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ABSTRACT: The solid-state structures of L1NH2BH3 and NaNHzBH3
have been shown recently to exhibit intricate M %*...9"H-B and
N—H®%"--.°"H—B interactions. However, closer inspection of these
structures reveals additional homogolar H:--H interactions, viz.,
B—H°"-.-°"H—B and N—H°* *H—N, which contribute to the
relative stability of the extended structures of these crystalline materials. In
addition, an NMR study of the isotopomer LiND,BH; shows that a
significant quantity of H, is desorbed thermally along with HD, which
can only arlse from hydride—hydride interactions, either directly from

B—H%~ “H—B moieties or indirectly through the participation of

Li—H 1ntermed1ates

B INTRODUCTION

With an absence of core and nonbonding valence electrons
and a nondirectional 1s valence orbital with remarkably good
overlap properties, the hydrogen atom in a conventional E—H
bond displays an unparalleled capacity to engage in a broad range
of secondary 1nteract10ns Conventional hydrogen bonding was
first proposed in 1912, and over the intervening century a
wide spectrum of interactions has been characterized involving a
positively charged hydrogen atom of an E—H moiety acting as a
donor to a Lewis basic acceptor.” The past two decades have seen
a further expansion of the hydrogen- bondmg concept, with the
identification of E—H-:-X and E—H- - -H—X subclasses, in
which the hydrogen bond acceptor 1s a transition-metal center or
a hydridic X—H bond, respectively.® This latter type of proton—
hydride interaction (dihydrogen bonding) is remarkable in that
it reveals the proclivity for two oppositely charged hydrogen
atoms to participate in a stabilizing interaction, and this has been
exploited to tailor the structures adopted by a wide variety of
inorganic and organometallic systems in the solid state.> More
recently, a number of organic compounds have been shown to
engage in similar C—H---H—-C 1nteract10ns (H—H bonding),
involving two nonpolar C—H moieties.* ~® This latter class
demonstrates the ability of two hydrogen atoms to engage in
secondary interactions without the need for electrostatic assis-
tance and highlights once again the rich and varied supramole-
cular chemistry of the element, with its broad implications in
structural and materials science.

The use of chemical hydrides for the storage and transporta-
tion of hydrogen is a topical and highly active field of research. In
general, these species are endowed with high hydrogen contents
but are plagued by large thermodynamic and kinetic barriers for
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the release or uptake of hydrogen.” Such shortcomings can be
alleviated by altering the chemical makeup of these systems, as
exemplified by the transformation of ammonia—borane
(NH;BH3; AB) into its alkali-metal amidoborane derivatives
(MNH,BH3; M = Li, Na, or K), in which the more electropos-
itive alkali metal gives rise to enhanced hydrogen release proper-
ties and suppresses the release of toxic and deleterious volatile
byproduct, albeit at the cost of gravimetric capacity.”® These
improvements can be traced directly to the structural changes in
the solid state induced by the transformation from a molecular to
an ionic material, in which the nature and reactivity of the N—H
and B—H moieties are significantly modified.”””

Here we report an analysis of the conventional and unconven-
tional intermolecular interactions that characterize the structures
of the archetypal AB derivatives LINH,BHj; (1) and NaNH,BH;
(2), with particular emphasis on the plethora of secondary
H- - -H interactions displayed by these materials in the solid
state. Our analysis has been achieved through high-level density
functional theory (DFT) periodicity calculations in tandem with
a topological analysis of the electron distributions thus derived
using the theory of “atoms in molecules” (AIM).'® In addition to
the N—H’*- - -°"H—B (proton—hydride) interactions, ubiqui-
tous in AB and its derivatives, we have identified two novel classes
of homopolar dxhydrogen (H-+ +H) interactions for these bench-
mark systems (viz, N—H’*+ - ->*H—Nand B—H°" - - -°"H—B),
which we have termed proton—proton and hydride— hydnde bonding,
respectively. These hitherto unappreciated interactions play a role
complementary to that of their proton—hydride counterparts in
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Figure 1. Representation of the (a) M" ion coordrnatlon environment
and (b) [NH,BH;] ™ dimer formation through N— H%. .. H—B inter-
actions for 1 and 2 (M, yellow; N, blue; B, orange; H, whlte). Selected
bond lengths (A) and angles (deg) are as follows [theory]: (for 1)
Li- =2.03(4) [2.02]; N-B = 1.55(5) [1.55]; Li---H = 1.98—
263 [196 262]; Li---B = 248—2.84 [247—2.83]; N—H""-. .
°_H-B=221[2. 20], Li—N—B = 109(1) [109] (for 2) Na---N =
2.357(1) [2.53]); N—B = 1.537(1) [1.65]; N = 2.34-243
[2.52—2.62]; Na- - -B = 2.85—2.92 [3.07—3.14]; N—H(’*- .9 H-B=
2.56 [2.75]; Na—N—B = 104.7(1) [104.7].

stabilizing the extended structures of 1 and 2. However, their
chemical nature appears to be distinct from that of other
types of H- - -H bonding. Finally, we report a preliminary
study of the role played by homopolar H- - - H interactions in
the hydrogen desorption pathway adopted by alkali-metal
amidoborane complexes, achieved by monitoring the hydro-
gen gas evolved on thermal decomposition of the isotopomer
LiND,BHj; (1-d,) through NMR spectroscopy.

B RESULTS AND DISCUSSION

Solid-State Structures of LiNH,BH3 (1) and NaNH,BH5 (2).
The recently reported X-ray powder diffraction structures of 1
and 2 show that these materials crystallize in the orthorhombic
space group Pbca (No. 61).>° Our DFT-optimized structures
exhibit slight deviations (—0.5% for 1 and +7% for 2) from the
experimental unit cell values. Nevertheless, the main features of
the experimental structures are faithfully reproduced by the
calculations. The solid-state structures of 1 and 2 contain M"
ions in a pseudotetrahedral coordination environment, con-
sisting of a strong electrostatic M- - + N interaction at the apex
and three weakly coordinating basal M- -BH; moieties
(Figure 1a).*® This bonding motif retains the salient features
of the related MNH, and MBH, compounds, in which the
M- - N and M- - - B contacts are defined by comparable bond
distances.'"'* The structures of 1 and 2 also reveal the presence
of six M®*+ - -°"H—B interactions, with experimental distances
ranging from 1.98 to 2.63 A for 1 and from 2.34 to 2.43 A for 2,
which appear to exert primary control over the crystal packing
of these systems. In contrast, the extended structure of their
parent compound AB is stabilized solely through extensive

Figure 2. Representation of the extended structure of 1 and 2
(M- --H- B orange dashed lines; N— Ho*...O"H-— B, blue dashed
lines; B— HO .. .0 "H— B, blackdashedhnes, H(er OYH— N, red
dashed lines). Selected bond lengths (A) and angles (deg) are as follows
[theory]: (for 1) H%"...°"H =221 [2.20]; N— Ho* = 164
[163]; Ho* ... H-— B—123 [123],N H"+ <O "H- B——l8 [18]
H - é*H— 2.11 [2.10]; B-H°---°"H = 166 1651 HO .-
o"H-— B—160[1601 B_H - "*H B—S[S], Ho*...%"H =211
[2.10]; N—H®*...°*H = 147 [147]; H*"- . 5*H—N = 120 [120];
N—H*.. ~"+H—N =67 [67] (for 2) H**...°"H = 2.56 [2.75];
N—H%"..."H=178[178];H°"-- . " H-B = 104[104] N—H’"...
°"H-B = —79 [79] H“* -+97H =275 [2.96]; B— HO .0 H =
159 [159]; H®~---°"H—B = 149 [149]; B_HO .. OTH-B = 39
£39] Ho". . .%"H =254 [273],N H%* .. .%*H =161[161]; H**
*H—N = 116 [116]; N—H°"- - . " H— N——43 [43].

N—H’"---°"H—B proton—hydride networks."> However,
this ubiquitous interaction is still evident in the structures of
1 and 2, with adjacent 1on palrs forming dimeric units through
two symmetric N— Ho "H—B proton—hydride bonds
(Figure 1b).

The N—H’*---°"H-B bonding in AB and its derivatives has
generally been regarded as the main driving force behind the
facile evolution of hydrogen from this class of materials.”*
However, Autrey et al. have shown recently that the rate-
determining step in the dehydrogenation of MNR,BH; (R =
H or Me) involves the formation of an M—H bond (i.e., metal
ion-assisted hydride transfer).'* Furthermore, CCSD(T) level
calculations exploring hydrogen evolution from dimers of 1
indicate a two-step process, in which the highest free energy barrier
corresponds to a transition state involving a Li—H---H—Li
interaction.'® Hence, the release of H, from MNH,BH; appears
to be less straightforward than from AB, involving contributions
from M°*+ + -°"H—B, N—H°"- - " H—B, and potentially other
interactions.

Further inspection of the solid-state structure of 1 reveals three
short H- - -H contacts that fall below the sum of the van der
Waals radu for two interacting hydrogen atoms (2 4 A).'® The
longest of these contacts corresponds to the N— H°*-.-°"H-B
proton—hydride bonds between nelghborlng ion pairs
(Figure 1b). However, the two shorter H- - -H distances involve
a hydrlde hydnde B—H° ---°"H—B and a proton—proton
N—H’"---®*H—N interaction, respectively. These novel
homopolar H---H interactions appear to be similar to the
recently reported C—H- - -H—C bonding, albeit with signifi-
cantly more charge localized on the participating hydrogen
atoms. In this regard, C—H---H—C interactions possess a
degree of directionality, with the C—H moieties adopting a
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Table 1. Atomlc Basin Charges (q) and Volumes (V) for 1, 2,
and AB'® As Derived from Solid-State DFT Calculations (au)

1 2 AB
q 4 q 4 q

M 0.899 25.0 0.883 79.7

N —1.432 107.6 —1.586 152.0 —1.304
H 0.344 30.9 0419 322 0.479
H 0.322 34.8 0.415 37.1 0.476
H 0.440
B 1.689 24.8 1.608 34.7 1715
H —0.636 75.8 —0.631 100.1 —0.608
H —0.662 64.9 —0.647 101.5 —0.606
H —0.656 64.6 —0.623 101.7 —0.596

nonlinear conformation similar to that of proton—hydride
bonds.>'” The N—H’" - -°"H and N—H’"+ - -"H-N angles
for the proton—proton interaction in 1 and 2 reveal a bent orienta-
tion of the two N—H moieties, analogous to the C—H- - -H—C
interactions described above, while the longer hydride—hydride
interaction also displays such a geometry (see the Supporting
Information). However, the shortest B— H°---°"H-B inter-
action in 1 reveals a more linear mutual dlsposmon of the two
interacting B—H bonds, comparable with the geometry dis-
played by conventional hydrogen bonds (e.g, O—H---0).>
The larger size of the Na* ion in 2 results in weaker disper-
sion forces, as reflected in the elongated dlstances for the
NH+-7HBBH7 7HBandNH+-+HN
contacts. The hydride—hydride 1nteract10n regresents the long-
est of these contacts, while the N— Ho H—B proton—
hydride bonds of the [NH,BH; ] dimer are substantially short-
er. Each of these types of intermolecular interaction is altered
substantially upon replacement of the Li" ion in 1 by its larger
Na® counterpart in 2.

The extended structures of 1 and 2 involve the formation of
polymeric layers within the solid-state framework, in which
M°*- . -°"H—B bonding is the dominant stabilizing interaction
(Frgure 2). The varrous layers of the structure are then connected
through N—H ot .0 "H-B proton—hydride bonds formed be-
tween the ion pair dlmers In addition, the B—H® - --°"H—B
hydride— hydrlde interactions form a zigzag framework parallel to
the M**---"H-B bonding network, in a manner analogous to
that of the bifurcated proton—hydride bonds in AB. This common
structural motif points to the similar roles played by these two types
of interactions in stabilizing their respective solid-state structures.
The proton—proton interactions extend in a plane perpendicular to
that containing the proton—hydride bonds. The protic N—H and
hydridic B—H moieties in 1 and 2 thus exhibit a remarkable capacity
to engage in intermolecular interactions that further stabilize the
extended structure of these complex metal hydrides.

Electronic Structures of LiNH,BH; (1) and NaNH,BH; (2).
In recent years, several studies have emerged concerning the
electronic structure of alkali-metal amidoboranes, in particular
LiNH,BH,.'®" In these instances, the authors focused on the
internal nature of the MNH,BHj; moiety, rather than exploring
the extended structures of these materials. To gain insight into
the nature and strength of the remarkable hydride—hydride and
proton—proton interactions identified in the structures of 1 and 2,
we have carried out an extensive topological analysis of the
electron distribution in these two benchmark compounds. The

Figure 3. Calculated valence electron density plots for (a) interacting

and nonmteractmg B—H°~ “H—B contacts and (b) the shortest
N—H%*...°*H—N and N— H(SJr --°"H—B contacts in 1. Contour
levels increase from 0.03 (red) to 0.0 (yellow) to O. 07 (green) to 0.09
(light blue) to 0.11 (dark blue) to 0.14 (purple) e A3

Table 2. Calculated Topological Properties of the Electron
Density for the Intermolecular Interactions in 1 and 2*

Pu(x), vzpb(r))

interaction complex d, A eA? eA® DEKmol"
M*...9"H-B 1 202 0.105 1.840 15.652
1 210 0900  1.643 13.110
1 213 0058 0984 7.195
2 252 00SI 0823 5.930
2 254 0052 0796 5.880
2 260 0046 0661 4.848
N-H%"..."H-B 1 220 0057 0524 4.990
1 252 0031 0294 2286
1 25 0029 0397 2676
2 275 002 0260 1.641
2 297 0013 0171 1.001
2 315 0009  0.144 0.775
B—H°"...°"H-B 1 210 0.091 0.676 8.797
1 269 0041 0425 3.460
1 283 0031 0250 2.067
2 296 0021 0138 1.126
2 323 0017 0139 0.983
2 338 0011 0105 0.647
N—H%"...%"H-N 1 210 0050 0709 5.369

“d = distance, pp(r) = electron density at the BCP, V*py,(r) = Laplacian
of the electron density at the BCP, and DE = dissociation energy.

atomic basin charges thus deduced highlight the ionic nature of
the M" and NH,BH;  moieties (Table 1). The N—H hydrogen
atoms in these two systems bear a lower positive charge than their
counterparts in AB, largely on account of the negative charge on
the anion, while the hydrogen atoms of the B—H moieties
accumulate more negative charge than their congeners in AB
for the same reason. These conclusions are in accord with the
results reported by Autrey et al., who concluded that the B—H,
N—H, and N—B bonds will each be affected in the transition
from AB to its MNH,BH; counterparts.®

Analysis of the valence electron density in the vicinity of the
shortest hydride—hydride interactions in 1 (2.11 A in experi-
ment and 2.10 A in theory) unambiguously reveals an accumula-
tion of charge between the two hgdrrdic hydrogen atoms, in
contrast to the longer B— H H-B contact (3.02 A in
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experiment and 3.01 A in theory), which displays no such buildup
of electron density (Figure 3a). This conclusion is borne out
through a topological analysis of the electron distribution, in
which a consistent bond path (BP) and bond critical point
(BCP) are observed only for the shorter of these two hydride—
hydride contacts. The accumulation of electron density at the
BCP, py(r), for this hydride—hydride interaction is almost as
great as for the strongest Li®*+--°"H—B interactions in 1
(Table 2; Figure S13, Supporting Information). In addition,
the py,(r) value for this homopolar H- - - H interaction is compar-
able with that reported for the strongest N—H%"--."H-B
bond in the gas-phase AB dimer (p,(r) = 0.085 ¢ A~*).*° The
analogous hydride—hydride interaction in 2 accumulates only a
fraction of the density exhibited by its counterpart in 1, indicating
a weakening of this interaction and a shift toward more van der
Waals type of behavior as Li is repaced by Na. Nevertheless, the
pu(r) value for this weaker hydride—hydride interaction is still
comparable to those reported for proton—hydride and H—H
bonding found in a wide variety of organic and inorganic
materials.* % Taken together, the geometries and electron
distributions of these homopolar H- - -H interactions provide
compelling evidence for an important role in stabilizing the solid-
state structure of these metal amidoboranes.

In marked contrast, the electron-deficient nature of the
proton—proton interaction in 1 results in only a modest accu-
mulation of electron density between the two N—H moieties.
However, the py,(r) value for this homopolar H- « - H interaction
is only slightly lower than that for the proton—hydride bonds
that hold together the (NHZBH37)2 moieties in 1 (Figure 3b).
The corresponding N—H%*- - -®*H—N contact in 2 shows no
appreciable accumulation of electron density (see the Supporting
Information) and lacks a consistent bond path and BCP.
These findings indicate that the proton—proton contacts are
merely a consequence of the structure adopted by these
ionic MNH,BH; compounds, in which the short inter-
nuclear distance between the two N—H moieties in 1 results
in a modest mutual perturbation of electron density on account
of their close proximity (2.11 A in experiment and 2.10 A in
theory).

The electron density at the BCP is directly related to the
strength of an interaction, for which the dissociation energy can
be estimated by evaluating the pressure exerted on the electron
density around the BCP; DE = '/,V(r).>' By this criterion, the
M°*. . .°"H—B interactions represent the strongest stabilizing
feature in the structures of both 1 and 2 (Table 2), whereas the
proton—hydride bonds that hold together the various layers of
the solid are inherently weaker. The DE values in Table 2 indicate
that the hydride—hydride interactions also appear to play an
important role in stabilizing these polymeric layers. According to
the values presented in Table 2, these nonclassical homopolar
H- - -H interactions are comparable in strength to C—H---O
hydrogen bonds, such as those found in the Watson—Crick
adenine—thymine DNA base pair (4.2 kJ/mol).”> The inherently
weaker proton—proton interaction in 1 would generally be
viewed as repulsive in nature (i.e., a destabilizing contribution).
However, the dominant electrostatic interactions in 1 bring
two N—H moieties into close enough proximity for sharing of
electron density to occur, resulting in a localized contribution to
the stabilization of its solid-state structure. The solid-state
structures adopted by 1 and 2 are thus determined by the
complex interplay of a multiplicity of weak interactions, rather
than by a single dominant type.
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Figure 4. Dependence of the dissociation energy (kJ/mol), DE =
!/,V(x), on the bond distance (A) for intermolecular C—H- - -H—C
(R*=095), N—H*"- - ."H—B (R® = 0.96), and B—H® - - -°"H—B
(R2 = 0.98) interactions.

Nature of Homopolar Dihydrogen Bonding. While the
existence of N—H®*-+-°"H—B interactions in AB and its
derivatives 1 and 2 is an unremarkable scenario, it is counter-
intuitive to invoke anything other than repulsive electrostatic
interactions between two atoms of like charge, as is the case for
the short B—H°~ - + - H—B and N—H®*- - - *"H—N contacts
found in 1 and 2. However, the highly versatile nature of
hydrogen, with its nondirectional valence orbital and absence
of repulsive nonbonding electron density, endows this element
with a unique ability to form a wide range of nonclassical and
unconventional bonding interactions, many of which were
counterintuitive a priori.> ° In spite of the significant charges
associated with the hydrogen atoms of the N—H and B—H
moieties in 1 and 2 (Table 1), the geometries and electron
distributions for the hydride—hydride and proton—proton inter-
actions point to several similarities with proton—hydride and
H—H bonding.

A survey of the Cambridge Structural Database (CSD) for all
intermolecular B—H° ---°"H-B and N—H"*---*H-N
contacts reveals a plethora of distances that fall below the sum
of the van der Waals radii for two interacting hydrogen atoms
(2.4 A;'% 476 and 2709 hits, respectively) It is noteworthy that
the majority of the hydride—hydride contacts occur for borohy-
drides and borane clusters. Remarkably, an intermolecular
B—H’ -+ -°"H—B contact as short as 0.939 A was observed
for neutral B,,H 4, almost as short as the bond in gaseous H,**
and shorter than the distance in molecular hydrogen
complexes.> Similar H- - - H distances also characterize a num-
ber of N—H®*- - -®*H—N contacts uncovered in this survey.>®
The vast number of short H- - - H distances revealed by our CSD
search leaves no doubt that those we have identified in the
structures of 1 and 2 are real.

The geometry and electron distribution for the homopolar
hydride—hydride interactions in 1 and 2 are comparable with
those of other types of H- - - H interaction, but they are surpris-
ingly strong. Figure 4 displays the exponential relationship
between the strength and bond distance for C—H- - -H-C/?
N—H%*.. -67H—B, and B—H°™ - - -°"H—B interactions. This
plot illustrates that each of these types of interaction spans a
continuum of behavior, in which the bonding changes from van
der Waals in nature at longer distances to resemble classical
hydrogen bonds at the shorter end of the spectrum. The strength
of these interactions increases in the order C—H---H—C <
N—H%*...°"H-B<B-H°--- 5_H—B, as one or both of the
participating hydrogen atoms accumulate charge.

16601 dx.doi.org/10.1021/ja206357a |J. Am. Chem. Soc. 2011, 133, 16598-16604



Journal of the American Chemical Society

T W\

20 min. at 140 °C

Upp=43 11z} L yp =43 Hz
20 min. at 120 °C
20 min. at 100 °C
H,
A N A

20 min. at 80 °C

before decomposition
4.65 4.60 4.55 4.50 4.45 440 4.35 4.30

Figure S. '"H NMR spectra (toluene-ds) of the gaseous products
evolved from a sample of solid 1-d, heated in 20 °C increments
(80—140 °C) over 20 min periods.

The near-identical nature of the two hydrogen atoms involved
in the hydride—hydride and proton—proton interactions pre-
vents explicit assignment of a B—H or N—H bond as a donor or
acceptor, as is the case for traditional hydrogen bonds or
proton—hydride interactions.> In these instances, the interac-
tions are most aptly described as homopolar bonding, in which a
sharing of electron density between the two B—H or N—H
moieties occurs, rather than a donor acceptor arrangement.
The remarkable strength of the B— H™ “H—B interactions
is in large part due to the size of the hydrldic hydrogen atom,
whose volume is more than twice that of the B atom to which it is
attached (Table 1) and is hence both polarizing and polarizable
with respect to other proximal B—H moieties, a factor which
appears sufficient to overcome the unfavorable electrostatics that
characterize the close H- - +H approach. The existence of an
intermolecular bond path at distances greater than 2 A is also
related to the nephelauxetic effect of the negative charge carried
by the hydrogen atoms concerned, and stands in stark contrast to
the threshold of ca. 1.3 A that marks the boundary between
stretched dlhydrogen and compressed dihydride complexes of
the transition metals.*® Conversely, the electron-deficient hydro-
gen atoms of the N—H bonds are smaller than neutral hydrogen
atoms (V ~ 40 S0 au) obtained through similar methods
(Bader charges) which may be expected to render them less
polarizing and less polarizable. However, the unusually close
proximity of the two N—H bonds involved in the proton—
proton interaction seen in 1 (~2.10 A) is sufficient to overcome
this handicap. These proton—proton interactions are undoubt-
edly electrostatically repulsive in nature, being imposed by other
(attractive) interactions within the supramolecular architectures
of these systems. Nevertheless, it is clear from our analysis of 1
that there is a redistribution of electron density within the
participating N—H moieties, with an accretion of charge between
the hydrogen nuclei that serves to alleviate, to some extent, the
unfavorable electrostatics imposed by their close proximity.

Hydrogen Desorption Mechanism for LiNH,BHs (1). In an
elegant study by Autrey et al., the isotopomers LINH,BD; (1-ds)
and LiND,BH; (1-d,) were shown to release the first half-
equivalent of hydrogen gas at significantly different rates."* The
latter isotopomer exhibited kinetics similar to that of natural-
abundance 1, while the former one released hydrogen consider-
ably slower than 1 and 1-d,. These findings led Autrey et al.

to postulate that the rate-determining step in the decomposition
of 1 involves a scission of the B—H bonds. These kinetic isotope
effects, in tandem with the hydride—hydride interactions de-
scribed above for 1 and 2, provide strong circumstantial evidence
that these interactions (or similar Li—H- + +H—B/Li-H: - -H—Li
hydride—hydride interactions) play a key role in the release of
hydrogen from these metal amidoboranes.

Accordingly, we have carried out a preliminary decomposition
study on a solid sample of 1-d,, with the gaseous products being
monitored by "H NMR spectroscopy. In this study, hydrogen
formed through a reaction coordinate involving a proton—
hydride interaction will appear as HD, whereas hydrogen re-
leased through the mediation of hydride—hydride bonding will
show up as normal H,. Staged heating a sample of 1-d, in con-
tact with toluene-dg, in which 1 is insoluble but which can
absorb appreciable concentrations of hydrogen gas, led to the
appearance of both H, and HD in the resulting "H NMR
spectrum, in a ratio of approximately 1:2 after accounting for
the NMR-silent para H, (Figure S). Although this result
indicates that the majority of the hydrogen gas desorbed by
1-d, is produced through intermediacy of a proton—hydride
interaction, the appreciable amount of H, detected indicates that
hydride—hydride interactions also contribute in a significant way
to the direct evolution of hydrogen gas, in conflict with the
conventional wisdom that proton—hydride interactions alone
mediate the formation of molecular hydrogen from AB and its
derivatives.

While the H, observed in the NMR spectra shown in
Figure S can only have originated from the BH; moiety of the
amldoborane anion in 1-d,, it may not arise directly from a
B—H"" “H—B interaction. Previous studies of metal ami-
doboranes have proposed metal ion-assisted hydride transfer
mediated by an ephemeral M—H moiety. 1427 Hence, the H,
evolved from 1-d, may actually arise indirectly through an
M—H’" “H—MorM—H°" “H—B interaction, rather
than dlrectly from B—H’ -+ -°"H-B bonding. To complicate
matters further, we cannot exclude the possibility that some of
the HD observed in the spectra in Figure S may also arise from a
hydride—hydride interaction, as DFT calculations by McKee
et al. predicted the presence of Li—H - - - H—Li interaction in the
highest free energy barrier for the decomposition of dimeric units
of 1, with one of the Li—H moieties arising from partial transfer
of a hydrogen atom from a N—H bond to Li"." In tandem with
the results presented here, these experimental and theoretical
studies indicate that the hydrogen release behavior of MNH,BHj;
is considerably more complex than previously appreciated, with
a multitude of H- - -H interactions playing significant roles in
the ground and transition states that characterize the reaction
coordinate leading to the formation of H,. What is clear,
however, is that a significant amount of the hydrogen desorbed
thermally from 1 does not originate from the proton—hydride
bonds that exist between neighboring amidoborane moieties.

B EXPERIMENTAL DETAILS

General Considerations. All manipulations were carried out
under an inert atmosphere in a nitrogen-filled drybox or using an argon
Schlenk line. Unless otherwise noted, all reagents were purchased from
commercial sources (Sigma-Aldrich) and used without further purifica-
tion. The solvents, THF and hexane, were purified using a Seca solvent
dispensing system, followed by vigorous sparging with argon, and were
stored over molecular sieves (4 A). Solution 'H and ''B NMR spectra
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were acquired using a Varian Unity INOVA (300 MHz) spectrometer at
298 K. The reported chemical shifts are presented in parts per million, in
which "H NMR spectra were referenced to residual 'H nuclei in the
deuteriated solvents, while ''B NMR signals (96 MHz) were referenced
to external BF;- OEt, at 0.0 ppm.

Synthesis of LIND,BH; (1-d,). This compound was prepared
through a direct 1:1 reaction of ND3;BH; (0.101 g, 2.99 mmol) and
nBuLi (2.5 M solution in hexane; 1 mL, 2.50 mmol) in THF (50 mL)
according to modified literature methods."* The requisite ND;BH; was
obtained by washing NH3BHj (0.1 g, 3.24 mmol) with excess D,O until
NH; resonances were no longer observed in the "H NMR spectrum. 'H
NMR (299 MHz): 6 1.48 (q, Jsu = 87 Hz, 3H). ''B NMR (96 MHz):
0 —22.25 (q, Jgu = 89 Hz).

Hydrogen Desorption Experiments. A small amount of solid
LiND,BH; was loaded into a S mm NMR tube equipped with a Teflon
valve (J. Young), followed by toluene-dg (1 mL), and the valve was
closed. The NMR tube was then placed in an oil bath and heated in
20 °C increments (80—140 °C) in 20 min stages. The '"H NMR
spectrum was recorded after each increment.

Computational Methods. In this study, the structural relaxations
and the calculation of total energies were obtained using the full-
potential linearized augmented plane wave plus local orbital method
(FP-LAPW+lo) as implemented in the WIEN2k code.”® No shape
approximations were applied for the charge density or potentials. The
exchange-correlation effects are treated in DFT with the generalized
gradient approximation (GGA), using the functional form of Perdew
et al.” The crystal unit cells in this approach are partitioned into
nonoverlap atomic spheres (also called muffin spheres) and interstitial
regions. The radii of the muffin-tin spheres are constrained by the
requirement that they are nonoverlapping and that the core states do not
penetrate significantly into the interstitial regions. We chose the follow-
ing muffin-tin sphere radii for these calculations: (1) 1.9 au for Li, 1.2 au
for B, 1.1 au for N, and 0.85 au for H; (2) 2.1 au for Na, 1.2 au for B, 0.85
au for N, and 0.55 au for H. The cutoff parameter R,,,K.x for limiting
the number of plane waves is equal to 7 for 1 and 4.5 for 2, where R, is
the smallest of all atomic sphere radii and K,,,, is the largest reciprocal
lattice vector used in the plane wave expansion. For the Brillouin zone
integration, we used K-point mesh values of 4 X 2 x Sinland 5 X 4 X 2
in 2 for the first Brillouin zone. Self-consistency was achieved when the
total energy was found to be stable within 10~* Ry. The topological
analysis of the electron distribution for 1 and 2 was then carried out using
the CRITIC software package.>

B SUMMARY

NH;BH;, AB, and its alkali-metal amidoborane derivatives
MNH,BH; have received a tremendous amount of attention in
recent years, on account of their potential applications as
hydrogen storage materials. However, the structural chemistry
and hydrogen release mechanisms that characterize these chemi-
cal hydrldes have been interpreted predominantly in terms
of N—H%*---°"H-B proton—hydride interactions for AB
and these same interactions augmented by ionic bonding in
the metal amidoborane derivatives 1 and 2. This study has
revealed novel types of homopolar H- - -H 1nteract10ns, viz.,
B—H’" "H—B hydride—hydride and N—H%"--.%*H-N
proton—proton bonding, which exist in the solid-state structures
of 1 and 2. The hydride—hydride interactions are surprisingly
strong and play a substantial role in stabilizing the solid-state
structures of 1 and 2, which is comparable with that played by
their more conventional N—H®*- - -°"H—B counterparts in
AB. However, these novel homopolar interactions are distinct
in nature from proton—hydride bonding, where a donor and
acceptor can be clearly identified. In the homopolar H- - -H

interactions, electron density is shared symmetrlcally between
the participating H atoms. Furthermore, the B— H° -..°"H-B
interactions in 1 have been shown to help medlate—elther
directly or indirectly—the release of H, from 1, as revealed by
a "H NMR study of the gaseous decomposition products of 1-d,.
The results presented here represent an important advance in our
understanding of (di)hydrogen-bonding phenomena in general,
and they shed light on how these types of interactions assist
and direct the release of hydrogen from this important and
toglcal class of materials. Moreover, the discovery of analogous
H “H bonding in a range of binary and complex hydrldes
of light metals that desorb H, at low-to-moderate temperatures>"
points to a central role for these incipient interactions in the early
stages of hydrogen evolution: further studies are under way into
their nature, extent, and significance.

B ASSOCIATED CONTENT

© Supporting Information. Details of the solid-state opti-
mizations of 1 and 2, single-crystal X-ray structure of 2, analysis
of the experimental and theoretical intermolecular interactions in
1 and 2, details concerning the to Ipological analysis of the
electron densities of 1 and 2, 'H/''B NMR spectra of 1-d,,
and CIF data. This material is available free of charge via the
Internet at http://pubs.acs.org.
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