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High-level electronic structure calculations have been used to construct portions of the potential energy surfaces
related to the reaction of diborane with ammonia and ammonia borane (B,Hg¢ + NH; and BoHg + BH3NHj3)
to probe the molecular mechanism of H, release. Geometries of stationary points were optimized at the MP2/
aug-cc-pVTZ level. Total energies were computed at the coupled-cluster CCSD(T) theory level with the
correlation-consistent basis sets. The results show a wide range of reaction pathways for H, elimination. The
initial interaction of B,Hs + NH; leads to a weak preassociation complex, from which a B—H—B bridge
bond is broken giving rise to a more stable HsBHBH,NHj; adduct. This intermediate, which is also formed
from BH3NH; + BHs, is connected with at least six transition states for H, release with energies 18—93
kcal/mol above the separated reactants. The lowest-lying transition state is a six-member cycle, in which BH;
exerts a bifunctional catalytic effect accelerating H, generation within a B—H—H—N framework. Diborane
also induces a catalytic effect for H, elimination from BH3;NH; via a three-step pathway with cyclic transition
states. Following conformational changes, the rate-determining transition state for H, release is ~27 kcal/
mol above the B,Hg + BH3;NH; reactants, as compared with an energy barrier of ~37 kcal/mol for H, release
from BH3NH3. The behavior of two separated BH; molecules is more complex and involves multiple reaction
pathways. Channels from diborane or borane initially converge to a complex comprising the H;BHBH,NHj3
adduct plus BH;. The interaction of free BH; with the BH3; moiety of BH3;NH; via a six-member transition
state with diborane type of bonding leads to a lower-energy transition state. The corresponding energy barrier
is ~8 kcal/mol, relative to the reference point H;BHBH,NH; adduct + BHj3. These transition states are 27—36
kcal/mol above BH3NH; + ByHg, but 1—9 kcal/mol below the separated reactants BH;NH; + 2 BH;. Upon
chemical activation of B,H by forming 2 BH3, there should be sufficient internal energy to undergo spontaneous
H, release. Proceeding in the opposite direction, the H, regeneration of the products of the B,He + BH3NH;3

reaction should be a feasible process under mild thermal conditions.

Introduction

Diborane (B,Hg, db) dissociates slowly at room temperature
in the absence of moisture or lubricants.! It can be conveniently
prepared in pure form and is used as a reagent for a variety of
syntheses. The presence of the bridge B—H—B bond in db
constituted the basis for a novel rationalization and theory for
the molecular structure of the boranes and carboranes.? Stock
and Kuss® reported in 1923 the reaction of db with ammonia,
in which db was shown to take up two molecules of ammonia
to form a salt. On heating the resulting “diammoniate of
diborane” salt (dadb) in a closed tube up to 200 °C, a
considerable amount of B;N3Hg was produced.* The latter was
confirmed to have a six-member ring structure by electron
diffraction’ (this cyclic compound analogous to benzene was
first named “triborine triamine”® and later named “borazine”).
The salt was initially proposed to be [BoH42~][NH4 ]2, whose
solution was found to have a low electric conductivity.!’
Subsequently, Schlesinger and co-workers® interpreted the
reaction as an initial addition of borane (BH3, B, formed from
bond cleavage of db) to ammonia (A), followed by other
reactions leading to a final product ion pair product
[H;BNH,BH;~][NH,"]. The other ion pair alternative [H;NBH,-
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NH;%][BH4 "] was not considered in these early reports. During
the course of the db + A reaction, small quantities of a new
volatile compound having the molecular formula (B,H;N) were
identified,® and the latter compound was subsequently obtained
in high yield by passing an excess of db over the salt.” The
(B,H7N) compound formally corresponds to the product of an
elimination of H from the db + A reactants. The diborane plus
ammonia reaction remains one of the ways of preparing borazine
and is a precursor for the epitaxial growth of boron nitride thin
films on a silicon substrate by chemical vapor deposition
(CVD).!9712 When a mixture of db and A was passed through
a heated quartz tube in a gas-phase pyrolysis process, aminobo-
rane H,BNH, is formed and has been characterized by Sugie
et al.'? using microwave spectroscopy (I = 500 °C) and by
Carpenter and Ault'* using matrix isolation infrared spectroscopy
(T = 360 °C).

McKee!> probed the molecular mechanism of this gas-phase
process by exploring a portion of the relevant potential energy
surface (PES) at the MP4/6-31+G(2d,p)//MP2(6-31G(d) + ZPE
level of ab initio molecular orbital theory (his energy profiles
are shown in Figure S1 of the Supporting Information). He found
the following: (i) the initial addition of ammonia to db yielding
a B,H¢NH3 adduct is prohibited by a non-negligible energy
barrier; (ii) the adduct having a B—H—B bridged bond is the
common adduct of the barrier-free condensation of ammonia
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borane (BH3NH3, ab) to BH3; (iii) the structure of the transition
state (TS) for H, release from B,H¢NHj is that for the
unimolecular release of H, from BH3;NH;3 (via 1,2-H; elimina-
tion) plus a destabilizing interaction with the second BHj3
molecule; and (iv) there is an overall increase of 6.4 kcal/mol
for the energy barrier for Hy formation, relative to that in
BH;3NH;. The rate-determining TS was calculated to be 42.4
kcal/mol above the separated db + A reactants.'> This value is
above the calculated 0 K enthalpy for dissociation of B,Hg into
two BH; molecules of 38.1 kcal/mol.'® In subsequent studies,
Sakai!”!8 proposed a different mechanism for BH,NH, forma-
tion in the reaction db + A, which basically involves the same
initial adduct but instead undergoes H, loss through a six-
member cyclic TS (Supporting Information Figure S2, ESI).
At the MP4/6-31G(d,p)//MP2/6-31G(d,p) + ZPE level, this
cyclic TS is ~17 kcal/mol above the separated reactants. The
favorable HOMO—LUMO interaction was identified as a
stabilizing factor of the cyclic TS.!”

We!920 have extensively investigated H, release starting from
the ab + B reactants, with coupled-cluster CCSD(T) theory
using the aug-cc-pVnZ (n = D, T, Q) basis sets extrapolated to
the complete basis set limit. We confirmed the initial formation
of the monobridged B—H—B complex which is the same
complex formed from db + A. From this common complex
we found three different channels for H, elimination, which
included the paths found earlier by McKee!> and Sakai.!”-!® Qur
high-accuracy results agreed with Sakai demonstrating the low-
energy pathway via the six-member cyclic TS, and we pointed
out the role of the second borane molecule, which acts as a
Lewis acid bifunctional catalyst for H release from ab, and its
potential use in the perspective of chemical hydrogen storage
for transportation sector.?!=26 Ammonia was also found to
provide a catalytic effect on H, elimination from ab through a
cyclic six-member TS containing a N—H—H—B framework,"?
but the overall reduction of the energy barrier by ammonia is
smaller, and the Lewis base NHj3 is a less effective catalyst than
the Lewis acid BH3. A substituted diborane intermediate has
been proposed to react with imidazole-borane in the formation
of the condensation polymer of imidazole-borane with loss of
hydrogen.?’

When constructing the PES of the ab + B reaction,'® we did
notconsider the channels involving db. The available results'>171920
are somewhat incomplete, and a global view of the processes
in this important region of the PES is still missing. We have
further explored the regions of the PES for both the BoHg +
NH3; and BH3NH; + BHj3 channels using a uniform high level
of theory. Because borane can act as a Lewis acid catalyst for
H, formation, two questions are (i) can diborane act as such a
catalyst, and (ii) do two separated borane molecules reinforce
the catalytic effect? To address these questions, we have studied
the PES describing the reaction of ammonia borane with
diborane BH3;NH3; + B,Hg, and ammonia borane with two
borane molecules BH;NH3 + 2BHs.

Computational Methods

The calculations were performed by using the Gaussian-0328
and MOLPRO? suites of programs. The geometry parameters
were initially optimized using second-order perturbation theory
(MP2)3 in conjunction with the correlation-consistent aug-cc-
pVDZ basis set.3! The character of each stationary point was
determined to be an equilibrium structure or a first-order saddle
point, by calculations of harmonic vibrational frequencies at
the same level. To ascertain the identity of each TS, intrinsic
reaction coordinate (IRC)?? calculations were systematically
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Figure 1. Selected MP2/aVTZ geometry parameters of db, dba-com,
ba-com, and transition state structure (TS), dba-ts. Bond distances in
are angstroms, and bond angles are in degrees.

carried out at the MP2/aVDZ level. Geometry parameters of
relevant structures were then reoptimized using the MP2 method
with the larger aug-cc-pVTZ basis set (denoted hereafter as
aVnZ, with n = D and T). The latter optimized geometries were
subsequently utilized for single-point electronic energies using
coupled-cluster CCSD(T) theory with the same basis set.3 In
all of the MP2 and CCSD(T) calculations, the core orbitals were
kept frozen. The zero-point energies (ZPEs) were calculated by
using MP2/aVDZ harmonic vibrational frequencies scaled by
a factor of 0.9787 for boron hydrides (B,H,;,) and 0.9876 for
ammonia borane derivatives. The scaling factors were derived
from previous evaluations of the ZPEs for B,Hg!®* and
BH;NH3.% Due to the large number of structures considered,
the PESs considered were constructed using CCSD(T)/aVTZ
electronic energies with the appropriate ZPE corrections. In our
previous studies,!%?03> we have shown that the relative energies
obtained at this level of theory deviate by about 1.0 kcal/mol
with respect to the values obtained by CCSD(T)/CBS + ZPE
calculations, in which the coupled-cluster energies were ex-
trapolated to the complete basis set limit for these types of
reactions. A slightly larger deviation of 1.6 kcal/mol is found
for the dimerization energy of 2BHs — B,Hg. Unless otherwise
noted, the relative energies quoted hereafter refer to the
CCSD(T)/aVTZ + ZPE results.

Results and Discussion

Table S1 of the Supporting Information lists the total and
ZPEs of all the stationary points considered and imaginary
frequencies of the TSs. Supporting Information Table S2 lists
the relative energies for the stationary points related to the BoHg
+ NHj3 reaction for Figure 3, Table S3 of the Supporting
Information lists those for the BH3;NH3 + B,Hg¢ reaction for
Figure 6, and Table S4 of the Supporting Information lists those
for the BH3NH3 + B,Hg reaction for Figure 7, all calculated at
the MP2/aVDZ, CCSD(T)/aVDZ, and CCSD(T)/aVTZ + ZPE
levels. Supporting Information Table S5 describes the Cartesian
coordinates of MP2/aVTZ optimized geometries, and Figures
S3 and S4 of the Supporting Information display the shape and
selected geometrical parameters of the structures not shown in
the text.

Reaction Pathways for H, Release from B,Hs + NH;3 (db
=+ A). The structures of the most relevant stationary points, along
with selected MP2/aVTZ geometrical parameters, are given in
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Figure 2. Selected MP2/aVTZ geometry parameters of transition state
structures (TS) for H, elimination from ba-com. Bond distances are in
angstroms, and bond angles are in degrees.
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Figure 3. Schematic energy profiles illustrating different reaction
pathways for H; release from diborane + ammonia db + A. Relative
energies are in kcal/mol from CCSD(T)/aVTZ + ZPE calculations.
The red profiles are the lowest-energy pathways.

Figures 1 and 2. A few stationary points have already been given
in our previous study of the ab + B reaction,'? so to facilitate
comparison, we keep, where possible, the same labeling as for

Nguyen et al.
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Figure 4. Selected MP2/aVTZ geometry parameters of two complexes
dbab-c1 (perpendicular) and dbab-c2 (planar) between diborane and
ammonia borane db + ab. Bond distances are in angstroms, and bond
angles are in degrees.

the structures already reported. These are the adduct ba-com
and some TSs connecting it to different products. Profiles for
relative energies along the reaction pathways are illustrated in
Figure 3.

Starting from the reactants db + A, we find a weak interaction
between the N lone pair and the bridged B—H bond, which
leads to formation of the complex, dba-com. This first step is
barrier-free with a small complexation energy. There are small
changes in dba-com with respect to the geometry of db (Figure
1). The two B—H—B bridged bonds are slightly distorted, 0.006
A, from db to dba-com. The B—B distance in dba-com shortens
relative with respect to that in db, by 0.012 A. In comparison
with previous work,!'>17-!8 dba-com represents a new complex
for the reaction of diborane with ammonia.

dba-com rearranges to ba-com via TS dba-ts, only 6.4 kcal/
mol above the reactants. dba-ts is the same as the TS reported
earlier by Sakai,'” and his energy barrier computed at a lower
level differs by +3.0 kcal/mol from our value. The geometry
parameters (Figure 1) show that dba-ts is formed by a nearly
perpendicular approach of the NHj-nitrogen to a B atom of
diborane. The NH3 group moves out of the plane containing
the bridged B—B/B—H bonds. The attack of N to one B—H
bridge bond breaks another bond from the opposite side and
opens the diborane framework forming a BHs-type fragment
(cf., Figure 1). IRC calculations in both the forward and reverse
directions from dba-ts confirm its connection to both complexes.
ba-com can be reached by free rotation of BH3 around the B—H
axis. ba-com has been shown to be the common adduct of ab
and B.!” We note that this complex contains only one bridge
B—H—B bond and the B—H distance differs by 0.4 A from
that in diborane. ba-com is lower in energy than dba-com.

Starting from ba-com, H, elimination can occur through at
least six TSs associated with a range of energy barriers from
18 to 93 kcal/mol with respect to the reactants db + A. In our
previous work,!? only three TSs were reported. On the basis of
the role of BH3 group, we can divide the six TSs into three
different types. In the first type, BH3 plays an active role in H,
formation by donating and receiving H atoms. These include
tsba-BN and tsba-BB discussed previously.!® In Figure 3, the
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Figure 5. Selected MP2/aVTZ geometry parameters of six TSs related to the reaction of diborane + ammonia borane db + ab and an intermediate

complex. Bond distances are in angstroms, and bond angles are in degrees.

lowest-energy pathway, tsba-BN, is drawn in a bold red line.
The most important difference between the pathways through
tsba-BN and tsba-BB is the way in which the departing H; is
formed. In the former, the Hj; is lost from the N and the attacking
BH3, and in the latter, it is lost from B and the attacking BHs.
The energy barrier through tsba-BN is 41.7 kcal/mol smaller
than that via tsba-BB. Such a difference, larger than the
dissociation energy of diborane to separated BH3; molecules
(38.1 kcal/mol at 0 K),'¢ exhibits itself in substantial differences
in the character of both TSs. In tsba-BN, the B—H—B bridged
bond remains and the H, is formed within a B—H—H—N
framework. In contrast, the B—H—H—B bonds in tsha-BB are
disfavored by the repulsive charge distributions on the two
reacting negative B—H bonds. As shown by the IRC analysis,
both TSs connect to the same products BH,NH, + BH3 + H,,
4.6 kcal/mol above the reactants.

We found four TSs in which the BH; group has the role of
a classical Lewis acid. The letter tsba-lew is used to designate
this type of TS, with lew standing for a Lewis type of interaction.
Dependent on the position (B or N in BH3NH3) where the B
atom of BHj is attached to, the labels tsba-lewBB and tsba-
lewBN are used. Attachment of B to N results in tsba-lewBN,
which is the only TS found for this type and has been described
previously (dashed line in Figure 3)." This TS is calculated to
be at 22.1 kcal/mol above tsba-BN and gives rise to the most
stable cyclic product pro-lewBN.

Attachment of B to B leads to the third type of TS and
includes three TSs named tsba-lewBB-1, tsba-lewBB-2, and
tsa-lewBB-N (Figure 3). The numbers 1 and 2 indicate two
different positions of the departing H, with regard to the

attaching BH3 group. The H, release from the back-side tsba-
lewBB-1 occurs with a dihedral angle BBNH of 112°. tsba-
lewBB-2 is formed by a bridged B—H—B bond at the lateral-
side position of BH3NH3, with a dihedral angle BBNH of only
3°. Both TSs describe the same kind of H, release from BH3;NH;3
with H-transfer from NH; to a B atom accompanied by an
elongation of a B—H bond giving Hy."” Both TSs have a similar
energy content, with a difference of only 0.5 kcal/mol in favor
of tsba-lewBB-1. As seen in Figure 3, all three TSs lead to the
same product pro-lewBB, as confirmed by their IRC pathways.
This product BH3;NH,BH, (aminodiborane) + H, is more stable
than db + A.

The letter N in tsba-lewBB-N stands for H, departure from
two H atoms of NHj. This TS is given only for the sake of
completeness, because due to the breaking of two NH bonds, it
is located at the highest-energy position above db + A and is
not significant.

The results summarized in Figure 3 show that, at an early
stage, both db + A and ab + B channels converge to the common
adduct ba-com which plays a key role for the entire transformation.
The calculated energy barriers range from 18.1 to 93.2 kcal/mol
relative to db + A. With respect to the results reported in our
previous study,!® the three additional TSs remain substantially
higher in energy than tsba-BN. Therefore, they do not affect the
conclusions already drawn concerning the reaction ab + B,
where we note again the important role of the borane molecule
as a Lewis acid catalyst for H, release. The current results
complete the PES for H, release and directly link the two starting
systems, BH3NH3; + BHj3 and B,Hg + NHj.
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Figure 6. Schematic energy profiles of pathways for rearrangement and H, release from two complexes between diborane plus ammonia borane
db + ab. Relative energies are in kcal/mol from CCSD(T)/aVTZ + ZPE calculations. The red profiles are the lowest-energy pathways.

For the diborane plus ammonia reaction, our current results
that tsba-BN is only 18.1 kcal/mol above the reactants db + A
are in agreement with experimental studies'>~'* showing
production of gaseous aminoborane (BH,NH,) upon thermal
decomposition of BH3NH3 under mild conditions. This provides
us with further support for H, release from BH3;NH3 in the
presence of the catalyst BH3 passing through the six-member
cyclic TS tsba-BN. Proceeding in an opposite direction with a
reaction beginning from BH,NH, + H, + BHj, or from the
adduct ba-com, if available, leads to formation of diborane.

Reaction Pathways from B,Hs + BH3NH3 (db + ab). In
our search for lower energy H, release processes, we have
investigated the reaction between diborane and ammonia borane
db + ab to determine if diborane can act as a catalyst for H,
release from ammonia borane. The initial interaction between
db and ab gives rise to two relatively weak complexes having
the same type of long B—H—H—B and B—H—H—N bonds,
but with different orientations. The complexes are referred to
as dbab-c1 and dbab-c2, in which the letter ¢ denotes a complex
and the number their relative stability. Figure 4 shows selected
geometry parameters in both front and side views of their
equilibrium structures. The complexation energies of dbab-c1
and dbab-c2 are <0.5 kcal/mol with respect to the reactants,
respectively, and may or may not exist at higher levels of theory.
The pair of complexes is connected by almost free rotation of
NHj3 around the BHHB skeleton. dbab-c1 results from a nearly
perpendicular approach between the two monomers. This
complex has two weak B—H—H—B and B—H—H—N interac-
tions. dbab-c2 is characterized by an arrangement with all B
and N atoms of both monomers in the same plane. The H—H
distances within the B—H—H—N dihydrogen bond are longer
than those of dbab-c1 by 0.04—0.16 A.

The geometry parameters for the relevant TSs and product
are shown in Figure 5, and the schematic potential energy

profiles for H; release are illustrated in Figure 6. We located
four TSs for direct H, elimination, which can be divided into
two types. The first type of TS starts from dbab-c1 and dbab-
¢2 and includes dbab-c1-tslew, dbab-c2-tslew1, and dbab-c2-
tslew2 (Figure 5). dbab-cl-tslew is a TS for H, elimination
from the BH3NHj3 group within dbab-cl. It is built from
interactions between B,Hg with the TS for loss of H, from
BH3;NH3 via weak dihydrogen-bridged B—H—H—B and
B—H—H—N bonds. The position of B>Hg is still perpendicular
to the BH3NH3 group as in dbab-c1. The B—H, N—H, B—N,
and H—H distances in the ab group are similar to those of the
BH3;NH; monomer, which was analyzed in detail previously.!”
In comparison with the corresponding values in dbab-cl, the
H—H distances in dbab-c1-tslew are elongated by 0.18—0.44
A, whereas the B—H and N—H distances are slightly com-
pressed. The energy of dbab-cl-tslew is 37.8, 38.1, and 12.5
kcal/mol above the reactants db + ab, dbab-c1, and db + A
+ B, respectively.

Similarly, dbab-c2-tslew1 is formed by two B—H—H—B and
B—H—H—N interactions between B,Hg and the BH3;NHj;
monomer TS. All of the heavy atoms are again in a plane. The
changes in the B—H, N—H, and H—H distances within the
dihydrogen bridges B—H—H—B and B—H—H—N are not large
(~0.04 A) as compared to dbab-c2. dbab-c2-tslewl is only
0.1 kcal/mol below dbab-c1-tslew and dbab-c2-tslew2 is only
0.5 kcal/mol higher in energy than dbab-c2-tslew1. In contrast
to dbab-c2-tslewl, formation of dbab-c2-tslew2 has only one
B—H—H—B and one B—H—H—N dihydrogen bond with the
BH3;NH; monomer TS. The H—H distances in dbab-c2-tslew2
are shorter by 0.1—0.4 A than those of dbab-c2-tslewl.
Molecular H; is generated in a plane nearly perpendicular to
that containing the heavy atoms (<BBNB = 2.3°). IRC
calculations confirm that the products from these three different
TSs are the BoHg + BH,NH> + H» fragments.
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Figure 7. Schematic energy profiles illustrating pathways for H, release from ammonia borane plus two boranes ab + 2B. Relative energies are
in kcal/mol obtained from CCSD(T)/aVTZ + ZPE calculations. The red profiles are the lowest-energy pathways. AE(B,Hq + BH,NH, + H,) =
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AE(B2H4HBH3NH2 + Hz) = —4.6, and AE(B2H4HBH3NH2 + Hz) = —4.9 kcal/mol.

The second type of TS, which originates from dbab-cl, is
dbab-c1-tsBB (Figures 5 and 6). As above, the letter BB stands
for a H, loss from two B atoms. Formation of H; is characterized
by a combination of one H atom from the bridge B—H—B bond
in BoHg and another H atom from a B—H bond of BH3;NH;.
The B—H bond in BH3NH3 from which an H atom is lost is
longer than the other by ~0.2 A. The N—H bonds, which
interact with B,Hs, are elongated by ~0.13 A. Breaking a
B—H—B bond and shortening of B—H bonds in B-H—H—N
interactions make it more difficult to form dbab-c1-tsBB. dbab-
cl1-tsBB is ~8 kcal/mol higher in energy than the two previous
TSs. The products from this TS are B,Hs + BH,NH, + Ho.
This TS can be compared with TS tsba-BB (Figure 2). Relative
to tsba-BB, the energy barrier via dbab-c1-tsBB is reduced
from 65.7 to 45.8 kcal/mol with respect to the relevant
prereaction complexes.

H, elimination from dbab-cl can proceed via two-step
pathways. The first step is formation of the intermediate comB1-
s3 through TS dbab-c1-tscom. The second step is H, elimina-
tion from comB1-s3, via two different TSs: comB1-s3-tsBN1
and comB1-s3-tsBN2. Intermediate comB1-s3 is calculated to
be 8.9 kcal/mol above the reactants db + ab; the diborane
moiety is partially disrupted with only one B—H—B1 bridge,
and a new B1—H—B2 bridge forms connecting ab and db. In
TS dbab-c1-tscom, the B—H distances indicate bond cleavage.
The attack of B(db) on H of BHj(ab) induces four weak
B—H—H—B and B—H—H—N bonds (cf., Figure 5). These

numerous interactions tend to stabilize dbab-c1-tscom, so it is
only 10.9 kcal/mol above the reactants db + ab. IRC calcula-
tions along the forward direction result in comB1-s3 (Figure
6).
Although TS dbab-cl-tscom is of low-energy, TS comB1-
s3-tsBN1 and TS comB1-s3-tsBN2, involving H, formation
from B—H—H—N, are much higher in energy. comB1-s3-tsBN1
is an eight-member ring forming H, from a B—H bond of
terminal borane. comB1-s3-tsBN2 is a six-member ring in which
H; is formed from an internal borane B—H bond (of diborane).
It appears that the two-step H; release is ~5 kcal/mol favored
over the one-step pathway. In addition, the intermediate comB1-
s3 links to another region of the PES as described in the
following section.

The results summarized in Figure 6 show how diborane
affects the H, release reaction. db can behave as a conventional
Lewis acid interacting with the TS for H; release from ammonia
borane. This interaction does not happen via BB or BN bonds
but rather via dihydrogen-bridged bonds which can stabilize the
TS. In comparison to the previous results'®!” on the energy
barriers for H, elimination, this type of approach is not
significant: 36.8 kcal/mol for ab, 5.5 kcal/mol for ab + B
(Figure 3), and for ab + db, 37.7 kcal/mol via the one-step
pathway, and 32.7 kcal/mol via the two-step pathway (energies
for the same type of effect relative to separated reactants).
Starting from the weak preassociation complexes does not
change the energetics. In this pathway, even though the bridge
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B—H—B bonds are not broken, the energy of the TS is still
high. We conclude that diborane, when reacting as a stable and
compact entity, exerts a small catalytic effect for H; release of
ammonia borane, in reducing the energy barrier by ~4 kcal/
mol from the BH3;NH3; monomer to the BoH¢ + BH3NH;3
reaction involving a two-step pathway via TS comB1-s3-tsBN1.
Thus, BoHg is not a catalyst as effective as BH3.

H, Release from Reactions of Ammonia Borane with Two
Borane Molecules (ab + 2B). As discussed above, the adduct
ba-com (BH3;HBH,NH3) is formed either from a direct com-
bination ab + B or via the reaction db + A. We briefly consider
the pathways for ab + 2B starting from ba-com + B, and the
schematic potential energy profiles are shown in Figure 7. There
are a large number of molecular complexes resulting from direct
interactions between ba-com and B in all possible orientations.
We selected 10 low-energy complexes within ~10 kcal/mol
which act as preassociation structures for H, release, including
the complex comB1-s3 discussed above. They basically involve
the bridged B—H—B bonds between B of free B with H’s
belonging to both BH3; moieties of ba-com. The shape and
selected geometrical parameters of these complexes are sum-
marized in Figure S3 of the Supporting Information. Table S3
of the Supporting Information lists the relative energies of the
stationary points considered for this system at three levels of
theory.

The complexes can be classified on the basis of the attachment
position of the free boranes, their orientation, and their relative
energy. The most important factor is the attachment position in
such a way that both complexes comB1 and comB2 can be
distinguished from each other. B1 denotes an attachment of the
B atom of free B to the BH bonds surrounding the terminal B1
atom of ba-com, and B2 denotes an attachment to the central
B2 atom. The letters s and o indicate the orientation of B in the
resulting complex; s corresponds to the disposition of both
terminal BH; and NHj3 groups at the same side (cis configura-
tion) with respect to the central B1—B2 groups, o corresponds
to a disposition at the opposite side (trans configuration), and
the numbers 1, 2, 3 refer to the relative energy ordering.

The class of complexes comB1-s is formed by attachment
of B (in free B) to H atoms on the same side as NHj. This
class includes four complexes, comB1-s1, comB1-s2, comB1-
s3, and comB1-s4, calculated from 8.2 to 9.2 kcal/mol above
the reference point db + ab. As expected, the difference in
their energies is small corresponding to small variations in the
position of the added B moiety. This is illustrated by a difference
of 45—70° in the BBNB dihedral angles between comB1-s1
(31.5°), comB1-s2 (—13.5°), comB1-s3 (32.6°), and comB1-
s4 (—37.7°). The variations of H-bridged bond distances and
angles in these complexes are small, with a maximal change of
0.007 A in bond distances and 1.1° in bond angles. With respect
to ba-com + B, comB1-s1 is the most stable complex. The
four complexes comB1-on, n = 1, 2, 3, and 4, having a trans
configuration, are consistently less stable, with energies ranging
from 13.4 to 14.9 kcal/mol above the reference. This result
points out the substantial stabilizing interactions between the
terminal H(BH3) and H(NH3) atoms in the cis complexes
comBl1-s.

The second class of complexes is characterized by the
H-bridged bond between B(B) with H(B2). Only two complexes
comB2-s and comB2-0 were located, 10.9 and 11.2 kcal/mol
above the reference state, but 8.6 and 8.3 kcal/mol below ba-
com + B, respectively. Formation of two opposite B—H—B
bridged bonds makes the molecular system more symmetric.
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Despite the fact that some BH/HN interactions are present in
com-B2, they are ~2 kcal/mol higher in energy than com-B1.

Figure 7 shows that there is a spectrum of prereaction
complexes formed from the interaction of ba-com with B with
a range of complexation energies from ~5 to ~11 kcal/mol.
Their interconversion is likely to be a facile process resulting
from rotation of B around ba-com in such a way that each
moiety can undergo H, release through the lowest-lying TS.
From these complexes, we located a number of TSs for Hj
release. Their shape, main geometrical parameters, and the
relative energies are shown in Figure S4 of the Supporting
Information.

Different TSs denoted as tslew and tsBN have been located
connecting to the class of complexes com-B1. Each complex
is connected with one of these TSs. As above, a tslew
characterizes a TS in which both the H(B) and H(N) atoms
of the original BH3NH3 component contribute to the departing
H;. In such a TS, the remaining component BH,HBH; plays
the role of a classical Lewis acid, and the interaction takes place
via bridged B—H—B bonds. Again, a TS tsBN has the same
feature as tsba-BN discussed above, but in this case either one
or two BH3 group(s) can actively take part in the H, formation
by giving and receiving H atoms.

The TSs derived from com-B1-s1 are comB1-s1-tslewl and
comB1-s1-tslew2 and have the same framework for H, release
but differ from each other only by the position of the B1—B
group. Their relative energy positions are high. These pathways
are much less favored than many of those discussed above.
comB1-s1-tsBN1 is characterized by an eight-member cyclic
B—H—B—H—-B—H—H—N structure with participation of a
BH,HBHj; group in the H-transfer. Thus, one H is donated from
B while another H is transferred to B1. In contrast, comB1-
s1-tsBN2 contains only a six-member ring as in tsba-BN. The
second BH3; molecule interacts from outside and does not take
part in the H, generation. Both TSs connect to the same products
BH,NH; + H, + B,Hg with much lower relative energies than
the energies of the two TSs labeled tslew. Similar features can
be found for the TSs connecting the complexes comB1-s2,
comB1-s3, comB1-s4, comB1-01, comB1-02, comB1-03, and
comB1-04. In most cases, the tslew’s are in the range of 58—61
kcal/mol, whereas the tsBNs are about 32—40 kcal/mol above
the reactant reference db + ab (Figure 7).

A tslew and a tsBN have been found for each of the s or o
conformers of the comB2 complexes. In both comB2-s-tslew
and comB2-o-tslew, the H, departs from the central BH3NHj3
moiety, from which two BHj3; molecules interact with two
remaining BH bonds. The relative energies for tslew’s derived
from comB2 are slightly higher than those connecting comB1.

With reference to the separated ab + 2B system (36.5 kcal/
mol above the reference point db + ab) the TSs tslew are
~21—22 kcal/mol higher in energy. These values can be
compared with the energy barrier for H loss of 36.8 kcal/mol
in the monomer ab'® or that of 26.8 kcal/mol in ab + B via
tsba-lewBB (Figure 3). The second borane molecule induces a
small additional effect in this type of TS, in comparison to the
effect produced by the first borane, i.e., the beneficial interaction
with the ab monomer is mostly contributed by the first borane.

comB2-s-tsBN and comB2-o0-tsBN also belong to the TS
class tsBN, but their main characteristic is that, besides having
a six-member cycle as in tsba-BN, the second borane is attached
to the BH3 of BH3NH;3 in such a way that the B2—B group
now has two bridge B—H—B bonds. Due to this extra diborane-
type stabilization, these TSs become much lower in energy,
27—28 kcal/mol relative to db + ab, 16—17 kcal/mol above
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the complex comB2, and only 7—8 kcal/mol above the point
ba-com + B. The TSs are actually 9—10 kcal/mol below the
reactant asymptote with two separated borane molecules ab +
2B. The TSs of the comB1-s-tsBN family are also found to be
located at ~1—3 kcal/mol below the separated asymptote ab +
2B.

As discussed above, complex comB1-s3 is also the interme-
diate connecting dbab-c1 with the products B,Hs + BH,NH,
+ H, (Figure 6). Thus, owing to the diversity of conformations
and orientations, the complexes comB1 and comB2 are a point
of convergence of three different entrance channels on the PES
before the supersystem undergoes H; elimination.

tsba-BN is 23.9 kcal/mol above ba-com (Figure 3), and
comB2-s-tsBN is 16.1 kcal/mol above comB2-s so that the
interaction of the second borane leads to a reduction of 7.8 kcal/
mol on the barrier height. The participation of a second borane
molecule reduces the energy barrier for H, release from
ammonia borane by more than that if just one borane is present.
Taken together, the calculated results shown in Figure 7 suggest
that the starting ab + 2B system can lead to spontaneous Hj
release via the TSs comB2-tsBN and comB1-tsBN.

The product B,HsNH,BH3; + H, formed from TS comB2-
s-tsBN and its different conformers is calculated to be ~9—10
kcal/mol above the reactants db + ab and has nearly the same
energy content as the complexes comB2 (Figure 7). The product
B,HsNH;BHj; is an isomer of ammonia triborane (B;H7NH3)
and is 15.6 kcal/mol above the most stable form of B3H;NH;3.20
The addition of H, to B,HsNH;BHj3 is characterized by an
energy barrier of 17.1 kcal/mol through TS comB2-s-tsBN.

Concluding Remarks

Electronic structure calculations at the CCSD(T)/aug-cc-
pVTZ level have been used to study the PESs related to
hydrogen release in the reactions of diborane with ammonia
(B,Hg + NH3) and ammonia borane (B,Hg + BH3NH3). Starting
from B,Hs + NHj, the initial steps lead to a stable
H;BHBH,;NH; adduct ba-com, which is also formed from
condensation of ammonia borane with borane (BH3NH;3; + BH3).
From this common intermediate, six TSs for H, loss have been
located with energy barriers ranging from 18 to 93 kcal/mol
relative to the reactants. The lowest-lying TS tsba-BN is
characterized as a six-member cycle in which BH3 exerts a
bifunctional catalytic effect favoring the H, generation within
a B—H—H—N framework. In the processes starting from B,Hs
+ BH3NH3, the diborane molecule induces a slight reduction
in the energy barrier. An effective catalytic effect takes place
through a comparable six-member cyclic TS with B—-H—H—N
transfer. The corresponding TS is ~36 kcal/mol above the
separated reactants. The behavior of two separated borane
molecules is more complex involving multiple preassociation
complexes and TSs. Some of the pathways are beneficial with
a substantial decrease of barrier heights. Different channels from
either diborane or borane appear to converge to complexes
comprised of the adduct ba-com interacting with borane at
different positions and orientations. The complexation energies
range from 5 to 11 kcal/mol. Classical Lewis-type interactions
of boranes with the TS of the monomer BH;NH; are not
important. Participation of both borane molecules in a six-
member cyclic TS reduces the energy barrier to 8 kcal/mol
(relative to ba-com + B), which is more efficient than
interaction of borane with the BH3 of ammonia borane in tsba-
BN leading to a diborane type of bonding. The corresponding
energy barrier is now ~8 kcal/mol relative to the same
asymptote ba-com + B. These TSs are from 1 to 9 kcal/mol
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below the separated reactant BH;NH; + 2BH; (ab + 2B)
asymptote, suggesting that, under thermal conditions, if am-
monia borane interacts with two free borane molecules spon-
taneous H, release could occur. The present results confirm the
efficient action of both borane and diborane molecules as
bifunctional catalysts for H, release. H, regeneration of the
B,HsNH;BHj; product is possible due to the near thermoneu-
trality of the BoHe¢ + BH3NH;3 reaction and an energy barrier
for H, addition of ~17 kcal/mol.
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