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Abstract Quantum chemical calculations were performed
for LINH,-HMgX (X=H, F, Cl, Br, CH;, OH, and NH,)
complexes to propose a new interaction mechanism between
them. This theoretical survey showed that the complexes are
stabilized through the combinative interaction of magne-
sium and lithium bonds. The binding energies are in the
range of 63.2-66.5 kcal mol ™!, i.e., much larger than that of
the lithium bond. Upon complexation, both Mg—H and Li-N
bonds are lengthened. Substituents increase Mg-H bond
elongation and at the same time decrease Li-N bond elon-
gation. These cyclic complexes were characterized with the
presence of a ring critical point and natural population
analysis charges.

Keywords Magnesium bond - Lithium bond - Lithium
amide - Electrostatic interaction - Cooperative - Theoretical
calculation

Introduction

Recently, intermolecular interactions involving metals have
received much attention due to their potential applications in
chemical reactions [1], crystal engineering [2], and biolog-
ical processes [3]. Brammer presented a view of the varied
roles that metals, particularly transition metals, can play in
hydrogen bonding, and the potential importance and appli-
cations of metal involvement [4]. The same author also
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focused on inorganic components, or at least metal-
containing components, and explored their propensity to
form halogen bonds [5].

Lithium bonding is a strong interaction between a
lithium-containing molecule (a Lewis acid) and a region of
negative electrostatic potential on another molecule (a Lew-
is base) [6-9]. An early pioneering theoretical study on
lithium bonding was performed by Kollman and co-
workers [9]. Lithium and hydrogen bonding do have certain
analogous features, such as charge transfer, but the electro-
static contributions and the bonding energies are consider-
ably greater for lithium bonds [10]. Like hydrogen bonds,
the electron donor in lithium bonds is also classified into
lone pair electrons, 7t electrons, radicals [6], sigma electrons
[8], and carbenes [11]. Thus, lithium bonds are of great
importance in many fields. In their book “Lithium Chemis-
try: A Theoretical and Experimental Overview”, Sapse and
Schleyer [12] review the bonding, structures, and energies
of lithium bonds involved with organolithium compounds
and inorganic lithium salts.

Lithium amide (LiNH,) is a new candidate for reversible
hydrogen storage materials [13]. However, its 300 °C tem-
perature of hydrogen desorption is too high for practical
vehicular application. Fortunately, the temperature of hydro-
gen desorption for LiNH, can be decreased to 150 °C
through mixing it with LiH [14]. To improve the ther-
modynamic properties of LiNH,, a ball-milled mixture
of (LiNH,+MgH,) was proposed [15, 16]. A recent
paper [17] suggested that the mechanism of LiNH,
and MgH, interactions was through lithium bonding
with the Li atom in LiNH, and the H atom in MgH,.

Here, we reinvestigate the interaction between LiNH,
and MgH, using quantum chemical calculations. Using
theoretical calculations, Yanez et al. [18] investigated a
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series of complexes between BeX, (X=H, F, Cl, OH) and
different Lewis bases. A beryllium bond exists in these
complexes. This beryllium bond shares many common fea-
tures with hydrogen binding, but is in general significantly
stronger than hydrogen binding. Considering that Mg is the
same group as Be, and that Mg in MgH, is a more reactive
metal than Be in BeH,, we think that the Mg atom in MgH,
can interact with the N atom in LiNH, through a Mg--N
interaction. We also study the substitution effects on the
complex by replacing one H atom in MgH, with either F,
Cl, Br, CHs, OH, or NH,. The resulting complexes were
analyzed with natural bond orbital (NBO) and atoms in
molecules (AIM) methods.

Computational details

The structures of the monomers and complexes were opti-
mized at the MP2/6-311++G(d,p) level. Frequency calcula-
tions were then carried out to confirm that the optimized
structures are local minima on their potential surfaces. The
optimization and frequency calculations were performed
using GAUSSIAN-09 [19]. The interaction energy was cal-
culated to be the difference between the energy of the
complex and the energy sum of the monomers. The basis-
set superposition error (BSSE) was eliminated from the
interaction energy with the standard counterpoise correction
method of Boys and Bernardi [20]. A single-point calcula-
tion was also carried out at the CCSD/6-311++G(d,p) level
on the MP2 geometry. NBO analysis [21] was performed via
the procedures contained within GAUSSIAN 09. Electron
densities were analyzed using AIM methodology with the
program AIM2000 [22]. The electrostatic potentials on the
Mg atom in the complexes were calculated at the MP2/6-
311++G(d,p) level with the Wave Function Analysis (WFA)
Surface analysis suite [23].

Results and discussion
Geometrics

Figure | presents the optimized structures of LINH,~MgHX
(X=H, F, Cl, Br, CHz, OH, and NH,) complexes. The
respective bond lengths and bond angles are summarized
in Table 1. Clearly, the structures of the segments in the
complex change considerably. LiNHj; is a planar structure as
a monomer but has a nonplanar structure in the complex.
Monomeric HMgX is linear but the complex is nonlinear.
This indicates that there is a strong interaction between both
monomers. The H-Mg—X angle is in a range of 132—-135° in
the complex and varies little for the different X substituents.
The Li-N-Mg angle is about 81° for each complex.
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Fig. 1 Structures of the LINH,-MgHX (X=H, F, Cl, Br, CH;, OH,
and NH,) complex and respective monomers

The distance between the Mg and N atoms is in the range
of 2.070-2.103 A, which is much smaller than the 2.7 A
sum of the van der Waals radii of the respective atoms, and
is close to the length of a typical N-Mg bond. This shows
that there is an attractive force between the Mg and N atoms,
and that it can be referred to a magnesium bond as in the
case of the beryllium bond [18]. The N--*-Mg distance in the
LiNH,—MgH, complex decreases when a H atom in MgH,
is replaced with F, CI, Br, OH, and NH, substituents, while
the methyl substitution has a negligible elongation effect. In
the LiNH,—MgH, complex, the Li--H distance is 1.676 A,
which is also much smaller than the sum of the van der
Waals radii of Li and H atoms (about 3.0 A). So, substitution
has an inverse effect on the Li*H and N--Mg distances.
This indicates that a lithium—hydride interaction is present in
the complex [17]. Thus the LiNH,—~MgHX complex dis-
plays a cyclic structure through both types of interactions.
The formation of the cyclic complex can also be affirmed by
the presence of ring critical point in the complex shown in
Fig. 2. It was shown that the cyclic structure is more stable
than the chain structure [24], thus we think that the cyclic
LiNH,-MgH, complex is mainly responsible for the mech-
anism for producing hydrogen in the ball-milled mixture of
(LiNH,+MgH,).

Upon complexation, all the initial bonds in both mono-
mers are elongated. The elongations of the N-Li and Mg—H
bonds are larger than those for the Mg—X and N-H bonds.
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Table 1 Binding distances (R,

A), changes in bond lengths (Ar, Ry R, Ary Ar, Ars Ary o ()

A), and bond angles («, degree)

in the complexes LiNH,-MgH, 2.101 1.767 0.169 0.165 0.017 0.002 80.8 133.2
LiNH,—-MgHF 2.077 1.783 0.179 0.153 0.014 0.002 80.6 131.9
LiNH,—-MgHCl 2.070 1.786 0.180 0.147 0.021 0.002 80.6 131.8
LiNH,-MgHBr 2.070 1.789 0.180 0.145 0.028 0.002 80.6 132.2
LiNH,—MgHCHj; 2.103 1.763 0.167 0.167 0.013 0.003 80.8 132.3
LiNH,-MgHOH 2.081 1.778 0.173 0.164 0.047 0.002 80.7 135.0
LiNH,-MgHNH, 2.090 1.774 0.174 0.160 0.013 0.002 80.3 132.2

N-Li and Mg-H bond elongation is very prominent, and
their elongations are 0.17-0.18 and 0.14-0.17 A, respec-
tively. N-Li bond elongation becomes larger for the F, CI,
Br, OH, and NH, substituents but is a little smaller for the
methyl substitution. The substituents have the opposite ef-
fect on the Mg—H bond elongation. The smallest elongation
of the Mg—H bond is found in the LiNH,~MgHBr complex,
while the largest is observed in LiNH,—~MgHCHj;. The H
and Mg atoms in MgHX play different roles in the Li-*H
and Mg N interactions. The former acts as the Lewis base
in the lithium bond, whereas the latter acts as the Lewis acid
in the magnesium bond. The substituent X has a reverse
effect on the H and Mg atoms in MgHX, thus the change of
N-Li and Mg—H bond elongation is different for the
substitutent.

Interaction energies

Determining the interaction energy is one of the most
powerful methods of evaluating intermolecular interac-
tions. Table 2 presents the interaction energies for the
seven complexes. The energies of the monomers in their

Fig. 2 Molecular graph of LiNH,~MgHF complex at the MP2/6-311+
+G(d,p) level. Small red balls Bond critical points, small yellow ball
ring critical point

pre-complex geometries were used to calculate the in-
teraction energies. The interaction energies were
obtained using the two methods of MP2 and CCSD.
The CCSD results were obtained by a single-point en-
ergy calculation on the MP2 geometry. These interaction
energies were corrected with BSSE. The BSSE is in the
range of 3.5-4.9 kcal mol ', less than 7 % of the raw
interaction energy. This proportion is much smaller for
the complexes than that in hydrogen binding due to the
stronger strength of the MgN interaction. The MP2
values are almost equal to the CCSD values for the
same reason.

The MP2 interaction energies vary from —63.2
to —66.5 kcal mol™', which is much larger than those in
dihydrogen bond [25] and lithium bond [26]. This is be-
cause two strong interactions are present in these com-
plexes. For the H,LiN-MgH, complex, another
structure (Fig. 3) was also optimized although one
imaginary frequency is calculated for this structure. In
this structure, only one Mg-N interaction is present and
the respective interaction energy is —40.1 kcal mol '. If
only one LiH interaction is present between H,LiN
and MgH,, the interaction energy is —12.5 kcal mol™’
[17]. The sum of the interaction energy for both types
of interactions is smaller than —63.7 kcal mol ' in the
H,LiN-MgH, complex. This indicates that a cooperative

Table 2 Interaction energy (AE, kcal mol™') corrected for basis-set
superposition error (BSSE) in the complexes at the MP2/6-311++G(d,p)
and CCSD/6-311++G(d,p) levels

AEypy  BSSE  AEnp™  AEcesp”
LiNH,-MgH, —67.2 3.5 -63.7 -63.4
LiNH,-MgHF —=70.4 42 -66.2 -66.3
LiNH,-MgHCl -71.4 4.9 -66.5 -66.4
LiNH,-MgHBr =70.8 4.3 -66.5 -66.4
LiNH,-MgHCH; —67.1 3.9 -63.2 -63.2
LiNH,-MgHOH —69.3 42 -65.1 -65.1
LiNH,-MgHNH, —69.0 4.0 -65.0 -65.1

# Obtained with a single-point calculation at the CCSD level on the
MP2 geometry

@ Springer



250

J Mol Model (2013) 19:247-253

effect exists between the Mg:*N and Li---H interactions in the
H,LiN-MgH, complex as between hydrogen binding
[27-29]. Such cooperativity is also reflected in the change in
the binding distance. The N--Mg distance in Fig. 1 (2.070—
2.103 A) is smaller than that in Fig. 3 (2.124 A).

The interaction energy in the H,LiN-MgH, complex is
much bigger in magnitude than —13.1 kcal mol™" in the
HMgH-LiH complex [8]. In our previous study of dimethyl
sulfoxide—methanol complexes [30], we pointed out that the
methyl group in the proton acceptor (dimethyl sulfoxide)
and the proton donor (methanol) plays a positive role in the
formation of the O--HO hydrogen binding. But for the
complex here, the methyl group in MgHCH; plays the
opposite role, although its effect is small. For other substitu-
ents, whether electron-donating groups or electron-
withdrawing groups, the interaction energies become more
negative. This substitution effect is different from that in
hydrogen binding [31]. A further analysis shows that a
linear relationship is present between the interaction energy
and the binding distance in these complexes.

The complexes of LiX (X=H, F, Cl, Br, OH, NH,) and
HMgNH,, with X bridging the two metals, were also stud-
ied. The related structures are shown in Fig. 4. Two config-
urations (I and II) were found: configuration I with NH, as
an additional bridge, and configuration II with H as an
additional bridge. The structure of HMgNH, shows a prom-
inent change in the complexes with respect to the isolated
molecule. In the monomer, the three atoms (N, Mg, and H)
are in a line, while the H atom deviates from the line in the
complex. The deviation is a little larger in configuration II.
The NHj, structure in configuration II is similar to that in the
monomer, while it is not a planar structure in configuration I
due to the repulsive interaction between the positive H and
Li atoms. Their interaction energies are listed in Table 3.

) 9

90

Fig. 3 Optimized structure of LiH,N-MgH, complex with one imag-
inary frequency
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Fig. 4 Structures of LiX-MgHNH, (X=H, F, CI, Br, OH, and NH,)
complexes and MgHNH, monomer

The interaction energy of configuration I was found to be
more stable than that of configuration II. Two types of
interaction are present in both configurations: a Mg X

Table 3 Interaction energy (AE, kcal molfl) corrected for BSSE in the
complexes at the MP2/6-311++G(d,p) level

AE AE

LiH-MgHNH,-I 673 LiH-MgHNH,-II -53.9
LiF-MgHNH,-I —70.7 LiF-MgHNH,-II 574
LiCl-MgHNH,-I -60.3 LiCl-MgHNH,-II —47.1
LiBr-MgHNH,-I -59.6 LiBr-MgHNH,-IT —46.1
LiHO-MgHNH,-1 ~76.1 LiHO-MgHNH,-II —63.1
LiH,N-MgHNH,-I 775 LiH,N-MgHNH,-IT —65.0
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Table 4 Charge on the atoms
(g, ), Wiberg BO associated Complex qN dmg qui qu BOwmg-n BOvi-n Vimax
with the Mg~N and Li--H
interactions, and the most posi- LiNH,-MgH, -1.518 1.261 0.831 -0.667 0.22 0.16 0.24
tive electrostatic potential on the  LiNH,-MgHF -1.540 1.572 0.831 -0.697 0.21 0.17 0.31
Mg atom surface (Vinax, eV) of -y inyy N oHC 1524 1370 0840  -0669 024 0.15 0.29
MgHX in the complexes )
LiNH,-MgHBr -1.523 1317 0.842 -0.664 0.24 0.15 0.28
LiNH,-MgHCH; -1.514 1.375 0.826 -0.671 0.23 0.17 0.23
LiNH,-MgHOH -1.529 1.563 0.828 -0.689 0.22 0.17 0.31
LiNH,-MgHNH, -1.518 1.464 0.830 -0.677 0.23 0.17 0.29

interaction and a lithium bond. The latter is a conventional
lithium bond with N as the lithium acceptor in configuration
I but a lithium-hydride lithium bond with the negative H as
the lithium acceptor in t configuration II. It has been dem-
onstrated that conventional lithium bonds are stronger than
lithium-hydride lithium bonds [8, 32]. The interaction ener-
gy is less than —16 kcal mol ™! for the lithium-hydride
lithium bond [8]. The interaction energy has a similar
change in both configurations. In the LiH-MgHNH, struc-
ture, the negative H atom in LiH is associated with the
positive Mg in MgHNH,. The role of the negative H atom
in this complex is like that in the dihydrogen bond [25] and
the lithium-hydride lithium bond [8]. If the contribution of
the lithium-hydride lithium bond is removed from the LiH—
MgHNH,-II complex, the magnesium-hydride magnesium
bond is stronger than the dihydrogen bond and lithium-
hydride lithium bond. If the negative H atom is replaced
with an F, OH, or NH, group, the magnesium bond becomes
stronger and its strength increases in order of F<OH<NH,,
which is consistent with their electronegativity. If the nega-
tive H atom is replaced with other halogen atoms, the
magnesium bond becomes weaker. All changes are similar
to those in hydrogen bonds. Configuration II is less stable
than the LiNH,~-MgHX structure (Fig. 1), with the differ-
ence being very small for X=0OH and NH, but larger for X=
H, F, Cl, and Br. Configuration I is more stable than the
LiNH,~MgHX structure when X is H, F, OH, and NH,,
while it is less stable than the LINH,~MgHX structure when
X is Cl or Br.

Table 5 Electron densities (p, au) and Laplacians (Vzp, au) at the bond
critical points (BCPs) in the complexes

Complex PN--Mg PLiH VzﬂN- - -Mg V2/)l_i- .-H
LiNH,-MgH, 0.0426 0.0265 0.2855 0.1191
LiNH,-MgHF 0.0451 0.0255 0.3067 0.1155
LiNH,-MgHCI 0.0459 0.0254 0.3134 0.1149
LiNH,-MgHBr 0.0460 0.0252 0.3132 0.1142
LiNH,-MgHCHj3; 0.0425 0.0267 0.2839 0.1200
LiNH,-MgHOH 0.0477 0.0257 0.3030 0.1163
LiNH,-MgHNH, 0.0437 0.0261 0.2951 0.1173

NBO and AIM analyses

For a better understanding of the formation of the
complexes, NBO and AIM analyses were carried out.
The results are summarised in Tables 4 and 5, respec-
tively. The charges on the N and H atoms are negative,
whereas the charges on the Mg and Li atoms are pos-
itive. These charges are so large that it is reasonable to
think that the electrostatic interaction plays a dominant
role in stabilizing the complexes. In the case of the
beryllium bond, there is a dominant electrostatic char-
acter although there is a non-negligible electron transfer
between the interacting subunits [18]. It has been dem-
onstrated that the lithium-bonded complexes are domi-
nated by electrostatic interactions [6—11]. These results
support the above conclusion concerning the complexes
reported here. The negative charge on the N atom in the
LiNH,~MgH, complex increases in magnitude due to
the substitutent effects, except for the methyl substitu-
tion. All substituents lead to a substantial increase in the
positive charge on the Mg atom in the LiNH,—-MgHX
complex. The positive charge on the Li atom and the
negative charge on the H atom also increase in most
complexes. The Wiberg BO for the Mg-N bond is
greater than that for the Li-H bond in each complex.

0.35
0.301
5 1 y=-0.009x-0.2856
80251  p_gos
S 0251 .
S
S 0.20-
& 1 y=00016x+0.2209
=015 Rooon
0.104——— e
63 64 65 -66 67

Interaction energy (kcal/mol)

Fig. 5 Relationship between the interaction energy and Laplacian at
the Mg--N (m) and Li---H (o) BCPs

@ Springer



252

J Mol Model (2013) 19:247-253

The electrostatic potentials on the Mg atom in the com-
plexes were also considered. One can see from Table 4 that
the Mg atom shows a positive electrostatic potential, indi-
cating its role as a Lewis acid in the Mg-N interaction. The
most positive electrostatic potential on the Mg atom exhibits
a similar change with the interaction energy, showing the
contribution of the electrostatic interaction in the Mg-N
interaction.

Bader’s AIM theory is also a useful tool for confirming
the existence of the magnesium and lithium bonds in these
complexes. Mg:~-N and Li-H bond critical points (BCPs)
shown in Fig. 2 were probed in each complex. The calcu-
lated electron density (p) and its Laplacian (V?p ) are pre-
sented in Table 4. It can be seen that the value of p at the
Mg--N BCP varies from 0.0425 to 0.0477 au and the
respective V2p is within a range of 0.2839-0.3134 au. The
electron density associated with the Mg--N BCP is typical
of the interactions between closed shell systems but larger
than those found in conventional hydrogen binding [33].
The values for both the electron density and its Laplacian at
the MgN BCP exceed the range of hydrogen binding
proposed by Koch and Popelier [33]. It shows that the
Mg---N interaction is far stronger than hydrogen binding.
The values for both the electron density and its Laplacian at
the Li--*H BCP are in the range of hydrogen binding pro-
posed by Koch and Popelier [33], and are much smaller than
those at the Mg:-*N BCP. This means that the lithium bond is
weaker than the magnesium bond in the complex. Figure 5
shows the relationship between the interaction energy and
the electron density at the BCPs. It can be concluded from
the figure that, with the increase of the interaction energy,
the Laplacian at the Mg--*N BCP increases, while the Lap-
lacian at the Li---H BCP decreases. Clearly, the former has a
larger change than the latter, indicating that the substituents
have a bigger effect on the magnesium bond than on the
lithium bond.

Conclusions

Complexes of LiNH, and HMgX (X=H, F, Cl, Br, CHj,
OH, and NH,) are stabilized through the combinative
interaction of a magnesium bond and a lithium bond
simultaneously. The cyclic structure of the complexes is
characterized with the presence of a ring critical point
in each complex. The interaction energies are in the
range of 63.2-66.5 kcal mol ', which is much greater
than that of hydrogen binding or lithium binding. The
cooperative effect is found for the Mg'N bond and
LiH interactions. As the complex forms, both Mg-H
and Li—N bonds are lengthened. The substituents have a
reverse effect on the Mg-H and Li-N bond elongation.
We think that the cyclic LiNH,—~MgH, complex is

@ Springer

mainly responsible for the mechanism for producing
hydrogen in the ball-milled mixture of (LiNH,+MgH>).
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