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Electronic structure calculations using various methods, up to the coupled-cluster CCSD(T) level, in conjunction
with the aug-cc-pWiZ basis sets witlm = D, T, and Q, extrapolated to the complete basis set limit, show that
the borane molecule (Bfican act as an efficient bifunctional acitlase catalyst in the€limination reactions

of XHn,YH, systems (X, Y= C, B, N). Such a catalyst is needed as the generation, difdrh isoelectronic
ethane and borane amine compounds proceeds with an energy barrier much higher than that-of the X
bond energy. The asymptotic energy barrier ferrelease is reduced from 36.4 kcal/mol in §HH3 to 6.0
kcal/mol with the presence of BHelative to the molecular asymptote. The Niolecule can also participate

in a similar catalytic process but induces a smaller reduction of the energy barrier. The kinetics of these
processes was analyzed by both transition-state and RRKM theory. The catalytic effectlud8B&iso been
probed by an analysis of the electronic densities of the transition structures using the atom-in-molecule (AIM)
and electron localization function (ELF) approaches.

Introduction BH.NH, — BH,NH, + H, (1)

There is increasing interest in the development of hydrogen- BH,NH, — BHNH + H, )
based fuel cells as an environmentally friendly power source
for the transportation sectpr. Current critical isgues with More recently,
hydrogen as a fuel for use in on-board transportation systemgy gies of reactions 1 and 2 with geometrical and energetic
!nclud_e the need for efficient chemlcalzl-ﬂ;torage_ma'fe”_a'S parameters obtained from different versions of the composite
including release/uptake ofz1 Although borane amine deriva- 53 and CBS methods. These authors identified a concerted
tives have been known for a number of yetr,their  mechanism with a planar four-member transition structure for
advantages and properties have only recently received significanty, elimination from BHNHs, with an energy barrier of 32
attention>~8 From accurate ab initio electronic structure theory 33 kecal motL. To reconcile this rather large energy barrier with
calculations, in both the gas phase and solid state, thermody-the experimental kinetics mentioned above, they suggest that
namic properties have been reliably predictédyhich show  at low temperatures the rate constant is largely influenced by
that molecular borane amine (BNH;), alane amine (Al tunneling8@ Nevertheless, in their kinetic treatments, Li efal.
NH3), and alane phosphine (A#RHs) as well as the salts  did not include the B-N bond cleavage channel giving rise to
[BH4IINH 4™, [AIH 47 ]INH 4, [AIH 47][PH4 1], and [BHy ][PH4 ] BH3 and NH. Evaluation of the BH+ NH3 asymptote shows
can serve as hydrogen storage systems that releas&hd that it is 25.9 kcal mol! above the BHNH3; moleculé and
ability to use borane amines for;Htorage systems will also  thus lies below the transition structure fog Elimination, so
depend on the inherent;Helease kinetics and mechanism of direct B—N dissociation is expected to be predominant over
the processe®® Using thermoanalytical techniques, Wolf and H> loss.
co-worker$ found that BHNH;3 begins to undergo stepwise In this work, we report studies of the relevant kelease
thermal decomposition at a temperature as low as 410 K. During pathways in the BENH3 system, using high-level ab initio
the first decomposition of solid borane amine, approximately 1 quantum chemical methods. We have tested the following
mol of Hy/mol BH3NH3 is released, together with formation of  hypothesis: during the transformation, can thesBiHd/or NH;
aminoborane, BENH,, and other polymeric derivatives. EI-  molecule(s) formed by bond cleavage of thel®bond in BHs-
emental analysis and spectroscopic characterization by IR andNHs, act as a catalyst for Hproduction from the remaining
X-ray diffraction methods, carried out by these autffarigarly BH3NH3z molecules? Our results show that the Lewis acicsBH
showed that thermal Helimination (eq 1) requires moderate molecule can effectively act as a bifunctional catalyst for the

activation energy. In contrast, relatively little is known experi- Hz elimination. This type of reaction is related to hydrolysis
mentally about the subsequent process (€% 2). reactions in agueous solution where the solvent water molecules

undergo an active solvent catalysis facilitating the water addition
* Corresponding author: e-mail dadixon@bama.ua.edu. by a relay of H_tranSf.er%'A number of catalysts have been
t The University of Alabama. developed recently to improve the rate of élimination from
* University of Leuven. methyl-substituted boron amin&s.’® To better understand the
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catalytic reaction, we have also studied the electronic reorga- (MVD) terms in the Breit-Pauli Hamiltoniar?® Most calcula-

nization accompanying the;Helease by using a topological tions by available electronic structure computer codes do not
analysis of the stationary points along the pathways. For a correctly describe the lowest energy spin multiplet of an atomic
comparison and further extension of the scope of the catalytic state, as spin-orbit in the atom is usually not included. Instead,
mechanism, we have considered the dlimination from the the energy is a weighted average of the available multiplets.

isoelectronic CHCH3 without and with the presence of Blds The spin-orbit corrections are 0.08 kcal/mol @©and 0.03 kcal/
a catalyst. mol for B, both from the excitation energies of Modre.

In an attempt to better understand the electronic changes that
Computational Methods occur on H elimination, we used the atoms-in-molecules (AIM)

The calculations were performed by using the Gaussigh-03 approact® The critical points (CPs) occur where the gradient
and MOLPRO-200¥ suites of programs. The calculations were  ©f the electron density vanishes and allow us to define the atoms
done on a variety of computers including the Cray XD-1 &nd chemical bonds within a molecule. In addition, an electron
computer at the Alabama Supercomputer Center, a PQS Opterorfocalization function (ELF) analysis was performed on the
computer at The University of Alabama, and the large HP Linux located minima and relevant transition structifesnless
cluster in the Molecular Science Computing Facility at the Otherwise stated, bond distances are given in angstroms, bond
William R. Wiley Environmental Molecular Sciences Laboratory 2ngles in degrees, and relative energies in kilocalories per mole.
at the Pacific Northwest National Laboratory. The geometries Charges were calculated on the basis of natural bond orbitals
were initially optimized by use of density functional theory with (NBOs)
the hybrid B3LYP exchange-correlation functiol¥ah conjunc- ] )
tion with the 6-313+G(d,p) basis set. The character of each Results and Discussion

stationary point was shown to be an equilibrium structure or a  tapje 1 Jists the different components of the calculated total
f|rst-orde_r saddle point by calculating the h_armon!c V|b_rat|onal atomization energieSD,. Unless otherwise noted, the relative
frequencies at the same level. To ascertain the identity of the gnergies between stationary points quoted hereafter refer to the
relevant transm.on structures (TS), intrinsic reaction coordinate \ 51 es obtained from the CCSD(T)/CBS-based total atomization
(IRC)'’ calculations were also done at the B3LYP/6-311G- energies. Cartesian coordinates of the stationary points optimized
(d,p) level. Geometrical parameters were then reoptlmlzed_ bY at the MP2/aVTZ level are given as Supporting Information
use of the B3LYP functional and second-order perturbatlon (Table S1), as are the total electronic energies (Table S2) and
theory (MP2}®and coupled-cluster CCSD(T) thedith the the zero-point energies (ZPE), thermal corrections to enthalpies
cor_relgt|o_n-con3|stent aug-cc-pVTZ basis ¥ethe CCSD(T) (TC), and entropiesg (Table S3). For molecular hydrogen,
optimizations were performed only for the BNH; system.  ghane, ethylene, methyl radical, ammonia, and borane, the

For all of the molecular systems considered, single-point gyperimental=Dy, values! are also listed in Table 1. Table 2
CCSD(T) electronic energies were performed with the aug-cc- giyes a comparison of the energy barriers and reaction energies
pVnZ basis sets, witm = D, T, and Q (der_loted hereafter as giculated at the different levels of theory.
aVn_Z), to extrapo_la;e the CCSD(T) energies to the complete  paaction Pathways for H Release from EthaneWe first
basis set (CBS) limit by use of the following expressién: studied the WoodwareHoffmann forbidden [2+ 2] loss of

H, from C,He. Selected geometrical parameters of the relevant

E(X) = Acgs + Bexp[—(n — 1)] + Cexp[—(n— 1) (3) transition structures, optimized by both the B3LYP and MP2

methods with the aVTZ basis set, are displayed in Figure 1.
with n = 2, 3, and 4 for the aug-cc-p\, n =D, T, and Q Relative energies between stationary points are schematically
basis sets, respectively. The single-point electronic energies forillustrated in Figure 2. We use the following labelES indicates
the atoms were calculated from the restricted coupled-clustera transition structuregt stands for ethane, arirepresents an
R/UCCSD(T) formalism. In this approach, a restricted open- additional borane molecule. Figure 1 includes bo®et and
shell Hartree-Fock (ROHF) calculation was initially performed ~ TSet-b for H, release from ethane, without and with the
and the spin constraint was relaxed in the coupled cluster presence of Bhl respectively.
calculation?2-24 Table 1 shows that the relative energies calculated at the

For the systems for which CCSD(T)/aVTZ optimized geom- CCSD(T)/CBS level are in good agreement, withkid.5 kcal/
etries were not available, single-point CCSD(T) electronic mol, with those derived from the well-established experimental
energies were computed on the basis of the MP2/aVvTzZ- heats of formationteD K for C;Hg, C:Ha, and CH. The energy
optimized geometries. In the MP2 and CCSD(T) calculations, of TSet rapidly converges to the CBS value (Table 2). The
the core orbitals were kept frozen. Harmonic vibrational B3LYP and MP2 values differ by up ta:3 kcal/mol as
frequencies computed at the MP2/aVTZ level were scaled to compared to the CCSD(T)/CBS results. The results obtained at
estimate the zero-point energies (ZPE) by use of scaling factorsthe CCSD(T)/aVTZ level are withig=1 kcal/mol with respect
previously generatefl. to the CBS limit.

Additional smaller energetic corrections including core- TSethasCs symmetry (Figure 1) and theJ8CH, group that
valence and relativistic corrections were also calculated fol- is being formed has a slightlirans-bent configuration. The
lowing our previous work on calculating heats of formation departing H molecule occupies a highly nonsymmetrical
based on total atomization energiesDg).5” Core-valence position. Both H-atoms are displaced in a parallel manner to
corrections AEcy) were obtained at the CCSD(T)/cc-pwCVTZ  the C-C bond, in such a way that both departing H atoms are
level of theory?® Scalar relativistic corrections\Esg), which centered at one carbon atom. This motion is well described by
account for changes in the relativistic contributions to the total the normal mode of the corresponding imaginary frequency (see
energies of the molecule and the constituent atoms, wereFigure S1 of Supporting Information). With a-HH bond
included at the CISD (configuration interaction singles and distance of 1.151.20 A as compared to a calculated bond
doubles) level of theory by use of the cc-pVTZ basis adisr distance of 0.74 A in b the H is only weakly formed ifT Set
is taken as the sum of the masglocity and 1-electron Darwin ~ There is a shorter €H bond, only slightly extended by 0.1 A
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TABLE 1: Components for the Calculated Atomization Energies of Ethane and Related Structures

molecule CBS AEzpe® AECVd AEsg® AESOf ZD()(O K) eXptIZDo(O K)g
CHsCHg 710.59 —46.40 2.18 —0.38 —-0.17 665.82 666.3 0.1
CH3CHs TS-et 587.88 —39.72 1.97 —0.35 -0.17 549.33
CH,CH, 561.75 —31.38 2.10 —0.32 —-0.17 531.98 531.20.1
H, 109.44 —6.21 0.00 0.00 0.00 103.23 103.260.1
CHs 306.79 —18.40 0.96 —0.16 —0.08 289.11 289.3 0.2
BH3" 280.19 —16.20 0.98 —0.06 —0.03 264.88 264.62.4
CHsCHjs + BH3 TSet-b 924.91 —59.62 3.22 —-0.41 —0.20 867.90
BH3NH3" 609.26 —42.92 1.89 —0.39 —0.03 567.81
BH3NH; TSha! 569.02 —39.07 1.91 —0.40 —0.03 531.43
BHoNH," 499.63 —29.69 1.87 —0.38 —0.02 471.41
NHz® 297.43 —20.86 0.57 —0.26 0.0 276.88 2762 0.1
BH3NH; + BHs ba-com1 910.66 —62.76 3.18 —0.46 —0.06 850.56
BH3NH; + BH; TSba-BN 883.46 —59.28 3.05 —0.46 —0.06 826.71
BH3NH; + BH; TSba-BB 838.39 —56.34 2.96 —0.43 —0.06 784.52
BH3NH;3 + BH3 TSba-lew 861.24 —59.62 3.00 —0.44 —0.06 804.12
BH,NH,-BH; ba-ring 814.74 —51.72 3.33 —0.48 —0.06 765.81
BH3NH;3 + NH3 ba-com2 916.28 —65.86 2.55 —0.65 —0.03 852.29
BH3NH; + NH3; TSba-NB 881.70 —62.42 2.51 —0.66 —0.03 821.10
BH3NH;3 + NH3; TSba-NN 803.71 —58.73 2.62 —0.67 —0.03 746.90
BH3NH;3 + NH3 TSba-NH; 871.41 —61.45 2.53 —0.67 —0.03 811.79

aEnergies are given in kilocalories per matézrom CCSD(T)/CBS energies extrapolated by use of eq 3, withiZzabasis sets, whene = D,
T, and Q, based on MP2/aVTZ optimized geometries, unless otherwise noted. Total energies are given in Table S2 (Supporting Information).
¢ Calculated zero-point energies (see Table S2). A scaling factor of 0.97 obtained from ethane, ethylene, borane, and ammonia was applied for the
transition structures. The other values were taken from refs 6 ah@are/valence corrections were obtained at the CCSD(T/cc-pwCVTZ basis set
level. ¢ Scalar relativistic corrections (MVD) from CISD/aVTZ calculatiohétomic spin-orbit correctiond Experimental values are taken from

ref 31." Based on CCSD(T)/aVTZ optimized geometries.

TABLE 2: Energy Barriers ( AH¥) and Reaction Energies AHR) of the H, Release Reactions from Ethane and Borane Amine

at Different Levels of Theory?

parameter MP2/aVvTZ CCSD(T)/avDZ CCSD(T)avTz CCSD(T)/avQz CCSD(T)/CBS
CH3CH3 - CHzCH2 + Hz
AH* TSet 117.4 115.6 116.4 116.4 116.4
AHr 32.7 315 31.3 31.0 30.8
CH3CH3_’ 2C|‘b

AHr 90.4 86.1 86.6 87.3 87.8
CHsCHs + BHz — CH,CH; + H, + BH3

AH* TSet-b 62.6 62.6 63.3 63.2 63.2

BH3NH34’ BH2NH2 + H2

AH* TSbha 355 37.4 36.8 36.5 36.4

AHr —6.8 —5.6 —6.4 —6.8 —7.0
BHaNH; + BHz — BHoNH, + H + BH3

AHg complex —18.3 —16.5 —17.6 —=17.7 —-17.7

AH* TSba-BN 5.0 7.6 6.4 6.1 6.0

AH* TSba-BB 47.0 47.9 48.1 48.1 48.1

AH* TSba-lew 26.4 30.1 28.5 285 28.5
BH3NH; + NHz — BHNH; + H + NH3

AHg complex —-8.2 -9.1 -8.0 -7.9 -7.8

AH* TSba-NB 22.2 23.4 235 23.4 23.4

AH* TSba-NN 96.5 96.6 97.5 97.6 97.7

AH* TSba-NH; 31.6 33.4 32.9 32.8 32.7

aEnergies, in kilocalories per mole, are based on total energies listed in Table S2 and zero-point energies given in Table S3 if not taken from

Table 1.

from a normal CG-H bond, and this corresponds to the H
transferred from one CHo the other. The other€H bond is
much longer, near 1.5 A. The-@C bond of 1.44-1.45 A falls
between those of single (1.524 A) and double (1.333 A) carbon
carbon bonds calculated at the MP2/aVTZ level.

TSet corresponds to a structure with the H from onesCH
group partially dissociated and with the H from the othersCH
group partially attached to the GHyroup that is losing a
hydrogen and is, in fact, almost fully transferred to the other
CHgs group. Figure 2 clearly shows that the unimolecular H
elimination from ethane vialSet is characterized by an

energies (BDEs) of ethane, BDE(C) = 87.7 kcal/mol and
BDE(C—H) = 100.8 kcal/moP? just as found for the H+ H,
four-center exchange reactiéhln TSet, the migrating H
moiety is positively charged, in which the outermost H-atom
bears a small negative charge-60.07 electron, and the other
has a positive charge of 0.36 electron. The charge distribution
in TSet resembles more a#{C;Hs. pair or H/C,H,™ rather
than an H/C,Hs* pair. The forming H-H has a bond order of
only 0.13, consistent with the long-+H bond distance. The
two C—H bonds connecting the carbon with these H atoms have
bond orders of 0.57 and 0.36, consistent with the bond distances

extremely high-energy barrier of about 117 kcal/mol, consistent given in Figure 1.

with a Woodward-Hoffmann forbidden reaction. Such a barrier

We now consider klelimination from ethane in the presence

height is substantially larger than any of the bond dissociation of the Lewis acid borane. There is an initial weak complex
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TSet-b

Figure 1. Geometrical parameters of transition state structures for H
release from ethane withoutSet, and with the presence of borane,
TSet-b. (Upper) B3LYP/aVTZ; (lower) MP2/aVTZ.

E 4 kcalimol

116.5

87.6
[87.7]
(87.6)

100

CH,+CH,
(+ BH, )

504

Figure 2. Schematic energy profiles showing the reaction pathways
for H; release from ethane without (vigSet) and with (viaTSet-b)

the presence of BiHEntries for relative energies (kilocalories per mole)
are, for ethane, CCSD(T)/CBS values followed by experimental results
in brackets; for ethane- BH;, CCSD(T)/CBS results are given in
parentheses.

involving CH;CHz and BH;, with a binding energy of less than

—0.5 kcal/mol (not shown on the diagram). From the separated

reactants, the pathway passes throtli@et-b shown in Figure
1. In this six-membered cyclic transition state structure, a H
from ethane is transferred & H on theborane. The other H

from ethane is already transferred to the Lewis acidic borane.

Nguyen et al.

0.997 1.382
0.990 1.376
0.993 1.384

TSba-sc

TSba

Figure 3. Geometrical parameters of transition state strucitBea
optimized by use of, in order, B3LYP/aVTZ, MP2/aVTZ, and CCSD-
(T)/aVTZ. Geometry ofTSba-scoptimized at the MP2/aVTZ level.
StructureTSha has a plane of symmetry (that of the page) so there is
a symmetry equivalent H on both B and N that is behind the page and
not shown.

E Tkealmol
50

00—

BH,NH, + H,

Figure 4. Reaction pathways from BfNIH;. Relative energies in
kilocalories per mole are given in order from top to bottom: B3LYP/
aVvVTZ, MP2/avVTZ, CCSD(T)/aVTZ, and CSD(T)/CBS, respectively.
ZPEs were derived from B3LYP for the first entry and from MP2 for
the others.

the (@~-Ho*+-H°~-B%~) framework forTSet-b show a partially

The C-C distance is substantially compressed, comparable t0formed dihydrogen bond, which is additionally stabilized by

that of a typical double bond (1.33 A), whereas theHBbond
accepting the H that will eventually form theyts 1.33 A,
somewhat longer than a-BH bond of 1.20 A. The other H
atom transferred from £ has made a strong-BH bond which

is elongated by<0.1 A as compared to a normaH# bond.
The H-H distance of about 1.0 A points out the Eiistence.
The IRC calculations show that the initial products fréet-b
are BH; + C,H4. BHs is best described as a weak complex
between Hand BH;,33 and it is clear from the normal mode of
the imaginary frequency (Figure S1 in Supporting Information)
that two H-atoms of ethane are captured bys;Bi3 H. The
geometry of BH at the MP2/aVTZ level has a shortHH bond

0f 0.799 A and B-H bonds of 1.405 and 1.421 A. The Entity

electrostatic interactior’d. Thus, the electron redistribution in
TSet-b shows that borane is a bifunctional catalyst, which has
both acidic (H-atom donation) and basic (H-atom acceptance)
character, in the Brgnsted.owry definition. The energetic
consequence of the addition of Blis to lower substantially
the energy barrier vidSet-b to 62.8 kcal/mol, a reduction of
53.7 kcal/mol, relative to the unimolecular loss of Hom
ethane.

Reaction Pathways for H Release from BHNH3. The
calculated results for the unimolecular decomposition of borane
amine are summarized in Figures 3 and 4. Parameters for the
equilibrium structures BENH3z and BHNH; have been reported

has a positive charge of 0.18 e resulting from a net electron @nd analyzed in detéflTable 2 shows that the CCSD(T)/avVTZ

transfer from BH.
The calculated electron populationsTet-b are shown in
Figure S2, together with the bond critical points. The bond

relative energies are found to differ from CCSD(T)/CBS
counterparts by only up to 0.4 kcal/mol. There are only minor
differences between the MP2 and CCSD(T) sets of geometries,

orders show substantial bond formation and breakage in theand as a consequence, the use of MP2-optimized geometries
transition state structure. Electron transfer from ethane to boranefor the CCSD(T) energies leads to only small variations in the

is relatively small (0.1 e) inTSet-b. The net charges within

energies, on the order of 0.2 kcal/mol. Overall, relative energies
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determined from single-point CCSD(T)/aVTZ//IMP2/aVTZ en- (a)
ergies deviate by, at most;1.0 kcal/mol from the CBS limit

values.
The shape and geometrical parametersTi®ba (ba stands 4,5E+08 /
for borane amine) are shown in Figure 3. The results reported 4 0E+08
in ref 8a for the B3LYP functional with smaller basis sets are
comparable to those given in Figure 3. As in the ethane case, 3'5E+08'/
loss of H is highly asymmetrical and the transition state 3.0E+08-/
structure geometries for loss obffom BH3NH3 are similar to A 2,5E+08—/
those for loss of KW from CHg. The NH; group transfers a a 2 OE+08-
hydrogen to the boron center and the-B bond elongates so = -
that the two long B-H distances are now comparable. The H 1,5E+08-/ 5
distance of around 1.0 A is substantially shorter than that of 1.0E+08- r 105
1.2 Ain TSet, so there is more HH bond formation inTSba 5.0E+07 7.0
A second transition state structure, denoted @ba-s¢ was 0.0E+004 35
also located and its MP2/avVTZ geometries are also given in ' 8 S o e 0.0 p (atm)
Figure 3. This transition state structure contains four H-atoms 6 S o K~ 3 3
around the N-atom. The short centrat-H distance of 1.07 A T-1%10° (K'1) © o o
is longer than that o' Sba. However, IRC calculations reveal
that TSba-sc is a transition state structure for hydrogen (b)
scrambling, yielding in both directions BNH, + H, fragments,
and does not lead back to BNHs. A similar transition state
structure also exists in the parent Bsysten?3 and therefore, 8.0E+09 T
this transition state structure was not further considered. 7 0E +09__./-"/
Our best calculations predict theSbais 36.4 kcal/mol above '
the BHsNH3 molecule and 10.4 kcal/mol above the BH NHs 6.0E+091" /
asymptote (Figure 4). Such energy barriers are markedly smaller _ 5.0E+09 s
than those found above for the isoelectronic ethaneTdat -
(Figure 2). The major differences betweegHg and BHNH; £ 40E+097T -
are the high polarity and weak nature of the B dativeo bond x 3 0E+094
relative to the nonpolar €C o bond. In addition, the strength /,- 105
of the formingo bond in BHNH; is likely to be importang. 2.0E+091 / 7 0'
We performed a kinetic analysis, considering both the\B 1.0E+09+ B :
bond dissociation and Hoss channels and using the RRKM 0.0E+00- 5 g 35
theory for unimolecular reactioffswith the rate expression 8 5 % = N o 0.0 p (atm)
W oN S ~N BB
_ o (NHE — E, @ T'x10° (K”) S o o
" oh p(E) Figure 5. Three-dimensional plots of the rate coefficiek($, p) for

. ) (a) Hy release, an¢b) B—N bond cleavage in borane amine, using the
whereo is the symmetry number. Evaluation of the suNf)( RRKM method with N as the bath gas in the temperature rarife (
and density £) of states was carried out with the KHIMERA  from 200 to 2000 K and pressure rang® from 0.1 to 8360 Torr.
programs® The rate constant as a function of temperatdie ( .
and pressure of the bath ga® for the range off from 200 to constants at 1 and 11 atm are the same so that the high-pressure
2000 K andp from 0.1 to 8360 Torr is given in Figure 5. We  limit has been reached at 1 atm. _
used the MP2/aVTZ geometries and vibrational frequencies ~The high-pressure thermal rate constant, in the thermody-
combined with CCSD(T)/CBS total electronic energies. For this Namic formulation (TST, transition-state theof§}® is given
range of T and p with N, as the collision gas, the calculated by
rate constants can be fit to the following general expressions

keT AS  —AHF

(energy in kilocalories per mole): k,(TST)= . expﬁ expﬁ (7)
KT _ 01055 —35.6 . - ) . .
(T.p)y, = (1.00% 107)p ™" exp—s— ©) and the high-pressure limit pre-exponential factor is thus given
by A = (ksT/h) exp(AS'/R). E, of the Arrhenius expressiéh3’
. 096 —21.9 from TST andAH* are related byE, = AH* + RT for a
k(T'p)g-n = (2.65x 109)p exp RT (6) unimolecular process, so in our casg= 37.0 kcal/mol. For

the hydrogen eliminatiorke. p,(TST) = 3.7 x 10 **s 1 at 298

At 298 K and 760 Torrky,= 4.6 x 104 st andkg_n= 2.7 K and 1.0x 1078 s71 at 373 K; these values are very similar

x 10 s% at 373 K and 760 Torrky,= 1.2 x 10 8s ! and to those calculated by use of RRKM theory at high pressure.
kse-n= 1.4 s1. We treated the BN dative bond-breaking In the above treatment, we have not included any correction
reaction as a reaction with no barrier other than the endother-for quantum mechanical tunneling. Due to the presence of a
micity for breaking the bond (see Supporting Information Figure barrier of finite height and width (transition-state frequency of
S2 for a plot of this process obtained at the B3LYP/DGDZVP2 1467 cm! for H, elimination) between the reactants and the
level). At a high pressure of 8360 Torr (11 atm), the decomposi- dissociated products, there will be a tunneling correction to the
tion thermal rate coefficients ate;, = 4.6 x 1071* s* and rate constant. The simplest estimate of the tunneling effect
ke—n = 1.3 x 103 s1 at 298 K. For H elimination, the rate Qunnelws comes from the Wigné? expression:
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1 [hw;\? +0.5 kcal/mol from the CBS limit. Unless otherwise stated, the
Qunnenw(T) =1+ 24\icT (8) values quoted hereafter refer to the CCSD(T)/CBS results.
A strong complex between BNH3; and BH; is initially

At 298 K, Qumeiw= 1.88, and at 373 K, it is 1.54 for the,H  formed pa-comlin Figure 6) and is 17.9 kcal/mol more stable
elimination reaction vial Sha. Applying this correction, we  than the BHNHz + BH3z asymptote (Figure 7). Three transition
obtainky,(298 K) = 8.6 x 10 * st andky,(373 K) = 1.9 x state structures, rather than one as in the case of ethane, have
1078 s71, for the RRKM method, both at 1 atm and at high been located and selected geometry parameters are also dis-
pressure (11 atm). These RRKM high-pressure values are similarplayed in Figure 6. Each of these transition state structures
to those obtained by the TST methég,1,(TST)=7.0x 10714 represents a distinct type of interaction exerted by; BA H,
stat298 K and 1.6< 108 st at 373 K. TheQunnewValues formation.TSba-lewcorresponds to a process in which thesBH
as a function of temperatures are listed in Table S4. interacts with thel Sba of the monomer. Parameters within the

Skodje and Truhldf derived an improved tunneling ap- four-membered BN—H—H rings in both transition state
proximation which includes not only the imaginary frequency structures are comparable to each other. Thé\Bond in the
but also the energy barrier and the reaction energy, as given inoriginal BHs—NHj substantially elongates by about 0.2 A when
eq 9, whereAH* is the zero-point-corrected barrier height and the additional BH is introduced to the complex. Because the

AHg is the reaction exothermicity, both at 0 K: N—H bond for the hydrogen being transferred is substantially
broken in the transition state, the N and B from the original
QunnelstT) = BH3NHj; start to form the B-N o-bond needed in the product
prla. B _ £ BH2NH,. Thus, the B from the original BiNH3 begins to
sin frla) o —f exp(8 — a)(AH" = AHg)] resemble a Bhicomplexed to an Hjust as inTSba. This frees
- up part of the lone pair on the N and the incomingsBhblecule
fora = (9a) ; _ _ . ; .
5 can interact with this partial lone pair, leading to an overall
= expl(B — ) (AHT — AH.) — 1 stabilization. Thus, the Bplays the role of a classical Lewis
QumetsAT) B (1{ PLe ) ) ) acid interacting with the lone pair on N to stabilize the transition
for g = a (9b) state structure framework forHoss. Relative to the separated

reactantsT Sba-lewis calculated to be 28.6 kcal/mol higher in
energy. Compared to decomposition of thegBIH3; monomer,
"this corresponds to a decrease of 7.8 kcal/mol in the energy
barrier. Starting from the compléba-coml, the barrier height
becomes 46.5 kcal/mol (Figure 7). It is of interest that the
product of this process is the three-membered bagring,
which results from a condensation of B¥H, and BH; and
features a three-centerB1—B bond like that in diborane. Such

with g = 1/kgT and a = 2n/hw;, wherew; is the imaginary
frequency at the transition state; when the reaction is exoergic
AHg is equal to zero. At 298 KQunnerst= 9.0 x 10%, and at
373 K, it is 9.11, for the H elimination (with TSba). These
tunneling factors are much larger than those calculated by the
Wigner equation and should be more reliable. Large tunneling
corrections have been previously found. For example, Zuev et
al#! found that, for halogenated carbene reactions at very low - .
temperatures, the tunneling contributions to the rate cor):stanta condensation is exothermic by296 kcal/mol. )

can be up to 152 orders of magnitude greater than the rate BOthTSba-BBandTSba-BNare similar toT Set-bdiscussed
constant without tunneling. By applying the corresponding 2POVe as the Bkiplays an active role in the transition state
correction to the RRKM values, we obtain,(298 K) = 4.1 x structure f_o_r H formation by giving and receiving H atoms.
10710 571 andky(373 K) = 1.1 x 107 574, at both 1 and 11 Both tr_ansmon staFe structures feature some similarities but also
atm. These values are very similar to those obtained by TST: Many important differences. The lette8® andBN stand for

Keo 1,(TST, 298 K)= 6.3 x 10719571 andke 14,(TST, 373 K)= the appearance of theB1—H—B and B-H—H—N chains in
91x 108sL o these structures, respectively. In fact, this point constitutes the

Table 3 shows the values of the rate constants obtained pbyMain difference between them. IRC calculations show that both
RRKM and TST with and without the tunneling. In addition, transit_ior_l state structures connect to the same reactants (the pre-
Figure 5 shows, in the temperature and pressure regimes of2Ssociation compleka-coml)and the BHNH + Hz + BHs3
interest, that B-N bond cleavage is completely dominant over Products.

H, release, consistent with the energy profile shown in Figure  The B—N distance is shorter than the bond distance of 1.65
4. A in BH3NHs, about 1.49 A in both structures, but remains
Reaction Pathway for H, Release from BHNH3 in the longer than that of 1.41 A in BfH,® TSba-BB appears to

Presence of BH. Having confirmed the unfavorable pathway be more distorted thafiSba-BN, having a small H-B—H bond

for H, loss from the borane amine monomer, we now consider angle and more stretched-1 bonds.TSba-BB is essentially
the H release mechanism involving an additional borane the same as found iiSet-b with an H transferred from N to
molecule. Geometrical parameters of the relevant stationarythe BH; and an H from the Bklin BH3NHj; transferred to an
points, optimized at both B3LYP and MP2 levels with the avVTZ H on the BH; catalyst. INnTSba-BN, the situation is reversed
basis set, are shown in Figure 6. Normal modes for the with the B transferring an H to the Bjtatalyst and the N
imaginary frequencies of Sba and TSha-BN are shown in transferring an H to an H on the BiHatalyst. The transfer of
Figure S3. Single-point electronic energies were computed attwo H atoms from BHNH; to BHz should be significantly faster
the CCSD(T)/awviz//MP2/aVTZ level. To facilitate the com-  in TSba-BNthan inTSba-BB, in particular for the H(B) bond
parison, relative energies along the reaction pathways obtainedformation. In the former, with a distance of about 0.9 A, the
by four selected levels of theory are summarized in Figure 7. new H—H molecule is virtually formed, and along with shorter
Although the energy ordering remains unchanged, the variation B—H distances, a BEmoiety appears to already exist. As in
among the relative values obtained by the B3LYP method is TSet-ba although the latter looks more like a perturbed,BH
up to 4 kcal/mol with respect to the CBS values. With the aVTZ group interacting with a BENH, the calculated NBO popula-
basis set, the MP2 and CCSD(T) results differ8.0 kcal/ tions indicate that there is no formal charge separation. The
mol from each other, and the CCSD(T)/aVTZ results differ by bond critical points, atomic charges, and bond order were



Molecular Mechanism for HRelease from BENH3 J. Phys. Chem. A, Vol. 111, No. 4, 200685

TABLE 3: Rate Constants of the Different Reactiong

at 298 K at373 K
method no tunneling w ST no tunneling w ST
BH3NH3_' BH3 + NH3
RRKM at 1 atm 2.7x 107 14
RRKM at 11 atm 1.3« 1073 8.6
BH3NH3 e BHgNHz + H2
RRKM at 1 atm 4.6x 107 8.6 x 1074 4.1x 1070 1.2x 1078 19x 1078 1.1x 107
RRKM at 11 atm 4.6< 1014 8.6 x 107 4.1x 101 12x 10°® 19x 10°® 1.1x 107
TST 3.7x 107+ 7.0x 1074 6.3x 1070 1.0x 10°8 1.6x 1078 9.1x 1078
BH3NH3:--BH3 — BH.NH; + H, + BH3
RRKM at 1 atm 2.8x 10°° 4.1x 10°° 5.9x 10 8.1x 1072 1.1x 10 1.3x 10
RRKM at 11 atm 2.8< 10°° 4.1x10° 59x 10°° 8.1x 1072 11x 101 1.3x 101
TST 2.9x 10°° 4.3x 10°° 6.1x 10°° 8.5x 1072 1.1x 101 1.3x 107
BH3NH3 + BH3 - BHzNHz + H2 + BH3
TST (bimolecular) 3.6< 1¢° 5.3x 10° 7.5x 10° 2.5x 10 3.3x 10/ 3.9x 10
BH3NH3---NH3 — BH,NH; + H, + NH3
RRKM at 1 atm 8.2x 107%? 1.3x 10 22x 101 2.8x 1077 3.8x 1077 5.0x 1077
RRKM at 11 atm 8.2 10712 1.3x 1074 22x 10°% 2.8x 1077 3.8x 1077 5.0x 1077
TST 6.9x 10°%? 11x 10 1.8x 101t 25x 107 3.4x 107 6.0x 1077
BH3NH3;+NH; — BH,NH, + H, + NH3
TST (bimolecular) 6.% 1077 1.0x 10°® 1.8x 108 29x 108 3.9x 103 6.9x 1073

@ Rate constants were calculated at room temperature (298 K) and 373 K without and with tunneling corrections calculated by the Wigner (W)
and Skodje and Truhlar (ST) approximations. Units are per second (for unimolecular reactions) and cubic centimeters per mole per second (for

bimolecular reactions).

"1 482
11 451

ba-ring
Figure 6. Geometrical parameters of the initial complea-com1,
productba-ring, and transition state structuréSba-BN, TSba-lew,
and TSba-BB optimized with B3LYP/aVTZ (upper) and MP2/aVTZ
(lower). Bond lengths are given in angstroms and bond angles in
degrees.

calculated with B3LYP/6-31t+G(d,p) and are shown in Figure
8 for bothTSha and TSbha-BN. H—H bond formation is more
advanced in the catalyzd®ba-BNthan in the monomerSba.

m

kealimel

501

BH,NH,+ BH,

=397 2

-35.2 N
ba-ring + H,

Figure 7. Schematic energy profiles illustrating Felease from Bkt
NH; with the presence of BH Relative energies in kilocalories per
mole are given in order from top to bottom: B3LYP/aVTZ, MP2/aVTZ,
CCSD(T)/aVTZ, and CCSD(T)/CBS.

—E0—-

The bond order of the breaking—B1 bond is about 0.5 in
comparison with 0.7 for the forming-BH bond. In both cases,

the B—N bond order is higher than 0.7. It is known that
protonation of BHNH, takes place at the N-site, giving BH
NHs* rather than BHNH,™.42 TSba-BN is far more stable than
TSba-BB, with an energy difference of 42.1 kcal/mol in favor

of the former (Figure 7). This placdsSba-BN at only 6.0 kcal/

mol above the energy of separated reactants and 23.9 kcal/mol
aboveba-coml Thus, only the process viESba-BN proceeds

with low energy.

To evaluate the rate coefficients of the catalytic process, we
have considered two distinct channels. The first starts from the
separated reactants and connects directlySba-NB. The rate
constants of this bimolecular reaction can be evaluated by
conventional transition-state theory (TSTF® The calcu-
lated data can be fit to a three-parameter expressi¢iTas=
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Figure 8. Molecular graphs of transition state structuresli@paand

(b) TSba-BN (red, bond critical points; dark blue, carbon atoms; gray,
hydrogen atoms; and violet, boron). NBO charges were from B3LYP/
6-311++G(d,p) calculations. Bond orders are shown in parentheses.

(1.5 x 109)T28 exp(—3.88RT) cm® molecule’! s71 for the
temperature rang€from 200 to 2000 K. The simple Arrhenius

expression
Ea)
k=A ex;{ RT

givesk(T) = (5.0 x 10") exp(—6.96RT) cm® molecule’l s™%
At 298 K, the rate constant is= 3.6 x 10° cm3 molecule’?
s1 and at 373 K, it ik = 2.5 x 10’ cm® molecule’? s71.

If the association complelsa-comlin the entrance channel
is stabilized by collisions, the rate constant will be different
than if the complex is not stabilized. We can then use both TST
and RRKM theory to predict the rate for unimolecular decom-
position ofba-coml, via TSba-BN. By use of eq 7, the TST
rate coefficients (high-pressure limit) are calculatedk@3 =
(2.5 x 10197078 exp(—23.0RT) s~1. At room temperature the
high-pressure rate coefficient ks(298 K) = 2.9 x 10°°s,
and at 373 K it isko(373 K) = 8.5 x 1072 s71. We also

(10)
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Figure 9. Three-dimensional plot of the rate coefficied, p) of

H. release from borane amine with Blds a catalyst vid Sba-BN,
using the RRKM method with Nas the bath gas in the temperature
range T) from 200 to 2000 K and pressure rangg from 0.1 to 8360
Torr.

the following expression for the rate constant as a function of
T andp:

—22.4

k(T,p) = (2.0 x 10")p>>? eXprr- (11)

The high-pressure RRKM rate constants for the unimolecular
rearrangemeriba-coml— TSba-BN are k,(298 K) = 2.8 x

1075 s71 and k(373 K) = 8.1 x 102 s71, essentially those
obtained by the TST approximation. These values are also the
same as those at 1 atm, which means that the reaction has
reached the pressure limit at 1 atm.

To evaluate the tunneling correction, we used both the Wigner
and the Skodje and Truhlar expressions. The calculated imagi-
nary frequency foilTSba-BN is w; = 805 cm™! at the MP2/
aVTZ level. From this value, we obtain a value Qgnneiw(298
K) = 1.48 andQunnew(373 K) = 1.31 from eq 8 for both
bimolecular and unimolecular processes.

At room temperature and at 373 K, the tunneling corrected
RRKM rate constants at€298 K)= 4.1 x 107> st andk(373
K) =1.1x 107 1s1at both 1 and 11 atm. Very similar results
are found when the corresponding corrections are applied to
the TST resultsk.(TST, 298 K}= 4.3 x 1075 s andk«(TST,

373 K)= 1.1 x 107! s1. For the bimolecular reaction we have
k(298 K) = 5.3 x 10° cm® molecule! s~t andk(373 K) = 3.3
x 10" cm? molecule’® s71,

In comparison we obtaiQunne,s298 K) = 2.09 and
Qunnel,st373 K)= 1.55, and in this case, the unimolecular and
bimolecular reactions produce the same tunneling factor from
eq 9. At room temperature and at 373 K, the tunneling-corrected
RRKM rate constants at€298 K)= 5.9 x 107> st andk(373
K) = 1.3 x 1071 s71, for both 1 and 11 atm, and again, very
similar values are found for the TST results;(TST, 298 K)
= 6.1 x 105s 1t andk.(TST, 373 K)= 1.3 x 1071 s% For
the bimolecular reaction we haw€298 K) = 7.5 x 10f cm?
molecule’! s 1 andk(373 K) = 3.9 x 10’ cm® molecule’l s71.

The Qunnel Values as a function of temperatures are listed in
Table S4, and the different values for the rate coefficients are

employed eq 4 to evaluate the temperature and pressureshown in Table 3.
dependence of the rate constants. Figure 9 displays a 3D graphic Reaction Pathway for H, Release from BHNH3 in the

representing the variations &(T, p), with the same ranges of
T andp given above with N as the collision gas, which yields

Presence of NH. We also studied whether an ammonia
molecule (produced by bond cleavage of borane amine) could
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A). In this complex, NH plays the role of a H-bond acceptor
and borane amine a H-bond donor. The complexation energy
of ba-com2is —7.6 kcal/mol. The transition state structure
1.335 1.034 TSha-NH; corresponds td Sha-lewdescribed above, in which
0.973. S NH3 now interacts withl' Sba of the monomer from outside of
4.9 ; the four-member framework and by H-bonding. Again, )\NH
acts as a H-bond acceptor, with a somewhat longeHNond
of 2.14 A. If BHz is regarded as a Lewis acid, then ammonia
behaves, in this sense, as a Lewis base catalyst. With respect to
the separated reactants, the energy barrier involViBiga-NH;
ba-com2 TSba-NB is calculated to be 32.9 kcal/mol, which represents a reduction
of 3.5 kcal/mol with respect to the energy barrier of 36.4 kcal/
mol in the monomer vial Sba (Figure 3). Such stabilization
1.078 arises from a H-bond interaction betweEBba and NH;, which

1.014

) remains, however, smaller than that ef7.6 kcal/mol for
1.265//93-1 “1.412 complexation of borane amine, yieldifm-com2 As a con-
¢ Q sequence, the overall effect of H-bonding interaction by
1.545% 94.7 / /1.585 ammonia does not favor Helease.

As indicated by the notatiof,Sba-NNinvolves participation
of NHs in the transition state structure creating aN—H—N
framework. Due to an electrostatic repulsion between two
TSba-NN positively charged H(N) atoms, this orientation results in an
Figue 10. Geometrical parametersofthepoins for et + 0T SO B B aived than
NHjs reaction: initial complexba-com2and transition state structures ) .
TSba-NB, TSba-NH, and TSba-NN optimized from MP2/avTZ TSba-BB,where the H(B) atoms are, as expected, less polarized.
calculations. Bond lengths are given in angstroms and bond angles inFor both cases, this type of interaction can be ruled out as a
degrees. possible reaction mechanism.

EA eaimol The process vidSha-NB, implies direct participation of N&
100 as a bifunctional H-transfer but with aNH—H—B framework,
and this structure can thus be compared 8ba-BN. This is
the lowest energy transition structure, with an energy barrier of
23.6 kcal/mol relative to the separated reactants and 31.2 kcal/
mol with respect to the preassociation comptexcom?2 The
lower well depth forba-com2leads to a barrier height of 31.2
kcal/mol fromba-com2 which is above the value of 23.9 kcal/
mol for the BH; catalyst value going frorba-coml1to TSba-
BN (Figure 7). The difference of 7.3 kcal/mol in the energy
barriers results in a change of several orders of magnitude in
the corresponding rate coefficients. Our values for the unimo-
lecular reaction, calculated by RRKM, aké&98 K) = 2.2 x
10" s 1 and k(373 K) = 5.0 x 1077 s71 for both 1 and 11
atm; this behavior is similar to that for the Bildatalyzed
reaction in which the high-pressure limit is reached at 1 atm.
In addition, very similar values are found for the TST results:
Ko(TST, 298 K)= 1.8 x 101 s andk,(TST, 373 K)= 6.0
x 1077 s71. For the bimolecular reaction we obtaing@98 K)
= 1.8 x 1075 cm® molecule* s7t andk(373 K)= 6.9 x 1072
cm® molecule® s71. All these values include ST tunneling
fFigﬂreréle'a fecggmaéi&egeﬁ%%aﬁ'zz tshlo(‘;";:‘a%;;eFr{ee?;ttii\?:epnag:‘g;’gg’s correction; for no-tunneling and Wigner-corrected values, see
for Hz . s 3 : A Table 3. At 298 and 373 K the tunneling factors are similar for
in kilocalories per mole were obtained from CCSD(T)/CBS calculations. both eqs 8 and 9Qumen(298 K) = 1.54 versuume, s{298
K) = 2.67, andQunneW(373 K) = 1.35 versuQunnel,s{373

participate as a comparable catalyst. For thes®Hg + NHs K) = 1.77. In summary, the catalytic effect of BHs
reaction, we located a preassociation complex and three differentsubstantially larger than that of NH
transition state structures, whose selected MP2/aVTZ geo- At 373 K, we estimate the potential for production of &b
metrical parameters are displayed in Figure 10. The correspond-the formation of BH from cleavage of the BN bond in BH-
ing potential energy profiles are illustrated in Figure 11. The NHjs as this is the rate-determining step by a factordff if
shape and characteristics of the stationary points involving NH the BH; is not trapped in a complex. If a complex is formed at
are similar in many respects to those involving Btiscussed higher pressures and all of the energy is dissipated, then the
above. rate-determining step would be the Behtalytic reaction, which

The complexba-com2 is essentially a hydrogen-bonded is about 6 times slower than BHormation. In any case, the
N—H—N complex between two Nientities, characterized by  slowest rate would be on the order of 81 s. Thus, with
a N—H distance of 1.99 A, and in part assisted by a weaker BHz as the catalyst, Hrelease could readily occur under mild
B—H—N interaction (as seen by a longerBl bond of 2.68 conditions, consistent with the calorimetric experiments of the

BHNH.+ NH,
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Figure 12. Molecular graph of transition state structr8ba-NB (red,
bond critical points; dark blue, carbon atom; gray, hydrogen atoms;
violet, boron). NBO charges were from B3LYP/6-3t+G(d,p)
calculations. Bond orders are shown in parentheses.

thermal decomposition of BifHz below its melting temper-
ature of 385 K by Wolf et af°

Electronic Reorganization along Different H, Elimination
Processes.To obtain additional insight into the electronic

mechanism of the catalysis, the molecular graphs generated orjhat TSba-

Nguyen et al.

C (B2)

V (HS8, B1, B2)

C(N)
V (N, BI)

Figure 13. ELF isosurfacesy(= 0.8) of the catalyzed transition state
structure for H releaseT Sba-BN.

V (H4, N)

BN, close to that of 0.74 A in £(0.89 A versus 2.02 A in the
crystal structure). The more polar N()—H(d") subunit tends

to facilitate the H atom departure and, in the meantime, stabilizes
the forming B entity. The atom arrangement in the transition
structure allows a hydrogen abstraction by thesBidron and

a simultaneous BH bond cleavage and+H bond formation.

If it is assumed that the incoming BHinit is sp@-hybridized,

the hydrogen abstraction is facilitated by the vacant p-orbital
perpendicular to the Biiplane. The interaction of the vacant
orbital with a negatively charged BH hydrogen atomT&ba-

BN is expected to be more favorable as compared to the
interaction of the vacant orbital with the positively charged NH
hydrogen atom inTSba-BB. The optimized geometry shows
BN has a BH subunit. The NBO charges indicate

the basis of the electron densities constructed at the B3Lyp/ that the (B,H,H,H) group around borane bears a negative charge

6-311++G(d,p) level in the different transition structures were

analyzed; see Figures 8 and 12. An interesting feature in the
corresponding transition structure is the appearance of a type

of B—H—H—X dihydrogen interaction (X= C, N)3*In many

of —0.23 e, leading to some contribution from the [BH
[NH3BH,™] resonance structure, consistent with the fact that
the NHsBH,™ cation is the most stable protonated form of BH

2.

aspects, the electronic reorganization of ethane and borane amin%onclusion

are qualitatively similar.

The calculated NBO charges (Figure 8a) TtBba show a
large negative charge of1.06 e on the N-atom, with the B
being almost neutrak-0.01 e. The H-atoms in the immediate
vicinity of nitrogen are positively charged;0.35 e.

In the most important structurd,Sba-BN, BH; makes a
dihydrogen bond, BH—H—N, six-membered ring formation

We have located reaction pathways using state-of-the-art
guantum chemical methods and analyzed the electronic re-
organization during Hirelease in ethane and borane amine. We
have identified the role of BHand NH; fragments produced
by decomposition of the BN bond in BHNHj3, in particular
BH3;, as an active bifunctional acitbhase catalyst for H

is effectively observed, and this is characterized by the presenceformation. For ethane, the barrier height fos production is

of a ring critical point (Figure 8b). Calculated NBO charges
suggest a negative charge of magnitude-&f07 e on N, similar

to that inTSba. In TSba-BN, the B-atom in the borane amine
has a positive charge, 0.33 e, whereas the additiongh®kbn
atom bears a negative charge of magnitude24 e. An ELF
analysis shows the existence of a trisynaptic bag(i[B,B)]

in this transition state structure, as illustrated in Figure 13. A
qualitative explanation for the energetic favorabilityTba-

BN can be provided with the help of the NBO and ELF data.
A stabilizing electrostatic interaction between the positively
charged H-H unit, under formation, with the rest of the
molecule, in particular with the two negatively charged B and
N ends within the B-H—H—N framework, is larger infSba-
BN. We can see in Figure 8b that the-Bl—H—N framework
shows a practically linear NH—H arrangement, in contrast
with that of the B-H—H, which is bent. This geometrical

reduced by more than 50 kcal/mol with BHlds the catalyst.
For borane amine, we were able to locate six different transition
structures for the KHdissociation with either an additional BH

or NHs present. Together with a more conventional pathway
where the BH behaves as a Lewis acid catalyst, we find an
energetically low-lying reaction channel involving participation
of BH3 as a catalyst, which actively participates in the hydrogen
transfer through a six-membered cyclic transition structure
involving a B-H—H—N interaction. NH shows similar be-
havior but with less capability to reduce the barrier height.
Stabilizing electrostatic interactions are likely the main reason
for the beneficial catalytic effect of B The barrier height in
the catalytic pathway for frelease from borane amine with
BHj3 as the catalyst is 6.1 kcal/mol with respect to the separated
reactants and 23.9 kcal/mol from the complex3BiHiz~BHs.

The former corresponds to a reduction of 30 kcal/mol, relative

arrangement is in agreement with solid state analysis performedto that of the monomer, and is consistent with the experimental

by Klooster et al4? although the HH distance is short it Sba-

findings that the H release from borane amine proceeds under
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mild conditions below the melting temperature of 385 K. In
summary, our present calculations demonstrate that in eithe
ethane or borane amine, 1,2-kelease is greatly accelerated
by the active participation of a BHnolecule. The BHacts as

a bifunctional (acig-base) catalyst facilitating H-transfer leading
to H, bond formation. For a viable chemical hydrogen storage
system, one must not only have good thermodynamics and goo
kinetics for release of jbut one must also have a cost-effective
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