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Abstract 
 

The hydrogen (H2) economy has long faced significant challenges in the areas of production, storage, and application. 
Extensive research efforts have been directed towards finding effective solutions. Among the various storage options, solid-
state hydrogen storage has emerged as a promising alternative. In this study, we conduct a theoretical investigation on the 
efficiency of H2 trapping in Ag(I)/Au(I)-decorated five-member aromatic heterocyclic (AH) rings. We analyze the aromaticity 
of the metal-decorated ring and the H2-trapped metal-decorated ring using the nuclear independent chemical shift (NICS) 
value, to study the stability of the aromatic system. Our findings also demonstrate that these systems are capable of trapping 
up to five molecules of H2 in a quasi-sorption manner. Furthermore, we investigate the spontaneity of H2 adsorption in 
Ag(I)/Au(I)-decorated systems by examining the Gibbs free energy change. To understand the bonding nature, we perform an 
analysis using the electron localization function (ELF) and non-covalent interaction (NCI) analysis, which reveal the bonding 
nature of our modeled systems. It has shown the gravimetric wt% values ranging from 3.66 to 5.45. Additionally, the partial 
density of states (PDOS) technique is employed to identify the contributions of H2, decorated metal, and the five-member AH 
system towards the frontier molecular orbitals of the complexes. Also, ADMP calculation indicates their stability near room 
temperature. 
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1. Introduction 

Hydrogen is increasingly recognized as the preferred energy 

carrier for the 21st century due to its clean, abundant, and non-

toxic nature. When used as a fuel cell or burner, hydrogen 

produces only heat and water vapor, making it environment 

friendly. Therefore, the successful development of the  

hydrogen economy offers numerous advantages for the 

environment. However, a key challenge in advancing the 

hydrogen economy lies in the development of a safe, compact, 

lightweight, and cost-efficient hydrogen storage system. The 

widespread utilization of hydrogen as a fuel requires storage 

systems that offer high gravimetric weight percent (wt%) and 

volumetric density, rapid kinetics for ambient adsorption and 

desorption, favorable enthalpy for hydrogen adsorption and 

desorption, recyclability, safety, and cost-efficiency.[1,2] 

Therefore, designing structures based on reported systems and 

developing new systems to enhance H2 trapping efficiency are 

popular research avenues. Due to the advantages of clean, 

renewable, abundant, and outstanding performance in terms of 

environment friendly, hydrogen has received much 

attention.[3-5] Safety and cost-effectiveness in hydrogen storage 

techniques are a big problem for hydrogen use in 

transportation applications.[6] Conventional storage methods 
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such as pressurized hydrogen gas and liquid storage systems 

involve high safety and cost concerns for onboard 

applications.[7,8]   

Therefore, alternative storage methods are highly 

obligatory to meet the necessities of the hydrogen economy. 

Solid-state storage systems based on metal hydrides, 

organometallic compounds, and metal clusters have shown 

great potential for storing hydrogen securely, compactly, and 

reversibly, making them an interesting area of research for 

hydrogen storage. However, none of these schemes fully 

satisfy all the essential criteria for a viable and sustainable 

hydrogen technology. Among all reported methods, solid-state 

hydrogen storage materials have attracted much attention,[9-12] 

such as hydride complexes,[13-16] polymeric material,[17-19] 

carbon nanomaterial,[20-23] and metal-organic frameworks 

(MOF).[24,25] Solid-state hydrogen storage materials have 

garnered significant interest due to their impending 

advantages. To be granted as efficient hydrogen storage 

materials, these systems should exhibit fast 

adsorption/desorption kinetics and high gravimetric density 

(5.5 wt%).[26] Hydrogen storage technology mainly divided 

into two types: physisorption process (the host materials 

adsorb H2 molecules via weak interaction at very low 

temperatures and high hydrogen gas pressure) and 

chemisorption process (the H2 molecule dissociates into 

atomic stage and then is bonded to the host materials). In both 

processes; during application; it is difficult to release H2 

molecule from the host due to strong interaction and hence it 

is difficult to use in transportation/automobile industries. 

Therefore, materials with reversible adsorption energy 

(0.2eV/H2 to 0.6 eV/H2) (4.612 kcal/mol to 13.836 

kcal/mol)[27, 28] tend to meet high gravimetric density and 

release H2 easily near room temperature. Metalized 

siligraphene nano-sheet (SiC7) is a good example of such kind. 

It can operate as an efficient H2 storage material at ambient 

conditions.[29] Light metal decorated C4N nano-sheet can bind 

up to five H2 molecules efficiently. Titanium and Boron 

decorated twin-graphene provides new inspiration for the 

discovery of carbon-based hydrogen storage materials.[30] 

Decoration of transition metal increases the hydrogen storage 

capacity at room temperature on different graphene sheets.[31] 

It is also found that alkali metal and transition metal decorated 

germanene are energetically favorable which serves as good 

hydrogen storage systems.[32] Transition metal doping also 

increases the hydrogen storage capacity of two-dimensional 

carbon-nitride nano-sheets.[33] Transition metal (TM= Sc, Ti, 

V, Cr, Mn) decorated covalent triazine-based framework 

shows potential hydrogen storage efficacy without cluster 

formation.[34] To be suitable for hydrogen storage, system must 

fulfill specific criteria: (a) H2 adsorption occurs in the 

molecular state rather than atomic form, (b) cluster formation 

is avoided, (c) metals have a low weight, (d) they meet the 

targets set by the Department of Energy (DOE), and (e) 

adsorption occurs preferably through a quasi-adsorption 

process. In our group, we have recently reported many 

important findings regarding of Li-decorated aromatic 

heterocyclic systems,[35-41] which meets the target set by DOE 

(2025). It has also been found that clustering of Ti on a C60 

surface show the high efficiency of hydrogen storage.[42] Very 

few works are reported on transition metal decorated 

heterocyclic systems because cluster formation (some of the 

results show that) will occur in metal complexes which lower 

the H2 storage capacity. It is also reported that metal-metal 

clusters are very good materials for H2 storage and in such 

cases material can avoid the metal aggregation problem. On 

the other hand; in most of the cases, the adsorption process is 

either physical adsorption or chemical adsorption. Through a 

comprehensive review of different hydrogen storage systems, 

it becomes apparent that metals exhibit excellent hydrogen 

adsorption and storage abilities. Very recently, one interesting 

report published in the J. Am. Chem. Soc. (2023), where 

scientists have synthesized and established air-stable Cu(I) 

metal-organic framework and it found to be excellent 

hydrogen storage[43] material, and it encouraged us to design 

and theoretically investigate the storage efficiency of various 

five-member aromatic heterocyclic rings decorated with coin 

metals, such as Ag and Au. In this paper objective is to explore 

their efficacy as hydrogen storage materials by analyzing their 

different properties and also to explore which system is more 

suitable for this purpose. 

 

2. Theory and computational details 

In this study, the designed systems were optimized to their 

local minimum on the potential energy surface with zero 

imaginary frequency using the Gaussian 16w quantum 

chemistry program package.[44] Density functional theory 

(DFT)[45] within different functional such as CAM-B3LYP, 

M05, and various basis sets including 6-311+g (d, p), 6-

31+G*, and LanL2DZ were employed. Bare rings were 

optimized at CAM-B3LYP/6-311+g(d, p). On the other hand 

we have optimized with and without H2 trapped metal 

decorated model systems taken two basis set 6-31+G* (for 

ring atoms) and LanL2DZ (for metal atom) with M05 function 

for DFT calculation.  

The stability and chemical reactivity of the Ag(I)/Au(I)-

AH systems and their H2-trapped complexes were analyzed 

using conceptual DFT (CDFT)-based descriptors such as 

hardness (η) and electrophilicity (ω), calculated with standard 

techniques[46-48] Basically hardness and electrophilicity are the 

global property of model systems. Increasing value of 

hardness indicate the increasing stability of the systems. On 

the other hand decreasing value of electrophilicity indicates 

decreasing reactivity of the systems.  

The average binding energy (Eb) value of each Ag(I)/Au(I)-

AH systems are determined using Eq-(1)   

Eb = [E (host)+@nH2 - (E (host)+ + nEH2)]/n                     (1)  

Where E(host)+@nH2, E(host)+ and EH2 represent the energy of the 

gradual H2 trapped Ag(I)/Au(I)decorated heterocyclic system, 

only Ag(I)/Au(I)decorated heterocyclic system and energy of 

H2 molecule. ‘n’ symbolizes the number of H2 molecule  
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trapped.   

The average adsorption energy (Eads) of H2 molecules is 

calculated using the Eq-(2)   

Eads = [(E(host) + + nEH2) - E [(host)+@nH2]]/n                   (2)  

Where E(host)+@nH2, E(host)+ and EH2 represent the energy of the 

gradual H2 trapped Ag(I)/Au(I)decorated heterocyclic system, 

only the Ag(I)/Au(I)-decorated heterocyclic system and 

energy of H2 molecule. ‘n’ symbolizes the number of H2 

molecule trapped.  

We have also calculated nucleus independent chemical 

shift which is also called NICS. It is a very essential 

computational tools for the assessment of aromaticity. This 

method was invented by the late Paul V.R. Schleyer in the year 

1996. Currently it is the most widely used method for 

determining and justifying aromaticity and antiaromaticity. At 

the time of calculation of NICS, a ghost atom, Bq is placed at 

the center of ring plane (denoted as NICS(0)) which is 

generally account for σ aomaticity and take another ghost 

atom Bq1 to 1Å above the center of the molecular 

plane(denoted as NICS(1)) which is denoted as π aromaticity. 

If the NICS(0) and NICS(1) value of a ring become negative 

then the systems are both σ and π aromatic in nature but if the 

value is positive then the systems becomes antiaromatic. We 

have calculated the NICS (0) and NICS(1) (nucleus 

independent chemical shift) values to check the pattern of 

aromaticity and stability of the metal decorated AH-systems 

as well as for Ag(I)/Au(I)-AH-systems.[49-51]  

Gravimetric wt% was calculated to determine the 

hydrogen storage potential of the materials by the Eq-(3)    

Gravimetric wt%=
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡𝑟𝑎𝑝𝑝𝑒𝑑 𝐻2

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 (ℎ𝑜𝑠𝑡)+@𝑛𝐻2 
×

100               (3)     

To investigate the spontaneity of the hydrogen adsorption 

process, Gibbs free energy change with temperature was  

calculated using the following Eq- (4):  

∆G(host@nH2)+=[G(host@nH2)+-G(host)+-nGH2]                         (4) 

To analyze the bonding nature in the different systems, 

topological analysis was performed using the Multiwfn 

package.[52] The shaded surface map and electron localization 

function (ELF) were calculated to provide information about 

the localized electron.[53] Non-covalent interaction (NCI) 

analysis was conducted to identify non-covalent interactions 

in the Ag(I)/Au(I)-AH@nH2 systems. The NCI results were 

generated using the Multiwfn software package.[54] Atom 

centered density matrix propagation (ADMP)[55-57] study has 

been carried out to know about the kinetic stability of model 

systems. Partial Density of States (PDOS) can be generated 

for different parts of the H2-trapped metal-decorated 

complexes to identify the contribution of trapped H2, 

decorated metal, and aromatic heterocyclic ring to the frontier 

molecular orbitals of the complexes.[58] 

 

3. Result and discussion 

3.1 Stability, and reactivity of different five-member 

heterocyclic systems 

The study investigated the ground state geometry of various 

five-member AH systems, including imidazole, pyrazole, 

isoxazole, isothiazole, thiazole, and oxazole (Fig. 1). From the  

Imidazole 

E=-141718.560 

kcal/mol 

Point Gr.- C1 

Isoxazole 

E = -154127.831 

kcal/mol 

Point Gr.- C1 

 

Isothiazole 

E = -

356834.684kcal/mol 

Point Gr.- C1 

Pyrazole 

E= -141695.825 

kcal/mol 

Point Gr.- C1 

 

 

Thiazole 

E= -356847.053 

kcal/mol 

Point Gr.- C1 

 

Oxazole 

E= -154162.975 

kcal/mol 

Point Gr.- C1 

 

Fig. 1 Optimized geometries and energy of five-member AH-systems at the CAM-B3LYP/6-311+g (d,p) level of theory. 
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Table 1. Hardness (η);(kcal/mol), Electrophilicity (ω);(kcal/mol) and NICS(0) and NICS (1) of different five-member AH-systems. 

Hardness/atom & Electrophilicity/atom are in brackets. 

Heterocyclic 

System 
η (kcal/mol) ω (kcal/mol) 

NICS(0) 

(ppm) 

NICS(1) 

(ppm) 

Imidazole 225.593(25.065) 130.763(14.529) -12.679 -10.475 

Isoxazole 228.063(28.507) 167.646(20.955) -11.924 -10.503 

Isothiazole 221.837(27.729) 151.734(18.966) -12.883 -11.093 

Pyrazole 238.209(26.467) 132.364(14.707) -13.279 -11.249 

Thiazole 199.469(24.933) 167.185(20.898) -12.417 -10.983 

Oxazole 236.365(29.545) 151.273(18.909) -11.063 -9.617 

 

DFT calculation It was found that pyrazole exhibited the 

highest hardness value. As the hardness indicate the stability 

of the system so pyrazole is the most stable system, while 

isoxazole had a high electrophilicity value, suggesting it as the 

most reactive among the investigated systems (Table 1). All 

of the AH systems displayed negative NICS (0) and NICS (1) 

values, confirming their aromatic nature. 

 

3.2 Stability, reactivity, aromaticity, and NBO of 

Ag(I)/Au(I) decorated differently studied five-membered 

aromatic heterocyclic systems 

Metal-decorated systems [Ag(I)/Au(I)-AH] were created for 

H2 adsorption by placing metal ions (Ag(I)/Au(I)) on the side 

and top of the five-member heterocyclic ring. After 

optimization, it was observed that the metal ions were 

predominantly bonded with the ring through the nitrogen (N) 

center. In case of oxazole, Ag(I)/Au(I) attached to both 

nitrogen (N) and oxygen (O) centers (Fig. 2), but the N-

Ag(I)/Au(I) bonding was found to be the more stable isomer. 

Similarly, for isoxazole, isothiazole, and thiazole, Ag(I)/Au(I) 

primarily attached to the ring through the N atom rather than 

other ring electronegative atoms (O, S). The optimized 

structures of the metal decorated AH systems are provided in 

Fig. 2. 

To assess the stability of the metal-decorated AH systems, 

various CDFT parameters such as hardness (η), 

electrophilicity (ω), NICS (0), NICS (1), and NBO (natural 

bond orbital) values were calculated (Table 2). The metal-

decorated isoxazole system exhibited the highest hardness 

value, indicating greater stability, while Ag(I)-isoxazole 

system indicate higher hardness value than Au(I)-isoxazole 

system. The Ag(I)/Au(I)-decorated oxazole-O systems has 

shown higher electrophilicity, suggesting higher reactivity of 

the systems. On the basis of hardness value of all the 

Ag(I)/Au(I) decorated system, Ag(I)-decorated systems give 

higher stability (hardness range:73.317kcal/mol to 114.902 

kcal/mol) than Au(I) decorated systems (hardness range: 

54.298 kcal/mol to 103.883 kcal/mol). The negative NICS(0) 

and NICS(1) values confirmed aromatic nature of the 

investigated systems. Additionally, positive NBO charges on 

Ag or Au indicated the presence of an electric field, suggesting 

preferential H2 adsorption on a metal site, enabling greater 

adsorption of up to five H2 molecules. From Table 2, it is also  

Table 2. Hardness (η);(kcal/mol), Electrophilicity 

(ω);(kcal/mol), NICS (0) and NICS (1) (ppm) and NBO charges 

on metal center of Ag+/Au+-decorated systems. Hardness/atom 

and Electrophilicity/atom values are in brackets. 

System 

decorated with 

Ag+/Au+ 

η 

(kcal/m

ol) 

ω 

(kcal/m

ol) 

NICS(

0) 

(ppm) 

NIC

S(1) 

(pp

m) 

NBO 

Imidazole-Ag+ 
106.688

(10.669) 

207.877

(20.788) 

-

13.063 

-

11.1

49 

0.909 

Isoxazole-Ag+ 
114.902

(12.767) 

225.203

(25.023) 

-

11.753 

-

10.9

84 

0.931 

Isothiazole-Ag+ 
105.609

(11.734) 

232.722

(25.858) 

-

12.230 

-

11.7

98 

0.924 

Pyrazole-Ag+ 
101.932

(10.193) 

237.027

(23.703) 

-

13.161 

-

11.8

68 

0.911 

Thiazole-Ag+ 
101.561

(11.285) 

235.635

(26.182) 

-

12.228 

-

11.8

26 

0.909 

Oxazole-O-Ag+ 
73.317(

8.146) 

362.944

(40.327) 

-

11.197 

-

9.74

8 

0.963 

Oxazole-N-Ag+ 
103.425

(11.492) 

239.604

(26.603) 

-

11.918 

-

10.4

58 

0.925 

Imidazole-Au+ 
89.840(

8.984) 

285.206

(28.521) 

-

12.937 

-

11.2

96 

0.787 

Isoxazole-Au+ 
103.883

(11.543) 

285.672

(31.741) 

-

11.728 

-

10.8

99 

0.831 

Isothiazole-Au+ 
97.025(

10.781) 

289.140

(32.127) 

-

12.051 

-

11.5

80 

0.813 

Pyrazole-Au+ 
93.454(

9.345) 

296.042

(29.604) 

-

13.077 

-

11.6

96 

0.793 

Thiazole-Au+ 
94.778(

10.531) 

289.366

(32.152) 

-

12.224 

-

11.7

25 

0.788 
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Oxazole-O-Au+ 
54.298(

6.033) 

577.005

(64.112) 

-

11.296 

-

9.61

6 

0.897 

Oxazole-N-Au+ 
95.487(

10.610) 

299.025

(33.225) 

-

11.850 

-

10.3

59 

0.815 

 

observed that, the grater NBO charges on Ag(I) rather than 

Au(I), indicates grater adsorption of H2-molecule on 

Ag(I)decorated systems. 

3.3 Stability, reactivity, aromaticity, and NBO charges of 

highest no. of H2 trapped Ag(I)/Au(I)- decorated different 

five-membered aromatic heterocyclic systems 

The study examined the H2 trapping capacity of the metal-

decorated AH systems, revealing that all systems could trap a 

maximum of five H2 molecules. All the optimized structures 

of the maximum H2 trapped system [Ag(I)/Au(I)-AH@5H2] 

have been given in Fig. 3 and consequently other lower no. H2 

trapped systems (1-4) have been shown in Fig. S1. 

 

Imidazole-Ag+ 

E = -233178.107 

kcal/mol 

Point Gr.- C1 

 
Isoxazole- Ag+ 

E = -245607.196 

kcal/mol 

Point Gr.- C1 

 
Isothiazole- Ag+ 

E = -448312.137 

kcal/mol 

Point Gr.- C1 

Pyrazole- Ag+ 

E = -233160.380 

kcal/mol 

Point Gr.- C1 

 
Thiazole- Ag+ 

E = -448317.259 

kcal/mol 

Point Gr.- C1 

Oxazole-O-Ag+ 

E = -245607.435 

kcal/mol 

Point Gr.-C1 

Oxazole-N-Ag+ 

E = -245629.774 

kcal/mol 

Point Gr.-C1 

Imidazole-Au+ 

E = -226662.359 

kcal/mol 

Point Gr.- C1 

 
Isoxazole- Au+ 

E=-239087.466     

kcal/mol 

Point Gr.- C1 

 
Isothiazole- Au+ 

E = -441794.324 

kcal/mol 

Point Gr.- C1 

Pyrazole- Au+ 

E =-226643.266 

kcal/mol 

Point Gr.- C1 

 
Thiazole- Au+ 

E = -441800.578 

kcal/mol 

Point Gr.- C1 

Oxazole-O-Au+ 

E = -239078.220 

kcal/mol 

Point Gr.- C1 

Oxazole-N-Au+ 

E= -239113.840 

kcal/mol 

Point Gr.- C1 

 

Fig. 2 Optimized geometries and energy of Ag+ and Au+ decorated different five-membered AH systems at the M05/ LanL2DZ (for 

Ag+ and Au+) and 6-31+G* (for ring atom) level of theory. 
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Imidazole-Ag+@ 5H2 

E = -236842.977 

kcal/mol 

Point Gr- C1 

 

Thiazole-Ag+@ 5H2 

E = -451982.693 

kcal/mol 

Point Gr- C1 

 

Isoxazole-Ag+@ 5H2 

E = -249273.293 

kcal/mol 

Point Gr- C1 

Oxazole-O-Ag+@ 5H2 

E = -249276.956 

kcal/mol 

Point Gr.-C1 

 

Isothiazole-Ag+@ 5H2 

E = -451977.767 

kcal/mol 

Point Gr- C1 

Oxazole-N-Ag+@ 5H2 

E = -249297.404 

kcal/mol 

Point Gr-C1 

Pyrazole-Ag+@ 5H2 

E = -236826.082 

kcal/mol 

Point Gr- C1 

 

Imidazole-Au+@ 5H2 

E = -230334.146 

kcal/mol 

Point Gr- C1 

 

Isoxazole-Au+@ 5H2 

E =  -242760.075 

kcal/mol 

Point Gr- C1 

 

Isothiazole-Au+@ 5H2 

E = -445466.233 

kcal/mol 

Point Gr- C1 

 

Pyrazole-Au+@ 5H2 

E =  -230316.299 

kcal/mol 

Point Gr- C1 

 

Thiazole-Au+@ 5H2 

E = -445472.405 

kcal/mol 

Point Gr- C1 

Oxazole-O-Au+@ 5H2 

E = -242751.230 

kcal/mol 

Point Gr.-C1 

Oxazole-N-Au+@ 5H2 

E = -242786.330 

kcal/mol 

Point Gr-C1 

 

 
Fig. 3 Optimized geometries and energy of highest no. of H2 trapped Ag+and Au+-AH systems at the M05/ LanL2DZ (for Ag+ and 

Au+) and 6-31+G* (for ring atom) level of theory. 

 

From Table 3, It is interestingly observed that Isoxazole-

Ag+@5H2 has the higher hardness value among other Ag(I) 

decorated system. Also it has observed that Isoxazole-

Au+@5H2 system has the higher hardness value among other 

Au(I) decorated system. So, among Ag(I)-decorated system, 

Isoxazole-Ag+@5H2 system is the most sable systems. In 

other side, among Au(I)decorated system, Isoxazole-

Au+@5H2 is most stable one. Between H2 trapped Ag(I) and 

Au(I)decorated system, Au(I)-decorated systems exhibit 

higher stability (hardness range: 105.784 kcal/mol to 162.536 

kcal/mol) than Ag(I)-decorated system (hardness range: 

113.076 kcal/mol to 152.433 kcal/mol). If we have observed  
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Table 3. Hardness (η);(kcal/mol), Electrophilicity (ω);(kcal/mol), NICS(0) and NICS (1) and NBO charges on metal center of  

highest no. of H2 trapped Ag+/Au+-AH systems. Hardness/atom & Electrophilicity/atom are in brackets. 

System decorated  

with M+ 
η(kcal/mol) ω(kcal/mol) 

NICS(0) 

(ppm) 

NICS(1) 

(ppm) 
NBO 

Imidazole-Ag+ @5H2 133.514(6.676) 130.262(6.513) -12.964 -11.690 0.764 

Isoxazole-Ag+@5H2 152.433(8.023) 133.942(7.050) -11.623 -11.008 0.753 

Isothiazole-Ag+@5H2 141.860(7.466) 137.670(7.246) -12.115 -12.056 0.807 

Pyrazole-Ag+@5H2 138.176(6.909) 138.301(6.915) -13.036 -12.701 0.760 

Thiazole-Ag+@5H2 138.076(7.267) 137.080(7.215) -12.127 -12.011 0.762 

Oxazole-O-Ag+@5H2 113.076(5.951) 181.032(9.528) -11.248 -9.918 0.773 

Oxazole-N-Ag+@5H2 140.448(7.392) 139.368(7.335) -11.835 -10.540 0.768 

Imidazole-Au+ @5H2 147.758(7.388) 125.382(6.269) -12.889 -12.070 0.629 

Isoxazole-Au+@5H2 162.536(8.555) 136.466(7.182) -15.859 -13.515 0.656 

Isothiazole-Au+@5H2 147.670(7.772) 145.124(7.638) -11.933 -11.618 0.638 

Pyrazole-Au+@5H2 151.824(7.591) 133.308(6.665) -13.016 -11.800 0.634 

Thiazole-Au+@5H2 148.806(7.832) 137.061(7.214) -12.089 -11.577 0.634 

Oxazole-O-Au+@5H2 105.784(5.568) 228.668(12.035) -11.525 -14.717 0.724 

Oxazole-N-Au+@5H2 153.550(8.082) 136.726(7.196) -11.808 -10.525 0.643 

the electrophilicity value of the different H2 trapped metal 

decorated systems, then we have noticed that H2 trapped Au(I)  

decorated imidazole system has become less reactive among 

other Au(I) decorated systems. On the other hand H2 trapped 

Ag(I) decorated Imidazole system has shown less reactivity 

among other Ag(I) decorated systems. Between Ag(I) and 

Au(I) decorated systems, Ag(I) decorated model systems 

show the better results (electrophilicity 

range:130.262kcal/mol to181.032 kcal/mol) than Au(I) 

decorated model systems (electrophilicity range:125.382 

kcal/mol to 228.668 kcal/mol).The hardness and 

electrophilicity values generally increased and decreased, 

respectively, as the number of trapped H2 molecules increased, 

indicating chemical stability.[59,60] Fig. S2 shows the graphical 

representation of hardness and electrophilicity values with 

gradual trapping of H2 molecules of Ag(I)/Au(I)-AH  systems. 

The hardness & electrophilicity value of different studied 

systems with gradual trapping of H2 has been shown in Table 

S1. From Table 3, it is also observed that, at H2-trapping 

condition, all the metal decorated AH- systems show negative 

NICS value, indicating their good aromatic nature. The 

adsorption capacity was evaluated through the average 

adsorption energy (Eads), which decreased with the gradual 

addition of H2 molecules due to steric hindrance (Fig. 4). The 

value of average adsorption energy for all the H2 trapped 

complexes are in between 0.11 eV/H2 to 0.69 eV/H2 (2.536 

kcal/mol to 15.911 kcal/mol), which is intermediate of 

physisorption and chemisorption state. Thermodynamically, 

the adsorption process is spontaneous. The studied systems 

exhibited negative NICS(0) and NICS(1) values, indicating 

their good σ and π aromatic nature. 

It is also observed that the energy of systems decreases at 

different stages like bare ring, metal (Ag (I)/Au (I)) decorated 

ring and H2-trapped metal (Ag (I)/Au(I)) decorated ring. From 

Table 4 and 5, it has shown that the energy become decreases 

from bare ring to metal decorated systems and lastly it comes 

to the lower value in case of H2 trapped metal decorated 

system. This study has indicated the stability of our modeled 

systems. 

We have also studied the NBO charge calculation on metal 

center with gradual trapping of H2 molecules. This study has 

graphically represented in Fig. 5. When we go through without  

 
Fig. 4 A plot of Average adsorption energy [kcal/mol] Vs. no. of H2 molecules trapped with Ag+[A]and Au+[B]-decorated different 

five-membered aromatic heterocyclic systems.

[A] [B]
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Table 4. Energy of the different systems at different stages like 

bare ring, metal [Ag(I)] decorated ring and H2- trapped metal 

[Ag(I)] decorated ring at optimized condition. 

Systems Energy (kcal/mol) 

Bare 

ring(kcal/mol) 

Metal (Ag) 

decorated 

ring(kcal/mol) 

H2 trapped 

metal (Ag) 

decorated ring 

(kcal/mol) 

Imidazole -141718.560 -233178.107 -236842.977 

Isoxazole -154127.831 -245607.196 -249273.293 

Isothiazole -356834.684 -448312.137 -451977.767 

Pyrazole -141695.825 -233160.38 -236826.082 

Thiazole -356847.053 -448317.259 -451982.693 

Oxazole-O -154162.975 -245607.435 -249276.956 

Oxazole-N -154162.975 -245629.774 -249297.404 

Table 5. Energy of the different systems at different stages like 

bare ring, metal [Au(I)] decorated ring and H2- trapped metal 

[Au(I)] decorated ring at optimized condition. 

Systems Energy (kcal/mol) 

Bare ring 

(kcal/mol) 

metal (Au) 

decorated ring 

(kcal/mol) 

H2 trapped 

metal (Au) 

decorated ring 

(kcal/mol) 

Imidazole -141718.560 -226662.359 -230334.146 

Isoxazole -154127.831 -239087.466 -242760.075 

Isothiazole -356834.684 -441794.324 -445466.233 

Pyrazole -141695.825 -226643.266 -230316.299 

Thiazole -356847.053 -441800.578 -445472.405 

Oxazole-O -154162.975 -239078.221 -242751.230 

Oxazole-N -154162.975 -239113.840 -242786.330 

 

H2trapped and with H2-trapped system, the NBO charges on 

the metal center decreases (from Table 2 to 3) which clearly 

indicate that H2 adsorption takes places at the metal center. 

The gravimetric weight percentages of the H2-trapped metal- 

decorated AH systems ranged from 3.66 to 5.45 for the highest 

number of trapped H2 molecules (Table S2). Although these 

values were considered moderate compared to the U.S. 

Department of Energy (DOE) goal, the studied systems were 

still considered promising for H2 storage. Among all the  

investigated systems, imidazole and pyrazole exhibited better 

results. The graphical representation of gravimetric wt% of 

maximum H2 trapped Ag(I)/Au(I)-AH systems have been 

shown in Fig. S3.  

 

3.4 Binding nature 

3.4.1 Adsorption of hydrogen in molecular form 

Table S4 shows that the Ag(I)/Au(I) to H2 molecule distances 

in all the maximum H2 trapped systems fall within the 

favorable range of 1.895 Å to 3.944 Å, which is suitable for a 

H2 storage system. The H-H distances in all the trapped H2 

molecules range from 0.801 Å to 0.741 Å, similar to the 

distance in isolated H2 molecules (0.743 Å).[61] Details of other 

systems can be found in Table S3. 

 

3.4.2 Electron localization function (ELF) 

To understand the binding nature between the ring and metal 

as well as metal and H2 molecules, a detailed investigation was 

conducted using shaded surface maps and electron localization 

function (ELF) of the H2 trapped Ag(I)/Au(I)-decorated 

systems. Fig. S4, S5, S6, and S7 display the shaded surface 

maps and ELF of H2 trapped metal decorated studied systems. 

From ELF study in Fig. 6, it is clearly established that a non-

covalent type interaction occurred between ring nitrogen (N) 

and metal center, as well as between metal center and 

molecular H2 because between metal to ring and ring to 

molecular H2, there is approximately zero electron density.  

 

3.4.3 Non-covalent interaction (NCI) 

The non-covalent interaction (NCI) method, also known as the 

reduced density gradient (RDG) method, is widely used for the 

analysis of weak interactions. NCI analysis plays a crucial role 

in identifying different types of interactions. In the NCI plot, 

the reduced density gradient (RDG) and the sign (λ2)ρ are 

plotted to represent the precise areas of interaction. The sign 

(λ2)ρ is used to differentiate between strong and weak non-  

 
Fig. 5 A plot of NBO charge on metal center Vs. no. of H2 molecules trapped with Ag+ [A]and Au+[B]-decorated different five-

membered aromatic heterocyclic systems. 

[A] [B]
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Fig. 6 The plot of the ELF of the H2 trapped Ag(I)[A]/Au(I)[B] decorated Imidazole systems. 

 

covalent interactions. In the NCI plot, the sign (λ2)ρ is placed 

on the X-axis, while the RDGs are displayed on the Y-axis. By  

using the Multiwfn software package, an interaction chart can 

be generated (Fig. 7) to visualize the areas in the NCI plot, 

where weak interactions occur. 

The NCI plot of the Imidazole-Ag(I) system have been 

generated. It is observed that spikes appear in the zone where 

sign (λ2)ρ is approximately equal to 0 after the adsorption of 

the H2 molecule (Fig. 8[B]). However, in the system without 

H2 molecule trapping, no spikes are observed in the sign (λ2)ρ 

≈ 0 zone in the NCI plot (Fig. 8[A]), which is clearly explain 

by the color chart(Fig. 7) This indicates the presence of weak 

interactions between the metal and molecular H2, which 

satisfy the weak adsorption between them and favors the 

quasi-sorption process. The NCI plot of the other studied 

systems is shown in Fig. S8. 

 

3.4.4 Partial density of state (PDOS) 

To obtain a detailed analysis of the contribution pattern of the 

hydrogen molecule, metal ion, and the different aromatic 

heterocyclic rings towards the formation of frontier molecular 

orbitals (FMOs), we performed density of state (DOS) and 

partial density of state (PDOS) calculations for all the studied 

systems, as shown in Fig. 9. 

Figure 9 presents the DOS and PDOS of the hydrogen-

trapped Imidazole-Ag(I)/Au(I)-AH systems, indicating the 

percentage contribution of H, metal ion, and aromatic 

heterocyclic systems towards the frontier molecular orbitals 

(FMOs). We divided the entire system into three different 

parts: trapped H2, metal ion, and aromatic heterocyclic ring, 

and analyzed their respective contributions to the FMOs. From 

the DOS and PDOS values of the different systems, it can be 

concluded that all the fragments of the different systems 

significantly contribute to the formation of the frontier 

molecular orbitals (FMOs). The HOMO (highest occupied 

molecular orbital) and LUMO (lowest unoccupied molecular 

orbital) of the complexes are formed from the contributions of 

the aromatic heterocyclic ring, metal ion, and trapped 

molecular hydrogen, respectively.[62,63] The PDOS plots for 

other systems can be found in the supporting information, Fig. 

S9. 

 

3.5 Effect of temperature on H2 adsorption 

To investigate the spontaneity of the reversible hydrogen 

adsorption-desorption process, we calculated the gibbs free 

energy change (∆G) for the Imidazole system (with the highest 

gravimetric wt%). The results are shown in Fig. 10. It is found 

that at 298K, some systems exhibit a negative value of gibbs 

free energy, and we have wanted to investigate the specific 

temperature at which all the systems show a negative ∆G 

value. 

 
Fig. 7 Chart for viewing different interaction zone correspond to sign (2) value in NCI plot.

[A] [B]
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Fig. 8 NCI plot of Imidazole-Ag+system without trapping of molecular H2[A] and trapped with molecular H2 [B]. 

 

 

 

 

 

 

 

 

Fig. 9 DOS & PDOS of hydrogen trapped [A] Imidazole-Ag+-AH and [B] Imidazole-Au+-AH systems with % of contribution of 

trapped H2, metal ion & aromatic heterocyclic systems towards FMOs with their HOMO & LUMO picture. 

[A] [B]

 [B] Imidazole-Au+@5H2 

system  

 

HOMO LUMO 

 [A] Imidazole-Ag+@5H2 

system  

 

HOMO LUMO 
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Fig. 10 Gibbs free energy change (kcal/mol) Vs. the number of H2 molecules trapped with the Ag+/Au+-decorated Imidazole systems 

at different temperature.

Therefore, we decreased the temperature from 298K to 200K 

and later to 150K. As we considered different AH systems 

decorated with Ag(I)/Au(I), an investigation has performed to 

identify the the temperature at which a particular system 

exhibits a negative ∆G value. It was observed that at 82K and 

183K, the Imidazole-Ag(I)@5H2 and Imidazole-Au(I)@5H2 

systems, respectively, displayed a negative value of gibbs free 

energy (Fig. 10). All the systems decorated with Au(I) show 

the higher temperature for negative ∆G value but on the other 

hand Ag(I)decorated systems show very lower temperature for 

this purpose. The results for other systems are shown in Fig. 

S10, and Table S5. This study has indicated that Au(I) 

decorated systems show the batter temperature than Ag(I)-

decorated systems for reversible hydrogen adsorption-

desorption process. 

 

 

3.6 Atom centered density matrix propagation (ADMP) 

study 

As we all know that Ag(I) compounds are easily reduced in H2 

occlusion, so we want to investigate the condition of Ag(I)-

decorated model system upon H2 adsorption. Due to this 

reason, atom centered density matrix propagation (ADMP) 

study has been carried out at two different temperatures (200 

K & 300 K) to investigate the kinetic stability of the 

Ag(I)/Au(I)AH@nH2 systems (AH = Imidazole) (n=2). Here 

we have selected imidazole complex due to highest 

gravimetric wt % among others. As a consequence, we used a 

1 fs time interval and a velocity scaling thermostat to keep the 

temperature constant throughout the simulation. The graphs of 

potential energy (E, A.U.) vs. time (t, fs) have been given in 

Fig. 11. From Fig. 11, it is clear that; complexes can retain H2 

molecules at lower temperature up to 1000 fs. But the 

desorption starts when the temperature is increased. Lastly at 

room temperature at least one molecular H2 is attached to the 

systems. From this it can be concluded that both metal 

decorated model systems survive upon H2 adsorption even at 

room temperature. 

 

4. Conclusion 

In this study, the hydrogen storage capacity of different  

heterocyclic aromatic systems (Imidazole, Isoxazole, 

Isothiazole, Pyrazole, Thiazole & Oxazole) decorated with 

Ag(I)/Au(I) were analyzed. The NICS values confirmed the 

aromatic nature of the studied systems prevail after the metal 

binding with AH and even after the hydrogen adsorption on 

the metal-AH system. The CDFT parameters provided 

insights into the stability and reactivity of the systems. The 

decreasing trends of the average adsorption energy and NBO 

charge on the Ag(I)/Au(I) site further supported the process of 

hydrogen adsorption. The negative Gibbs free energy change 

(∆G) indicated the spontaneous nature of H2 adsorption. The 

analysis of bonding nature revealed non-covalent interactions 

between the metal center and the molecular H2. The H-H 

distance in the metal-decorated systems indicated that the H2 

were trapped in the metal-decorated systems in molecular 

form. Though Au(I)-decorated systems show lower 

gravimetric wt% than Ag(I)- decorated systems, interestingly 

it is observed that H2-trapped Au(I)- decorated systems are 

more stable and indicate spontaneity of H2adsorption-

desorption process at higher temperature than Ag(I)-decorated 

systems. We designed and started our project two years back; 

to investigate the H2 storage capacity of coinage metal 

(Cu/Ag/Au) decorated AH systems, and we recently reported 

the efficiency of Cu-decorated systems in the book 

‘Computational Studies: From Molecules to Materials’, CRC 

Press/Tylor & Francis Group,[64] and very recently, Journal of 

the American chemical society (JACS) has published the 

synthetically established air-stable Cu(I) metal-organic 

framework (MOF) as hydrogen storage material.[43] It inspired  

[A]
[B]
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Imidazole-Ag(I)@2H2 (200K) 

[A] 
 

[A] 

 
Imidazole-Ag(I)@2H2 (300K) 

              [B] 

 
[B] 

 
Imidazole-Au(I)@2H2 (200K) 

[C] 

 
[C] 

 

Imidazole-Au(I)@2H2 (300K) 

[D] 
 

[D] 

Fig. 11 Simulated structures and Potential Energy (E, A.U.) vs Time (t, fs) of Ag(I)/Au(I) decorated AH system @2H2 (AH = 

Imidazole) complexes at 300 K and 200 K and at 1000 fs obtained at the wb97xd/sdd level of theory. 

 

us to investigate further the H2 storage capacity of 

Ag(I)/Au(I)-AH systems, with the believe that our theoretical 

conclusion will help the synthetic laboratories to establish it in 

reality. The achieved results (gravimetric wt. %) of all the 

studied systems meet the target set by the US Department of 

Energy (2025) for coinage metal systems, and Ag(I)/Au(I)-

imidazole and pyrazole systems showed highest gravimetric 

wt % among others.  From the DOS and PDOS values, it can 

be concluded that all the fragments of the different systems 

(aromatic heterocyclic ring, metal ion, and molecular 

hydrogen respectively) significantly contribute to the 

formation of the FMOs. The ADMP analysis suggested the 

complexes can retain H2 molecules at lower temperature up to 

1000 fs, and desorption starts when the temperature is 

increased, and at the room temperature at least one molecular 

H2 is attached to the systems. From this it can be concluded 

that both metal decorated Ag(I)/Au(I)-AH model systems 

survive upon H2 adsorption even at room temperature. 
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Therefore, these metal-decorated Ag(I)/Au(I)-AH systems are 

the promising hydrogen storage systems, in designing of 

efficient storage material. 
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