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High-level electronic structure calculations have been used to map out the relevant portions of the potential
energy surfaces for the release offrbm dimers of ammonia borane, BNH; (AB). Using the correlation-
consistent aug-cc-pVTZ basis set at the second-order perturbation MP2 level, geometries of stationary points
were optimized. Relative energies were computed at these points using coupled-cluster CCSD(T) theory with
the correlation-consistent basis sets at least up to the aug-cc-pVTZ level and in some cases extrapolated to
the complete basis set limit. The results show that there are a number of possible dimers involving different
types of hydrogen-bonded interactions. The most stable gaseous piEselimer results from a head-to-

tail cyclic conformation and is stabilized by 14.0 kcal/mol with respect to ABomonomers. AB), can
generate one or two Hnolecules via several direct pathways with energy barriers ranging from 44 to 50
kcal/mol. The diammoniate of diborane ion pair isomer, |BJfNH3;BH,NH3™] (DADB), is 10.6 kcal/mol

less stable thanrAB). and can be formed from twAB monomers by overcoming an energy barrie~&f6
kcal/mol. DADB can also be generated from successive additions of tweridlecules to BHg and from
condensation oAB with separated Bkland NH; molecules. The pathway forza¢limination from DADB is
characterized by a smaller energy barrier of 20.1 kcal/mol. The alternative ion pait][BH:NH.BH; ] is
calculated to be 16.4 kcal/mol abovRR), and undergoes Helease with an energy barrier of 17.7 kcal/

mol. H, elimination from both ion pair isomers yields the chain BHi,BH,NH3; as product. Our results
suggest that the neutral dimer will play a minor role in the release ofr¢in ammonia borane, with a
dominant role from the ion pairs as observed experimentally in ionic liquids and the solid state.

Introduction worker$ found thatAB begins to undergo stepwise thermal
decompositions at temperatures as low as 410 K. During the
first decomposition step, approximately 1 mol of per mole

of AB is released, together with aminoborane ¢BHl,), and
other polymeric derivatives. Subsequent quantum chemical

There is considerable interest in the development and
application of hydrogen-based fuel cells as a viable alternative
energy source based on renewable fuels. A critical issue with

hydrogen as a fuel for use in on-board transportation systems AT _ .
is the need to find efficient chemical,t4torage materials that calculations” using various composite methods suggested that

enable the safe and efficient release/uptake of Bmmonia  formation of the first H from anAB molecule occurs through
borane (BHNHs, AB)24 and its derivatives have recently @ concerted mechanism characterized by a planar four-membered
emerged as promising hydrogen sourzes.Using high ac- transition structure with an energy barrier of aroune+33 kcal/
curacy ab initio electronic structure theory calculations of Mol. In a recent much higher-level computational stéitiye
reaction thermodynamic parameters, in both the gas phase anghowed that, in its monomeric forfAB undergoes preferentially

the solid state, we have shown that molecuds and the B—N bond cleavage giving B¥and NH. In fact, at the CCSD-
corresponding salt [BF][NH4*] can serve as good hydrogen (T)/complete basis set (CBS) level of theory, the-l8 bond
storage systems that releasgitislightly exothermic processés.  dissociation energy of 26 kcal/mol is smaller than the energy
The isovalent systems including alane amine (AlH3), borane barrier of 37 kcal/mol for the concerted ldlimination. With a
phosphine (BHPH;z), and phosphine alane (AfRHs) and their difference of 11 kcal/mol in barrier heights, the thermal

corresponding salts [XiH][YH 4], with X =B or Aland Y = decomposition ofAB is dominated by the bond cleavage
N or P, have also been shown to possess appropriate thermoehannel. Under these conditions, férmation is not competi-
dynamic properties to serve as ktorage systens. tive, inconsistent with the experimental results mentioned above.

The potential of a compound for chemical hydrogen storage We showed that a borane molecule could effectively act as a
is dependent on the inherent kinetics and mechanism of thebifunctional Lewis acid catalyst favoringHormation fromAB.
processes rgleasinggrand reggnerating _the compound that With BH3 formed by breaking the BN bond in AB, the
stores H. Using thermo-analytical techniques, Wolf and co- corresponding energy barrier is thus reduced to about 6 kcal/
~ mol with respect to the BiNH3 + BH3 separated reactan's.

* Author to whom correspondence should be addressed. E-mail: These results show that without a catalyst the rate,okltase
dadixon@bama.ua.edu. f he AB . | | W

t University of Leuven. rom the monomer is very low at low temperatures. We

*The University of Alabama. note that the startindB materials exist as a solid.
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TABLE 1: Relative Energies (kcal/mol) of Ammonia Borane
Dimer and Its lon Pair Isomers Calculated at the CCSD(T)
Level with Different Basis Set$

structure avDZ avTZ avQZz CBS
dim 0.0 0.0 0.0 0.0
DADB 10.6 10.7 10.6 10.6
lonP-N 16.5 16.6 16.5 16.4

aUsing the aug-cc-pNZ basis sets, witm = D, T, and Q, and

extrapolated CBS energies. Relative energies include zero-point cor-

rections obtained from MP2/aVDZ harmonic vibrational frequencies
scaled by a factor of 0.9751.

TABLE 2: Relative Energies (kcal/mol) of Stationary Points
Related to H, Release from Ammonia Borane Dimers dim
and DADB Calculated at the CCSD(T) Level with Different
Basis Set3

structure avDz avTZz avQz CBS
2AB 0.0 0.0 0.0 0.0
dim —14.2 —-14.0 —-13.7 —-13.5
dim-ts1 36.3 36.0 35.9 35.9
dim-p1 + 2H, —-13.8 —-15.4 —-16.0 —-16.4
2(BH:NHy) + 2H, —-10.7 —-12.6 —-13.5 —-14.0
DADB -3.5 -3.3 -3.0 —-2.8
DADB-ts1 17.2 17.2 17.2 17.3
DADB-pl + H; -7.8 -9.3 -9.4 -9.3

a0n the basis of CCSD(T) energies using MP2/aVTZ-optimized
geometries and ZPE corrections from scaled MP2/aVDZ harmonic
vibrational frequencies.

It has experimentally been found that “seeding A& results
in significantly faster H production. The seed compound has
been proposed to be the diammoniate of diborane 4{8H
[NH3BH,NH3™] (DADB), an ion pair isomer of theAB).
dimer!* Recent in situ solid-staté!B magic-angle spinning
NMR studied® at 88°C demonstrated that during the thermal
decomposition ofAB to produce H DADB is present. These
authors suggested that the formatiorb#DB is the prerequisite
for Ha release. In ionic liquids containinyB, the formation of
DADB was also observet. These authors also suggested an
important role forDADB in H; release noting that there was
no induction period for Krelease in the ionic liquid whereas
there was an induction period in the pure solid. The ionic liquid
would favor the formation of ionic intermediates suctasDB.

It has been reported thBtADB produces polyaminoborane upon
heating® and that polyaminoboranes were observed in the ionic
liquid as H was released. Another starting point connecting to
the ion pair is that of diborane and two ammonia molecules
(B2Hg + 2NH3).1” Another ion pair [NH][BH3NH2BH3]
(lonP-N) could also exist as an alternative isomeric form of
(AB)2.

In the present work, we have carried out high-level electronic
structure calculations to map out the relevant portions of the
potential energy surface of th&B), dimer. Our goal is to probe
further the molecular mechanism of the t¢lease from BNK
materials. We report the existence of a range of reaction
pathways from theAB), dimer leading to H production.

Computational Methods

Calculations were performed using the Gaussial? @8d
MOLPRO 2002° suites of programs. Geometry parameters of
the stationary points were initially optimized using second-order
perturbation theory (MP2Jin conjunction with the correlation-
consistent aug-cc-pVDZ basis 2tThe character of each

stationary point was subsequently determined to be an equilib-
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Figure 1. Selected MP2/aVTZ geometry parameters of the most stable
ammonia borane dimelim and its ion pair isomer®ADB andlonP-

N. Each structure is projected in two different plans. Bond lengths are
given in A, and bond angles in degrees.

TABLE 3: Calculated Heats of Formation at 0 and 298 K
(kcal/mol) for B—N Compoundst

molecule AH; (0 K) AH; (298 K)
NHP —9.6+0.5 —11.3+0.5
NH4* P 153.6+ 0.5 150.9+ 0.7
BHg" 26.4+ 0.7 255+ 0.7
BHs —11.6+0.7 —13.5+0.7
BHoNH,° —159+1.0 —18.6+1.0
BHsNHZP —-9.1+1.0 —13.5+1.0
BHsNHBH3™ © —49.4+1.2 —55.3+1.2
NH3sBHNHs* © 105.9+ 1.2 99.2+ 1.2
2(BHsNH5) (dim)¢ —-322+1.0 —41.3+1.0
BH3NHBH-NH;z; (DADB-p1)¢ —27.4+1.0 —35.3+ 1.0
BHsNH,BH,NH3 (DADB-p3)!  —39.24+1.0  —47.6+1.0
NH3BH:NH3:+-BH4 (DADB)° —21.6+1.0 —31.0+ 1.0
BH3NH2BH3:++NH,4 (lonP-N)© —15.8+1.0 —254+1.0

aFrom CCSD(T)/CBS+ correction calculations Reference 6.
¢ This work. ¢ Reference 42.

rium structure or a first-order saddle point, by second derivative
calculations yielding harmonic vibrational frequencies at the
same level. Harmonic vibrational frequencies were scaled to
estimate the zero-point energies (ZPEs) based on previous
analyse$:”13 We used the accurate ZPE of BNH3® as a
reference value to determine the scaling factor fogN\{Bly)
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Figure 2. Selected MP2/aVTZ geometry parameters of the transition 0 dim-p1 + 2H 2(BHNH,J+2H
state structureim-ts1 for release of two Bimolecules frondim. Bond 2
lengths are given in A, and bond angles in degrees. H
derivatives. For MP2/aVDZ harmonic frequencies, a scaling : g ;
factor of 0.9751 was obtained as the average of the MP2/avDZ : :

plus the accurate ZPE divided by the MP2/aVDZ value fosBH
NHs. To ascertain the identity of the relevant transition state
(TS) structures, intrinsic reaction coordinate (IR&glculations Figure 3. Schematic potential energy profiles, in kcal/mol, showing

were carried out using density functional theory with the hybrid {he reaction pathways for Hrelease from two ammonia borane
B3LYP functionat® and the 6-3113+G(d,p) basis set. The IRC  monomers 2(BENHs) via the dimerdim and fromDADB, calculated

calculations were done with the default step size of 0.1%mu  with the CCSD(T) method using four basis sets including ZPE
bohr were calculated. Geometry parameters of the relevantcorrections. The energies are from top to bottom: avVDZ, aVTZ, avQZ,
structures were then refined at the MP2/aug-cc-pVTZ 1&vel. and CBS.

Improved relative energies between stationary points were 110.1
calculated using coupled-cluster theory at the CCSB(Eyel
using the MP2/aug-cc-pVTZ-optimized geometries. As a cali-
bration for the variation of relative energies with respect to the 2.218
basis set expansions, the CCSD(T) total energies of a few 5 295.~
important structures were first extrapolated to the CBS limit,
based on electronic energies obtained with the correlation-
consistent aug-cc-p\Z basis sets, witm = D, T, and Q. The
extrapolation of the CCSD(T) energies to the CBS limit was
done using the following expressin

E(n) = Acgs+ Bexp [-(n— 1)] + Cexp [-(n— 1) (1)

with n = 2, 3, and 4 for the aug-cc-pM, n =D, T, and Q,
basis sets, respectively (referred to hereafter a&Za\FFor the
remaining structures, only CCSD(T)/aVTZ energies were
considered. We have previously found that use of the aVTZ
results will change the relative energies by less than 1 kcal/
mol.1326|n the MP2 and CCSD(T) calculations, the core orbitals 1
were kept frozen.

The lattice energy of the ionic salts was estimated using the
volume approach proposed by Jenkins &t fllowing previous

work from the Bartlett groug® It is calculated from the _ )

empirical expression Figure 4. Selected MP2/avVTZ geometry parameters of four dlﬁerent
TS’s for release of one Hnolecule fromdim. Bond lengths are given

in A, and bond angles in degrees.

dim-1s4 dim-ts5

U, =2[aV,, *+p] 2)

wherel is the ionic strengthl(= 1 for MX (1:1) salts), and/p, U298 K)= U +[p(ny/2 — 2) + q (nk/2)]RT (3)

is the molecular (formula unit) volume of the lattice involved,

which is equal to the sum of the individual ion volumes of the for M X4 salts, whereny = nx = 6 for nonlinear polyatomic
cation,V4, and aniony-. The electron densities were calculated jons.

using the B3LYP/DZVP2 level of density functional theory,

and the volume corresponds to that inside the 0.001 au contourgegyits and Discussion

of the electron density. The choice of contour level was made

on the basis of volumes used in free energy of solvation Stability of Ammonia Borane Dimer and Its lon Pair
calculationg® For the empirical parameters in eq 2, the Isomers.The calculated relative energies of the three isomeric
following values were useda = 28.0 kcal/mol angt = 12.4 structures are listed in Table 1. The complexation energy of
kcal/mol2” The lattice energies can be corrected to standard the dimer with respect to the twdB monomers, chosen as the
conditions at 298 K using e?3 energy reference, is summarized in Table 2. Total CCSD(T)
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o previously calculated heats of formation of tAB monome?
* | aae ﬁm 5 AH{(BH3NH3) = —9.1 + 1.0 kcal/mol &0 K and AH{(BH3-
g b "% NH3) = —13.5 + 1.0 kcal/mol at 298 K, the complexation
' energy ofdim is —14.0 kcal/mol &0 K and—14.3 kcal/mol at

504 ;i H
¥

298 K. Previous B3LYP and MP27 calculations predicted a
complexation energy of aboutl1 kcal/mol fordim. As shown
in Table 2, the complexation energy dim is calculated to be
—14.0,—13.7, and-13.5 kcal/mol using the CCSD(T) method
with the aVTZ, aVQZ, and estimated CBS basis sets, respec-
tively, including ZPE corrections. The result ef13.5 kcal/
mol at the CCSD(T)/CBS- ZPE level differs by 0.5 kcal/mol
from that of —14.0 kcal/mol obtained previougR/This differ-
ence arises from the corealence correlation and scalar
relativistic corrections that were included in the previous work.
Our current aVTZ value of-14.0 kcal/mol for the complexation
energy of the dimedim is thus in good agreement with the
previous higher-level calculatior3.
: Two isomers ofdim with ion pair structures were also
2(BHNH,) ' : !oca_ted. Selected MP2/a\_/TZ geometry parameters are also given
\ AB +H, in Figure 1.DADB contains a [BH~] anion whereasonP-N

254

- +2NH2 bears a [NH*] cation. Both isomers exhibi€s symmetry with
i8.5 po—— 2H2_,\_._,,—'2’;2 -: = the B—H and N—H bonds interacting strongly with each other.
dim -15.4, IBECMH 42, In DADB, the interion (B)H-H(N) distance of 1.539 A is
% Q@:. relatively short, much shorter than the-HH distance of 1.986
=8 } g H A in neutraldim. Similarly, the interion (N)H-H(B) distance
i H / 7 in lonP-N is 1.535 A. These geometric results show strong ionic
%.—% QI ? interactions between the anion and the cation in the ion pairs.
d b/ \ We calculated the heats of formation of both ion pairs in the
Figure 5. Schematic potential energy profiles illustrating five different gas phase by using the total ato_m'zatlon energies computed at
reaction pathways for release from the ammonia borane dirdan. the CCSD(T)/CBS level plus additional corrections for the ZPE,
Relative energies given in kcal/mol were obtained from CCSD(T)/avTz core-valence effecté? scalar relativistic effect$! and atomic
+ ZPE calculations. spin orbit effect®® following our prior work®7.13The raw data
and ZPEs forthe isomers and the J#,NHz+ and BHNH,BH3 for the _atomization_energies are giyen in Table S-2 of the
ions are tabulated in Table S-1 of the Supporting Information, SUPPorting Information. The atomization energy was converted
The geometry and complexation energy of tA8], dimer to a heat of formation by usingetD K atomic heats of formation

has previously been investigat¥d“2 The nature of the  Of AH°(N) = 112.53+ 0.02 kcal mot*, AH*(B) = 136.2+

hydrogen-bond interaction in the dimer has been the subject of0-2 kcal mor, andAH;°(H) = 51.63+ 0.001 kcal mof*.%6:47
most of these analyses. Our present calculations confirm thatH€ats of formation at 298 K were obtained following the
the dimer has a number of low-energy conformations with Procedure of Curtiss et & We obtainAH{DADB] = —21.6
different symmetry point groups. The energy differences @hd —31.0 kcal/mol at O and 298 K, respectively, and
between these different conformations are very small, less thanAHi[lonP-N] = —15.8 and—25.4 kcal/mol at 0 and 298 K.
0.5 kcal/mol. The structure characterized®y symmetry and ~ Accordingly, theDADB ion pair is found to be 10.6 kcal/mol

denoted hereafter aim, is the energetically lowest-lying dimer €SS stable thadim. ThelonP-N ion pair is even less stable,
conformation that we found. One -NH bond of an AB 16.4 kcal/mol abovelim. We compile in Table 3 our calculated

monomer interacts with two-8H bonds of the other monomer.  values at both 0 and 298 K, together with other relevant literature
Selected optimized geometry parameters at the MP2/aVTZ level fesults®*?

are displayed in Figure 1. The H(NJH(B) intermolecular In the solid state, the ion pairs are expected to exist as ionic
distance of 1.986 A irdim, optimized at MP2/aVTZ level, salts, and the lattice energies resulting from the salts could
differs from the values optimized at lower levé%s34 The B— stabilize them differently. The corresponding volume for the

H and N—H bond distances within the-BH---H—N dihydrogen salt [BH;~][NH 3BH,NH3'] is Vi, = 0.1452 nm obtained from
bond are longer than the non-interacting ones by up to 0.01 A. the sum of the cationly+(NH3sBH2NH3") = 0.0792 nrd, and
The atomic net chargesj)( of the four B—H---H—N atoms the anion,V_(BH;~) = 0.066 nni. The lattice energy of the
are: q(B) = 0.42, q(H) = —0.3%, q(H) = 0.20, andq(N) = crystal salt from Coulombic interaction between both [BH
0.17% at the HF/aVTZ level, corresponding to aBid—+-H—N°* and [NHsBH2NH3™] ions is calculated to be 131.5 kcal/mol at
charge distribution consistent with the analysis of Li ef’al. 0 K, using eq 2, and 133.9 kcal/mol at 298 K, using eq 3. The
These authors suggested in addition that the main factor of theheats of formation of the ions in the gas phaseftigk(BH4™)

hydrogen bond is a charge transfer from the occupi@tH) = —11.6 kcal/molAHzgg«(BH4~) = —13.5 kcal/mof AHok (NH3-
orbital to the vacant*(X —H) orbitals®” BH,NH3™) = 105.9 kcal/mol, andAHzggx(NH3BHNH3") =

We have previously calculated the heat of formatiomliof 99.2 kcal/mol. The heat of formation of NBH,NH3™ was
AH¢[(BH3NH3),] to be —32.2 kcal/mol &40 K and—41.3 kcal/ calculated from total atomization energies at the CCSD(T)/CBS
mol at 298 K#2 As in the AB monomer casé,the error bar level with the additional corrections described above. The zero-

from the total atomization energies using CCSD(T)/CBS ener- point corrections were obtained from MP2/aVTZ harmonic
gies and other corrections is expected taitfe0 kcal/mol for vibrational frequencies and scaled by a factor of 0.9684 obtained
the heat of formation of the dimer. In conjunction with the as described above. The various components are given in Table
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S-2 of the Supporting Information. From a BerHaber cycle,
the heat of formation of the salt, [BH][NH3BH:NH3*], is
predicted to be-37.2 kcal/mol &0 K and —48.2 kcal/mol at
298 K with an estimated error af5 kcal/mol due mostly to
the simple model for the solid-state energy. The gas-phase
binding energy of the ion pair from the heats of formation is
116.9 kcal/mol at 0 K, showing that all but15 kcal/mol of
the lattice energy is due to the interaction of a single ion pair.
For the second salt, [NFi][BH3NH,BH3™], the correspond-
ing volume sV, = 0.1324 nmM obtained from the sum of the
cationV+(NH4")=0.0210 nm, and the anion/_(BHzNH,BH3")
= 0.1114 nr. The lattice energy is calculated to be 134.8 kcal/
mol at 0 K and 137.2 kcal/mol at 298 K. The heats of formation
of the ions in the gas phase afdHo«(NH4s") = 153.6 kcal/
mol, AHagek(NH4) = 150.9 kcal/mof AHok(BHaNH,BH3™)
= —49.4 kcal/mol, and\H2gg«(BH3NH,BH3~) = —55.3 kcal/
mol. The heat of formation of B§NH,BH3~ was calculated
from total atomization energies at the CCSD(T)/CBS level with
the additional corrections described above. The various com-
ponents are given in Table S-2 of the Supporting Information.
The heat of formation of the salt, [NH|[BHsNH,BH3™], is
estimated to be-30.7 kcal/mol 80 K and—41.6 kcal/mol at
298 K with an estimated error af5 kcal/mol. The difference
in the heats of formation of the salt$ @ K is 6.5 kcal/mol
favoring [BH,~][NH sBH2NH31], very similar to the difference
of 5.8 kcal/mol for the gas-phase ion pairs. The ionic binding

Nguyen et al.

TABLE 4: CCSD(T) Relative Energies Including ZPE
Corrections (kcal/mol) of Equilibrium and Transition State
Structures for H, Release from Ammonia Borane Dimet

structures avDZz avTz
2AB 0.0 0.0
dim —-14.2 —-14.0
dim-ts1 36.3 36.0
dim-ts2 31.2 30.5
dim-ts3 32.8 32.2
dim-ts4 34.3 33.9
dim-ts5 34.9 34.1
dim-p1 + 2H, —13.8 —154
2(BH:NHy) + 2H, -10.7 —-12.6
dim-p2 + H; —-11.5 —-12.2
AB + BH,NH;, + H, —5.4 —-6.3

aCalculated at the CCSD(T) level using MP2/aVTZ-optimized
geometries and scaled MP2/aVDZ ZPE corrections.

Supporting Information. These TS’s are however located at
much higher energies and therefore not discussed further in the
following section.

dim-tslis the TS for generating two Hnolecules with each
monomer contributing one Hmnolecule (Figure 2). Formation
of each H occurs within a B-H--*H—N dim framework,
involving a short H-H distance of 0.863 A, close to the bond
distance of 0.74 A in Bl The reaction proceeds by an eight-
membered ring TS. The NH distance of 1.594 A is propor-

energy in the gas phase between the two ions is 120.0 kcal/moltionally more stretched than the-84 bond (1.396 A). The B-

at 0 K, and, again, all but15 kcal/mol of the lattice energy is
due to the interaction of a single ion pair.

From the gas-phase heats of formation of;RH,BH,NH3,
linear trans and coiled (gauche) structufesje can calculate
the following H; elimination energies from the salts in kcal/
mol at 298 K

[BH, JINH ,BH,NH, ] — BH,NH,BH,NH; (linear) +
H, AH. =129 (4a)

[BH, JINH4BH,NH"] — BH,NH,BH,NH, (coiled) +
H, AH,, =0.6 (4b)

[NH,,"1[BH ,;NH,BH, ] — BH,NH,BH,NH; (linear) +
H, AH,,=6.3 (5a)

[NH, "[BHNH,BH; ] — BH,NH,BH,NH, (coiled) +
H, AH., =—6.0 (5b)

The reaction 5b giving the stable coiled structure is exothermic,
whereas formation of the linear structure is endothermic.
Reaction 4b is very close to thermoneutral.

Reaction Pathways For H Release from Ammonia Borane
Dimer. We first consider the energy barriers for the production
of H, molecules fromdim. Geometries of the relevant TS’s
are displayed in Figures 2 and 4, and the potential energy
diagrams constructed at the CCSD(T) level with different basis
sets are illustrated in Figures 3 and 5. Results for the relative

H and N—H bonds distances of 1.197 and 1.011 A in the
molecule are shorter than that of the-B---H—N dihydrogen
bond. A high barrier of 49.4 kcal/mol is found (Figure 3, CCSD-
(T)/CBS values). The two aminoborane molecules {8H,)
also form a weak compledim-p1 in the exit channel with a
complexation energy of 2.4 kcal/mol. The product 2(BiiH,)

+ 2H; lies 0.5 kcal/mol belowdim, which is close to a
thermoneutral reaction.

As shown in Table 2, the energy barriers converge quickly
with respect to the basis set. The values obtained at the CCSD-
(T)Y/aVTZ and CCSD(T)/avVQZ levels fadim differ only by,
at most, 0.5 and 0.2 kcal/mol, respectively, from the CCSD-
(T)/CBS counterparts. This is consistent with what we have
found previously:326 These results show that use of the
computationally less-demanding CCSD(T)/aVTZ level can be
used to construct the potential energy surfaces for these systems,
with an expected accuracy af1.0 kcal/mol for the energy
barriers as compared to the CBS limit.

In addition to thedim-ts1 described above, we located four
other TS's for release of one,Hnolecule fromdim. Figure 4
shows critical MP2/aVTZ geometry parameters of these TS's,
and Figure 5 summarizes the reaction pathway energetics.

dim-ts2 is basically an H elimination from oneAB mono-
mer3 with a TS that is complexed with the second monomer
by H—H interactions from the side opposite to the departing
H,. The intermolecular HH distances range from 2.069 to
2.305 A, and a B-H--*H—N skeleton is present with bond
distances of 1.211, 2.069, and 1.011 A, respectively. The energy
for this TS is 30.5 kcal/mol above the separated monomers and
44.5 kcal/mol above the dimeatim (values at the CCSD(T)/

energy of some important structures as a function of basis setsaVTZ + ZPE level, Figure 5). The produdim-p2 is character-

are given in Table 2, whereas relative energies obtained with
both aVDZ and aVTZ basis sets are listed in Table 4. Total

ized as a hydrogen-bonded complex betweersNBHs and
BH2NH,, with a complexation energy of5.9 kcal/mol. The

energies, ZPEs, and Cartesian coordinates of all of the optimizedproductdim-p2 + H, is calculated to be 1.8 kcal/mol above

structures are listed in Tables S-3 and S-4 of the Supporting
Information. Geometry parameters of three additional TS'’s
denoted aslim-ts6, dim-ts7, anddim-ts8 for H, release from

dim were also optimized and shown in Figure S-1 of the

dim.

dim-ts3 corresponds to a comparable process to that involving
dim-ts2, but the intermolecular interaction mainly involves a
type of N--H—N hydrogen bond. The NH bond of the
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Figure 6. An IRC pathway showing the formation of the produain-p2 from dim-ts4, calculated using the B3LYP/6-311G(d,p) level. IRC
calculations starting from the TS were done with the default step size of 0.¥2dyobr.

nonreacting monomer plays the role of the hydrogen-bond The energy profiles summarized in Figure 5 show that the

donor, with an intermolecular NH distance of 2.240 A.

energies of the five TS’s do not differ substantially from each

Parameters within the four-membered cycles involving the other. The difference between the lowest-lydfim-ts2 and the

forming H; in bothdim-ts2 anddim-ts3 differ somewhat from
each other, with B-N distances varying up to 0.04 A. The role

highest-lyingdim-ts1 is 5.5 kcal/mol. The catalytic effect of
simple dihydrogen-bonded interactions wien-ts2 and dim-

of the second monomer is described in more detail below. The ts3 is slightly more effective than the bifunctional hydrogen

energy ofdim-ts3 is higher, by 1.7 kcal/mol, thatim-ts2. The
process throughlim-ts3 also gives rise to the same product
dim-p2.

The reaction path proceeding througdjm-ts4 shows another
way of eliminating H. The departing blis composed of one
H(B) atom of the first monomer plus one H(N) atom of the

exchange vialim-ts4 anddim-ts5. Nevertheless, the smallest
barrier is 44.5 kcal/mol above the dimdim. This is much
larger than the dimerization energy AB of only 14.0 kcal/
mol (values at CCSD(T)/aVTZ+ ZPE) and is above the
dimerization energy plus breaking oA&8 B—N bond. Thus,
the dimerdim is expected to undergo dissociation rather than

second monomer. The strongest intermolecular interaction arised2 Production under mild thermal conditions.

from a N—H---N hydrogen bond involving quite short-N\H

Formation of the Diammoniate of Diborane lon Pair

distances of 1.138 and 1.475 A, so the H is partially transferred. (DADB) and H, Release from Two Ammonia Borane

In dim-ts4, both BH; groups are trans with respect to the-N
H:--N bond. The B-N—H---N—B frame lies almost in the same
plane. The H-H distance of 0.811 A shows that the product
H> molecule is almost completely formedim-ts4 is close to
the TS for B release from BBNH3 assisted by a Ngimolecule
that we previously reported.In this case, the second monomer
plays the role of the bifunctional catalyst. The channel involving
dim-ts4 has energy barriers of 33.9 and 47.9 kcal/mol with
respect to twdAB monomers andim, respectively, to produce
one H. dim-ts4 is 1.7 kcal/mol higher in energy thatim-ts3
and could lead to the chain produ@ADB-p1 (BH3NH,BH,-
NH3) involved in reactions 4 and 5. Upon loss of,#both tri-
coordinated B and N atoms could join to make a newNB

Molecules.We now consider the formation 8/ADB from three
distinct starting points: 2B§NH3, BoHg + 2NH3, and BH-
NH3 + NH3; + BHs. Selected geometry parameters of all related
structures are given in Figure 7. These include four TS’s for
the formation ofDADB (Figure 7a), three complexes formed
from BHsHBHoNH3 + NH3, with different orientations of the
NHs (Figure 7b), and also three TS’s foryHelease from
intermediates (Figure 7c). Figure 8 schematically illustrates the
reaction pathways leading tBADB formation and to H
formation.

As shown in Figure 8, all three reactant syst&2A®, B,Hs
+ 2NH;z (denoted aPB + 2A), and BHNH3z + NH3 + BH3
(denoted ag\B + A + B) undergo additions and rearrangements

bond. However, extensive IRC calculations demonstrate thatconverging to the same addiBBA-com + A in the first step.
an H transfer between two N atoms takes place yielding the BBA-comis a key common intermediate in these processes and

complex dim-p2. The corresponding IRC path for product
formation fromdim-ts4 at the B3LYP/6-31++G(d,p) level
is displayed as Figure 6.

dim-ts5 involves a similar kind of process to that proceeding
throughdim-ts4 with the main difference betweeatim-ts4 and
dim-ts5 being that in the latter the B¥N) group of the second
monomer is nearly perpendicular to the-B—N plane. The
intermolecular distances idim-ts5 are markedly longer than
those indim-ts4. dim-ts5 corresponds to the energetically
highest-lying TS among the four TS’s examined. It still is only
3.6 kcal/mol abovelim-ts2. Again,dim-ts5 leads to the product
dim-p2.

is the adduct ofAB with BH3, which was studied in detail in
our previous pap€e Thus, condensation ofiB + A + B
invariably leads t®BA-com + B without an activation energy
barrier.

BBA-com + B is calculated to be 8.1 kcal/mol above the
two separated monomeBAB and substantially belowB +
B + A. Addition from 2AB involves an energy barrier of 12.4
kcal/mol via TS2AB-ts1. The TS involves the attack of the B
atom in oneAB on an H atom of the Bklin anotherAB.
Formation of a bridge BH—B bond induces breakage of the
N—B bond in the attackindAB to eliminate NH. The BH
distances of 1.700 and 1.229 A #AB-ts1 show a forming
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Figure 7. Selected MP2/aVTZ geometry parameters of four different TS’s for formatioDA®DB from 2AB, DB + 2A, andAB + A + B.
Selected MP2/aVTZ geometry parameters of three different complexes for formativhB from 2AB, DB + 2A, andAB + A + B. Selected
MP2/aVTZ geometry parameters of three different TS’s farélease fron2AB, DB + 2A, andAB + A + B. Bond lengths are given in A, and

bond angles in degrees.

B—H—B bond. The stretching of the-NB bond in the second
AB by ~0.8 A to 2.415 A is consistent with breaking a-Bl
bond (cf. Figure 7a).

The barrier-free condensation of diborabaj with one NH;
molecule forms the compleRBA-com, which has a complex-
ation energy of-5.1 kcal/mol and is 12.6 kcal/mol abo2&B.

complexes2AB-coml, 2AB-com2, and 2AB-com3 with dif-
ferent formation energies and relatedADB or H, formation.
Of these complexe2AB-comLlis located at the lowest-energy
position, 1.0 kcal/mol belov2AB, and has an intermolecular
N—H bond between the N of the free Nknd an H of the
NHs in BBA-com. 2AB-com1is characterized by the largest

This weak complex is characterized by long distances betweencomplexation energy o0f-9.1 kcal/mol with respect t@BA-
N and a bridge BH bond (not shown in Figure 7b). Conversion com+ A. The small energy difference betwe2AB and2AB-

of DBA-com to BBA-com occurs with an energy barrier of
7.8 kcal/mol through TDBA-ts, which lies 20.4 kcal/mol
above2AB. DBA-ts is formed by a nearly perpendicular attack
of N of a free NH to a B center oDB (ONBH angle= 78.4
and N—-B = 2.042 A). When NHapproaches the diborane plane
defined by BHBHy, the attack on one BH—B bond induces
breaking of the other BH—B bond. The broken BH distance
is 1.604 A inDBA-ts (Figure 7a). The identity of both TS’s
was confirmed by IRC calculations at the B3LYP level with
the 6-311+G(d,p) basis sef

At this point, we have described the formationBBA-com

comlmeans that the energy lost by breaking theNBbond in
an AB monomer is fully recovered by the new81—B and
N—H—N bonds in the complex.

2AB-comz2is a slightly weaker complex, formed by the same
type of N—H—N interaction as in2AB-com1, but with a
different of NH; orientation. In this case, the Nk connected
to one H atom of the bonded Nidroup and is in a trans position
with respect to the BElof BBA-com complexed to the H from
the BHNH3 moiety.2AB-com2is only 0.7 kcal/mol less stable
than 2AB-com1 and is 0.3 kcal/mol belov2AB. There is a
spectrum of complexes betweBBA-com and NH; that differ

+ A as separated species that represent another asymptotiérom each other by rotation of the NHThese are however less
region. This asymptote provides a common entry point to an stable than the two complexes just discussed.

interesting region of the potential energy surface. WBBA\-
com and A are allowed to interact, they exothermically form

2AB-com3 has four N-H—H—B interactions between the
N—H bonds of the free Ngland B—H bonds belonging tB8BA-

without a barrier a variety of hydrogen-bonded complexes com. The H-H bond distances are longy3.0 A, and the

depending on the orientation of the BHFigure 7 shows three

complex is weak with a complexation energy of onlg.1 kcal/
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Figure 8. Schematic energy profiles illustrating the different reaction pathways for formatibABDB from 2AB, DB + 2A, andAB + A + B.
Relative energies given in kcal/mol were obtained from CCSD(T)/aMTZPE calculations.

mol with respect to separat&BA-com + A fragments2AB- mol above2AB), producing cycli?AB-pl. The latter TS2AB-

coma3is 7.0 kcal/mol abov@AB and 8.0 kcal/mol abov2AB- ts4 is basically composed of the TS for,Hbss from BBA-

coml com, reported in our previous papkErwith complexation by
As shown in Figure 8DADB can be formed from unimo- an additional NH. A difference of 7.5 kcal/mol between the

lecular rearrangements @AB-com?2 and 2AB-com3 but not energies of both TS’s clearly points out the dominance of the

from 2AB-coml 2AB-com2 is connected tdADB by an H, elimination overDADB formation from2AB-com3

energy barrier of 28.1 kcal/mol via T3AB-ts3. This is the We also found another pathway for, llelease fronRAB-

sole TS from2AB-com2and is located at 27.8 kcal/mol above comlvia TS 2AB-ts2 in which one H can be generated by
2AB. Conversion o2AB-com3to DADB has a larger energy  the same mechanism as BBA-com!® and again complexed
barrier of 31.2 kcal/mol through T3AB-ts5 (38.2 kcal/mol by NHs but on the amine side. This TS is close2®B-ts4, but
above2AB). Geometries of these TS’s are shown in Figure 7. they differ from each other by the position of the NEnd
DADB can also be formed frorBAB-com3 by overcoming different hydrogen-bond interactiorAB-ts2is lower in energy
an energy barrier of 31.2 kcal/mol at T2A\B-ts5 (38.2 kcal/ than2AB-ts4 by 4.9 kcal/mol; it is 25.8 and 26.8 kcal/mol above
mol above2AB). The higher energy of the latter TS, relative 2AB and 2AB-com1, respectively. In this case, the products
to 2AB-ts3, is due to different factors. A simultaneous breaking 2AB-p2 + NH3 + H, are only 0.2 kcal/mol abov2AB.
of not only the bridged B-H—B but also four N-H—H—B From theAB + A + B asymptote, the interaction between
bonds, even though they are weak, occurAB-ts5, the new AB and NH; leads directly to the compleBAA-com, which
BN and BH bonds and, thus, both cationic and anionic moieties was also studied in our previous stuthBAA-com is charac-
have essentially been formed. Such a “late” transition state is terized by an N-H hydrogen-bond distance of 1.99 A, and
usually associated with a higher barrier. However, formation additional stability is provided by a weaker81—N interaction.
of DADB is not the favored rearrangement 2AB-com3 (The B—H(NHs) bond is 2.68 A.) In this complex, N¢-plays
Indeed it undergoes preferentially loss of\vith a lower-energy the role of a hydrogen-bond acceptor, &Wd is a hydrogen-
barrier of 23.7 kcal/mol via TRAB-ts4 (Figure 7, 30.7 kcal/ bond donor. The energy &AA-com + BHg is 17.9 kcal/mol
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Figure 9. Selected MP2/aVTZ geometry parameters of five different TS’s foretease fromDADB andlonP-N. Bond lengths are given in A,
and bond angles in degrees.

above2AB and 7.4 kcal/mol belowAB + A + B. With the difference of 2 kcal/mol between both TS’s is small and close
assistance of Bglone H molecule can be generated fr@&AA- to the expected accuracy of our calculations at the CCSD(T)/
com+ B through TS2AB-ts6 (Figure 7c) with an energy barrier  avVTZ + ZPE level. Other factors besides the simple barrier
of 20.6 kcal/mol RAB-ts6 is 38.5 kcal/mol abov@AB). This heights could play a role in the kinetics. Thus both channels,

TS results from an attack of the B of free Bt the N of Nk H, release andDADB formation, should be competitive.
in BAA-com, and the two departing H atoms are bonded at a Although energetically less favored, tB#\A-com + B and
distance of 1.134 A. One H atom is released fromg-BBA- 2AB-com3systems also connect other regions of the potential

comand the other from free BHIRC calculations showed that energy surface, such as the channel giving rise to diborane

t2he productszof thiSéTS are alééAB-pl JFS'?‘ + He (a? from (Bz2He) as a product. We have recently probed the reaction of
AB-coms’)_. AB-ts6 corresponds to a T orHoss of aAB diborane with ammonia, which follows similar reaction path-
monomer interacting simultaneously with Bldnd NH;. As ways2649

shown in Figure 8, the reaction pathway involviB&A-com )
+ B is less favored with respect to the paths discussed above. e now address the role of the secokil monomer in the
2AB-ts6 represents the highest-lying saddle point in this region Various transformations. We showthat B—N bond cleavage

of the potentia| energy surface. is favored by~10 kcal/mol over an bl loss from oneAB
In summary, the results in Figure 8 show that a reaction monomer. The role of the second monomer is to pro'vi.de the
starting from two monomer2AB yields the complexe8AB- BH3 and NH; that can catalyze loss ofzHrom the remaining

comland2AB-com2as reactive intermediates. The complexes monomer or to assist in forming various complexes associated
undergo subsequentlelease antDADB formation reactions with breaking a B-N bond. The reaction pathways related to
characterized by energy barriers of 25.8 kcal/mol24e-ts2 the 2AB and AB + A + B systems given in Figure 8 show
and 27.8 kcal/mol via2AB-ts3, respectively. An energy that theAB monomer can assist in breaking the-B bond as



Release of Kfrom (BH3NH3)»

TABLE 5: CCSD(T) Relative Energies (kcal/mol) of
Transition State and Equilibrium Structures for Formation
DADB and H, Release from the 2AB, DB+ 2A, and AB +
A + B2

structures avDz avTZz
2AB 0.0 0.0
DB + 2A 17.9 17.7
AB+A+B 24.0 25.3
DBA-com + A 12.2 12.6
BAA-com + B 16.5 17.9
BBA-com + A 8.0 8.1
2AB-com1 —-1.8 -1.0
2AB-com2 -0.9 -0.3
2AB-com3 6.5 7.0
DADB -3.5 -3.3
2AB-pl+ H, —14.8 —-16.7
2AB-p2+ A + H; 2.0 0.2
DBA-ts + A 19.9 20.4
2AB-ts1 11.0 12.4
2AB-ts2 25.0 25.8
2AB-ts3 26.7 27.8
2AB-ts4 30.3 30.7
2AB-ts5 37.2 38.2
2AB-ts6 38.5 385

@ Calculated at the CCSD(T) level using MP2/aVTZ-optimized
geometries and scaled MP2/aVDZ ZPE corrections.

TABLE 6: CCSD(T) Relative Energies (kcal/mol) of
Transition State and Equilibrium Structures for H , Release
from the lon Pair, [BH 47][NH 3;BH,NH3~], DADB?

structures avDZz avTz
2AB 0.0 0.0
DADB -35 -3.3
DADB-pl + H, —-7.8 —-9.3
DADB-p2 + H, 8.1 7.4
DADB-p3 + H> —-19.1 —20.8
DADB-ts1 17.2 17.2
DADB-ts2 48.3 47.8
DADB-p1-ts + H; —-5.9 —-7.3

aCalculated at the CCSD(T) level using MP2/aVTZ-optimized
geometries and scaled MP2/aVDZ ZPE corrections.

in 2AB-ts1 or can break apart, forming Bt&nd NH; to catalyze
the process as iBAB-ts2 and 2AB-ts3.

In addition, it is useful to compar2AB-ts1 and 2AB-ts3
(Figure 7), which only differ by the orientation of the NH
relative to the effectively separated BHn 2AB-ts1, the NH;
interacts with the noncovalently bonded B&hd connectBBA-
comto 2 AB. In 2AB-ts3, the NH; approaches the Bfbf the
monomer from the opposite side, leading to transfer of the H
on the BH to form BH,;~ and NHBH,NH3*, the components
of DADB. Thus, the orientation of the incoming Nidontrols
which part of the potential energy surface is accessed.

Reaction Pathways for H Release from lon Pair Isomers
We now examine the production oflftom the ion pairdADB
andlonP-N. Figure 9 displays geometrical parameters of five

J. Phys.
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Figure 10. Schematic potential energy profiles in kcal/mol showing
the reaction pathway for Helease fronrDADB, calculated with the
CCSD(T) method using four basis sets including zero-point corrections.
The energies are from top to bottom: aVDZ, avVTZ, aVQZ, and CBS.

TABLE 7: CCSD(T) Relative Energies (kcal/mol) of
Transition State and Equilibrium Structures for H , Release
from the lon Pair, [NH 47][BH 3sNH,BH3™], lonP-N2

structures avDz avTZz
2AB 0.0 0.0
lonP-N 2.3 2.7
lonP-N + H, 14.6 14.2
lonP-N-ts1 20.3 20.4
lonP-N-ts2 59.0 58.7

aCalculated at the CCSD(T) level using MP2/aVTZ-optimized
geometries and scaled MP2/aVDZ ZPE corrections.

trans configuration foDADB-ts1. IRC calculations confirmed
the connection betwedDADB and the produddADB-pl. The
B—H bond of the BH~ moiety only lengthens by 0.09 A,
whereas the N-H bond is substantially longer by 0.37 A. The
forming H; has a distance of 0.968 A B/ADB-ts1, longer than

the values found above.Hproduction through this TS is of
much lower energy than the one described above, with an energy
barrier of only 20.1 kcal/mol. The product generated from
DADB is the chain molecule N§BH,NH,BH3; DADB-p1. The
reaction is slightly exothermic;6.5 kcal/mol with respect to
DADB (CBS results, Figure 10). The trans chain (linear)
DADB-p1 found by IRC calculations as the primary product
does not correspond to the lowest-lying conformation of the
molecule. As given in reactions 4 and 5, the gauche (coiled)
conformer is 12.2 kcal/mol more stable than the trans conformer,
due to the presence of stabilizingBi--+H—N interaction4?
(11.5 kcal/mol at the CCSD(T)/aVT# ZPE level, cf. Figure
11). The conversion of the traf¥ADB-p1 to the gauche form

relevant TS's. Calculated relative energies obtained at the DADB-p3 described in Figure 11 is however a low-energy

CCSD(T) level with the aVDZ and aVTZ basis sets are given
in Tables 5, 6, and 7. The energy profiles at the CCSD(T)/
aVTZ level are shown in Figures 10, 11, and 12. Total and
ZPEs are tabulated in Table S-3 of the Supporting Information.
DADB-tsl is the TS for the generation of one lfholecule
from DADB (Figure 9). For this reaction channel, results up to

process, with a barrier of rotation of 2.0 kcal/mol around the

central B-N bond involving the TSDADB-pl1-ts (Figure 9).
There is another pathway for generating fiom DADB

involving the TSDADB-ts2 leading to the ion paibDADB-p2.

As shown in Figure 11DADB-p2 is 16.7 kcal/mol less stable

than DADB-p1, and DADB-ts2 lies 30.6 kcal/mol higher in

the CCSD(T)/CBS level are compared in Table 2 and illustrated energytha®ADB-ts1. Therefore, theion pair [BIH][NH :BHNH;*]
in Figure 10. Again, the energies obtained using the aVTZ basis undergoes preferentially¢liminations overcoming an energy
set are very similar to the CBS values. As hydrogen transfer barrier of 20.5 kcal/mol vi®ADB-ts1 (Figure 11). This result

occurs, the Bl moiety rotates around a NHyroup to yield a

is consistent with the experimental finding tiaADB, gener-
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Figure 11. Schematic energy profiles illustrating the different reaction DADB-p3 + H,
pathways for H release fromDADB. Relative energies in kcal/mol

were obtained from CCSD(T)/aVT# ZPE calculations. & ;

ated following a seeding ofAB), dimer, releases Fnder mild Figure 12. Schematic energy profiles illustrating two different reaction
temperature* pathways for H release fromionP-N. Relative energies in kcal/mol

lonP-N-ts1 and lonP-N-ts2 link the ion pair lonP-N were obtained from CCSD(T)/aVT# ZPE calculations.

[NH4][BH sNH2BH3~] with the H, release products (Figure 12). .
The trans chain produ@ADB-p1 from the reaction involving ~ Suggdest that kirelease from ammonia borane under these
lonP-N-ts1, whose geometry is shown in Figure 9, turns out to conditions does not proceed through the hydrogen-bonded dimer

be the same as that froDADB. The shape of this TS is similar  dim- The dimerdim can generate one or twozHnolecules
to that ofDADB-ts1, in which a trans conformation results from  through direct pathways having energy barriers ranging from

a migration of the Nmoiety. The H formation arises equally 44.5 to 50.0 kcal/mol with respect to the dimer (Figure _5).
from a B—H---H—N interaction. The energy barrier associated Instead, our results show that Han be released more readily
with the procesgonP-N — lonP-N-ts1 is 17.7 kcal/mol, 2.8 if an ion pair is formed. AlthougiDADB is 10.6 kcal/mol less
kcal/mol smaller than that @ADB proceeding througBADB- stable thardim, the pathway for H elimination fromDADB

ts1 (Figure 12 at the same level of theorjdnP-N-ts2 is too is characterized by a smaller energy barrier of 20.1 kcal/mol.
high an energy process to be considered. In the gas phase, the path that convelita to DADB is has a

Despite many attempts, we were not successful in identifying barrier of 41.8 kcal/mol (througﬁAB-tsS). Such a conversion
a direct reaction pathway linking the neutral dint#m with could be a lower-energy process in condensed niédia,the
either ion pairDADB or lonP-N, apart from those shown in  Darrier to lose H from the dimer would be reduced to 30.7
Figure 8. There is a path to DADB that involves breaking the kcal/mol in the.abser!ce of additional solid-state effects.
dimer interaction and starting from two monomers. The first  1he second ion pair [Nkf][BH3NH2BH;™] lonP-N is 16.4
step to form the two monomers requires 14.0 kcal/mol. A second kcal/mol less stable than the neutral dimer and has a smaller
step is to break the BN bond, which requires an additional ~ €nergy barrier of 17.7 kcal/mol for delimination. Again, the
25.9 kcal/mol. An additional energy of only 1.9 kcal/mol is barrier for loss Qf H starting fromdim via lonP-N would be
required to reach the value of 41.8 kcal/mol to reachZA®- 34.1 keal/mol, slightly higher than proceeding througADB.
ts3leading toDADB. The actual reaction proceeds through the 1hese barriers are both below the unimolecular lossdfém
intermediateBBA-com + NHa, which is reached by a barrier BH3NH3.13 We found that the decomposition of both ion pairs
of 12.4 kcallmol starting from 2B. The energy barrier of 41.8 ~ Produces the chain BIIH,BH:NH; structure, just as observed
kcal/mol is a few kcal/mol smaller than the values of 44.5 and I the solid-state and ionic liquid studi&s®
50.0 kcal/mol for one-step elimination of one HFigure 5) and
two H, molecules (Figure 5), respectively, frodim.
Thermal decomposition @B has been experimentally shown In the present study, we have investigated the reaction
to yield H, at mild temperaturesT(< 80 °C).> Our results pathways and the molecular mechanisms ferrélease from

Concluding Remarks
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dimers of ammonia borane. In addition to the more conventional
neutral dimer, we have found two ion pair isomers. One of them
is DADB, which was experimentally identified following
seeding of the neutralAB), dimer. The most stable gaseous
phase dimedim results from a head-to-tail cyclic interaction
and is stabilized by 14.0 kcal/mol with respect to the B
monomers. The neutral dimeatim could generate one H
molecule through direct pathways having energy barriers near
45 kcal/mol, substantially higher than for loss from the
monomer. The pathway for loss of two, holecules is even
higher near 50 kcal/mol. Reactions of two monomers and of
one monomer with separated Beind NH; lead to eitheDADB

or H, formation with energy barriers of26—28 kcal/mol.
Successive additions of two NHnolecules to BHg also lead

to DADB via an energetically lower-lying TS. AlthoudhADB

is 10.6 kcal/mol less stable thatim, the pathway for H
elimination fromDADB is characterized by a smaller energy
barrier of ~21 kcal/mol.lonP-N is 16.4 kcal/mol less stable
than the neutral dimer, and the energy barrier for loss 0isH
reduced to~18 kcal/mol. The chain molecule BNH;BH-
NHs, a key precursor for the formation of borane amine
oligomers, was predicted to be generated wheisHost from
either ion pair but not from the more stalden. Our results
are consistent with the experimental observation that seeding
of BH3NH3z produces the diammoniate of diborane.
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