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Abstract: Concurrence of aromaticity and hydrogen trapping potential of some atomic clusters has
drawn the attention of scientific community, although in a few cases it has been reported that the
partial charges on the constituent atoms of the clusters are probably responsible for H, trapping via
frail van der Waals type of interactions. In this article, an effort is made to review the studies which
address the conjunction of aromaticity and hydrogen storage potential of different atomic clusters
and the contribution of our research group to this particular topic.
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1. Introduction

Continuous increment of machinery for our day-to-day survival as well as the mod-
ernization and increment in the number of industries and automobile sector has surged the
demand of energy-stock unexpectedly. To bout these huge energy needs, the balance of
our environment has been hampered in many ways, including unusual weather, climate
change, global warming, etc. [1-5]. A few years back, it was reported that human civiliza-
tion depends mostly on fossil fuels since most of the needed energy is produced by their
combustion; in contrast, such fuels are the primary producer of carbon dioxide and thereby
greenhouse gasses [6,7]. Therefore, we need energy resources which would not destroy
our environment and fulfil the requirement. Although there are many alternatives to fossil
fuels, hydrogen energy is the best option due to its avalanche abundance and pollution-free
combustion. Nevertheless, physical storage of H; is very expensive (needs cryogenic
ailment) abreast accident causing [8] and the density of Hj is ~9 x 10~° g/cm3 at standard
ambient temperature and pressure (SATP) [9]. Due to these reasons, many research works
worldwide on hydrogen storage technologies as well as on the systems are underway to
progress in the finding of potential hydrogen storage material and solve the energy issue.
There are many types of hydrogen storage material, but broadly, we can classify them
into physical hydrogen storage material and chemical hydrogen storage material. Those
materials which involve the trapping of hydrogen via covalent bond formation are termed
chemical hydrogen storage materials. Such trapping of hydrogen ensues in the range of
47.8-95.6 kcal/mol [10]. However, such storage of hydrogen possesses a great disadvantage
in the liberation as well as further uptake pathways [11]. The physical hydrogen storage
can be classified into two types: first is the direct storage of pure Hj, but in this case,
the necessity of cryogenic ailment and possible hazard restricts the scope; second is the
trapping of H; through weak non-covalent interactions (van der Waals dispersion forces
mainly). Such contact occurs by <2.4 kcal/mol [12,13].

Hubner et al. reported the variation of interaction of Hy with the electron-deficient
and electron-rich aromatic system. They considered a series of aromatic systems for their
study, including monosubstituted benzene (C¢HsX, where X = CN, CH3, NH;, OH, F, and
H), naphthalene and azulene (C;9Hg), anthracene (C14Hy(), coronene (Cp4Hjyy), terephthalic
acid (p-C¢H4(COOH),), and dilithium terephthalate (p-C¢H4(COOLI);). They concluded
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that the binding of molecular Hj occurs feasibly with electron-rich aromatic systems, and,
on the other hand, more favourable interaction is noted with larger aromatic systems in
comparison to benzene ring [14]. In another report, it was disclosed that the aromaticity
of different organic molecular systems directs their binding with alkali metals. Alkali
metal-doped organic aromatic systems revealed potential hydrogen binding ability [15].
A few anionic, carbon-based aromatic molecular systems were studied by Bodrenko and
co-workers, who reported the stabilization of such systems by alkali and alkaline earth
metal cations. Moreover, they disclosed that the nature of the cation monitors the weak
bonding interaction between the organometallic compound and molecular hydrogen [16].
So far, in our research group, we have studied many atomic and molecular, neutral as well
as ionic clusters in the search of potential hydrogen trapping/encaging systems. These
include metal organic framework, neutral and ionic metallic as well as non-metallic clusters,
clathrate hydrates, cyanogen cages, etc. Here, in this review, we discuss only those systems
which exhibit some sort of aromaticity [13,17-21]. In the following section, theoretical
background is discussed briefly.

2. Theoretical Background

Chattaraj and co-workers have been using different density functional theory method-
ologies to disclose many novel properties of various atomic and molecular systems over
the last four decades. Here, we aimed to confer a few of the methodologies which were
employed to investigate the clusters that exhibit aromaticity and show potential hydro-
gen trapping ability concurrently. It is known to almost every scientist that the DFT and
conceptual density functional theory (CDFT) can predict the general properties of atoms,
molecules, and materials [22-26]. The descriptors derived from DFT to assess the general
properties of various atomic, molecular systems and many chemical processes are termed
descriptors based on CDFT. Out of these descriptors, the electronegativity (x), hardness (1),
and electrophilicity (w) help to unveil the global characteristics of a chemical system. On
the other hand, to study the reactivity or inertness of a certain atomic center in a molecule
the Fukui functions (f) was developed [27-36]. We can write the ) of a system containing
N number of electrons as

oE
x=(5%) 8
aN 7}(7’)
The chemical potential (i) can be written as
oE
p= () : &)
IN /o)
hardness (1) as
9°E
q_<> . ©)
aNZ o(r)

The equation to calculate electrophilicity (w) is

2 .2
_Kr_X
W= = o (4)

In the above equations, the external potential is v(r) [26-34,36].
One can express the electronegativity and hardness via finite difference method:

x=U+A)/2, ®)

n=(-A). (6)
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In the above two equations, I marks the ionization potential and A indicates the
electron affinity of a molecular moiety, which can be determined employing the Koopmans’
theorem [37], | & —Egomo and A ~ —Erumo-

1
X=-3 (Enomo + Erumo), 7)

1 = —(Enomo — Erumo)- 8)

Here, Egonmo and Erypo mark the energies of the highest occupied molecular orbitals
and the lowest unoccupied molecular orbitals.

In the following way, we can calculate the ionization potential and electron affinity
of a system via the computation of N and N = 1 electronic systems” energy by the ASCF
technique:

I~EN —1) — E(N), )

A~EN) - EN+1). (10)

In the above two equations, E(N — 1) is the single point energy of the optimized system
containing (N — 1) electrons, whereas the E(N) and E(N + 1) denote the same parameter of
the optimized system but of N and (N + 1) electrons, respectively.

Due to the addition or removal of an electron to/from a molecular system (at a constant
external potential), a change in electron density occurs, and the same can be determined in
terms of the Fukui function [36].

f(?) - ap(r) . 11)
o(r)

One can determine the Fukui function f (;) [38] from the computation of population
of electron.

fi = pe(N +1) — pe(N), for the nucleophilic attack, (12a)
fe = pPe(N) — px(N — 1), for the electrophilic attack, (12b)
fl? = [Pr(N +1) ; Pr(N —1)] , for the radical attack, (12¢)

Calculation of local philicity (wy) can help in estimating the selectivity of a particular
atomic location. For the kth atomic site, the w,‘c" is

wy = w-fg. (13)

To characterize the nucleophilic attack, the magnitude of « would be +, whereas for
electrophilic and radical attacks, the values are — and 0, respectively.

The following is the statement of maximum hardness principle (MHP) [39-41]: “There
seems to be a rule of nature that molecules arrange themselves so as to be as hard
as possible”. and the following is the statement of minimum electrophilicity principle
(MEP) [42-45]: “Electrophilicity will be a minimum (maximum) when both chemical poten-
tial and hardness are maxima (minima)”. It was concluded that the stability of a molecular
system and extremal values of electrophilicity (w) are correlated. During chemical reactions,
molecular vibrations and rotations, many intermediate and transition state species emerge
and the evaluation of w reveals electrophilicity extremum [42-45] at certain points in these
processes which obey the following condition:

op _ H |9
oA 27 {8/\} (14)
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In this equation, A indicates reaction coordinate for chemical changes as well as all
possible symmetric and asymmetric movements of the component atoms of considered
molecular system/s. So far, many research groups have reported the corroboration of MEP
and MHP. For the assessment of stability of various molecular systems, such electronic
structure principles are utilized worldwide.

When the relative stabilities of cyclohexene, 1.3-cyclohexadiene, hypothetical 1,3,5-
cyclohexatriene, and benzene were studied thermodynamically, it became clear that the
benzene is much more stable in comparison to the analogous diene and cyclohexene. Such
unusual stability can be explained only by the unique property of planar, conjugated,
(4n + 2)m electrons containing monocyclic molecular structures, i.e., by aromaticity. Aro-
maticity has a long history of research of approximately two centuries. The first scratch
in this long history was made by Faraday in the year 1825, when he isolated benzene
from illuminating gasses. Faraday developed the idea of electron delocalization in ben-
zene molecule [46]. Later, a significant contribution was made by Kekule in the year
1865 with the dazzling concept of alternating single and double bonds in the benzene
molecule [47-50]. Over the last few decades, numerous remarkably stable aromatic systems
have been modelled and synthesized worldwide. The following are criteria of a molecule to
be aromatic: possession of (4n 4 2) numbers of conjugated 7 electrons (wheren =0,1,2,3,
etc.), and cyclic and planar structure. It is worthy to mention here that the (4n +2)7
electron count was first proposed by Hiickel, as one of the mandatory criteria of aromaticity.
There are different types of theoretical approaches to ascertain the electron delocalization
and aromaticity of a molecular system. Out of the many, Giambiagi et al. first proposed
the three-center bond index, and the same was independently proposed by Sannigrahi
and Kar [51,52]. Matito and co-workers discussed other electron sharing indexes such as
electron sharing index (ESI) of Fluton, Mayer’s bond orders, and delocalization indexes
(DI) [53-59,59-61]. The following aromaticity indices were used so far by various research
group worldwide to ascertain electron delocalization: para-delocalization index (PDI),
aromatic fluctuation index (FLU), MO multicentre bond index (MCI), six-center bond index
by Ponec et al. The research group of Ponec et al. further developed the idea of quantitative
characterization of homo-aromaticity, nonhomo-aromaticity, and antihomo-aromaticity by
the use of MCI [62-70]. Chattaraj et al. studied all metal aromatic and antiaromatic systems
and disclosed the efficiency of multicenter indices in the study of bonding, aromaticity,
and reactivity. Moreover, they used MHP and minimum polarizability principle (MPP)
to ascertain the relative stability of aromatic and antiaromatic molecular systems [71,72].
There are many methodologies to study the aromaticity, but mostly a few are used, har-
monic oscillator model of aromaticity (HOMA) [73-75], nucleus independent chemical shift
(NICS) [76], and electron localization function (ELF), etc. In our research group, we mostly
used NICS, and particularly for the systems discussed here only NICS was used.

Schleyer et al. first proposed the concept of NICS (in ppm) in the assessment of
aromaticity [76]. NICS is computed using a magnetic shielding tensor for a dummy
magnetic dipole assumed at the centre of an under-study system. When NICS is computed
at the centre of a molecular system, the same is indicated by NICS(0); and when the NICS
measurement is conducted at 1 A above the centre of the ring, it is indicated as NICS(1).

When the magnitude of NICS is negative, the system is aromatic, and when it is
positive, the system is antiaromatic. Interestingly, few cage type molecules also reveal
(—)Ve NICS values computed at the centre. Such systems, if they possess 2(n + 1)? valence
electrons, exhibit spherical aromaticity [77]. Various organic as well as inorganic cage-like
symmetric molecular systems containing r-network validate this rule. Besides this, it is
also noted that there are many cage-like molecular systems where one of the faces is open;
we may call such a type of system an open-cage system. Stability and reactivity of such
a type of open-cage system can be explained by the “Open-Shell Spherical Aromaticity”.
Sola et al. introduced this concept for open-cage type systems possessing (2N? + 2N + 1)
numbers of 7t-electrons [78].
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3. Computational Details

The initial coordinates of the guess structures were obtained from the molecular mod-
elling software GaussView 3.0 and GaussView 5.0.8 [79]. Moreover, different molecular
orbitals and other output results were obtained and further exploited using this software
only. The systems which are identical with the work reported earlier were reoptimized at a
new theoretical level using the old geometries, and further computations were performed.
Optimizations of different modelled geometries and computations for thermochemistry
as well as the magnetic shielding tensors were performed by Gaussian 03 and mostly
by Gaussian 09 [80,81]. Various initial guess structures were optimized at different level
of theories: B3BLYP, M052X, DFT-D-B3LYP, M06, MP2, in combination with the basis sets
6-31G(d), 6-31G(d,p), 6-311+G(d,p), 6-311+G(d), cc-PVDZ as per the chosen molecular
system to obtain the stationary points. The obtained stationary point coordinates were
further taken to compute the harmonic vibrational frequencies at the used level of theory
(optimization) to check the nature of the stationary points. Real values of the harmonic
vibrational frequencies confirmed that the optimized systems are at the minima. Few
molecular systems were assembled to generate periodic systems and the Vienna ab initio
Simulation Package (VASP) [82-85] was used for the computation. Such periodic systems
were modelled using XCrySDen graphical software [86]. As per the component elements
of the periodic system, a kinetic energy cut-off of 550 eV was used (PAW potential) [87,88].
To compute the exchange—correlation energy density functional Ey.[p], the Generalized
Gradient Approximation (GGA) of Perdew—-Burke-Ernzerhof was used [89]. A1 x 1 x 6
Monkhorst-Pack set of k-points [90] were used for the computations. For a few particu-
lar molecular systems, to envisage the effect of electric field on the hydrogen trapping,
electric field was applied along the x direction of the modelled system [91,92]. The fol-
lowing equation was used to calculate the change in energy due to the application of the
electric field:

AEF = — [Egz@system — Etpasysten |- (15)

F
Hy@system

trapped molecular motif in the electric field applied condition, whereas the term Ey,@system
specifies computed energy without the electric field.

In this equation, the term E marks the computed total energy of the Hp

4. Atomic Clusters
Mg and Ca Clusters

McNelles and Naumkin studied hydrogen molecule encapsulated (dopped) Mgn
clusters (n = 8 to 10) and reported the weak stability of such systems. In the next-to-
next year, Chattaraj and co-workers reported further studies on similar systems and their
Ca analogues [17]. In this study, they included investigation on the hydrogen molecule
trapping ability of such magnesium and calcium clusters with the focus on hydrogen
storage and aromaticity. Local minima forms of the modelled molecular hydrogen encaged
Mg, and Cay, clathrate (n = 8-10) are collected in Figure 1. They noticed the interesting
fact that the Mg, and Ca,, clusters are unstable, whereas their H; encapsulated forms are
stable. This clarifies that the encapsulation of molecular hydrogen brought stability in them.
However, in few cases, the H-H bond of the hydrogen molecule breaks and encaging occurs
in the atomic form (Figure 1). Measurement of NICS(0) and NICS(1) at the top and bottom
rings (Mg, and Cay) of the Mg, and Ca,, forms revealed diatropic ring current. Mulliken
population analysis charges on the hydrogen encaged metal centres disclosed positive
values with the exception of a few sites of HyMgy, HyMgjy and HyCajg, where negative
charges were noted. On the other hand, partial positive charges on the metal centres of
Mgy, Can (n = 8-10) were noted at both the upper and lower frames. From this positive
partial charge, one may conclude their susceptibility to nucleophilic attack. Interested
readers are directed to see Reference [17] for the calculated local reactivity descriptors.
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H,Ca, H,Ca,,

Figure 1. Optimized geometries of HyM,, (where M = Mg, Ca; n =8, 9, 10) clusters. This figure is
reproduced from Reference [17].

5. Ionic Clusters
5.1. Ny4Liy and NgCa, Clusters

The moiety Ng had the attention of the scientific community not only for possible
use as high energy density material, but also for the structural pattern [93-97]. In 2011,
Chattaraj and co-workers reported the aromaticity of Ng*~ and N2~ planar cyclic rings.
Moreover, they studied these anionic systems with suitable co-ion in the search of a good
hydrogen storage material and modelled the N4Li, and NgCa; clusters [18]. A detailed
investigation was conducted on the aromaticity of these systems. NICS(0) calculations
revealed that both the anionic systems, Ng*~ and N2~ possess aromatic criteria to compare
with benzene and cyclobutadiene, respectively. They performed a NICS scan plot for Ng*~,
N42~, benzene, and cyclobutadiene, and detected similar patterns for Ng*~ and benzene.
On the other hand, a different nature of plots was obtained for N2~ and cyclobutadiene
rings. There are ten 7-electrons in the Ng*~ cyclic planar system, which were noted to be
aromatic. In contrast, surprisingly, the N4>~ monocyclic system revealed simultaneous
appearance of r-aromaticity as well as o-antiaromaticity, which was then called conflicting
aromaticity. They concluded such o-antiaromaticity due to the obtained positive value of
NICS(0) whereas the m-aromaticity was projected from the (—)Ve magnitude of NICS(1).
It is possible that the cation— interaction between Ca?* ions and Ng*~ rings as well as
between Li* ions and N42~ rings stabilized the NgCa, and NyLi, systems, respectively.
Such composite systems can interact with up to twelve hydrogen molecules. Local minima
forms of hydrogen molecule-bound NgCa; and NyLi, clusters are collected in Figure 2a.
The researchers noted that due to the interaction of Ca?* with the Ng*~ ion, the aromaticity
of the latter increases. On the other hand, the N4>~ monocyclic anion continues to show
conflicting aromaticity even after the ionic contact with two Li*. It was mentioned that the
binding of hydrogen molecules occurred due to the partial positive charges on the metal
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center. They noted favorable adsorption energy (AE,qs) for the interaction of hydrogen
molecules. The following are adsorption energy data: 1.2 kcal/mol for the interaction with
eight hydrogen molecules, with 4 H, on each Li centers for N4Liy, and 1.3 kcal /mol for the
interaction with six hydrogen molecules where each Ca binds 6 H; in NgCas.

5.2. Liz* and Naz™ Ions

In many molecular systems, aromaticity plays an important role for their stability and
reactivity. Keeping in mind the role aromaticity can play, many molecular systems were
modelled and designed. In the same line of thought, Chattaraj and co-workers studied
the Liz* and Naj3* ionic moieties and their interactions with molecular hydrogen/s [17].
The local minima forms obtained for the hydrogen molecule-bound equivalents of Liz*
and Na3* systems are provided in Figure 3. Out of the many trial positions of interaction
with Hp molecules, for the Liz* cluster, trapping at the vertices became mostly feasible.
The trigonal plane of the Liz* cluster can also interact with hydrogen. However, for Naz*,
interaction with molecular hydrogen occurs via the vertices of the formed triangle. In
the trapping of hydrogen by the ionic clusters, an interesting point was noted. When
the interaction between metal ion cluster and hydrogen takes place via the vertices, the
hydrogen remains in its molecular form; on the other hand, when the ionic moieties interact
via the centre of the triangular ring, atomic hydrogen binding occurs.

For the atomic hydrogen-bound form, the interaction energy is 32.2 kcal/mol (HpLiz*
cluster). Binding energy values fall in the range of 3.6-3.7 for more than one Hy-bound
cluster. When the interaction of the Liz* cluster occurs with molecular H, the E}, values
remain in the range of 2.2-2.5 kcal/mol. Nevertheless, for the Nas* ion, the binding
energies are quite low, 0.2-0.7 kcal/mol. Computed results of NICS(0) [= (—)Ve] indicate
that the alkali metal cluster cations and their Hy trapped analogues are aromatic. It was
noted that the NICS(0) values of Li3* and H,Liz* moieties are —8.75 ppm and —14.57 ppm,
respectively. The total number of hydrogen molecules adsorbed by the Liz* moiety is eight
via the vertices and molecular plane. Via only vertices, six Hy molecules can be trapped by
the same ion. The other cluster ion, Nag*, traps a maximum of ten hydrogen molecules
via the vertices of the formed triangular ring. As the number of interacting hydrogen
molecules increases, the electrophilicity value decreases. Such trend of electrophilicity
denotes increment in the stability of Hy-bound ionic forms with cluster size.

5.3. MsLi;* (M = C, Si, Ge) Clusters

Li-doped star-like clusters obtained the interest of the scientific community due to
their stability and aromaticity. Merino et al., Heitjans et al., and Ghosh et al. studied such
Li-doped star-like systems [98-101]. By now, it is known to all that the Li center with a
sufficient partial positive charge can trap H; molecules. With this idea, Chattaraj and co-
workers had chosen star-like CsLi;* and SisLiy* ions for detailed investigation. Moreover,
they also studied the system GesLi;* as it is the higher congener of the taken system [19].
Both the carbon- and the Si-containing systems’ global minima forms were determined
by that time [19]. The simplicity of these structures and their symmetric skeleton (Ds;,)
beside the r-aromaticity were mentioned. In aromaticity, it would be good for the reader
to know that the system CsLi;* is o-nonaromatic and that SisLiy* shows o-aromaticity.
Chattaraj et al. successfully modelled the carbon- and silicon-containing Ds;, structures,
but the Ge analogue was determined to be near Ds;,. Pauling scale electronegativities
of Li, C, Si and Ge are 0.98, 2.55, 1.90, and 2.01, respectively. Due to such differences in
electronegativity values, the bonding between C and Li, Si and Li, as well as between Ge
and Li is obviously polar in nature. Computation of natural population analysis (NPA)
charges revealed that in the Cs5Li;* ion, the equatorial Li comprised +0.78e and the axial Li
comprised +0.71e charges. Similar positive charges were noted on the Li centres of SisLi;*
and GesLi;* moieties. It was determined that each of the Li atoms in CsLi;* can interact
and bind three H, molecules where the binding energy was noted to be —2.8 kcal/mol per
Hy. So, altogether, the carbon-centered ion can hold up to 21 H; molecules (Figure 4).
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Figure 2. (a) Local minima forms of NgCap and N4Li; and their corresponding H, trapped equivalents. Color code: blue for N, pink for Li, green for Ca, and white
for H atoms. (b) NICS-scan plots for Ng*~, N42~, benzene (Bz), and cyclobutadiene (Cb). This figure is reproduced from Reference [18].
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Figure 3. (a) Forms of Hy-bound Liz* and (b) Hy-bound Nas*. This figure is reproduced from
Reference [17].

CsLi;" (Dsn)

21H,@CsLi;"

Figure 4. Cs5Li;* and 21 Hy@CsLiy* at the M06/6-311+G(d,p) level. This figure is reproduced from
Reference [19].

Assessment of hardness and electrophilicity values revealed that as the number of
hydrogen molecules increases at the Dg;, symmetric ions, their stability increases. Such
trends of hardness and electrophilicity values validate the MHP and MEDP, respectively. It
was noted that the Si-centered ion can also trap up to 21 Hy molecules where each of the Li
interacts with three Hy. Energy of such interaction was determined to be —2.2 kcal/mol
per Hy for the axial Li and —3.3 kcal/mol per H; for the equatorial Li. On the other
hand, for the Ge-centered ion, axial Li can trap up to two Hy molecules (interaction
energy = —2.5 kcal/mol per Hy) and the equatorial Li can hold three hydrogen molecules
(interaction energy = —3.4 kcal/mol per Hy). Moreover, the lengthening of hydrogen—
hydrogen bond in the H, molecule was noted due to the interaction with the Li centres
and simultaneous decrease in the partial charge of the Li centre, and, accordingly, electron
density transfer from the o-bond of molecular hydrogen to the respective Li centres was
mentioned. SisLi;*, GesLi;* and their hydrogen molecule-trapped analogues are provided
in Figure 5. When electrophilicities were plotted for the Si- and Ge-centered moieties, it
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was noted that the obtained trends are in line with the CsLi;* systems. However, the plot
of hardness reflected a different trend, and to justify that, one can utilize scaled hardness
per atom or per electron. Calculation of gravimetric hydrogen storage capacity was done
and noted 18.3 and 9.3 wt% for the SisLi;* and GesLiy* systems, respectively. Moreover,
application of electric field (0.001 to 0.005 au) in the direction of the trapped Hj increases
the binding energy of adsorption for all the studied systems.

0

SiiLis* (Dg) 3H,@SisLi;" (at equatorial) 3H,@SisLi;" (at axial)

GesLi;" (Cy) 3H,@GesLi;' (at equatorial)  2H,@GesLi;" (at axial)

Figure 5. Local minima geometries of MsLi;* (M = Si, Ge) and their H, trapped analogues at the
MO06/6-311+G(d,p) level. This figure is reproduced from the reference [19].

6. Cage-like Clusters
6.1. 312N12 Cage

Inspired by the idea of endohedral and exohedral interaction of Hy/H with BN
buckyball [102-104], Giri et al. modelled the B1pNj, moiety and studied the stability,
aromaticity, and hydrogen trapping potential [20]. In the endohedral encapsulation of
Hj, by BN buckyball, the former remains in its molecular form. However, in the case of
exohedral encapsulation, the H-H bond ruptures and atomic hydrogen adsorption occurs
via each of the B and N centres [103]. In studying B1,Nj, moiety, Giri et al. explored
the various global reactivity descriptors; moreover, the electronic structure principles
(MHP, MEP) were also employed and were determined to be significant to gain further
insight. B3LYP/6-311+G(d) level of theory was used to perform the geometry optimizations.
Optimized geometries were further studied using MP2 level of theory and the same basis
set. It was noted that H; interacts with the BjNj, moiety exohedrally. As N is more
electronegative than B, the nitrogen centres possess partial negative charges in the B;2N1»
cage. It is likely that these partial charges facilitate the interaction with hydrogen. It was
reported that the BN cage can hold 12 hydrogen molecules exohedrally (Figure 6).
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8H,@ BNy 9H,@ BN, 11H,@ BN,

Figure 6. Energy minima forms (B3LYP/6-311+G(d)) of B;2Nj; and selected hydrogen molecule-
bound analogues. This figure is reproduced from Reference [20].

It was stated that nH,@B1,N1, forms are more stable in comparison to the B12Ny»
cage. Capture of hydrogen molecules by the B1;N1, moiety is favourable because of the
negative interaction energy per H, molecule. In addition, the measurement of aromaticity
of the Hy-bound BN moiety helps to understand the fate of the host as a hydrogen storage
material. For all the nH,@B1,N7; systems, electronegativity, hardness, and electrophilicity
were computed and it was determined that the values of electronegativity decrease with
the increasing value of n (number of Hy molecules). The calculated hardness data indicate
increment in the magnitude with the increasing values of n, whereas a decreasing trend
in the electrophilicity values was noted. NICS was calculated at the centre of B1oNy, and
nH,@B5Ny; clusters. Aromaticity of the modelled moieties was known by the negative
NICS values. It was mentioned that the three, six, and nine hydrogen molecule adsorbed
B12N1s systems are less stable in comparison to their neighbouring analogues, as noted
from the gain in energy values. The gain in energy values were calculated to compare
the stabilities of the successive hydrogen-loaded systems. The reported NICS(0) profile
indicates higher stability of four, eight, and ten hydrogen molecule adsorbed systems,
beyond the steady trend. This unusual higher stability was not justified, neither from the
gain in energies, nor from the global reactivity descriptors.

Interaction of one H; molecule with the BN system was explored from the study of
intrinsic reaction coordinate profile (Figure 7). The well-connected reactant, transition state,
and product further support the fact that H; interacts with the N centre of the BN cage.
From the pictures of frontier molecular orbitals (FMOs), delocalization of electrons in the
nH,@B;,N1; systems was noted.
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Figure 7. Relative energy profile for molecular hydrogen absorption on a single BN molecule. This
figure is reproduced from Reference [20].

6.2. C12N12 Cage

Chattaraj and co-workers investigated polycyanogen clathrate systems, particularly
the C12N1p form and its two other isomers in the search of hydrogen storage molecular
frameworks [21]. Such systems are called high energy density materials (HEDM). Three
possible isomers of C1,N1, were mentioned. These isomers are designated as C1pNyz-A,
C12N12-B, and C13N1,-C. The three -A, -B, and -C isomers bear the point group Dy, Cs,
and Cy,, respectively (Figure 8). In the remaining portion of this topic, these three forms
are marked as A, B, and C, respectively.

C2N)2-A Point group Dgg  C12N,»-B Point group C;  C,,N,,-C Point groupC,,

Figure 8. Local minima form of C13N1,-A, C15Njp-B and C15N1-C. In (a) panel, the top view is
provided, whereas in panel (b), the side view is shown. This figure is reproduced from Reference [21].
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The three isomers have completely different types of morphologies. Isomer A bears
two numbers of planar six-membered Cg fragments, each at the end of a cask-like shape.
The walls of such casks are formed by five numbers of C;N3 moieties. Constitution of the
B form is different; there are two numbers of chairs such as C3N3 hexagonal segments,
three numbers of C;N3 parts, and three numbers of C3N, fragments. The last form, C,
is like an open-cage system composed of eight numbers of five membered C3N, parts.
Among these isomers, the C form is the most stable. C is lower in energy by 55.41 kcal/mol
compared to the B form. Further, the B form is more stable in comparison to the A isomer
by 66.11 kcal/mol. Aromaticity of these three cyanogen forms was revealed by the NICS(0)
of —2.601 (A), —5.876 (B), and —4.639 ppm (C). However, it is worthy to mention here
that the forms A and B do not obey the rule of spherical aromaticity {2(N + 1)?7 rule} [77].
On the other hand, the open-cage isomer C comprises 24 numbers of 7t electrons and it is
clear that the same does not conform to the (2N? + 2N + 1)r electron rule of open-shell
spherical aromaticity [78]. It was noted that all of these forms can interact with more than
one molecular H, exohedrally. However, it is important to mention that a suitable site of
trapping molecular hydrogen was obtained via rigorous search. It was reported that out
of several possibilities, among the three justifiable sites (1. atop nitrogen atom, 2. atop
carbon atom, and 3. atop the midpoint of carbon—nitrogen bond), only those atop the N
atom local minima forms of hydrogen-bound analogues were obtained. The binding energy
of trapping molecular hydrogen was calculated from the computed energies of different
systems (Esyste:) using the following equation (n indicates the number of Hy):

AE — — (EnHz@Cllez - EC12N12 - nEHz) _ (16)
n

Among all the possible Hp-bound forms, it was noted that only the 11 and 12 hydro-
gen molecule-bound C isomer analogues were not local minima. The feasible region of
hydrogen trapping (by the A isomer) was reported from the computed values of free energy
at different temperatures and pressures. As the number of trapped hydrogens is same for
all the isomers, the gravimetric H, storage was determined to be 7.2 wt%. The calculated
values of hardness mark a nonlinear steady increment for the cases of different numbers
of Hy-trapped A and C. However, the variation of hardness values for the nHy-loaded B
was noted to be random, albeit a correlation was noted between the hardness and binding
energy values for the same isomer. Calculated NICS(0) values at the centre of clathrate
as well as in their Hy-trapped forms show aromaticity. One interesting fact was men-
tioned: the variations of NICS(0) numbers, binding energy, and hardness for the hydrogen
molecule-trapped A forms are in line with each other. Moreover, it was mentioned that
application of electric field of 5 x 1073 a.u. on the molecular hydrogen-bound A form
enhances the energy of binding by 0.46 kcal per mol per hydrogen molecule. Desorption
process becomes facilitated by the removal of applied electric field. From the most symmet-
ric form, A, C15Np4 nanotube was modelled. The skeleton of the C12Ny4 system comprises
a zigzag N1, section which is enclosed by two C¢ hexagons (Figure 9). Such systems were
modelled by the PBE method. The bond lengths {1.538 (C-C), 1.475 (C-N), and 1.475 (N-N)
A} in the modelled system showed that the type of hybridization could be sp°. In this
nanotube unit, the minimum energy position of H, molecule trapping was also computed,
and the most suitable location was determined to be that where the hydrogen molecule
interacts with two nitrogen atoms. For the adsorption of 12 and 24 hydrogen molecules,
the energy of interaction was computed to be 1.73 and 1.44 kcal/mol per Hy, respectively,
per unit cell. Calculation of gravimetric Hj storage capacity for such type of binding was
noted to be 4.76 and 9.10 wt%, respectively.
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Figure 9. The segment (a) indicates the top view and the (b) marks the side view. The (c) represents a
super cell form of the C15Np4(H;)24 unit cell. This figure is reproduced from Reference [21].

7. Conclusions

Density functional theory and conceptual density functional theory revealed that the
alkaline earth metal clathrates, Mg, and Ca, (n = 8-10), may serve the purpose of hydrogen
storage. NICS(0,1) of the hydrogen molecule-bound Mg, and Cap cages disclosed the
aromatic character of such systems. In the ionic clusters, N42~, Ng2~, Lis*, Nag*, and
MsLi;* (M = C, Si, Ge) show aromaticity. The Ng*~ ring is aromatic with 107-electrons.
However, the N42~ ring depicts conflicting aromaticity. Increment in aromaticity occurs
for the complexation of Ng*~ ion by Ca?*. In contrast, the N4~ unit continues to portray
conflicting aromaticity even after binding with two Li* ions. Li3* and Naz* ions show
negative NICS(0) value. The Ds;, symmetric C5Li;* and SisLi;* star-like ions are aromatic in
nature. In brief, the carbon-centered star-like ion is 7t-aromatic and o-nonaromatic, whereas
the Si-centered analogue is 7r-aromatic as well as o-aromatic. Hydrogen-trapping potential
of all these ions is revealed. Calculated gravimetric hydrogen storage capacity of CsLi;*,
SisLiy*, and GesLi; ™ ions are 28.0, 18.3, and 9.3 wt%, respectively. In most of the reported
ionic systems with the trapping of H, molecules, the change in aromaticity, hardness,
electrophilicity, and interaction energy indicates favourable binding. Good gravimetric
storage capacity of hydrogen is also revealed in a few cases. Among the studied neutral
cage-like systems, both the B;,Nj; and C1,N1, show aromaticity. Each of these cages can
trap up to twelve hydrogen molecules. Among the three possible isomers of C12Njy, the
most symmetric one (Dg;) can store Hy with 7.2 wt%. Moreover, the cluster-assembled
material C1pNp4 can trap hydrogen with 9.1 wt% capacity. For the systems Liz* and Nas*
and their hydrogen-bound analogues, the local reactivity descriptors reflect reactivity.
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