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ABSTRACT

This article presents a comprehensive computational investigation on the

Article info: hydrogen storage efficacy of R-substituted [M-doped Imidazolene-Li)]*
Submitted: 2025-04-04 complexes; [R represents -CF3, -CN, or -CH3, and M denotes C, Si, or Ge] in the
Revised: 2025-05-09 light of density functional theory (DFT). Optimized structures of both the initial
Accepted: 2025-05-27 complexes and their hydrogen-loaded analogues reveal that the nature of the
ID: JEIRES-2504-1185 substituent and the identity of the central atom (C, Si, and Ge) significantly affect

the electronic properties and aromaticity of the systems. Global reactivity
parameters and aromaticity values indicate that -CN substitutions enhance
electron-accepting tendencies, particularly in the C-based complexes, while Si
and Ge-based systems display increased electronic softness. Progressive
adsorption of Hz molecules results in decreasing average adsorption energies,
underscoring the favorable stabilization upon hydrogen uptake. NBO charge
analyses reveal a decrease in the positive charge at the Li center with successive
H2 adsorption, and both ELF and NCI plots confirm that the interactions with
hydrogen are predominantly non-covalent. Temperature-dependent Gibbs free
energy calculations suggest that lower temperatures favor hydrogen adsorption,
though selected complexes retain spontaneity at ambient temperature.
Gravimetric analyses further demonstrate that C-based complexes achieve
higher hydrogen storage capacities, with values reaching up to 13.53 wt%.
Additionally, atom-centered density matrix propagation (ADMP) simulations
highlight the Kkinetic stability of these systems at low temperatures, with
noticeable desorption at elevated temperatures. Overall, this study emphasizes
the critical role of molecular engineering in optimizing hydrogen storage
materials for renewable energy applications.
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Introduction

ydrogen storage materials have

emerged as a cornerstone in the

pursuit of sustainable and renewable

energy solutions. As the global energy

landscape shifts toward cleaner
alternatives, the development of efficient
hydrogen storage systems becomes crucial for
overcoming the limitations of intermittent
renewable sources such as solar and wind
power. In today’s energy paradigm, hydrogen is
celebrated for its high energy density and zero-
emission profile, which make it an attractive
fuel for a wide range of applications—from
portable electronic devices to large-scale power
systems and transportation [1-4]. Recent
advances in material science have spurred
innovative approaches to hydrogen storage,
focusing on the design of nanostructured
materials and molecular complexes that can
adsorb and release hydrogen under ambient
conditions. For instance, the study of R-
substituted [R.-Im(M-Li)]*@nH, complexes,
where variations in substituents and central
metal atoms are fine-tuned, underscores the
importance of molecular engineering in
enhancing storage capacities and adsorption
energies. Such investigations not only reveal
the critical role of non-covalent interactions in
hydrogen binding but also highlight the
influence of electronic properties on the overall
storage performance. Looking forward, the
future of hydrogen storage materials lies in
their integration into the renewable energy
infrastructure. Innovations in molecular design
and advanced computational simulations are
paving the way for materials that can safely
store high amounts of hydrogen at ambient
temperatures, addressing one of the major
challenges in the hydrogen economy. This
progress is instrumental in realizing the vision
of a hydrogen-powered society, where efficient
storage and delivery systems facilitate the
seamless transition from fossil fuels to clean,
renewable energy [5-9]. The last five years of
studies on metal decorated organic frameworks
reveal a rich variety of Li-ion-decorated
frameworks capable of storing hydrogen with
impressive uptake and weight percentages.
Aromatic heterocycles (e.g., imidazole and
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pyrazole) and triazine isomers trap up to 10-11
H, molecules, delivering 10-20 wt % at or
below 200 K, while alkali-metallated diazines
and CgNg cages achieve 8-13 wt % under similar
cryogenic conditions. Simple salts like LiF and
LiCl excel at very low temperatures (< 55 K),
storing 10 H; for up to 43 wt % in LiF and 32 wt
% in LiCl, and even Li12Céo and Li-MOFs show
moderate capacities (9 and 2 wt %) at higher
temperatures. Together, these results highlight
how carefully chosen Li-decoration strategies
can tune both gravimetric density and
operating temperature for efficient hydrogen
storage [10-21]. Our research group also
studied different five or six membered aromatic
hetero cyclic rings decorated with coin metal
[CuAg and Au], where we have studied
different N-Cu/N-Ag/N-Au bonds and their
different DFT properties. There we have
observed that, Cu decorated systems are the
best one [22-25]. Overall, the continuous
exploration of novel hydrogen storage
materials is essential for advancing renewable
energy technologies and achieving a sustainable
energy future. The research presented in the
attached study exemplifies the potential of
strategically engineered molecular systems to
revolutionize hydrogen storage, making them
an indispensable component of the renewable
energy sector [26-30].

Experimental

Using Koopmans' theorem, we derived key
reactivity parameters—electronegativity,
hardness and electrophilicity—from the HOMO
and LUMO energies via finite-difference
approximations. All R substituted
imidazolium-lithium complexes (R = -CF3, -CN,
-CHz; M = (, Si, and Ge) and their successive H»-
adducts were fully optimized at the CAM-
B3LYP/6-311+G(d,p) level in Gaussian 16,
confirming true minima by zero imaginary
frequencies. Conceptual DFT descriptors then
gauged their chemical stability and reactivity,
while average binding and adsorption energies
per H: molecule quantified interaction
strengths. Gravimetric wt % analyses estimated
hydrogen storage capacity and Gibbs free-
energy changes across temperatures assessed
adsorption spontaneity. Aromaticity was
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probed through NICS(0) and NICS(1) values,
and Multiwfn-based topological studies—
including shaded surface maps, electron
localization  functions and non-covalent
interaction  analyses—elucidated  bonding
patterns, collectively guiding the design of
robust  high-capacity = hydrogen  storage
materials. Details of methodology are in SI file
[31-55].

Results and Discussion

Initially, we substituted different systems with
various R groups (-CF3, -CN, -CH3z) and metal
centers (M = C, Si, Ge). Subsequently, molecular
H, was adsorbed onto these systems around the
Li center. First, we optimized the R-substituted
systems, followed by the optimization of H,-
trapped metal-decorated systems. After
optimization, we obtained their energy-
minimized optimal structures, as illustrated in
Figure 1. Maximum H; trapped final optimized
structures are presented in Figure 2. The data
from Table 1 and Table 2 reveal that the
stability of these complexes correlates strongly
with both the nature of the central M atom and
the substituents attached to the imidazole
ligand. For the M = C systems, the shortest M-Li
bond distances (approximately 2.02-2.08 A)
and relatively open N-M-N bond angles
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(around 102-104°) indicate a compact and
rigid coordination environment, which is
generally associated with higher hardness and
greater structural robustness. In contrast, when
M is replaced by larger atoms such as Si and Ge,
the M-Li bond distances become noticeably
longer (ranging from about 2.51 to 2.65 A for
the bare species, and further elongating in the
Hz-coordinated systems), while the N-M-N
angles decrease—especially in the Ge systems
where they approach 84-87°. These longer
bonds and reduced angles suggest a less tightly
bound and more flexible interaction, pointing to
a softer, less robust framework. Moreover,
when comparing substituents, the methyl (-
CH3) derivatives consistently exhibit slightly
shorter bond distances and marginally wider
bond angles compared to the -CF; and -CN
analogues, indicating that electron-donating
groups can enhance rigidity further. Overall, the
trend implies that carbon-based complexes are
the hardest, while the silicon and germanium
analogues, due to their extended bond
distances and more acute angles, present a
softer binding environment, which may
translate to reduced stability under stress or
deformation. We then calculated various global
reactivity parameters, such as hardness and
electrophilicity, which are summarized in Table
1.
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[(CH3),-Im(C-Li)]* [(CH)-Im(Si-Li)]* [(CH3)z-Tm(Ge-LD]*

DIID III

Figure 1: Optimized structure of different [R2-Im(M-Li)]* systems with various R groups (-CF3, -CN, -CHz) and
metal centers (M = C, Si, Ge) at CAM-B3LYP/6-311+g (d, p) level of theory

Table 1: (a) Electrophilicity (w, eV); (b) Hardness (n, eV); (c) and (d) are the NICS(0) and NICS(1); (ppm) of R
substituted different [R,-Im(M-Li)]* systems [where R= -CF3,-CN ,-CH3 and M= C, Si, and Ge] at CAM-
B3LYP/6-311+g (d, p) level of theory

System Electrophilicity (w, eV) Hardness (m, eV) NICS(0) [ppm] NICS(1) [ppm]
[(CF3)2-Im(C-Li)]* 4.230 7.849 -13.419 -9.703
[(CN)2-Im(C-Li)]* 5.373 8.701 -13.968 -9.491
[(Me)z-Im(C-Li)]* 4.231 7.849 -12.479 -11.917
[(CF3).-Im(SiLi)]* 4.634 6.154 -10.026 -6.176
[(CN)2-Im(Si-Li)]* 6.550 6.461 -10.717 -6.318
[(Me)z-Im(Si-Li)]* 4.634 6.154 -10.052 -7.007
[(CF3)2Im(GeLi)]* 4814 5.757 -10.392 -6.634
[(CN)2-Im(GeLi)]* 6.999 5.942 -10.923 -6.676
[(Me)2-Im(GeLi)]* 4814 5.757 -10.702 -7.746

=)

[(CN),-Im(C-Li)]+@8H, [(CN)2-Im(Ge-Li)]+@5H; [(CN),-Im(Si-Li)]+@5H.
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Figure 2: Optimized structure of maximum H; trapped different [Rz-Im(M-Li)]+@nH; systems with various R
groups (-CF3, -CN, and -CH3) and metal centers (M = C, Si, and Ge) at CAM-B3LYP/6-311+g (d, p) level of
theory

Table 1 indicates that both the substituent
type and the central metal atom significantly
affect the electronic and aromatic properties of
the [Rz-Im(M-Li)]+ systems. For the C-Li series,
the -CN substitution leads to higher
electrophilicity  (5.37eV) and hardness
(8.70eV) compared to the -CFz and -CH3
analogues, with the latter showing slightly less
negative NICS(0) values and, in the case of -
CHs3, a markedly more negative NICS(1) value (-
11.92 ppm), suggesting differences in aromatic
character. Moving to the Si-Li and Ge-Li
systems, all complexes exhibit lower hardness
(around 5.76-6.46¢eV), indicating increased
electronic softness, while the -CN derivatives
consistently show higher electrophilicity
(6.55 eV for Si-Li and 7.00 eV for Ge-Li), which
points to a stronger electron-accepting
tendency. Additionally, the NICS values become
less negative in the Si-Li and Ge-Li series
compared to the C-Li counterparts, reflecting a
reduction in aromatic stabilization. These
variations underscore how the interplay
between substituents (-CF3, -CN, -CHz) and the
choice of central atom (C, Si, and Ge) modulates
the reactivity and stability of these complexes.

Table 2 indicates different parameters reveal
distinct electronic and magnetic characteristics
that depend on both the substituents and the
central atom. In the C-Li systems, for instance,
the [(CN)s3-Im(C-Li)]* isomer exhibits a higher
electrophilicity (4.84eV) compared to its

[(CF3)2-Im(C-Li)]* (3.86€V) and [(CH3)2-Im(C-
Li)]* (3.03eV) counterparts, indicating a
greater propensity to accept electrons, while
also showing a moderate hardness (~8.9eV)
that suggests a balance between reactivity and
stability. Moving to the Si-Li systems, both
electrophilicity and hardness values decrease
overall, with electrophilicity ranging from
about 3.93 to 5.84 eV and hardness around 6.5-
7.0 eV; here, the [(CN)2-Im(Si-Li)]* stands out
with the highest electrophilicity, hinting at a
more pronounced electron-accepting character.
In the Ge-Li series, the isomers generally
display even higher electrophilicity (up to
6.31eV) with relatively lower hardness
(approximately 6.1-6.5 eV), which may impart a
softer, more adaptable electronic framework
during hydrogen adsorption. Additionally, the
NICS values reveal notable differences in
aromaticity: the C-Li based isomers exhibit
more negative NICS(0) and NICS(1) values
(around -13 to -9 ppm), suggesting stronger
aromatic character, while the Si-Li and Ge-Li
analogues show less negative values
(approximately -10 to -6 ppm). Overall, these
variations underscore how the nature of the R
substituents and the choice of M atom (C, Si, or
Ge) critically influence the electrophilic,
hardness, and aromatic properties of the
isomers, thereby affecting their reactivity and
stability in H, trapping processes.
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Table 2: Electrophilicity (w); (eV),Hardness (n); (eV), NICS(0) and NICS(1); (ppm) values of highest no. of
Htrapped different R substituted [Rz-Im(M-Li)]* @nH; systems [where R= -CF3,-CN ,-CH3, and M= C, Si, Ge]
at CAM-B3LYP/6-311+g (d, p) level of theory

Hardness (n, eV) NICS(0) [ppm] NICS(1) [ppm]

9.503 -13.191 -9.419
8.887 -13.844 -9.557
8.960 -12.563 -9.281
6.963 -9.766 -6.230
6.616 -10.440 -6.233
6.487 -9.851 -6.923
6.490 -9.865 -6.339
6.102 -10.669 -6.522
6.059 -10.440 -7.987

| —*— [(Me)2-Im(Ge-Li)]+@9H2

—=— [(CF3)2-Im(C-Li)]|+@9H2
—e— [(CN)2-Im(C-Li)]+@8H2
—a— [(Me)2-Im(C-Li)|+@8H2
—v— [(CF3)2-Im(Si-Li)|+@7H2
—&— [(CN)2-Im(Si-Li)]+@5H2
—<— [(Me)2-Im(Si-Li)]|+@7H2
—»— [(CF3)2-Im(Ge-Li)[+@7H2
—e— [(CN)2-Im(Ge-Li)]+@5H2

System Electrophilicity (w, eV)
[(CF3)2-Im(C-Li)]+@9H; 3.862
[(CN)2-Im(C-Li)]+@8H; 4.841
[(CH3)2-Im(C-Li)]+@8H; 3.027
[(CF3)2-Im(Si-Li)]+@7H; 5.066
[(CN)2-Im(Si-Li)]+@5H; 5.835
[(CH3)2-Im(Si-Li)]+@7H: 3.930

[(CF3)2-Im(Ge-Li)]+@7H: 5.203
[(CN)2-Im(Ge-Li)]+@5H: 6.309
[(CH3)2-Im(Ge-Li)]+@9H 4.042
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Figure 3: Variation of E.qs (eV) (average adsorption energy) with the gradual trapping of H, molecules for
different R substituted [R2-Im(M-Li)]*@nH; systems [where, R= -CF3,-CN ,-CHz, and M= (, Si, and Ge] at CAM-
B3LYP/6-311+g (d, p) level of theory

Figure 3 indicates the variation of average
adsorption energy becomes progressively
decreased with the gradual trapping of H:
molecules, indicating that the stabilization of
the system increases as more H; is adsorbed.
Decreasing trends indicates the gradual
trapping of H, molecule and stability of the
model systems. For example, in the [(CF3).-
Im(C-Li)]* system, the energy starts slightly
positive (0.095) with one H; molecule and
declines to -0.148 by the time nine H;
molecules are adsorbed, suggesting that initial
interactions are weak or even slightly repulsive
before turning favorable. In contrast, the -CN
and -CH3 substituted systems, such as [(CN).-
Im(C-Li)]*and [(CH3)2-Im(C-Li)]*,  exhibit
negative adsorption energies from the outset,

which continue to drop with increasing H:
loading (e.g., reaching -0.135 and -0.157,
respectively). A similar trend is observed for
the Si-Li and Ge-Li analogues, although the
maximum number of H; molecules varies.
Overall, these results demonstrate that both the
nature of the substituent (-CF3, -CN, -CH3) and
the central atom (C, Si, and Ge) play significant
roles in modulating the adsorption energy
profile, with all systems showing enhanced
stabilization at higher hydrogen coverage
[56,57]. Table 3 indicates the average
adsorption energy values of different systems
for the gradual trapping of H; molecules.
Decreasing trends of NBO charge on Li-metal
center indicates the trapping of H, molecules on
model systems.
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Due to this reason, we have performed NBO
charge analysis on Li- metal center. The NBO
charge analysis (Figure 4) on the Li metal
center in various R-substituted [Rz-Im(M-
Li)]*@nH, systems (with R = -CFs, -CN, -CHs,
and M = C, Si, and Ge) reveals notable trends in
charge distribution upon H; adsorption.

For the parent complexes without any H; (0
Hy), the Li centers carry relatively high positive
charges—ranging roughly from 0.891 to
0.954—with  the  [(CN)z-Im(C-Li)]*system
showing the highest value. As successive H:
molecules are introduced, a gradual decrease in
the NBO charge is observed, suggesting an
increasing electron density at the Li center,
likely due to electron donation or redistribution
from the coordinated H, molecules. Although
this trend is consistent across all metal centers,
subtle variations in the extent of charge
reduction reflect the impact of both the
substituent type and the nature of the metal (C,
Si, or Ge) on the overall electronic environment.
This analysis underscores the complex
interplay between molecular substitution,
metal identity, and gradual hydrogen
adsorption on Li center [58,59]. Figure 4
indicates the NBO charges on the Li center of

Journal of Engineering in Industrial Research

different systems for the gradual trapping of
molecular Ha.

Next, we analyze the bonding nature of the H»-
trapped, R-substituted [Rz-Im(M-Li)]+@nH;
systems (with R = -CF3, -CN, -CHz and M = C, Sj,
and Ge) at the CAM-B3LYP/6-311+g(d, p) level
of theory. To achieve this, we investigated the
Electron Localization Function (ELF) plot of the
model system to clarify its bonding
characteristics. Electron localization function
(ELF) determines the extent of the localization
of electrons in space and gives a way for
electron pair mapping probability in multi-
electron systems [22].

As demonstrated in Figure 5, the ELF plot
confirms that there is almost no electron
density between the metal and the ring or
between the metal and the molecular Hp,
indicating a non-covalent interaction between
the Li metal center and H,. This non-covalent
interaction is further supported by the NCI plot
illustrated in Figure 6. [60,61].

In NCI plot we have observed that pics appear
in weak interaction zone (Van der Waals
interaction) for H: loaded systems, which
indicates the non-covalent type interaction
occure between model systems and H;
molecules [25].

0.95

0.90 —+

0.85 —+

0.80

NBO charge on Li metal

0.75 +

OH2 1H2 2H2 3H2 4H2 S5H2 6H2 7H2 8H2 9H2

No. of H2 molecules Trapped

B ((CF3)2-Im(C-Li)]+
I [(CN)2-Im(C-Li)]+
[ [(Me)2-Im(C-Li)l+
B ((CF3)2-Im(Si-Li)]+
[(CN)2-Im(Si-Li)]+
N [(Me)2-Im(Si-Li)]+
[ | (CF3)2-Im(Ge-Li)]+
B [(CN)2-Im(Ge-Li)]+
| I [(Me)2-Im(Ge-Li)]+

Figure 4: Variation of NBO charges on Li center in hosts and their sequential hydrogen trapped systems
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[(C%s);-lrrilr(C:Li)»h@lI;irz 7 | A

[(CN),-Im(C-Li)]+@1H, [(CN),-Im(Si-L)|+@1H, [(CN) Im(Ge-Li) +@1H;

[(CH3),-Im(C-Li)]+@1H [(CH3),-Im(Si-Li)]+@1H, [(CH3),-Im(Ge-Li)]+@1H,

Figure 5: ELF plot of the electron density of the H; trapped different R substituted [R,-Im(M-Li)]*@nH
systems [where, R= -CF3,-CN ,-CH3, and M= C, Si, and Ge] at CAM-B3LYP/6-311+g (d, p) level of theory

i)p (a.u. sign(iy)p (a.u.
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Figure 6: NCI plot of the H; trapped different R substituted [R2-Im(M-Li)]*@nH; systems [where R= -CF3, -CN
,-CH3, and M= C, Si, and Ge] at CAM-B3LYP/6-311+g (d, p) level of theory

Gibbs free energy indicate the trapping
spontaneity of H, molecules of different systems
at different temperature. The Gibbs free energy
(AG) of different [Rz-Im(M-Li)]+@nH; systems,
where, R = -CF3, -CN, -CHs, and M = C, Si, and Ge,
varies with temperature, influencing their
hydrogen trapping capabilities. At lower
temperatures (200K), all systems exhibit
negative AG values, indicating
thermodynamically favorable hydrogen
adsorption. The [(CF3)2-Im(C-Li)]+@9H, and
[(CH3)2-Im(Ge-Li)]+@9H, systems show the
lowest Gibbs free energy at -0.827 and -0.940,
respectively, suggesting strong hydrogen
binding. As the temperature rises to 250K, AG
values increase, though some systems still
retain negative values. By 298K, most systems
shift toward positive AG, particularly for Ge-
and Si-based complexes, implying reduced

hydrogen adsorption favorability. The [(CN).-
Im(C-Li)]+@8H; and [(CF3)2-Im(C-Li)]+.@9H;
systems remain negative at this temperature,
suggesting better retention. The trend
highlights that lower temperatures favor
hydrogen trapping, with Ge-based systems
demonstrating the strongest binding at low
temperatures. Maximum  system shows
spontaneity between 250K to 298K. But [(CN)3-
Im(C-Li)]*@8H: and [(CF3)2-Im(C-Li)]*@9H:
show spontaneity even at room temperature
(Figure 7) [62,63].

Figure 5 indicates Gibbs free energy change at
different temperature of highest H, trapped
different R substituted [Rz-Im(M-Li)]*@nH;
systems [where, R= -CF3, -CN ,-CH3, and M= C,
Si, and Ge] at CAM-B3LYP/6-311+g (d, p) level
of theory.
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Figure 7: Gibbs free energy change at different temperature of highest H; trapped different R substituted [Rs-
Im(M-Li)]*@nH; systems [where, R= -CF3, -CN ,-CH3, and M= (, Si, and Ge] at CAM-B3LYP/6-311+g (d, p) level
of theory

Gravimetric weight percent (wt%) of
hydrogen in storage materials is the ratio of the
mass of stored hydrogen to the total mass of the
hydrogen storage system, expressed as a
percentage. It indicates how efficiently a
material can store hydrogen by weight. The
gravimetric weight percentage (wt%) data for
hydrogen storage presented in Table 3
highlights significant variation across different
imidazole-based lithium-functionalized
systems.

Notably, the Im(N-Li)+@5H: system exhibits a
gravimetric wt% of 11.7%, positioning it as one
of the high-performing candidates for hydrogen
storage. However, when compared with
[(CH3)2-Im(C-Li)]+@8H,, which achieves an
impressive 13.526%, Im(N-Li)+@5H: is slightly
outperformed,  suggesting that methyl
substitution on the carbon-lithium framework
offers superior hydrogen binding capacity.
Analyzing global trends across the different
systems, a clear pattern emerges: carbon-linked
lithium complexes generally outperform their
silicon and germanium counterparts in
gravimetric hydrogen capacity. For example,
[(CH3)2-Im(Si-Li)]+@7H; stores 10.595%, and
[(CH3)2-Im(Ge-Li)]+@9H; stores 9.905%, both

lower than the analogous carbon-lithium
system. Furthermore, electron-withdrawing
groups like CFs consistently correlate with
lower wt% values (e.g, [(CF3)2-Im(Ge-
Li)]+@7H: has only 4.915%), indicating that
such groups may reduce hydrogen affinity,
possibly due to their impact on electron density
and steric hindrance. In summary, while Im(N-
Li)+@5H, remains a strong candidate with
competitive gravimetric efficiency, the [(Me)2-
Im(C-Li)]+@8H: system leads among the group,
and the broader trend suggests that methyl-
substituted, carbon-linked lithium imidazole
frameworks offer the most promise for
maximizing hydrogen storage [64,65].

To understand how each part of the complex
contributes to its frontier orbitals, we carried
out density of states (DOS) and partial density
of states (PDOS) analyses on
[(CH3)2-Im(C-Li)]+@8H,—the system with the
highest gravimetric uptake. The resulting
DOS/PDOS plots (Figure 8) show that both the
HOMO and LUMO arise from a combination of
contributions by the dimethyl-imidazolium
core, the lithium ion, and the adsorbed
hydrogen molecules.
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Table 3: Gravimetric Wt% of highest H; trapped Im(N-Li)+@5H; and different R substituted [R2-Im(M-
Li)]*@nH; systems [where R= -CF3, -CN ,-CH3, and M= C, Si, and Ge] at CAM-B3LYP/6-311+g (d, p) level of

theory
Svstems Gravimetric Svstems Gravimetric Svstems Gravimetric
y Wt. % y Wt. % y Wt. %
Im(N- Im(N- Im(N-
Li)+@5H, 117 Li)+@5H; 117 Li)+@5H; 117
[(CF3)2- i i [(CH3)2-
Im(C- 7.915 [L(f)l]\?éo:gr:](c 11.422 Im(C- 13.526
Li)]+@9H; 2 Li)]+@8H;
[(CF3)2- [(CN)2- [(CH3)2-
Im(Si- 5.851 Im(Si- 6.669 Im(Si- 10.595
Li)]+@7H; Li)]+@5H; Li)]+@7H;
[(CF3)2- 4915 [(CN)2- [(CH3)2-
Im(Ge- ' Im(Ge- 5114 Im(Ge- 9.905
Li)]+@7H; Li)]+@5H; ’ Li)]+@9H;
[(Me)2-Im(C-Li)|+@8H2
5 '—::12 ] MOs 8H: Li  (Me):-Imidazolium system
a) E :)Moeéz-lmldazollum system | L+3 5 48 47
i L+2 13 71 17
8 34 L+1 34 63 3
E 2] LUMO 23 33 44
HOMO 5 8 87
14 H-1 3 7 90
ol H-2 1 18 81
. . H3 2 0 98
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Figure 8: DOS and PDOS [Me;-Im(C-Li)]+@8H; with % of contribution of (Me)2-Imidazolium system, Li ion,
and molecular hydrogen towards FMOs and their HOMO-LUMO picture at CAM-B3LYP/6-311+g (d, p) level of
theory
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Figure 9: The simulated structures shown in (a), (c), (e), (g), (i), and (k) and the potential energy (E, A.U.)
versus time (t, fs) of different R substituted [Rz-Im(M-Li)]+@nH; systems [where, R= -CF3, -CN ,-CHz and M=
C, Si, Ge] at CAM-B3LYP/6-311+g (d, p) level of theory at 200 K and 300 K, as well as at 500 fs, are shown in

(b), (), (£), (h), (j), and (1)

Atom-centered density matrix propagation
(ADMP) simulations have been performed to
investigate the kinetic stability of various R-
substituted [Ro-Im(M-Li)]+@nH, complexes,
where R represents -CF3, -CN, or -CHsz, and M
stands for C, Si, or Ge. The simulations were
conducted at two different temperatures (200 K
and 300 K). A 1 fs time step and a velocity
scaling thermostat were employed to maintain
a constant temperature throughout the
simulations. The potential energy (Hartree)
versus time (femtosec) graphs is presented in
Figure 9. Based on Figure 9, it is evident that
the complexes can retain H; molecules at lower
temperatures for up to 500 fs. However,
desorption begins as the temperature rises. At
ambient temperature, some molecular H;
remains attached to the systems. This suggests
that the Li metal-decorated model systems can
maintain stability and adsorb H; even at room
temperature [66,67].

Conclusion

The present study demonstrates that the
hydrogen storage potential of R, substituted
[Rz-Im(M-Li)]+@nH, systems is strongly
influenced by both the choice of substituent (-
CF3, -CN, -CH3) and the central metal atom (C,
Si, and Ge). Carbon-based complexes exhibit
superior gravimetric storage capacities and
more favorable adsorption energies, with -CN
and -CHz substitutions promoting stronger

electron-accepting behavior and enhanced
hydrogen binding. The adsorption process is
primarily governed by non-covalent
interactions, as confirmed by ELF and NCI
analyses, and is further supported by NBO
charge redistribution on Li metal center upon
H, uptake. Moreover, At 200-250 K, all
complexes bind H spontaneously, but by 298 K
only the carbon-based systems remain
favorable—silicon and germanium analogues
no longer do. The global focus is shifting
towards hydrogen (H:) as a green fuel, with
several countries already adopting it as part of
their Mission. As a result, the search for suitable
hydrogen storage materials has become a topic
of high relevance. Previous studies have
reported  promising  hydrogen  storage
materials, where theoretical predictions align
well with experimental results [68,69]. In the
present study, all systems investigated show
thermodynamically feasible adsorption at room
temperature and near room temperature,
though further investigation through synthetic
approaches is required. The materials we
selected are commonly available chemicals, and
we anticipate that in the near future, they will
be synthesized. Our theoretical insights are
expected to guide experimental researchers in
understanding  the  stoichiometry  and
thermochemical behavior of these systems.
Overall, these findings provide a compelling
basis for the design of efficient hydrogen
storage materials, highlighting the critical role
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of molecular tuning in optimizing performance
for sustainable energy applications.
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