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Abstract: Magnesium hydride solids doped with transition metals have received attention recently
as prospective hydrogen storage materials for a green energy source and a hydrogen economy.
In this study, MgTiH, (1 = 1-20) clusters were investigated for the first time by employing the
B3PWO1 hybrid density functional theory computational chemistry technique with all electron basis
sets to determine precise cluster structures and the maximum hydrogen capacity for this model
system. We find that hydrogen atoms bind to the metal cluster core until a MgTiH;4 saturation
limit is reached, with hydrogen dissociation from this system occurring for MgTiH;5 and larger
cluster sizes. This MgTiH;4 cluster contains a large 16.4% hydrogen by mass. This saturation size
limit and hydrogen mass percent is larger than the analogous MgScH,, system previously reported.
The clusters relative stabilities and electronic properties are discussed along with a possible novel
hydrogen dissociation pathway. MgTiHy and MgTiH;3 clusters are predicted to be especially stable
species in this size range.

Keywords: clusters; density functional theory; global optimization; doped magnesium hydride;
solid-state material; hydrogen storage; hydrogen desorption

1. Introduction

Our modern-day society largely depends on fossil fuels as a main energy source. The
continued use of these non-renewable resources raises concerns about their sustainability
as well as the environmental impact of burning these fossil fuels. Carbon dioxide, a major
byproduct of the combustion of fossil fuels, is a greenhouse gas causing a rise in Earth’s
surface temperature [1]. In addition to climate change for future generations, burning fossil
fuels can lead to health problems in the current population, such as cardiovascular and
respiratory diseases [2].

The desire to reduce our current dependence on fossil fuels has led to interest in
developing different clean alternative energy sources. Hydrogen has become an attractive
alternative fuel candidate with a high energy density. In addition, water is the main
byproduct of burning hydrogen gas. However, many challenges need to be overcome
for hydrogen to be an efficient replacement for fossil fuels. One issue is that molecular
hydrogen exists as a gas under ambient conditions, which has low particle density and
leads to special safety and handling issues. Liquid hydrogen requires extremely low
temperatures and high pressures [3]. However, solid compounds containing hydrogen
are a plausible option for a safer and more efficient hydrogen storage material. Metal
hydrides, in particular, have come to the forefront as a possible solid hydrogen storage
material, as they can be handled more safely and are a practical alternative to other forms
of hydrogen [4-13].

Magnesium hydrides have several advantages as a potential solid-state hydrogen stor-
age metal hydride. For example, magnesium is abundant, relatively inexpensive, nontoxic,
and lightweight, with a low molar mass [4,14-17]. Although the strong Mg-H bonding
interactions lead to poor hydrogen sorption kinetics and thermodynamics in the solid,
the hydrogen storage capacity and hydrogen sorption kinetics in magnesium hydrides
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have been noted to greatly improve by doping it with transition metals [18-29]. Tita-
nium in particular is an attractive catalytic dopant in magnesium hydride systems [21,27].
Mg, TiyH; systems of various compositions, for example, have shown to exhibit better
(de)hydrogenation energetics and kinetics than both magnesium and titanium hydrides
individually, and the hydrogen from some Mg, Ti,H, materials has been noted to be re-
leased from the solid at lower desorption temperatures than other solids [30,31]. However,
much is still not fully understood about transition metal-doped magnesium hydrides,
including the role of the metal dopant, the required and optimal dopant concentration,
and specific details about the desorption mechanism. However, it has been suggested
that the dopant atom migrates in the material when hydrogen is released and that the
magnesium-metal interactions are critically important during the release of this molecular
hydrogen [22-27,32,33]. To study real-world bulk processes in greater detail, small atomic
clusters are frequently used as convenient models [34-36].

Recently, we have investigated small scandium-magnesium hydride clusters, i.e.,
MgScH;;, (n = 1-20), enhancing and extending the work of prior research [37]. It was
noted in this investigation that these clusters became saturated at MgScH;3 with a 15.9%
hydrogen by mass, and that larger clusters contained dissociated H, molecules. This
dissociation was proposed to occur through a weakly bound H; molecule coordinated to
a negatively charged hydrogen atom on the cluster. Here, we investigate the impact of
incorporating a different transition metal on the cluster properties, i.e., MgTiH, clusters
in the same size range. This has significant importance due, in part, to the increased
(de)hydrogen kinetics and energetics noted when titanium is used as a dopant in various
magnesium hydride systems [21,27,30,31]. The major goals of this investigation are to
explore what the hydrogen saturation size limit is for this cluster system and if it changes
based on the dopant atom; to determine what the role of a different transition metal atom,
specifically titanium, plays in the dissociation pathway and the preferred cluster structures;
and to investigate the similarities and differences in cluster energetics and electronics with
different dopant transition metal atoms as a function of increasing size.

2. Computational Methods

Candidate cluster isomers were generated using the unbiased Artificial Bee Colony
algorithm implemented in the ABCluster global optimization program, were taken from
previous predictions reported in the literature, or were created from our prior knowledge of
likely candidate atomic cluster structures [37-40]. This ensured that both logical structures
would be considered and that other candidate isomers would be located without using
prior knowledge or bias. Low-energy isomers generated from the global optimization
procedure, along with the additional structural isomers created for each size, were reopti-
mized without symmetry constraints using stringent convergence criteria via the B3PW91
density functional theory method and the 6-311++G(d,p) basis set for all atoms [41-44].
The Gaussian 16 quantum chemical package was used for all calculations [45]. This method
was chosen to allow for comparison with the analogous MgScH,, system studied previously
at this level of theory [37]. Additionally, this theoretical approach has been shown to accu-
rately reproduce various experimental paraments and produce the same major conclusions
as higher-level ab initio methods for similar systems, and has performed better than other
combinations of DFT methods and basis sets for these test cases [37]. Vibrational frequen-
cies were calculated for each isomer to ensure that true minima structures were located.
Zero-point energy corrections were included for all relative energy comparisons. All global
minima isomers reported adapted the lowest possible spin multiplicity for the particular
system (i.e., either singlet or doublet states depending on the number of electrons involved
for the respective size). Natural Bond Orbital (NBO) analyses were performed using the
NBO 7.0 program to gain further insight into the electronic and bonding properties of
each cluster [46]. All calculations were performed using the Expanse high-performance
computing cluster housed at the San Diego Supercomputing Center (SDSC) through the
NSE-ACCESS program. Visualization of the results and pictures of each structure and the
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frontier molecular orbitals were generated locally using the GaussView 6 program [47]. By
exploring small MgTiH,, clusters in detail here, the results will provide insight and further
motivation for utilizing titanium-doped magnesium hydride solids as hydrogen storage
materials.

3. Results and Discussion
3.1. Geometric Structure Determination, Growth, and Electronic Properties

For each MgTiH,, size (n = 1-20), the energies of multiple isomers were compared to
determine the ground state structure. As two representative examples, five low-energy
local minima structures located for MgTiHg and MgTiH;3 are shown in Figure 1. The energy
of each isomer in Figure 1 is reported relative to the lowest-energy isomer for that size. The
lowest-energy isomers MgTiHg-A and MgTiH;3-A lie over 21 kJ/mol lower in energy than
structures with a single dissociated Hy molecule (i.e., isomers MgTiHg-E and MgTiH;3-B),
and dissociation of additional H, molecules leads to even higher energy geometries for
these sizes (i.e., MgTiH 3-C and MgTiH;3-E are 41.6 and 57.5 k] /mol higher in energy than
MgTiH;3-A, respectively). Note that the global minima isomers MgTiHg-A and MgTiH;3-A
contain an H-Mg(u-H)3Ti subunit to their structure. Isomers without this (u-H)s group
(i.e., MgTiHg-D and MgTiH;3-D) lie higher in energy, and more is discussed about this
particular group while discussing the growth pattern in the next paragraphs. Note also
that MgTiHg-A is a different lowest-energy structural isomer than what was predicted for
this size when Sc was used as a transition metal (i.e., isomer MgTiHg-C is analogous to the
global minimum MgScHg isomer reported previously [37]), and, interestingly, structural
changes based on transition metal dopant identity can already be noted. A more detailed
discussion of the relationship between MgTiH,, and MgScH,, clusters is presented later in
Section 3.2. Calculations were also performed at the B3PW91/lanl2dz level, and they gave
similar results. At this BAPW91/lanl2dz level of theory, MgTiHg-A was also predicted to
be the lowest-energy MgTiHg structure, lying 6.6 k] /mol lower in energy than MgTiHg-B.
Interestingly, at this level, MgTiHg-E with a dissociated H, unit lay only 7.8 k] /mol higher
in energy than the global minima MgTiHg-A structure.

MgTiHg-A |MgTiHg-B | MgTiHg-C | MgTiHg-D | MgTiHg-E
0 kJ/mol +1.7 +2.6 +14.3 +21.5
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Figure 1. Low-energy structural isomers of MgTiHg (top) and MgTiH;3 (bottom). For each structure,
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J

magnesium atoms are colored yellow, titanium atoms are grey, and hydrogen atoms are blue. Relative
energy values are listed in k] /mol.



Hydrogen 2024, 5

672

The ground state structures and frontier molecular orbitals of all of the lowest-energy
MgTiH,, isomers located for n = 1-12 and n = 13-20 are shown in Figures 2 and 3, re-
spectively. The coordinates of all of the located global minima isomers in standard xyz
format are provided in the Supporting Information for this article. For small-sized MgTiH;—
MgTiH,, hydrogen atoms either bind to the Ti center or act as bridging hydrogen atoms
between titanium and magnesium. When an odd number of hydrogen atoms is present for
these small sizes (i.e., for the MgTiH and MgTiHj3 doublet species), hydrogen atoms bind
exclusively as bridge-bound hydrogens. However, when an even number of hydrogen
atoms are present (i.e., for the MgTiH, and MgTiH, singlet species), two hydrogen atoms
bind to the titanium center. For MgTiHs, a single hydrogen atom binds solely to Mg, and
three bridge-bonded hydrogen atoms exist. Once this H-Mg(u-H);Ti entity is formed in
MgTiH5, the group also exists as a structural motif in the ground state geometry for all
larger-sized clusters in the size range explored here. For MgTiHs—MgTiH 4, hydrogen
atoms continue to bind to the titanium center either as H atoms or as molecular H,. For
MgTiH;5 and larger cluster sizes, weakly interacting H, molecule(s) are dissociated from
the MgTiH;3 or MgTiHj4 cluster core, depending on whether an odd or even number
of hydrogen atoms is present, respectively. This MgTiH;4 size thus sets the hydrogen
saturation limit on these clusters, indicating a maximum hydrogen capacity of 16.4% by
mass in the MgTiH,, system.

Structure SOMO LUMO Structure | HOMO LUMO
MgTiH 3 MgTiH,
el ?
9 o
M‘g{'lng, 2 MgTiH,
%
MgTiHs MgTiHg
9 ¢
3 9| &
) *
MgTiH, ? Mg‘TPiH8
9
4 g
‘3 “ oo | IR
MgTiH, MgTiH;
? ? ? ®
3, | 9
| o é
MgTiH,, MgTiH, |
? ? ? ®
v e
5 | @9 A

Figure 2. Lowest-energy isomers and frontier orbitals of MgTiH,, (n = 1-12). For each structure,
magnesium atoms are colored yellow, titanium atoms are grey, and hydrogen atoms are blue.
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Figure 3. Lowest-energy isomers and frontier orbitals of MgTiH,, (n = 13-20). For each structure,
magnesium atoms are colored yellow, titanium atoms are grey, and hydrogen atoms are blue.

Once H; dissociation occurs for MgTiH, (n > 15), the weakly bound H; molecule
appears at different locations in the ground state structure. After the first H, molecule
in MgTiH;5 and MgTiH;4 appears along the cluster’s side, additional H, molecules in
MgTiH, (n = 17-20) aggregate oriented along the Ti-Mg-H backbone of the cluster. A
similar observation was noted in MgScH,, clusters [37]. This provides further evidence that
dihydrogen may prefer to dissociate through coordinating with the metal-Mg-H backbone,
particularly after the first H, molecule dissociates. It seems likely the transition metal may
aid in the release of dihydrogen from magnesium hydrides solids as the transition metal
diffuses into the solid. By doing so, this may lead to a hydride with a large negative partial
charge that dissociated dihydrogen can coordinate to with a temporary dipole. For example,
in the ground state structure of MgTiH;7, NBO charges indicate the partial charges for
each atom along the Ti-Mg-H backbone to be —0.399, +1.482, and —0.654, respectively. The
dissociated dihydrogen aligned with this backbone has a temporary dipole with partial
charges on the two hydrogen atoms of +0.014 and —0.015. Hence, the dissociated Hj
molecule is able to weakly interact with the large, negatively charged hydride (—0.654)
in the cluster, which may aid in stabilizing the H; as it dissociates from metal-doped
magnesium hydride materials.

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO), which jointly make up the frontier orbitals for these clusters, are also
shown in Figures 2 and 3. These orbitals primarily consist of magnesium p and titanium
d character. This is easily seen for smaller-sized clusters, and the frontier orbitals become
increasingly complicated as the cluster size increases. For example, in the MgTiH) cluster,
the p and d orbitals of Mg and Ti, respectively, overlap constructively in these frontier
orbitals. For doublet species with an odd number of electrons, the singly occupied molecule
orbital (SOMO) is denoted for the HOMO, as is common, and is more descriptive for
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the system. Figures 2 and 3 show clusters with an odd number of hydrogen (doublet
systems) on the left side and clusters with an even number of hydrogen atoms (singlet
systems) on the right. Thus, similarities can be noted down a column, and the HOMO
and SOMO are labeled accordingly for a given column. Note, for example, that once a
cluster is saturated with hydrogen atoms (i.e., for MgTiH 3 and MgTiHy4), the addition of
dissociated Hy molecules for larger MgTiH,, (n > 15) clusters does not change the frontier
orbitals significantly.

Table 1 presents the natural electron configurations (NECs) for magnesium and ti-
tanium atoms in MgTiH, (n = 1-20) ground state clusters. It also includes the Mullikan
and natural partial charges for both metal atoms in each structure. The NECs show that
titanium predominantly loses s electron density and gains d character in the cluster relative
to the atomic electron configuration, whereas magnesium predominantly loses s electron
density. In general, Mullikan and natural partial charges have the same sign for each metal
in the cluster, but natural charges are typically predicted to be larger in magnitude for both
metals. This is a similar trend to what was observed for MgScH,, clusters [37]. While the
partial charge of Mg is predicted to be positively charged for every ground state structure,
titanium is positively charged for small-sized clusters and becomes partially negatively
charged in MgTiH;, and larger sizes. At n =5 and larger, the natural charge on magnesium
remains relatively constant up to n = 20.

Table 1. The natural electron configuration (NEC), Mullikan charges, and natural charges for the
metal atoms in MgTiH,, (n = 1-20) clusters.

Mullikan Charge Natural Charge
H Atoms (1) NEC (Mg/Ti) (Mg/Ti)
Mg:351.683p0.04550.01
1 Ticds1 0332594006 44001 0.146/0.0469 0.265/0.303
Mgl3$l‘68 3p0.06
2 0.147/0.336 0.253/0.711

Ti:450'533d2'614p0'134d0'01

Mg:350.99 3p0.06 450.01 3d0'01

3 Ticds0 3834250 400354001 4001 0.374/0.532 0.921/0.774

Mg:351‘53 3p0.01 450.01
4 Ti:4so'643d2'324p0'074d0'01 0.290/0.617 0.449/0.961

Mg1350'53 3d0.015p0404

5 Ti:4so'373d2'394p0'034d0'02 0.831/0.456 1.422/1.179
Mg:350.515p0.05

6 Tk 32 3y00 400 0.602/0.513 1.437/0911
Mg2350'514;70‘04

7 Ti:450'373d2'724p0‘024d0'03 0.783/0.324 1.437/0.861
Mg:350.503p0.04

8 Ti:4so'413d3'054p0'024d0'03 0.683/0.244 1.454/0.484
Mg:3504505p0.04

9 Ti:4SO'363d3'094p0'024d0‘04 0.724/0.144 1.451/0.490
Mg:350.503p0.04

10 Ti:4so'373d3'584p0'014d0'02 0.670/—0.036 1.459/0.011
MgZ3SO'496p0'O4

11 0.689/—0.0699 1.467/0.039

Ti:450‘363d3'534p0'024d0'05
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Table 1. Cont.

H Atoms () NEC Mull(ill:;gn n?i:large Natl(,l;/&ll; /?rlil)arge

Mag:3504960.04

12 Tids037 3597 4 0025,002 0.566/—0.0458 1.467/—-0.379
Mg:3504860.04

13 Tiad® 5 ap0 025038 44005 0.607/—0.247 1.476/—0.399
Mg5350‘476}70'04

14 Tids0363446240 015,001 0.547/—-0.584 1.482/-1.013
Mg1350'486p0'04

15 Tiad 9540 025403844005 0.608/—0.248 1.475/—-0.400
Mg;:3s0:475,0.04

16 Tids03634462440015,001 0.547/—0.581 1.481/-1.013
Mag:350485,,0.04

17 Ticds0335 95400244005 0.539/-0.122 1.482/—-0.399
Mg:35047 6004

18 Tic4s0363446244001 5,001 0.457/—-0.433 1.487/-1.012
Mg:3504475p0.04

19 Ticds03835 95400244005 0.576/—0.195 1.482/—-0.399
Mg;:350:47 4/0.04

20 0.522/—-0.551 1.488/—1.012

Ti:3d4‘62550'364d0'015}70‘01

3.2. MgTiH, and MgScH,, Comparison

In comparing the ground state structures of MgTiH,, clusters assigned in the previous
section and MgScH,, reported previously [37], several interesting observations can be noted.
First, the lowest-energy isomer of the small MgTiHg cluster contains a TiH,(H;) group (i.e.,
two hydrogen atoms and an H, molecule bound to Ti). This differs from the ground state
of MgScHg, where a Sc(Hj); group exists. The reported HMg(u-H)s TiH; (Hy) ground state
structure of MgTiHg lies 2.6 k] /mol lower in energy than a possible HMg(u-H)3;Ti(Hy),
structure (which is the lowest-energy Sc isomer) at this level of theory. This preference for
two hydrogen atoms and a hydrogen molecule bound to the metal, rather than two diatomic
hydrogen molecules, likely arises from the presence of an additional electron on the Ti
center compared to Sc. This difference is also important, as it impacts various parameters
of the clusters. For example, the presence of terminal hydrogen atoms, as opposed to
hydrogen molecules, bound to the metal has an impact on the metal-magnesium bond
length. This is discussed in more detail in Section 3.3. Secondly, all hydrogen atoms remain
bound to the lowest-energy MgTiHi4 cluster, and MgTiHjs is the first size cluster with a
dissociated Hy molecule. Hence, MgTiH14 achieves hydrogen saturation, and the maximum
hydrogen capacity of this system is found to be 16.4% by mass. This is larger and differs
from the analogous scandium system where MgScHj3, which is 15.9% hydrogen by mass,
is the largest cluster without a dissociated Hp molecule. This hydrogen dissociation at
different-sized clusters for two transition metals that differ in their number of valence
electrons but have similar sizes implies, at least in part, that dissociation likely occurs due
to the electronic properties of the transition metal dopant rather than steric factors.

3.3. Cluster Stability and Energetics

In the discussion on cluster energetics here, we focus mainly on trends that are pre-
dicted rather than absolute values at this level of theory employed. Figure 4 shows the
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absolute value of the HOMO-LUMO energy gap as a function of the number of hydrogen
atoms in a cluster. For doublet electronic species (i.e., species with an odd number of
hydrogen atoms), the singly occupied molecular orbital (SOMO) is taken as the HOMO.
This energy gap, while it should only be taken as qualitative at this level of theory, provides
a relative indication of the inertness or reactivity of a specific cluster, with a higher energy
gap indicating a more inert cluster. In Figure 4, it is seen that the HOMO-LUMO gap
generally increases with size up to MgTiH;3; is the largest for MgTiH,, (n > 13), where
the clusters are predicted to be the most inert in this cluster size range; and remains fairly
constant for larger sizes. This is appropriate, as Hy molecules begin to dissociate from the
saturated clusters at this size and the general cluster structure remains relatively constant
with each additional dissociated hydrogen molecule. Note that this maximum gap energy
is only slightly less than the maximum calculated for MgScH,, clusters [37].

> 4.5
2401
®35-
(O I
O 3.0 1
=
32.5
=20
O
502468101214161820
T Number of Hydrogen Atoms (n)

Figure 4. Frontier molecular orbital energy gap as a function of the number of hydrogen atoms in
MgTiH,, clusters.

Figure 5 shows the magnesium-titanium bond length as a function of the number
of hydrogen atoms in the cluster. The magnesium-titanium bond length changes for the
smaller MgTiH,, (n = 1-5) size range, but varies to a lesser degree when # is greater than 5.
For MgTiH;3 and larger sizes, once hydrogen saturation occurs in the MgTiH,, cluster, the
Mg-Ti distance remains relatively constant. Note that MgTiH, MgTiH,, and MgTiHy, which
have the longest predicted Mg-Ti bond lengths of 2.867, 2.813, and 2.880 A, respectively,
correspond to the three sized clusters where the ground state structure does not possess a
full three-hydrogen-atom bridge-bound Mg(p-H)3Ti unit. MgTiH3, which has the shortest
Mg-Ti bond length of 2.564 A, contains a full Mg(n-H)3Ti group without any additional
terminal hydrogen atoms in the cluster, and these bridging hydrogen atoms appear to
lead to structures with shorter Mg-Ti distances. For MgTiH;g and MgTiHjj,, there is also a
decreased Mg-Ti bond length compared to other clusters in this size range, although to a
lesser extent than that seen for smaller sized clusters. Similarly to MgTiHz, MgTiH;g and
MgTiH;; do not contain any terminal Ti-H bonds (i.e., all of the hydrogen atoms bound
to Ti are either as Hy units or bridge bound Mg(p-H)3Ti). Hence, the decreased Mg-Ti
length appears to be due to the cluster containing the three bridge-bound hydrogen atoms,
without any additional terminal H atoms bound to the titanium center.
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Figure 5. Bond length between magnesium and titanium as a function of the number of hydrogen
atoms in each MgTiH;, cluster.

Figure 6 shows the binding energy (Eping) of the MgTiH,, clusters. The binding energy,
or fragmentation energy, is calculated by Equation (1) and is the sum of the energy of each
individual atom making up the MgTiH,, cluster minus the energy of the cluster, and is
normalized for the total number of atoms in the cluster by dividing by n + 2.

Emg + Eti + nEfq — Envgrin,

Epina(n) = @

n+2

] 216

1701 213

u’j%lsoi 2108 3 1T 13151719

0 2 4 6 8 10 12 14 16 18 20
Number of Hydrogen Atoms (n)

Figure 6. Binding (fragmentation) energy as a function of the number of hydrogen atoms in MgTiH,
clusters (n = 1-20). The insert shows a blown-up portion of the overall plot for n = 5-20.

Hence, a more positive Ep;,gq value denotes a more stable cluster, and as all of the Ej;,g
values are positive, this indicates that the clusters studied here are more stable than the
individual atoms making up the cluster. The numerical values of Ep;,4 are given in the
Supporting Information. As expected, the Ep;ng of the cluster increases drastically as n
increases for small-sized clusters, and then begins to level off and change more gradually
for larger-sized clusters. The odd/even oscillation seen in Figure 6 indicates that clusters
with an odd number of hydrogen atoms are, in general, more stable for this system. A larger
blown-up section for nn = 5-20 is shown as an insert in Figure 6. In this region, note that the
energy increases up to n = 13, and then begins to decrease. Hence, MgTiH;3 appears to be a
more stable cluster size with regard to Ep;,q. For clusters with an even number of hydrogen
atoms, the Ey;,g increases up to MgTiH;g and then begins to decrease with cluster size.

The relative stability of each cluster compares the energy of a cluster in relationship
to its neighboring-sized clusters with one more and one less hydrogen atom (or two more
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and two less hydrogen atoms). These Eq,,1 and Egpo relative energies are calculated using
Equations (2) and (3), respectively.

Estap1 () = 2Emgrin, — Emgrin, | — Emgrin,, (2)

Estar2 () = 2Emgrin, — Emgrin, , — Emgrin, 3)

Figure 7 depicts Egiap1 and Egpapp as functions of cluster size and each are additional
metrics to indicate the relative stability of each cluster. As these are calculated with
Equations (2) and (3), a more negative stabilization energy indicates an enhanced stability
relative to its neighboring-sized clusters. The numerical values of Eg,,1 and Egiapp are also
provided in Table S1 of the Supporting Information. With Eg,p1, an odd/even oscillation
can be seen, which again indicates that clusters with an odd number of hydrogen atoms
are more stable than their even-numbered neighbors. For clusters with an odd number of
hydrogen atoms, we again note that MgTiH;3 is more stable (i.e., has a more a negative
Eqtap1) than other clusters similar in size. For even-numbered hydrogens, we note that
MgTiH;g is a minimum, and Eg,p; indicates that this size is more stable than other MgTiH,
clusters with an even number of hydrogen atoms. While Eg,,, compares clusters with a
similar odd or even number of hydrogen atoms, it also compares clusters that vary more in
size, differing by two hydrogen atoms. However, Eg,1,» again indicates that, in addition to
small MgTiH,, clusters, MgTiH;o and MgTiH;3 are more stable larger species than other
clusters in this size range. As expected, Egiapp does not vary significantly once hydrogen
saturation and dissociation occur for the largest clusters studies here.

-120-
'180‘ T T T 1 L T 1 T LA ¥ T 1
2 4 6 8 10 12 14 16 18
Number of Hydrogen Atoms (n)

Estab1/Estab2 (kJ/mol)
o

Figure 7. Relative energy between MgTiH,, clusters as a function of the number of hydrogen atoms
per cluster. Egp1 (blue circles) compares the energy of a cluster with that containing one more
and less hydrogen atom, whereas Eg,},» (green squares) compares the energy of a cluster with that
containing two more and less hydrogen atoms. See text for additional details.

4. Conclusions

In summary, we have explored the structures, growth mechanism, stability, and
energetics of MgTiH,, (n < 20) clusters at the B3PW91 hybrid density functional level of
theory with an all-electron 6-311++G(d,p) basis set for all atoms. We have shown that
hydrogen atoms predominantly bind to titanium in small MgTiH,, clusters. Additionally,
hydrogen saturation occurs at MgTiH14 with a large 16.4% hydrogen by mass, and clusters
with an odd number of hydrogen atoms are more stable than those with an even number
of hydrogen atoms. Particularly, MgTiH;g and MgTiH;3 are more stable clusters with
even and odd numbers of hydrogen atoms, respectively. The cluster frontier orbitals are
primarily made up of magnesium p and titanium d atomic orbitals. A plausible mechanism
for H, dissociation from metal-doped magnesium hydride solids, which is supported by
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NBO analysis in MgTiH,, clusters, is described where H, molecules desorb while weakly
interacting with an anionic hydride in the solid. In the desorption process, the anionic
hydride forms a weak intermolecular interaction with a temporary dipole of the dissociating
H, molecule.
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mdpi.com/article/10.3390 /hydrogen5040035/s1. The supplementary data for this article include the
determined Cartesian coordinates for the lowest-energy MgTiH,, (n = 1-20) isomers calculated at the
B3PW91/6-311++G(d,p) level of theory in standard xyz format. Additionally, the numerical values
of Epind, Estab1, and Egapp shown in Figures 6 and 7 are provided in the Supplementary Materials
as Table S1 (Table S1: The Eyng, Estab1, and Eggapp energy calculated for MgTiH,, (n = 1-20) at the
B3PW91/6-311++G(d,p) level of theory by equation 1, 2, and 3, respectively.).
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