CH;CHj; exhibit similarities except that the energies of the
doubly degenerate le, state and the 2a,, state in ethane (le,,
2a,,) exchanged in H;BNH; as (4a;, le;). The common
characters are shared among the boron nitrogen hydrides with
respect to their isoelectronic hydrocarbons, such as (1) the first
ionization energies of the boron nitrogen hydrides are smaller
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Figure 3. Comparison of the valence VIEs of borane nitrogen hydrides with their isoelectronic hydrocarbons. (a) VIE of H;BNHj; (b) VIE of
H,BNH,; and (c) HBNH. The ionization energies (degeneracy is considered) of the hydrocarbons are taken from Bieri and Asbrink™* convoluted
using Gaussian broadening with FWHM at 0.05 eV for photoelectron spectroscopic resolution.

than their hydrocarbon counterparts, which means that the
borane derivatives are easier to be ionized (oxidized), and (2)
the valence ionization spectra of the boron nitrogen hydrides
span a broader energy region than the hydrocarbons,
suggesting that the inner valence electrons are more difficult
to ionize.

We further calculated the CEBEs for Bls and Nls of the
boron—nitrogen hydrides. There is only a single Bls
experimental energy of 193.73 eV for AB (H;BNHj;)
available®® which compares very well with the calculated Bls
energy of 194.01 eV for the same molecule. Figure 4 compares
the calculated CEBE of Bls and Nls of the three boron—
nitrogen hydrides. As can be seen in the spectra, the CEBE of
the Bls increases from 194.01 eV in H;BNH;, to 195.88 eV in
unsaturated H,BNH,, and to 196.93 eV in HBNH with
dehydrogenation. That is, Bls 194.01 eV (H;BNH;) < Bls
195.88 eV (H,BNH,) < Bls 196.93 eV (HBNH). Dehydro-
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genation of the boron—nitrogen hydrides makes it more
difficult to oxidize the boron core electrons. The CEBE of the
N1s changes in an opposite trend, however. That is, the N1s
binding energy decreases from 408.20 eV in H;BNHj;, to
405.80 eV in H,BNH,, and to 404.88 in HBNH during
dehydrogenation. That is, N1s 408.20 eV (H;BNH,) > Nls
405.80 eV (H,BNH,) > Nls 404.88 (HBNH). The Nls
binding energies of the three boron—nitrogen hydrides are very
similar to the N1s of C—N in nicotinamide (405—406 eV)*”
but lower than the experimental CEBE of N=N in the gas
phase, which is given by 410.4 eV.”” As a result, loss of
hydrogens in the boron—nitrogen hydrides will make it less
difficult to oxidize their nitrogen core electrons.

Positions of core electron ionization energies can be related
to ionicity (i.e., the partial charges on various atoms), and the
valence band density of states directly probes the electrons
which are involved in bonding. CEBEs of the three boron—
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Figure 4. CEBEs of borane compounds. Orange for Bls energies and blue for N1s energies (eV).

nitrogen hydrides provide an opportunity to determine their
correlations and more information about the nature of boron
bonding. The available measured Bls energies for diborane
(B,Hy), H,BN(CH,CH,),, H;BN(CH,CH,); are given by
196.5, 194.3, and 193.2 eV, respectively, and for H;BNHj is
193.73 eV.*° In the same measurement, the N1s energies of
H,BN(CH,CH,), and H;BN(CH,CHj,); are given as 404.7
and 406.2 eV, respectively, and for H;BNHj, is 408.41 eV,**
which agree well with the present results. The information
indicates that the results of the present study are reliable and
informative for further measurements.

4. CONCLUSIONS

Complete valence VIEs and core electron ionization energies
(CEBE) of AB (H3BNH;) and its dehydrogenated products
aminoborane (H,BNH,) and iminoborane (HBNH) are
calculated using an accurate quantum mechanical method for
the first time. The obtained valence VIEs agree well with the
available first IE measurements and other calculations. The
CEBE of AB (H;BNH,) has excellent agreement with the Bls
and N1s measurements. The valence VIE spectra of the three
boron—nitrogen hydrides are closely related, depending on the
number of hydrogen atoms, the B—N bond nature, and the
symmetry of the compounds. We also compare the VIEs of the
boron nitrogen hydrides with their isoelectronic hydrocarbon
analogues of acetylene, ethylene, and ethane, similarities and
differences are discussed. The boron nitrogen hydrides are
found more oxidizable (ionizable) due to their smaller first
ionization energies. Dehydrogenation of H3;BNH; to form
H,BNH, and to further form HBNH impacts both valence and
core electronic space of the boron nitrogen hydrides. In
particular, the valence p-electrons of B and N dominate their
molecular chemical bonding at dehydrogenation, whereas the
symmetric valence orbitals such as (3a,42,5a,/364656) remain
less changed though with energy shift. The impact of
dehydrogenation processes of the boron nitrogen hydrides is
deep into the core electron region: the CEBE shift is opposite
in Bls ionization energies and N1s ionization energies. The
Bls energy of AB has the lowest CEBE energy of 194.01 eV
whereas its N1s energy of the same molecule exhibits the
highest CEBE of 408.20 eV among the three boron—nitrogen
hydrides. When two pairs of H, are released from AB, the
unsaturated HBNH compound exhibits the largest Bls energy
of 196.93 eV with the lowest N1s energy of 404.88 eV. The

Bls CEBE increases by 2.92 eV and N1s CEBE reduces by
3.32 eV from H;BNH; to HBNH.

The present study investigates the ionization processes in
the valence and the core of the boron nitrogen hydrides. To
further study the electronic structure and their behavior of
these compounds may require information of other properties
such as excitations of both valence and core electrons. As such,
recent synchrotron sourced X-ray techniques including near-
edge X-ray absorption fine structure (NEXAFS) enables an
unambiguous identification of ﬁngergrints for elements in
molecules and core excitation spectra.”” It will be interesting to
use new measured NEXAFS of the boron—nitrogen hydrides
in the near future to benchmark the existing extended second-
order algebraic—diagrammatic construction a?proximation
scheme for polarization propagator ADC(2)x’*>" against the
recently developed coupled-cluster (CC) theory obtained from
a new time-dependent formalism based (EOM-CCSDT) and
quadruples (EOM-CCSDTQ)*®" for core excitation spectra.
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