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The H(NH2BH2)nH oligomers are possible products from dehydrogenation of ammonia borane (NH3BH3) and
ammonium borohydride (NH4BH4), which belong to a class of boron-nitrogen-hydrogen (BNHx) compounds that
are promising materials for chemical hydrogen storage. Understanding the kinetics and reaction pathways of formation
of these oligomers and their further dehydrogenation is essential for developing BNHx-based hydrogen storage
materials. We have performed computational modeling using density functional theory (DFT), ab initio wave function
theory, and Car-Parrinello molecular dynamics (CPMD) simulations on the energetics and formation pathways for the
H(NH2BH2)nH (n = 1-4) oligomers, polyaminoborane (PAB), from NH3BH3 monomers and the subsequent
dehydrogenation steps to form polyiminoborane (PIB). Through computational transition state searches and
evaluation of the intrinsic reaction coordinates, we have investigated the B-N bond cleavage, the reactions of
NH3BH3 molecule with intermediates, dihydrogen release through intra- and intermolecular hydrogen transfer,
dehydrocoupling/cyclization of the oligomers, and the dimerization of NH3BH3 molecules. We find that the formation of
H(NH2BH2)nþ1H oligomers occurs first through reactions of the H(NH2BH2)nH oligomers with BH3 followed by
reactions with NH3 and the release of H2, where the BH3 and NH3 intermediates are formed through dissociation of
NH3BH3. We also find that the dimerization of the NH3BH3 molecules to form cyclic c-(NH2BH2)2 is slightly exothermic,
with an unexpected transition state that leads to the simultaneous release of two H2 molecules. The dehydrogenations
of the oligomers are also exothermic, typically by less than 10 kcal/(mol of H2), with the largest exothermicity for n = 3.
The transition state search shows that the one-step direct dehydrocoupling cyclization of the oligomers is not a favored
pathway because of high activation barriers. The dihydrogen bonding, in which protic (HN) hydrogens interact with
hydridic (HB) hydrogens, plays a vital role in stabilizing different structures of the reactants, transition states, and
products. The dihydrogen interaction (DHI) within the R-BH2(η

2-H2) moiety accounts for both the formation
mechanisms of the oligomers and for the dehydrogenation of ammonia borane.

Introduction

Hydrogen storage presents challenging bottlenecks in the
development of a hydrogen economy.1-4 Boron-nitrogen-
hydrogen (BNHx) materials such as ammonia borane
(NH3BH3)

5,6 arepotentially important candidates forhydrogen

storage and catalytic hydrogen release because of their high
hydrogen gravimetric and volumetric densities.7-12While the
mechanisms of catalytic and thermal decomposition of am-
monia borane have been investigated in both the gas and the
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condensed phases,13-32 themechanism for the formation and
decomposition of the corresponding H(NH2BH2)nH oligo-
mers has not been understood previously. The usefulness of
BNHx as hydrogen storage materials depends, among other
things, on the kinetics and thermodynamics of dehydrogena-
tion. Therefore, one of the key problems in investigating
BNHx as hydrogen storage materials is to understand the
formation mechanisms, reactivities, reaction energetics, and
dehydrogenation and reversed hydrogenation pathways in
these materials. The H(NH2BH2)nH oligomers (or polyami-
noborane, PAB), products of dehydrocoupling of NH3BH3,
are thus a good starting point for understanding the thermo-
dynamics, dynamics, and kinetics of the BNHxmaterials at a
molecular level.
We previously investigated the geometries and thermody-

namic stabilities of the chain, branched, and coiled structures
of the H(NH2BH2)nH (n = 1-6) oligomers using Car-
Parrinello molecular dynamics (CPMD) simulations and
molecular density functional theory (DFT) calculations.33

We found that the coiled structures, in which the NH3 and
BH3 groups of the oligomers come together to form a head-
to-tail geometry, and some branched structures are more
stable than the linear chain structures and the triplet-state
structures with a biradical character. While these theoretical
investigations of oligomers provided information about their
structures and thermodynamic stabilities, the mechanisms
and kinetics of the formation and dehydrogenation of these
oligomers still remain to be determined.
In this paper, we focus on the mechanisms of oligomer

formation and decomposition of H(NH2BH2)nH (n=1-4).

Using molecular DFT calculations and CPMD simulations,
we have performed theoretical studies of the formation
mechanisms of the oligomers and on several dehydrogena-
tion pathways and their transition states, reaction energetics,
and kinetic barriers for dehydrocoupling reactions of the
oligomers. It is found that at low temperature the dehydro-
coupling of the oligomers may occur via B-Nbond cleavage
and hydrogen-transfer intermediates, while direct dehydro-
coupling cyclization of the oligomers is less likely to proceed
through a one-step dehydrogenation because of the high
activation barriers. We also show that it is ubiquitous in the
transition states, intermediates, and the oligomers to form the
R-BH2(η

2-H2) moiety by the HN f HB hydrogen-transfer,
which we call a dihydrogen interaction (DHI) on boron. This
DHI can also be characterized as the interaction between
nucleophilic and electrophilic hydrogen atoms.

Computational Methods

The electronic structure calculationswere performed at the
DFT level using the Amsterdam Density Functional (ADF)
code (version 2009.01).34 The generalized gradient approach
(GGA) with exchange-correlation functional of Perdew-
Wang 1991 (PW91) was used,35 as this functional performs
well for ammonia borane systems from our previous work.33

Uncontracted Slater basis sets of triple-ζ quality plus two
polarization functions (TZ2P) were employed, which include
d- and f-type polarization functions for B and N, and p- and
d-type polarization functions for H.36 To obtain accurate
geometries, highnumerical accuracywas used for the integra-
tion (Integration=8.0) and a tight criterion was used for the
energy convergence (10-8 a.u.) during the self-consistent field
iterations. The geometries of the reactants, transition states,
intermediates, and products were fully optimized until the
energy gradients converged to within 10-4 a.u. For very flat
potential energy surfaces, we further tightened the energy
gradients convergence to within 10-5 a.u. to eliminate nume-
rical noise in the energy and frequency calculations.
Transition states were located at the PW91 level of theory

using the climbing image-nudged elastic band (CI-NEB)
method implemented in ADF.34,37 Some of the transition-
states for dihydrogen release and B-N bond cleavage were
initially determined via CI-NEB at the AM1 level of theory
implemented in MOPAC38 and the quasi-synchronous tran-
sit method (QST3) in Gaussian 98.39 For consistency, these
transition states geometrieswere subsequently refinedusing a
mode-following algorithm from ADF.34 Starting from the
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transition state geometries, the minimum energy paths con-
necting the reactants to products via the transition stateswere
determined using the intrinsic reaction coordinate (IRC)
approach.40,41 The forward and backward reaction paths
were optimized with step lengths ranging from 0.1 to 0.5
(amu)1/2 bohr, adjusted according to the flatness of the
potential energy surface. All the reported energies and geo-
metries are from theADF calculations unless specified other-
wise.
Because of the NfB dative bonds, BNHx systems tend to

have large charge transfer between the B- and N-containing
groups, which could limit the accuracy of some DFT func-
tionals. We therefore performed further DFT calculations
with hybrid exchange-correlation functionals and ab initio
wave function calculationson someof the structuresobtained
from the ADF PW91 calculations. These calculations were
carried out at the levels of PW91, B3LYP,MP2, and CCSD-
(T) with 6-31þþG(d,p) Gaussian basis sets and were accom-
plished by using NWChem 4.7.42

CPMD simulations were performed at T = 0, 200, 500,
1000, 1250, 2000, 3000, 4000, and 5000 K for the NH3BH3

monomer, tetramer, and H(NH2BH2)nH oligomers (n = 2,
3, 4) to explore reaction pathways and possible products of
thermal decomposition.43 The coiled structures we found
previously were used as the starting structures for the CPMD
simulations.33 Simulated Annealing (SA) calculations and
subsequent energy minimizations were carried out to deter-
mine the most stable structures and their energies. The
oligomers were initially thermally equilibrated and then an-
nealed with a time step of 5 au. Both simulation steps were
carried out for 2.419 ps with a final temperature after anneal-
ing of less than 90 K. Similar CPMD simulations were
performed for an ensemble of four NH3BH3 molecules con-
nected via intermolecular dihydrogen bonds to explore the
intermolecular dehydrogenations.44This tetra-molecular sys-
tem might provide useful information about the possible
reaction mechanism in bulk crystalline NH3BH3.
TheseCPMDsimulationswere accomplishedat the level of

GGA using the PBE exchange-correlation functional45 and
were performed using the NWPWmodule of the plane-wave
DFTmethod implemented inNWChem4.7.42Hamannnorm-
conserving pseudopotentials were used for B, N, and H to-
gether with the plane-wave basis sets.46 The supercell consists
of a 30 � 30 � 30 bohr3 simple cubic lattice and a 64 � 64 �
64 grid for discretization along lattice vector directions, which
corresponds to a plane-wave cutoff energy of 22.459 hartree
(611.1 eV). Test calculations show that such energy cutoff is
sufficient for the systems calculated.

Results and Discussion

It is envisaged that one of the thermal evolutions of the
NH3BH3 material proceeds through formation of H(NH2-
BH2)nH oligomers and their further dehydrogenation. Ex-
perimental work shows that oligomers are indeed formed in
condensed phases;7,13,23,26 however, there is little insight on

the mechanism of formation and dehydrogenation of the
oligomers.16,47 A few transition state calculations were perfor-
med for the dehydrogenation of the NH3BH3 monomer48,49

and dimer,33 and for the dimerization of two aminoborane
NH2BH2 molecules.50 Here we report on the formation and
dehydrogenationmechanisms for theoligomersH(NH2BH2)nH
(n = 1-4). Various types of transition states have been
investigated and several reactions pathways are explored.
The results will be presented in six sections: (I) CPMD
simulations to explore the potential intra- and intermolecular
dehydrogenation products. (II) Transition states involving
the B-N bond cleavage during dehydrogenation. (III) Tran-
sition states formed by HNfHB hydrogen transfer. (IV)
Intermolecular dehydrogenation of NH3BH3 molecules.
(V) Formationmechanism of the oligomers. For convenience,
we refer to the H3N- and the -BH3 groups in H-(NH2BH2)n-
H as the “head” and “tail”, respectively, while HN and HB

denote, respectively, a protic (δþ) hydrogen HN bonded to a
N atom and the a hydridic (δ-) hydrogen HB bonded to a B
atom.

I. CPMDSimulations forH(NH2BH2)nH (n=1,2, 3, 4)
and (NH3BH3)4.CPMD simulations of the H(NH2BH2)nH
(n = 1, 2, 3, 4) oligomers and a cluster of four NH3BH3

moleculeswere accomplished at a variety of temperatures to
provide information of the intra- and intermolecular reac-
tion dynamics. These calculations did not aim at providing
dynamics of the systems at the actual reaction temperature
because of the very short simulation time. Instead the goal
was to provide information on the possible intra- and
intermolecular thermal decomposition channels. Therefore
the reported temperatures for formation of new products
are relatively high as resulting from the short-time simula-
tions. The actual reactions might be studied at much lower
temperature if significantly longer simulation times on the
nanosecond scale were practical. However, the CPMD
simulation times required to unravel decomposition path-
ways at standard temperatures would be prohibitively long
and some accelerated dynamics approaches would be
needed.51-53

The potential reaction products from the CPMD simu-
lations of the (NH3BH3)n (n = 1, 4) clusters and the
H(NH2BH2)nH (n = 1, 2, 3, 4) oligomers at T = 1000,
2000, 3000, 4000, and 5000 K are listed in Tables 1 and 2,
respectively. The optimized geometries from the CPMD
final structures at these temperatures are shown in Sup-
porting Information, Figures S1 and S2. The simulations
for other temperatures (T = 200, 500, and 1250 K) were
performed to investigate the dynamics of the systems at
relatively lower temperature, and the results are not
shown for brevity.
From Table 1, with the picosecond scale simulations,
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medium simulation temperatures there occurs a B-N
bond cleavage to generate NH3 (pyramidal) and BH3

(planar).Above 4000K theNH2BH2molecules are formed
with the release of H2. The same two types of possible
reactions will be discussed later in the context of transi-
tion states searches. It is interesting to note that with the
increase of simulation temperature the B-N bond clea-
vage occurs before the release of H2 and the formation of
NH2BH2. This result is not unexpected given that the
BfN dative bond is relatively weak when comparing
with normal covalent bonds.54,11 Indeed a recent kinetic
analysis shows that the reaction of the B-N bond clea-
vage process is 10 orders of magnitude faster than the
dihydrogen release process at 1 atm and 298 K.49

For the cluster of four NH3BH3 molecules, the reac-
tions are more complex as both the intra- and intermole-
cular transformations are possible. Above 1000 K one
observes the B-N bond cleavage with the resulting BH3

reacting with the remaining NH3BH3 and formingH3N-
BH2

þ(BH4)
-, as well as formation of NH2BH2 with the

release of H2. At higher temperatures one observes for-
mation of diborane H2B(μ-H)2BH2 and μ-aminodibor-
ane (ADB) H2B(μ-H)(μ-NH2)BH2. The latter might be
viewed as a diborane with a μ-H replaced with μ-NH2.
One even observes formation of •NH2BH3 andNH3H2B•
radicals at elevated temperatures. These CPMD calcula-
tions at different simulation temperatures are informative:
many of the species from the simulations were previously
identified in experiments. For example, theADB complex
was seen in previous experiments,55 and has been shown
to be a minor product accompanying the main reaction
pathway.14 The vapors above the solid NH3BH3 at room
temperature are found to contain molecules of NH3BH3,
NH2BH2, and H2B(μ-H)2BH2,

17 which are all predicted
to form in the CPMD simulations (Table 1, Supporting
Information, Figure S1). Of particular interest in the 2000
KCPMDsimulation of the cluster of fourNH3BH3mole-
cules is the formation of another intermediate H3N-
BH2

þ(BH4)
-. This intermediate can be formed by the

attachment of BH3 to the NH3BH3. Upon coordination
of an additional NH3 to the electron-deficient BH2

þ end-
group this intermediate forms the diammoniate of diborane
(DADB) complex, (H3N)2BH2

þ(BH4)
-, a well-known

and common species in ammonia borane chemistry.56

The possible products from the CPMD simulations on
the oligomers (Table 2) are similar to those listed in
Table 1, and the species formed in the simulations for
n=3 and n=4 are also partly similar to those for n=2.
Consistent with our previous results, the n = 2 molecule
has a coiled structure at 0 K, in which the -NH3 head and
the -BH3 tail are bound through dihydrogen bonds.

33 The
dihydrogen bonds in the coiled structures are very short,
only 1.43 Å, with a head-tail N-B distance of ∼3.03 Å.
With the increase of simulation temperature from 200 to
1500 K, the dihydrogen bonds are gradually weakened
and the NH3 and BH3 groups start to rotate freely.
Starting from around 2000 K, at least one N-B bond is
ruptured, and the molecular products include the H2,
pyramidal NH3, and planar BH3 molecules, as well as
other products/intermediates seen in Table 1, including
NH2BH2 and ADB (at T = 3000 K, and n = 4). The
formation of BH3 is particularly interesting because it
can trigger an acid-initiated hydrogen release, as shown
previously.57

By comparing with those species listed in Table 1, the
new species formed in some of these processes are
H2N-BH(μ-H)2-BH2 (n = 2, 2000 K; n = 3, 2000 K),
H2B-NdBH (n = 3, 5000 K), H2N-BH-NH2 (n = 3,
4000 K; n = 4, 5000 K), H2B(μ-H)(μ-NH)BH (n = 4,
5000 K), and even HNtBH (n=2, 4000 K) andH2N-B
(n=4, 4000K). TheH2N-BH(μ-H)2-BH2molecule is an
isomer of the ADB molecule, and can be viewed as a
dihydrogen release product from the H3N-BH2

þ(BH4)
-

intermediate, which is a precursor to the formation of
DADB (see above). TheH2B(μ-H)(μ-NH)BHmolecule is
a product of dihydrogen release fromADB. Other species

Table 1. Identified Decomposition Products in CPMD Simulations of the
Ammonia Borane Monomer and Tetramer (NH3BH3)n Where n = 1 and 4

T (K) decomposition products

n = 1

5000 H2NdBH2 þH2

4000 NH3 þ BH3

3000 NH3 þ BH3

2000 NH3 þ BH3

1000 NH3BH3

0 NH3BH3

n = 4

5000 2H2NdBH2 þ 2 NH3 þ H2B(μ-H)2BH2 þ 2 H2

4000 •NH2BH3 þ NH3H2B• þ 2 NH3 þ H2B(μ-H)2BH2 þ H2

3000 NH3BH3 þ 2 NH3 þ BH3 þ H2B(μ-H)(μ-NH2)BH2 þ H2

2000 NH3 þ H3NBH2
þ(BH4)

- þ NH3BH3 þ NH2dBH2 þ H2

1000 4 NH3BH3

0 4 NH3BH3

Table 2. Identified Decomposition Products in CPMD Simulations of the
H(BH2NH2)nH (n = 2, 3, 4) Oligomers

T (K) decomposition products

n = 2

5000 NH3 þ BH3 þ H2NdBH2

4000 HNtBH þ NH3 þ BH3 þ H2

3000 H2NdBH2 þ NH3 þ BH3

2000 H2N-BH(μ-H)2-BH2þ NH3

1000 NH3BH2-NH2BH3

0 NH3BH2-NH2BH3

n = 3

5000 H2NdBH2 þ NH3 þ H2B-NdBH þ 2 H2

4000 H2NdBH2 þ BH3 þ H2N-BH-NH2 þ H2

3000 NH2BH2 þ HNtBH þ NH3 þ BH3 þ H2

2000 H2N-BH(μ-H)2-BH2þ H2NdBH2 þ NH3

1000 NH3BH2-NH2BH2-NH2BH3

0 NH3BH2-NH2BH2-NH2BH3

n = 4

5000 H2NdBH2 þ H2B(μ-H)(μ-NH)BH þ H2N-BH-NH2 þ 2H2

4000 H3N-BH3 þ 2 H2NdBH2 þ H2N-B þ H2

3000 2 H2NdBH2 þ NH3 þ H2B(μ-H)(μ-NH2)BH2

2000 3 H2NdBH2 þ NH3 þ BH3

1000 NH3BH2-NH2BH2-NH2BH2-NH2BH3

0 NH3BH2-NH2BH2-NH2BH2-NH2BH3

(54) Grant, D. J.; Dixon, D. A. J. Phys. Chem. A 2006, 110, 12955.

(55) Schwartz, L. D.; Keller, P. C. J. Am. Chem. Soc. 1972, 94, 3015.
(56) Parry, R. W. J. Chem. Educ. 1997, 74, 512.
(57) Stephens, F. H.; Baker, R. T.; Matus, M. H.; Grant, D. J.; Dixon,

D. A. Angew. Chem., Int. Ed. 2007, 46, 746.
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with multiple BN bonds are also possible when H(NH2-
BH2)nH and clusters of NH3BH3 are heated to very high
temperatures.
In summary, the CPMD simulations have shown that

at low temperatures two types of reactions occur: (i) the
B-N bond cleavage to form BH3 þ NH3, and (ii) the
formation of NH2BH2with intramolecular H2 release. At
higher temperatures, both intra- and intermolecular de-
hydrogenation occur, forming DADB precursors and the
complexes with the BN double or even triple bonds.
Many of these molecular species are found as products
or intermediates from our transition state and IRC
calculations (see below).

II. Intramolecular Dehydrogenation Involving N-B
bond Cleavage in H(NH2BH2)nH (n = 1-3). In this
section we will present the computational results of
transition state searches and IRC calculations on the
B-N bond cleavage and hydrogen-transfer processes.
These two kinds of processes both involve only intramo-
lecular reactions.

N-B Bond Cleavage in H(NH2BH2)nH (n=1-3). The
structures and energies of the reactants, transition states,
and products of decomposition steps involving N-B
bond cleavage and dehydrogenation in H(NH2BH2)nH
(n = 1-3) are listed in Table 3. For the NH3BH3 mono-
mer, the homolytic B-N cleavage is barrierless as only
the dative bond is elongated during the bond breaking.
The endothermicity of this step is illustrated in Figure 1
by the potential energy curve of B-Nbond cleavage. The
energies are determined by linear synchronous transit
(LST) calculations of the NH3BH3 molecule from its
staggered global minimum structure to a supermolecule

structure where theNH3 and BH3 are 7 Å away from each
other. While the zero-point energy (ZPE) corrections are
not included in this LST curve, the process of the B-N
bond cleavage is endothermic with a ZPE-corrected de-
composition energy of 28.7 kcal/mol at the PW91 level.
This binding energy of NH3 and BH3 is close to the
CCSD(T) value (25.9 kcal/mol)11,49 and the estimated
experimental result (31.1 kcal/mol).58 It suggests that the
decomposition reactionNH3BH3fNH3þBH3 is possible
at elevated reaction temperatures, consistentwith theCPMD
simulations for NH3BH3 at medium temperatures.
The N-B bond cleavage of NH3BH3 molecules is

consistentwithprevious experiments usingpyridine solutions

Table 3. Structures and Energies of Reactants (R), Transitions States (TS), and Products (P) of B-N Bond Cleavage Reactions of H(NH2BH2)nH (n = 1, 2, 3)a

aAll the energies (in kcal/mol) are calculated using ADF PW91/TZ2P and are relative to the energies of the reactants. Imaginary frequencies of the
transition states are listed to show the breadth of the activation barriers. The color code: B, orange; N, blue; H, cyan; dihydrogen H, yellow.

Figure 1. Calculated linear synchronous transit (LST) potential energy
curve (in kcal/mol) of the B-Nbond cleavage inNH3BH3 (themaximum
LST coordinate corresponding to B-N = 7 Å).

(58) Haaland, A. Angew. Chem., Int. Ed. 1989, 28, 992.
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where NH3BH3 is quantitatively converted to pyridine-
borane (PyBH3) with ammonia release into the gas
phase.14 The decomposition of NH3BH3 via N-B bond
cleavage is, in general, undesirable for fuel cell applica-
tions. However, the release of NH3 and BH3 (or its dimer
B2H6) to the environment is very improbable under
thermal decomposition. In fact, because NH3 is a strong
electron donor and the electron-deficient BH3 has a large
hydride affinity, these species are highly reactive and can
easily be consumed by subsequent reactions with the
remaining NH3BH3 molecules or the H(NH2BH2)nH
oligomers. Indeed in experiments on the decomposition
reactions of NH3BH3 materials only trace amounts of
ammonia and diborane are detected, indicating that if
they are formed they may be rapidly consumed.8,19,59

Moreover, recent theoretical studies show that BH3 in
fact serves as an efficient bifunctional acid-base catalyst
for dihydrogen release reactions.49 Therefore, the B-N
bond cleavage in NH3BH3 does not lead to dihydrogen
release, but provides reactive species that catalyze the
subsequent dehydrogenation reactions.
For n = 2, we found a transition state NH2BH2NH2-

BH2(η
2-H2) (2-TS1) that has an imaginary frequency of

380i cm-1 and an activation barrier of 25.2 kcal/mol, see
Table 3. 2-TS1 is formedbymigrating one hydrogen atom
from the NH3 head to the electron-deficient BH3 tail to
form a dihydrogen molecule being side-on bonded to the
boron atom in the tail. We will see throughout this work
that this type of dihydrogen interactionwith boron plays a
significant role in stabilizing various transitions states.
The dihydrogen interaction with B can be viewed as the
hydrogen-transfer from N to B, where the HN and HB

atoms are already weakly bound by a dihydrogen bond in
the coiled structure of the reactant. The stability of the
dihydrogen interaction with B is not unexpected given
that the B center is electron-deficient such that formation
of a σ-complex with a R-BH2(η

2-H2) moiety is energe-
tically feasible without violating the classic octet rule.
Indeed stable BH3(η

2-H2) molecules and BNHx dihydro-
gen intermediates are found in our calculations and also
in previous research on boron systems.60,61

In 2-TS1, the nascent dehydrocoupled H2 molecule
(H-H= 0.80 Å) lies in the same plane as the BN 3 3 3BN
skeleton, and the twoH atoms are 1.66 Å and 1.99 Å from
the terminal B, and 1.87 Å and 2.66 Å from the terminal
N. As the head and tail are only loosely bonded by the
activated H2 molecule, they form partial B-N double
bonds to comply with the octet rule. Indeed, our calcula-
tions show that in 2-TS1 the terminal B-N distances are
quite short (1.44 Å and 1.46 Å), whereas the binding of the
central B-N bond is weakened and elongated to 2.13 Å.
The transition state structure can thus be viewed as
NH2BH2(η

2-H2) weakly bound with another NH2BH2

through the central connecting part.
Consistent with this notion, the IRC calculations reveal

that the forward reaction from 2-TS1 leads to the formation
of two NH2BH2 plus H2, and the reaction is endothermic

by 12.3 kcal/mol from the coiled n=2 structure. The two
NH2BH2 intermediate molecules can easily dimerize to
form a cyclic c-(NH2BH2)2 molecule, cyclodiaminobor-
ane (CDB) via a transition state 2-TS2; the barrier height
of 2-TS2 is only 8.6 kcal/mol at the PW91 level, which is
consistent with other calculations, 8.5 kcal/mol at MP4,
and 10.7 kcal/mol with B3LYP.50 Therefore, the forma-
tion of 2-TS1 is a rate-determining step for the overall
cyclization reaction H(NH2BH2)2H f c-(NH2BH2)2 þ
H2. The dimerization of NH2BH2 to form CDB is exo-
thermic by -16.7 kcal/mol, so that the overall reaction
from H(NH2BH2)2H is moderately exothermic (-4.4
kcal/mol).
For the n= 3 oligomer, the transition state 3-TS1 (see

Table 3) is formed when a hydrogen transfers from the
head to the tail. While 3-TS1 is clearly analogous to
2-TS1, the activatedH2molecule (H-H=0.77 Å) is bound
more weakly to the head and the tail than in 2-TS1, with
the shortestH2 3 3 3B andH2 3 3 3Ndistances close to 2.33 Å.
Consequently, the PW91 activation barrier of 40.9 kcal/
mol is larger than that of 2-TS1. The 3-TS1 structure can
be viewed as H2 bound to three weakly bonded NH2BH2

molecules, as theN-Bdistances alternate (1.51 Å, 1.72 Å,
1.52 Å, 1.85 Å, 1.46 Å) from the head to the tail. Our IRC
calculations show that the back reaction via 3-TS1 forms
the coiled structure for n = 3, in which all the B-N
distances lie between 1.58 Å ∼ 1.63 Å. In the forward
reaction, the transition state 3-TS1 decomposes into H2,
NH2BH2, and a unique intermediate H2B(μ-H)(μ-NH2)-
BH-NH2with all-real frequencies, in which a μ-H and μ-
NH2 bridge the twoB atoms via three-center two-electron
(3c2e) bonds. This intermediate is an amino-substituted
derivative of the μ-aminodiborane identified in our pre-
ceding CPMD simulations of thermal decomposition and
can be viewed as a product of releasing two H2 molecules
from the diammoniate of diborane complex [(NH3)2-
(BH2)]

þ-(BH4)
- (DADB). The reaction through 3-TS1

is endothermic by 18.2 kcal/mol. However, the product
H2B(μ-H)(μ-NH2)BH-NH2 can isomerize to the much
more stable c-(NH2BH2)2molecule releasing 8.6 kcal/mol
in energy, while two H2NBH2 molecules can also be
transformed to c-(NH2BH2)2 molecule via 2-TS2, releas-
ing 16.7 kcal/mol in energy.
The transition states listed in Table 3 all lead to the

B-N bond cleavages in the oligomers. The decomposi-
tion of the NH3BH3 monomer is endothermic in the gas-
phase, while the overall reactions of n=2 are exothermic
and the reaction for n = 3 to form c-(NH2BH2)2 mole-
cules is nearly thermoneutral. The decomposition of the
n = 2 oligomer has a lower relative activation barrier of
25.2 kcal/mol, while the rate-determining step of the n=
3 oligomer has a barrier being higher by 15.7 kcal/mol.
Without catalysts, these reactions will only occur when
temperatures are raised high enough to activate the
reactants. The imaginary frequencies for 2-TS1 and
3-TS1 are rather small, suggesting that the widths of the
barriersmight be too large to allow for significant tunneling.

III. Dehydrogenation through Hydrogen-Transfer Tran-

sition States in H(NH2BH2)nH (n= 1-3). As shown from
the previous CPMD simulations, aminoborane NH2BH2 is
the common product of dehydrogenation of the NH3BH3

monomer, (NH3BH3)n clusters, and the H(NH2BH2)nH
(n = 2, 3, 4) oligomers. The formation of NH2BH2 via

(59) Kuznesof, P. M.; Shriver, D. F.; Stafford, F. E. J. Am. Chem. Soc.
1968, 90, 2257.

(60) Rasul, G.; Prakash, G. K. S.; Olah, G. A. Proc. Natl. Acad. Sci. U.S.
A. 1998, 95, 7257.

(61) (a) Welch, G. C.; Juan, R. R. S.; Masuda, J. D.; Stephan, D. W.
Science 2006, 314, 1124. (b) Kubas, G. J. Science 2006, 314, 1096.
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dehydrogenation of NH3BH3 is consistent with previous
experimental results for thermaldecompositionofNH3BH3,
where the formation of NH2BH2 accompanies the first
hydrogen-loss step.17,22,13 Table 4 lists the structures and
energies of the reactants, transition states, and products of
the dehydrogenation reactions involving hydrogen-transfer
from the head to the tail and across the chain for n=1-3.
The hydrogen-transfer transition state of the NH3BH3

monomer has been well studied in previous works.48,49

Briefly, the NH3BH3 monomer needs to rotate from its
staggered global minimum structure to the eclipsed con-
former, which requires only 1.9 kcal/mol energy from our
PW91 calculations. The latter can form a transition state
1-TS2 through the H-N bending mode to transfer a
hydrogen atom from NH3 to BH3. The fact that the
hydrogen-transfer is from N to B is consistent with the
tendency to form the R-BH2(η

2-H2) moiety via the
dihydrogen interaction at B atom, as we discussed earlier
for the B-N cleavage decomposition of the n = 2 oli-
gomer. The calculated PW91 activation barrier of 1-TS2
is 34.1 (or 32.2) kcal/mol with respect to the staggered (or
eclipsed) structure, which is fairly close to the previous
B3LYP value (34.6 kcal/mol) and the CBS/QB3 value
(32.6 kcal/mol), but is slightly lower than theCCSD(T)/CBS

result (36.4 kcal/mol).48,49 The reaction is slightly exo-
thermic, consistent with other calculations.11,48,49,62 The
calculated imaginary frequency of 1-TS2 is 1269i cm-1,
indicating the possibility that the hydrogen-transfer tran-
sition state of the monomer might be subject to large
tunneling effects.
For n=2, the hydrogen-transfer between the head and

the tail leads to the B-N bond cleavage via 2-TS1, as
discussed in the previous section. We also investigated
another dehydrogenation channel involving a hydrogen-
transfer from N to neighboring B across the chain with
the results listed in Table 4. The hydrogen-transfer transi-
tion states fromB toN are not evaluated in detail because
they would involve transferring a hydrogen atom from
the electron-deficient center to the electron-rich center
and are expected to be high in energy. Indeed one of our
calculations located a hydrogen-transfer transition state
from B toN, which is some 70 kcal/mol higher than the N
to B transition state 2-TS1 and thus will not be considered
here. Our calculations show that the local structures of all
the hydrogen-transfer transition states are similar to that
of NH3BH3 with the DHI moiety R-BH2(η

2-H2). The
IRC calculations show that starting from the coiled n=2
structure these transition states all lead to H2 release and
formation of a BdN bond. The activation barriers are
40.4 kcal/mol for a hydrogen-transfer from the head N to

Table 4. Summary of Reactants (R), Transitions States (TS), and Products (P) of Dehydrocoupling Reactions via Hydrogen-Transfer Transition Statesa

aAll the energies (in kcal/mol) are calculated using ADF PW91/TZ2P and are relative to the energies of the reactants. Imaginary frequencies of the
transition states are listed. The color code: B, yellow; N, blue; H, cyan; dihydrogenH, orange.. bThe IRC finds the eclipsed conformer, which is 1.9 kcal/
mol above the staggered global minimum structure of NH3BH3.

(62) Miranda, C. R.; Ceder, G. J. Chem. Phys. 2007, 126, 184703.
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its neighboring B in the chain, 59.1 kcal/mol for a hydro-
gen transfer in the middle B-N unit, and 37.3 kcal/mol
for a hydrogen transfer from the neighboringN to the tail
B, indicating that formation of the DHI transition state is
more demanding in the central part than in the head or
tail parts. However, the head-to-tail hydrogen transfer
transition state 2-TS1 is energetically more favored than
for any of the neighboring hydrogen transfers along the
chain.
For n=3,we find a transition state 3-TS2 that requires

an activation barrier of 49.4 kcal/mol from the coiled
structure identified in our previous work.33 Interestingly,
the dehydrocoupling along this reaction channel directly
leads to the cyclic product cyclotriborazane (CTB). The
dehydrogenation reaction is exothermic by 9.7 kcal/mol
at the level of PW91 calculations. The one-step dehydro-
genation, however, has a much higher activation barrier
than 3-TS1, which leads to a B-N bond cleavage. All
these hydrogen-transfer activation barriers are larger
than those involving the B-N bond cleavage, making
them less favored kinetically. During the transition state
search, we also find other DHI intermediates that may
also contribute to the chemistry of ammonia borane. The
role of these dihydrogen intermediates for n = 3 and
higher oligomers deserves further investigation.
The transition state calculations have provided impor-

tant information about the possible pathways of dehy-
drogenation of ammonia borane and the oligomers.
Inasmuch as DFT methods could have huge errors in
calculating the energies of boron systems,63 it is important
tomake certain that the energetics we calculated using the
pure PW91 generalized gradient approach so far are relia-
ble, particularly because the highly polarizedNfBdative
bonds are involved. Table 5 lists the calculated energy of
dehydrogenation for H-(NH2BH2)n-H f (NH2BH2)n þ
H2 using GGA PW91 functional, the B3LYP hybrid
functional, and MP2 and CCSD(T) ab initio methods,
where cyclic products are formed for n g 2. Clearly, our
PW91 results are fairly close to the hybrid DFT and
ab initio results, and are consistent with previous CCSD(T)
calculations.64 In other words, the DFT methods are
accurate within a few kcal/mol in evaluating the ener-
getics, albeit underestimating the reaction energies com-
pared with the MP2 and CCSD(T) results. The most
interesting conclusion from these reaction energies is that
the reaction is more thermoneutral for n=1, 2, or 4 than
for n=3. The enhanced exothermicity for n=3 is consi-

stent with the facile formation of borazine, c-(NHBH)3,
among molecular species resulting from the thermolysis
of NH3BH3.

8 The H2 release reaction from the coiled
structure is exothermic by 10-12 kcal/mol for n = 3,
consistent with previous calculations.62

IV. Intermolecular Dehydrogenation of NH3BH3 Mo-
lecules.All the transition state calculations so far focus on
intramolecular dehydrogenation from the monomer and
from the oligomers. As shown by the CPMD simulation
and the transition state searches, the NH3BH3 molecule
can undergo an intramolecular hydrogen-transfer to form
NH2BH2 with H2 released. Then the NH2BH2 molecules
can easily dimerize to form the cyclic c-(NH2BH2)2
molecule through opening of the BdN double bonds (see
above). Besides intramolecular dehydrogenation, inter-
molecular dehydrogenation is another possible channel
forH2 release. Herewe are interested in determining: (a) if
the cyclization of twoNH3BH3molecules can be achieved
through a one-step reaction, that is, forming a c-(NH2-
BH2)2 molecule with two simultaneous H2 releases; (b) if
two NH3BH3 molecules can pass through a head-to-tail
transition state to form oligomers via intermolecular
dehydrogenation. We have searched for the transition
state of two NH3BH3 molecules oriented in various rela-
tive positions, and the results are presented in this section.
The transition state search of direct dehydrogenation

of two NH3BH3 molecules arranged in a face-to-face
pattern (reactant side of Figure 2) indicates that an
unusual associative transition state exists, in which two
intermolecular hydrogen-transfer processes occur simul-
taneously. Figure 2 illustrates the potential energy curve
of the dual hydrogen-transfer process, with the structures
of the reactant, transition-state, and product being shown
in the inset. The transition state has an imaginarymode at
995i cm-1, significantly smaller than that of the hydro-
gen-transfer transition state of the NH3BH3 molecule.
This transition state features two DHIs with B atoms,
where the optimized H-B distances of R-BH2(η

2-H2) are
1.44 Å and 1.70 Å and theB-Ndistance 1.50 Å, similar to
those of 1-TS2. The calculatedADFPW91 energy barrier
of this transition state is 34.3 kcal/mol with respect to the
NH3BH3 dimer, and it is slightly increased to 38.2 kcal/
mol based on a B3LYP calculations using Gaussian 98.

Table 5. DFT and ab initio Energies for the Reactions of H-(NH2BH2)n-
H f (NH2BH2)n þ H2 (n = 1, 2, 3, 4)a

PW91 B3LYP MP2 CCSD(T)

n = 1 -0.3 -1.96 -0.91 -0.79
n = 2 -4.4 -2.89 -3.75 -2.97
n = 3 -9.7 -9.60 -12.14 -11.28
n = 4 -2.1 -4.74 -8.40 -7.48

aUsed ADF PW91/TZ2P and NWChem B3LYP, MP2, and CCSD-
(T) with 6-31þþG(d,p) basis sets. All the reaction energies are in kcal/
mol. Cyclic products are formed for n g 2. The B3LYP and MP2
geometries are optimized, and the CCSD(T) energies are calculated at
the optimized MP2 geometries.

Figure 2. Structures of the reactant, transition-state, and product, and
IRC potential energy curve (in kcal/mol) of the intermolecular dehydro-
coupling of two NH3BH3 molecules (Color code: N, blue; B, yellow; H,
cyan; dihydrogen H, orange).

(63) Pan, L. L.; Li, J.; Wang, L.-S. J. Chem. Phys. 2008, 129, 024302.
(64) Matus, M. H.; Anderson, K. D.; Camaioni, D. M.; Autrey, S. T.;

Dixon, D. A. J. Phys. Chem. A 2007, 111, 4411.
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The IRC calculations show that the transition state indeed
connects theNH3BH3 dimer as a reactant and the 2(NH2-
BH2 þ H2) molecules as products. The NH2BH2 mole-
cules can easily form the c-(NH2BH2)2 molecule via the
transition state 2-TS2. Whereas the dual hydrogen trans-
fer, which leads to the simultaneous release of two H2

molecules, is very interesting, the formation of c-(NH2-
BH2)2 via one-step direct dimerization of two head-to-tail
arranged NH3BH3 molecules was not found experimen-
tally, consistentwith the relatively high activation barrier.
Instead two steps are needed to accomplish the cycliza-
tion from two NH3BH3 molecules. The overall reaction
(NH3BH3)2f 2 [ NH2BH2þH2 ]f c-(NH2BH2)2þ 2H2

is highly exothermic because of the largeH-Hbond energy
and the dimerization energy of c-(NH2BH2) (Table 3).
The formation of DHI is the rate-determining step and it
apparently requires too high an activation energy to occur
at low-temperature thermal reactions.
Starting from different orientations of two NH3BH3

molecules, we also searched for transition states of a single
dehydrocoupling step to form the n=2oligomerNH3BH2-
NH2BH3 and H2, but all these calculations were unsuc-
cessful. Many of these calculations converged to struc-
tures in which the 1-TS2 type transition state is bound to
another NH3BH3 molecule via a dihydrogen bond. The
following IRC calculations confirm that such a transition
state is in fact the same as the intramolecular hydrogen-
transfer, and the effects of the second NH3BH3 molecule
on the barrier height and exothermicity are negligible
(∼1 kcal/mol). Therefore, other possible pathways have to
be searched to unravel how theH(NH2BH2)nHoligomers
are formed.

V. FormationMechanisms of the Oligomers fromNH3-
BH3.We have shown that the formation of oligomers via
direct intermolecular dehydrogenation is difficult in ther-
mal reactions. On the other hand, recent calculations

have shown that the B-N bond cleavage that yields BH3

and NH3 intermediates is a much faster reaction than
intramolecular hydrogen-transfer.33,49 We therefore in-
vestigated the NH3BH3 molecule reacting sequentially
with the BH3 and NH3 intermediates to form oligomers.
The structures and energies of the reactants, transition
states, and products for forming the H(NH2BH2)nH
oligomers n = 2 and n = 3 are listed in Table 6. There
are four possible channels when BH3 and NH3 attack the
NH3BH3molecule from either of its ends. It turns out that
the reaction of BH3 on the N-site of NH3BH3 molecule
has the lowest barrier. As the BH3 moiety approaches the
N-site, a hydrogen transfer occurs fromN to B, forming a
DHI-stabilized transition state with a partially formed
B-N bond. The IRC calculation shows that through this
transition state the NH3BH3 þ BH3 reactants are trans-
formed into aBH3NH2-BH2(η

2-H2) intermediate, which
is energetically more stable than the reactants by 14.9
kcal/mol at the PW91 level of theory. The activation
barrier of this reaction is only 12.4 kcal/mol, which is
much lower than any of the hydrogen-transfer pathways
discussed so far and even lower than the barrier for the
B-N bond cleavage. In the next step, a NH3 molecule
attacks the R-BH2(η

2-H2) site, the n = 2 oligomer is
formedwith oneH2molecule released. This second step is
strongly exothermic (-18.4 kcal/mol), and the activation
barrier is only ∼2 kcal/mol, indicating that the second
step will occur as soon as the dihydrogen intermediate is
formed and NH3 becomes available. This might explain
why little ammonia is released during the thermal decom-
position despite B-Ncleavage, because BH3 species readily
attacks NH3BH3molecules to form theDHI intermediates,
which can be instantly converted to the n = 2 oligomers
by SN2-type substitution reaction through attack byNH3

moleculesandreleaseofH2molecules.Thedissociationenergy
of NH3BH3 (staggered) f NH3 þ BH3 is 31.7 kcal/mol

Table 6. Structures and Energies of the Reactants, Transition States, and Products for Formation of the Oligomers n = 2 and n = 3a

aAll the energies (in kcal/mol) are calculated using ADF PW91/TZ2P and are relative to the energies of the reactants. Imaginary frequencies of the
transition states are listed. The color code: B, yellow; N, blue; H, cyan; dihydrogen H, orange.
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and the process 2NH3BH3fH(NH2BH2)2HþH2will be
exothermic by 1.6 kcal/mol based on the reaction energies
listed in Table 6. Therefore formation of the n = 2
oligomer are thermodynamically favorable, with the dis-
sociation of NH3BH3 as the rate-determining step.
The n = 3 oligomer can be formed through an analo-

gous mechanism. As shown in Table 6, when the BH3

fragment attacks the NH3 head of the n = 2 oligomers,
the activation barrier of 16.9 kcal/mol is slightly larger
than that of the first-step for n = 2. This transition state
also features DHI, and the complete hydrogen transfer
from N to B leads to the formation of a dihydrogen
intermediate H(BH2NH2)2BH2(η

2-H2), with an energy
release of -12.9 kcal/mol. After the NH3 attack on the
R-BH2(η

2-H2) site the n= 3 oligomer is formed with the
release of one H2 molecule. The energetic and barrier
differences of the NH3 attacking to the intermediates for
the n = 3 and n = 2 are somewhat unexpected. Because
the dihydrogen molecule is only weakly bound to B, the
imaginary frequency for the second transition state is
quite small. One can imagine that all the n>3 oligomers
can be formed through the same mechanism, here char-
acterized only for n = 2 and n = 3. Therefore we have
founda two-steppathway for the formationof theH(NH2-
BH2)nþ1Holigomers through (i) the reactions of BH3with
H(NH2BH2)nH to form an intermediate H(BH2NH2)nBH2-
(η2-H2) and (ii) the subsequent reaction of H(BH2NH2)n-
BH2(η

2-H2) with NH3 to form H(NH2BH2)nþ1H and H2.
VI. Mechanistic Implications towardHydrogenRelease

from PAB to form PIB. There has been progress recently
toward understanding the mechanisms for decomposi-
tion of solid NH3BH3 (ammonia borane = AB) to form
PAB, H(BH2NH2)nH, and H2.

13,26 On the other hand,
much less is known of the mechanism for thermal hydro-
gen release in the “second step”, that is, PAB to form PIB
H(BHNH)nHþ H2. These reactions occur at higher tem-
peratures than the “first step”, as also shown from the
CPMD simulations. It is often assumed, based only upon
structural changes between PAB and PIB, that the de-
composition reaction proceeds by intramolecular release
of hydrogen through 1,2-elimination and cyclization
pathways.65,66 Here we will summarize some of the more
probable mechanisms of hydrogen release from PAB to
form PIB inferred from the calculations described here
and the recent literature. Using the reaction energetics
from Table 4 and those from Nutt and McKee18 in their
Figure 5 (p. 7641), we note that the dehydrocoupling
reaction via hydrogen-transfer for the n=3oligomer has
a barrier (49.4 kcal/mol) that is too high to be competitive
for hydrogen release given the lower-energy reaction
pathways found by Nutt and McKee so long as there is
a lower energy pathway to get from NH3BH2(NH2-
BH2)xNH2BH3 to the unsaturated species E2, (x = 1),
NH2dBH(NH2BH2)xNH2BH3. If we assume that the
barrier to remove H2 from the “head” end of the n = 3
oligomer, via taking oneH atom from theNH3 and oneH
atom from the adjacent BH2, is similar to the ∼40 kcal/
mol barrier found for the n = 2 oligomer, the resulting
product state is the “E2” conformer found by Nutt and
McKee. Another lower barrier is to form NH3BH2-

(NH2BH2)xNHdBH2, which is about 3 kcal/mol differ-
ent in the barrier and has more favorable thermodyna-
mics (see Table 4). This “E2” conformer then proceeds
toward cyclotriborazane (CTB) with lower barriers (∼28
kcal/mol) than the 49.4 kcal/mol barrier for cyclization of
NH3BH2(NH2BH2)xNH2BH3. It is interesting to note
that the most difficult dehydrocoupling reaction is the
removal of H2 from the middle of the oligomer (the
barrier is ∼60 kcal/mol for n= 2). Contrary to chemical
intuition, these results suggest that 1,2-elimination of H2

from the middle of a PAB structure will not be an
important reaction pathway leading to PIB, rather hy-
drogen release will be initiated from the terminal posi-
tions in the PAB oligomer chain (∼40 kcal/mol) or
through B-N scission pathways (∼28 kcal/mol) in larger
oligomers, leading to the formation of more active term-
inal links in the PAB structure, for example, NH3BH2-
(NH2BH2)xNH2BH3fNH3(BH2NH2)xBH3þNH2BH2.
Zimmerman et al. reported that the n = 2 oligomer can
undergo B-N bond scission with H2 release to form a
pair of aminoborane species (∼29 kcal/mol).20 These
scission reaction pathways are consistent with aminobor-
ane observed as a major species in the thermal decom-
position of PAB.65

Conclusions

We have performed systematic theoretical studies on the
potential reaction pathways for thermal decomposition and
dehydrogenation of a series of H(NH2BH2)nH oligomers
resulting from ammonia borane. The CPMD simulations
at different temperatures provide essential information about
possible intermediates and products of decomposition and
dehydrogenation of ammonia borane. The subsequent DFT
electronic structure calculations show that there are two types
of transition states involving the B-N bond cleavage and/or
hydrogen-transfer from anN-site to a B-site. The dihydrogen
bonding, in which protic (HN) hydrogens interact with
hydridic (HB) hydrogens, plays a vital role in stabilizing
different structures of the reactants, transition states, and
products, forming the dihydrogen interaction (DHI) within
the R-BH2(η

2-H2) moiety accounting both for the forma-
tion mechanisms of the oligomers and for the dehydrogena-
tion of ammonia borane.
The results of our theoretical investigations indicate that

the H(NH2BH2)nþ1H oligomers are likely formed through
reactions of the H(NH2BH2)nH oligomers first with BH3

followed by reactions with NH3 and the release of H2. The
reactive BH3 and NH3 intermediates are formed through
dissociation of NH3BH3 with a barrier of about 30 kcal/mol.
We also find that the dehydrogenation of theNH3BH3 dimer
encounters a barrier of about 35 kcal/mol, with the products
being 2(NH2BH2 þ H2). The two NH2BH2 molecules can
form the c-(NH2BH2)2 molecule with a transition state of
about 9 kcal/mol. The overall (NH3BH3)2f c-(NH2BH2)2þ
2H2 reaction is highly exothermic.
The dehydrogenation of the H(NH2BH2)nH oligomers

encounters significant barriers. The barriers for reactions
involving the head and the tail sites are 25.2 and 40.9kcal/mol
for n = 2 and 3, respectively, and the products have at least
one B-N bond cleavage. The barriers for hydrogen transfer
from N to the neighboring B atom across the chain of the
oligomers are even higher, in the 37-59 kcal/mol range. For

(65) Geanangel, R. A.; Rabalais, J. W. Inorg. Chim. Acta 1985, 97, 59.
(66) Baumann, J.; Baitalow, F.; Wolf, G. Thermochim. Acta 2005, 430, 9.
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n = 3, a barrier for the dehydrocoupling reaction involving
the terminal B and N sites is also significant (49.4 kcal/mol),
but it leads to a remarkably stable product of cyclotribor-
azine, c-(NH2BH2)3. This work provides further direction
toward an improved understanding of the mechanism of
hydrogen release from solid PAB. Further experimental and
theoretical work is in progress toward addressing the out-
standing issues.
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