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Abstract The DFT method has been employed in the explo-
ration on dihydrogen-bonded amine-borane complexes, with a
special emphasis on the dimerization and substituent group
effect. Stable dihydrogen bonded complexes can be generated
from these amine-borane monomers with the appearance of
NH®"...H®B interactions. The binding energy decreases grad-
ually with the increase of the steric effect of the substituents.
The substituent group number mainly varies the C-N bond
length. The dimerization generates close H...H and influences
predominantly the N-B distance. The effect of dimerization on
IR and vibrational circular dichroism (VCD) spectra is stron-
ger than that of the number of substituent groups, which leads
to distinct NBO charge variation on «-C. Both the substituent
group number and dimerization enhance the chemical shift
difference between hydrogen atoms covalently bonded to N
and B, Ady., which can be hired as an index for structural
determination. It is proposed that amine-borane complexes
with more substituent groups in higher degree of polymeriza-
tion are potentially interesting materials for hydrogen storage.
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Abbreviations

DFT density functional theory

DBAB  «-dimethylbenzyl amine-borane
DHB dihydrogen bond

DSO diamagnetic spin-orbit

EAB ethylamine-borane

E, binding energy

FC Fermi contact

GIAO  gauge independent atomic orbital

HB hydrogen bond
IR infrared

MAB  methylamine-borane

MBAB  «-methylbenzyl amine-borane
NBO natural bond orbital

NMR  nuclear magnetic resonance
PSO paramagnetic spin-orbit

SD spin dipole

T™S tetramethylsilane

VCD vibrational circular dichroism
Introduction

Hydrogen bond (HB) formation induces variations of the
structure of the interacting molecules. These changes reg-
ulate the structure and function of biological molecules,
and is responsible for the properties of materials and mo-
lecular assembly. A novel type of HB was identified in the
middle 1990s [1, 2]. It is designated as X-H...H-Y (where
X-H is the typical proton donating group and Y refers to a
transition metal or boron), and has inspired extensive ef-
forts to characterize its unique features. This type of inter-
action is termed as dihydrogen bond (DHB) owing to the
H...H contact between the coupled pairs [3]. It is pivotal to
harness the DHB to promote chemical reactivity and
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selectivity just as nature uses the classical HB in enzymatic
catalysis. This field will challenge our still limited ability
to design molecules with useful and tunable catalytic
properties.

Crabtree and coworkers brought out 26 systems with short
H...H contacts (<2.2 A) [3] based on a comprehensive survey
of the Cambridge Structural Database (CSD). The
dihydrogen bonded aza-borane derivatives show similar
cooperativity to those observed in standard HBs [4]. The
electron bridging DHB has been found in imidazole in-
volved derivatives, which is described from the geometri-
cal structure, the highest occupied molecular orbital, the
NMR parameters, and the stabilization energy viewpoint

[5]. The H...H distances in DHB are in the range of 1.7—
2.2 A. The N-H...H angle ranges around 160° with an
amplitude of 10°, and the B-H...H angle tends to be more
bent than linear. The nature of X-H...H-Y DHB is de-
scribed theoretically for simple model systems [6]. The
primary features for this interaction are the close distance
between two hydrogen atoms, the absence of lone pair
repulsion, and the high polarizability of the Y-H bond.
The most significant energetic terms are attributed to the
electrostatic and exchange contributions.

Nowadays, a great challenge is to move toward a
hydrogen-based energy economy through the search for safe,
economical, and hydrogen-rich materials. As potential
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Fig. 1 Geometry structures with the primary bond lengths of the amine-borane complexes
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hydrogen storage materials or dehydrogenation catalysts,
ammonia-borane and related compounds have generated ex-
tensive excitement [7, 8]. The DHB has been observed in such
amine-borane complexes [8—10]. X-ray crystallography has
been utilized in structural studies, where a DHB is identified
by an average H...H distance of 1.96 A, an average N-H...H
angle of 150°, and an average B-H...H angle of 120° in the N-
H®"...H*-B type interactions [3]. It was shown that the most
stable conformation of (H;NBH;), is a head-to-tail structure
with two sets of bifurcated DHBs [11]. As the booming hy-
drogen storage candidates, the ammonia-boranes have the
following merits: high hydrogen capacity, encouraging de-
hydrogenation performance, tunable hydrogen storage
properties, and lasting stability in air [12]. It is pointed out
that the strong DHB stabilizes the layered ammonia-borane
structure and promotes the reaction between H®" and H* and
thus accelerates the release of dihydrogen at much lower tem-
perature and faster rate. The DHB mediated alcoholysis of
dimethylamine-borane in nonaqueous media has been ex-
plored both experimentally and theoretically [13].

DHBs can be detected indirectly using IR and NMR spec-
troscopy by monitoring the change of characteristic vibration-
al frequencies or'H chemical shifts. Very little further experi-
mental IR data of DHBs has been reported since the first IR
spectroscopy of DHB was reported in the 1970s [14—16]. The
main limitation is due to the signal contamination of DHB by
other HB interactions in solution. The vibrational circular di-
chroism (VCD) and NMR spectroscopy are highly sensitive to
conformational variations and environmental turbulence, and
have thus been employed successfully to identify the DHB of
chiral amine-borane complex [17].

Herein, these three tools are hired to identify dihydrogen
bonded dimers of amine-borane and its derivatives. The re-
sults and discussion about the geometrical structure, IR and
VCD spectra, NBO charge, NMR, as well as the coupling
mechanism are presented in this article. Concluding and open-
ing remarks are also presented.

Top view Side view

Fig. 2 Geometry structure of the amine-borane octamer (MABS)

Calculation details

The high precision and computationally inexpensive perfor-
mances exhibited by the hybrid B3LYP method lead to its
extensive application, especially for the description of large
free radicals, intermolecular complexes, and anions [18-23].
Although the B3LYP functional predicts a larger binding en-
ergy as compared with the MP2 method [24-26], the B3LYP
functional gives data whose accuracy matches those of the
best ab initio results. The B3LYP functional has been sug-
gested efficient in the exploration [27-29] of the NMR spin-
spin coupling constant ("J(A, B), where n is the number of
bonds connecting nuclei A and B). The NMR calculations
were performed employing the gauge independent atomic or-
bital (GIAO) framework [30, 31]. Tetramethylsilane (TMS)
was utilized as the reference molecule. The J constants are
determined as the sum of four Ramsey terms: the Fermi con-
tact (FC: the magnetic interaction between an electron and an
atomic nucleus when the electron is inside the nucleus), the
spin dipole (SD), the paramagnetic spin-orbit (PSO), and the
diamagnetic spin-orbit (DSO) contributions [32].

All calculations throughout this article were carried out
employing the B3LYP exchange-correlation functional with
the 6-311++G(d,p) basis set implemented in a suite of Gauss-
ian 09 program package [33]. The absence of imaginary fre-
quency in the vibrational spectra ensured that all the optimized
structures were local minima on the potential energy surfaces.
The binding energy (£},) was calculated by subtracting the
energies of monomers from that of the polymer.

Generally, the charges obtained from natural population
analysis is more reliable than the Mulliken charges, espe-
cially, when the diffusion function is included. The charge
distribution and the bonding feature of the polymers are
revealed with the analysis on molecular orbital and natural
bond orbital (NBO) [34]. According to the second-order
perturbation theory, the orbital interactions between the
donor (Lewis basic type) orbitals and the acceptor (Lewis
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acidic type) orbitals are estimated. For each NBO donor
orbital (i) and acceptor orbital (j), the stabilization energy
E(2) associated with the delocalization i — is given by the
formula:

F(i,j)*
EQ2)=AE;; =q,
( ) ] qz 5/'_51'

Fig. 4 Electrostatic potential of
the amine-borane complexes. The
blue surface denotes the positive
part of the electrostatic potential,
and the red area represents the
negative part
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,where ¢; is the donor orbital occupancy, F(i, j) is the
offdiagonal NBO Fock matrix element. ¢i and ¢j are diag-
onal elements (orbital energies).

Results and discussion

Geometries Figure 1 collects the optimized geometries of
methylamine-borane (MAB), ethylamine-borane (EAB), o-

EAB MBAB DBAB
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Table 1 The stabilization energy E(2) in the dihydrogen-bonded
amine-borane complexes

Complex Donor Acceptor EQ2)“
MBAB LPofN? LP  of B¢ 2672
DBAB LP of N LP" of B 266.8
MBAB?2 LP of N LP of B 289.2
DBAB2 LP of N LP" of B 287.8

“The unit of E(2) is kcal mol™ ; ” LP means lone pair bond;  LP* denotes
lone pair antibond of B

methylbenzyl amine-borane (MBAB), x-dimethylbenzyl
amine-borane (DBAB), as well as the corresponding dimers
(MAB2, EAB2, MBAB2, and DBAB2). The octamer of
methylamine-borane (MABS) is presented in Fig. 2. Each di-
mer has a head-to-tail structure with two sets of bifurcated
DHBs, similar to that of (H;NBH3), [11]. The primary param-
eters shown in this figure afford the following information.
The C-N bond lengthens along with the number of substituent
group on «-C, implying the weakening of the C-N bond. This
is supported by the analysis about the bonding energy
discussed later. Similarly, the distances of N-B, N-H, and B-
H bonds increase slightly as the substituent group number
augments. The N-B bond distance in DBAB is still slightly
shorter than that (1.665 A) in HsNBH3. Dimerization gener-
ates novel H...H interactions with short contact distance
(~2.0 A), as has been observed experimentally in MBAB2 by
VCD spectroscopy [17], and condenses the NB bond
by ~0.02 A for all four monomers. The effect of dimerization
on other geometrical parameters is slight. The influence of
polymerization on geometry is further explored with the opti-
mization about the octamer of MAB. The N-B bond decreases
in MAB8 by 0.01 A as compared to that in MAB2. The shortest
H...H distance (1.801 A) is observed in this octamer. The
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Fig. 6 Binding energies (Eyp) of the dimers calculated at B3LYP/6-311++
G(d,p) level

distance of N-H...H-B interaction is distinctly condensed as
compared with those observed in amine-borane complexes
[35-38], where the DHBs are generated by the H*"...H® in-
teraction, which is generally shorter than those formed with
the H®"...e...H®" interaction [5, 39]. Therefore, the addition
of substituent group mainly influences the C-N bond length.
The augmentation of degree of polymerization generates close
H...H contacts and varies predominantly with the original N-
B distances. It is expected that the cooperation between am-
bient H®"...H® interactions provides the driving force for
closer H...H contacts and shorter N-B bonds ( 1.618 A).

NBO analysis The NBO charge population on primary atoms
of'the amine-borane complexes are shown in Fig. 3. The NBO
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Fig. 7 IR spectra of amine-borane systems. The primary vibrational

modes are assigned
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charges on o-C, N, and B atoms of MAB are —0.36, —0.69, and
—0.16 atomic unit (a.u.), respectively. Positive charges of
0.39 a.u. and negative charges of —0.06 a.u. are found on the
hydrogen atoms covalently bonded to N and B, respectively,
and this indicates that the interaction mode of DHB in these
dimers should be N-H>*.._.H*-B. The charge on «-C varies
gradually from negative to positive (0.13 a.u.) along with the
increase of the substituent group number, the effect of which is
slight on the charge population of other atoms. The charge
population in the dimer is similar to those in the monomer,
as is applicable to all four amine-borane complexes. This dem-
onstrates that the influence of dimerization is weak on charge
populations. This is supported by the charge population in
MABS (Fig. 3).

The molecular electrostatic potential (ESP) of these amine-
borane complexes are shown in Fig. 4. Useful information
about the charge population can also be obtained from these
diagrams. The red-color surface denotes the negative electro-
static zone, and the blue-color part refers to the positive elec-
trostatic area. Therefore, electronegative borane group com-
bines with the electropositive amine group during the dimer-
ization reaction. In the dimer, the positive area and the nega-
tive surface of the ESP are crisscrossed, and the system is
stabilized by the cooperation of these electrostatic attractions.

The energies of primary bonds are represented in Fig. 5.
The energies of the C-N, N-B, N-H, and B-H covalent bonds
in MAB are —945.7, —755.3, —820.1, and —435.7 kcal mol'l,
respectively. The N-B bond energy (Eng) is less by 27.4 kcal
mol ™ as compared with that of HyNBH;. The value of Exg
decreases by 4.0 kcal mol™ when one substituent group is
added on «-C. The N-B covalent bond disappears in MBAB
and DBAB complexes. Instead, the delocalization from the N
lone pair (occupied) to the B lone pair antibond (virtual) con-
tributes by 267.2 kcal mol™ to the stabilization energy E(2) of

6- '/k/’\.
1 Mon:—s— H(B)—e— H(C)—a— H(N),
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Fig. 9 Chemical shifts of primary hydrogen atoms in various amine-
borane complexes. Mon means the monomer, Dim refers to the dimer,
and Oct denotes the octamer. H(C) denotes the hydrogen aatom on «-C.
H(N) and H(B) are the hydrogen atoms participate in the H...H
interaction in the polymer, respectively
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MBAB. This value reduces slightly to 266.8 kcal mol™ in
DBAB (Table 1). The Ecy value decreases slightly with the
increase of the substituent group number. It is similar in the
case of Egyy, which reduces linearly by ~3.0 kcal mol™" step by
step. The situation of Eyy is complex owing to the disappear-
ance of N-B covalent bonds in MBAB and DBAB complexes.
This leads to the strengthening of N-H interaction. Eyyy de-
creases distinctly with the augmentation of degree of polymer-
ization. The N-B covalent bond also disappears in the dimers
of MBAB and DBAB complexes. The delocalization of the N
lone pair to B contributes by 289.2 and 287.8 kcal mol™ to
E(2) of MBAB2 and DBAB2. This phenomenon indicates that
the dimerization effect on the property of the monomer is
slight. This is proven by the slight difference between the
bond energies of the octamer and monomer of MAB (Fig. 5).

The binding energy (Ey,) of 15.1 kcal mol™ for the related
(H5;NBH3), has been predicted by Cramer [11]. The E}, of
(H5;NBH3;), determined at the B3LYP/6-311++G(d,p) level
is 12.9 kcal mol™, in good accordance with the previously
reported value. The dimerization of MAB is an exothermic
reaction by 12.3 kcal mol™. The E,, value of MAB2, EAB2,
MBAB?2, and DBAB? calculated at the same level is 12.3, 12.0,
11.7, and 10.5 kcal mol™, respectively (Fig. 6). The Ey, of
8.8 kcal for MBAB2 has been predicted at the B3LYP/6-
31G(d) level [17]. The decrease of E}, along with the augmen-
tation of substituent group number should be attributed to the
steric effect. The Ey, value of 75.5 kcal mol™, predicted for
MABS, indicates that the binding strengthens with the cooper-
ation of peripheral H®"...H®" interactions.

IR spectra IR spectroscopy is an invaluable tool in chemistry,
material, and biological structure determination. It is sensitive
to the bond order, the type of atoms joined by the bond, as well
as the chemical environment. The IR spectra of the amine-
borane complexes over a range of 2000 cm™ ' are collected
in Fig. 7, with the primary vibrational modes of strong inten-
sity assigned. The spectra at 2424.0 and 2468.7 cm ' are
assigned as the symmetrical and anti-symmetrical B-H bonds
stretching of MAB complex, respectively. The frequencies lo-
cating at 3533.0 cm ' correspond to the N-H stretching mode,
which is red-shifted by 27 cm ™' as compared to that in
H3;NBHj;. The effect of the substituent group number on
anti-symmetrical B-H stretching modes is distinct (Fig. 7
(a)). The spectra of two anti-symmetrical B-H stretching
modes approach each other and they are degenerated owing
to the similarity of chemical environment. These two spectra
shift away gradually in the derivatives (EAB, MBAB, and
DBAB) because the substituent groups change the chemical
environment of two B-H bonds. Figure 7 indicates that the
effect of the substituent group number is slight on these hy-
drogen bond stretching modes. Red-shift occurs upon dimer-
ization for the symmetric B-H and N-H stretching modes, as
can be observed obviously for all four monomers (Fig. 7b).

Vibrational circular dichroism (VCD) spectra As a power-
ful method to probe the binding topology of DHB systems,
VCD spectra have been utilized both for the determination of
absolute configurations and for structural studies of a wide
range of systems ranging from small molecules to polymers
[40-43]. The VCD spectra of the monomer and dimer com-
plexes are shown in Fig. 8. The B-H stretching vibration is
assigned in the VCD bands of MAB at 2468.7 cm . It is in
good agreement with the experimental results observed by
Merten [17]. The intensity of this band is strengthened by a
thousand times and it shifts to 2399.5 cm™ ' upon dimerization.
Another vibration with strong intensity of MAB2, located at
3353.9 cm ', corresponds to the N-H stretching vibration. The
following two points can be drawn with the analysis about the
VCD spectra of EAB, MBAB, DBAB, as well as their dimers
expressed in the other three plots of Fig. 8. Firstly, a distinct
VCD band, found around 2450 cm ! for all three mMOoNomers,
corresponds to the B-H stretching vibration. It is red-shifted
upon dimerization slightly. Secondly, the typical signal
at~3500 cm ™ is assigned to the N-H stretching mode, which
is red-shifted slightly upon dimerization, while the intensity is
strengthened distinctly.

NMR parameters The sensitivity of NMR parameters to
structure and environment provides a useful tool for structural
identification. The chemical shift () and spin-spin coupling
constant (J) are important NMR parameters and offer detailed
information on the geometry and electronic structures. The §
and J values are collected in Figs. 9 and 10, respectively. The
following three points can be drawn from Fig. 9. Firstly, the
increase substituent group number enhances the § value of H,
which is covalently bonded with «-C or N. The situation is
opposite for the H covalently bonded with B. Secondly, the
dimerization effects are predominant on the § of nitric H
(H(N)). Thirdly, the ¢ difference of H(N) and H(B), Ady.p,
increases with the number of substituent groups from 0.22 to
1.63 ppm for the monomer and from 3.7 to 4.6 ppm for the
dimer, respectively. This can be employed to detect the corre-
sponding geometry structure.

Figure 10 demonstrates that the spin-spin coupling con-
stants of B-H (Jgy) of both monomer and dimer are dominated
predominantly by the Fermi-contact (FC) mechanism. The
value of Jpy varies slightly with the addition of a substituent
group. While, Jgy reduces distinctly by ~6.0 Hz upon dimer-
ization. Jyy is determined mainly by the FC mechanism. A
small contribution comes from the paramagnetic spin-orbit
(PSO) mechanism of Jyy. The Jyy coupling constant varies
slightly along with both the number of substituent groups and
the dimerization. The coupling constant of N-B in the mono-
mer is about 1.4 Hz and changes slightly vs substituent group
number. Jyp is exalted by two times upon dimerization. The
Jon coupling constant is altered mainly vs the substituent
group number, instead of the dimerization.
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Conclusions

The analyses of the geometrical structure, NBO charge, IR
and VCD spectra, binding energy, and NMR parameters of
the amine-borane complexes were performed on the basis of
DFT results. Stable dihydrogen bonded complexes can be
generated from these amine-borane monomers through N-
H®"...H*-B interactions upon polymerization. The binding
energy of the dimer decreases gradually with the increase of
the substituent group number at x-C owing to the steric effect.
The number of substituent groups mainly influences the C-N
length and the dimerization predominantly influences the N-B
distance. The effect on IR and VCD spectra of dimerization is
stronger than that of the number of substituent groups, which
leads to distinct NBO charge variation on «-C. Both the num-
ber of substituent groups and dimerization enhance the chem-
ical shift difference of hydrogen atoms covalently bonded to N
and B, Ady_y, which can be hired as an index for the structural
determination.

The stability of the system decreases with the addition of
substituent group, while it is favorable for the release of hy-
drogen. The larger the degree of polymerization, the higher
the stability. This would benefit the storage of dihydrogen.
Therefore, the amine-borane complexes with more substituent
groups in higher polymerization degree are expected to be
excellent potential candidates for dihydrogen storage.
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