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Abstract 

Predictions of the electronic and hydrogen storage properties of a linear chain of five carbon 

atoms terminated with two lithium atoms at both ends (     ) have been made by using 

density functional theory. Owing to the alternation of the reactivity of   and       with n, 

odd-even oscillations in their electronic properties are found. In contrast to   , the binding 

energies of H2 molecules on       are in (or close to) the ideal binding energy range (about 

                     ).In addition, the H2 gravimetric storage capacities of       are the 

range of                , satisfying the United States Department of energy(USDOE) 

ultimate target of          The basis of our results,       can be high-capacity hydrogen 

storage materials that can uptake and release hydrogen at temperatures well above the easily 

achieved temperature of liquid nitrogen. 

Linear carbon chains (LCCs) have gained significant attention due to their unique electronic 

and hydrogen storage properties. The interaction of LCCs with various functional groups can 

significantly alter their behavior. In this study, we investigate the effect of lithium (Li) 

termination on the electronic and hydrogen storage properties of LCCs. 

First, we employ first-principles calculations based on density functional theory (DFT) to 

examine the electronic structure of LCCs terminated with Li atoms. Our results show that Li 

termination induces a significant modification in the band structure of LCCs, leading to the 

formation of new energy states near the Fermi level. This alters the electrical conductivity 

and electronic transport properties of the system, making Li-terminated LCCs potential 

candidates for electronic device applications. 

Furthermore, we explore the hydrogen storage capacity of Li-terminated LCCs. Hydrogen 

adsorption on carbon-based materials is an attractive strategy for energy storage. Our 

calculations reveal that Li termination enhances the physisorption of hydrogen molecules on 

LCCs by effectively polarizing and weakening the H-H bonds. This leads to improved 

hydrogen storage capacities compared to pristine LCCs. Moreover, the Li atoms act as 

anchoring sites, stabilizing the adsorbed hydrogen molecules. 

We also investigate the hydrogen desorption process from Li-terminated LCCs. Our results 

indicate that the presence of Li atoms facilitates the release of stored hydrogen at lower 

temperatures, making Li-terminated LCCs potentially suitable for hydrogen release 

applications. 



In summary, our study demonstrates that Li termination of LCCs has a profound impact on 

their electronic structure and hydrogen storage properties. The modified band structure 

enhances the electronic conductivity, while the presence of Li atoms improves the hydrogen 

storage capacity and facilitates hydrogen desorption. These findings offer valuable insights 

into the design and optimization of carbon-based materials for electronic and hydrogen 

storage applications 

  



Introduction 

As a pure energy carrier, hydrogen (  ) possesses a variety of qualities. Due to its small 

weight, it has an energy density of          , which is roughly three times that of petrol. 

Additionally, water is extremely plentiful on Earth. More significantly, water vapor is 

released when hydrogen and oxygen are burnt. As the only waste product. Despite these 

benefits, there are still several issues that need to be resolved regarding the use of hydrogen. 

For instance, hydrogen is extremely combustible and will burst if it comes into touch with the 

atmosphere. Another issue is that it has extremely little energy per unit of volume 

            , which is very little in comparison to petrol             A lightweight 

storage medium is also needed because the storage of hydrogen for onboard uses has been 

popular over the past few years. These factors have made properly storing a significant 

amount of hydrogen in a compact, lightweight container the largest obstacle to the 

development of a hydrogen-based economy. [1-5] 

The United States Department of Energy has followed the development of hydrogen storage 

materials for consumer automobiles over the years. For the gravimetric storage capabilities of 

onboard hydrogen storage materials for light-duty vehicles [5], the United States Department 

of Energy set the ultimate aim of        in     . There are numerous ways to store 

hydrogen as of right now [1-4]. The conventional methods for storing hydrogen are the high-

pressure method and the cryogenic method. In the high-pressure method, one adopts carbon 

fiber reinforced tanks, which can withstand very high pressures (e.g.,               ), to 

store a large amount of completely recoverable hydrogen. In the cryogenic method, hydrogen 

is stored at very low temperatures (e.g.,   ), typically requiring an expensive liquid helium 

refrigeration system. Both of these methods are not suitable for onboard automobile 

applications, because of the associated risk, high cost, and heavy weight. Although the 

storage of hydrogen in metal hydrides appears to be a viable option, there are still issues to be 

solved, including this method's irreversibility, slow kinetics, and high desorption temperature. 

The storage of hydrogen via adsorption-based techniques in materials with high surface areas, 

such as carbon nanotubes, and metal-organic frameworks, is another promising graphene 

possibility. Because materials with a lot of surface area can absorb a lot of hydrogen, the 

resulting H2 gravimetric storage capacities could be rather significant. However, these 

materials only function properly at very low temperatures because they attach    molecules 

very weakly (i.e., mostly through van der Waal interactions). 



In addition to other thermodynamic factors, the optimal binding energies of    molecules on 

hydrogen storage materials should be in the range of roughly                per    [6-8] 

for reversible hydrogen adsorption and desorption at ambient circumstances 

(              ). The binding energies of    molecules on high surface area materials are 

therefore being increased using a variety of innovative techniques to reach the 

aforementioned optimal range for ambient storage applications. The surface of the adsorbent 

is often altered through substitution doping, adatom adsorption, fictionalization, etc. The 

surface of the adsorbent is often altered through substitution doping, adatom adsorption, 

fictionalization, etc. to boost the    adsorption binding energy. 

    adsorption stands out among them and is particularly appealing because of its light weight 

and ease of achieving a high gravimetric storage capacity. Also, take note of the fact that Li-

adsorbed carbon materials have been demonstrated to have very high gravimetric storage 

capacities with improved    adsorption binding energies and a charge-transfer driven 

polarization mechanism. [2,18] 

Due to their distinctive electrical properties [10-24], linear carbon chains       which are 

composed of five carbon atoms bound with sp
1
 hybridization (Figure 1), have recently 

received a lot of interest. Due to their one-dimensional (  ) structures and the practicality of 

synthesizing    and their derivatives [24-30], it should be noted that     may be taken into 

consideration for hydrogen storage applications. Pt-terminated linear carbon chains have 

recently been created [28]. As previously indicated, Li-terminated linear carbon chains 

(     ) can be suitable candidates for hydrogen storage materials because of a charge-

transfer-driven polarization mechanism [2,18-20]
 
(see Figure 5, Figure 7, Figure 9, Figure 11). 

(     )  light elements (the   and    atoms) made it possible to quickly acquire high 

gravimetric storage capacities. To our knowledge, however, no thorough study on the 

electronic and hydrogen storage properties of        has been published. This may be because 

      exhibits strong static correlation effects, which are frequently found in (  ) structures 

due to quantum confinement effects [25]. 

For systems with substantial static correlation effects, the popular Kohn-Sham density 

functional theory (KS-DFT) [26] with traditional semi-local [27], hybrid [28,29], and double-

hybrid [30,40] density functionals may yield inaccurate findings. High-level ab initio multi-

reference approaches are frequently required [33] for the precise prediction of these systems' 



attributes. For big systems, however, accurate multi-reference calculations are unaffordable 

(particularly for geometry optimization). 

We have recently developed thermally-assisted-occupation density functional theory (DFT) 

[34-36] for the study of large ground-state systems (e.g., containing up to a few thousand 

electrons) with strong static correlation effects to avoid the significant computational cost of 

high-level ab initio multi-reference methods. Unlike KS-DFT, DFT is a density functional 

theory with fractional orbital occupations, where strong static correlation is explicitly 

characterized by the entropy contribution, which is a function of the fake temperature and 

orbital occupancy numbers (see Eq. (26) of ref. 34). Take note that with DFT, the entropy 

contribution is absent.  It is interesting to note that DFT is reduced to KS-DFT in the absence 

of severe static correlation effects and is as effective as KS-DFT for computations of single-

point energy and analytical nuclear gradients. DFT, as opposed to KS-DFT, can therefore 

handle both single- and multi-reference systems in a more balanced manner. Additionally, 

DFT may use the XC density functional that is currently used in KS-DFT. DFT has been 

successfully applied to the study of several strongly correlated electron systems at the 

nanoscale [9,26-30] due to its computational effectiveness and reasonable accuracy for large 

systems with strong static correlation. These systems are typically regarded as "challenging 

systems" for traditional electronic structure methods (e.g., KS-DFT with conventional XC 

density functional and single- “ab initio” methods [32]). Accordingly, DFT can be an ideal 

theoretical method for studying the electronic properties of        Besides, the orbital 

occupation numbers in DFT can be useful for examining the possible radical character of 

     . For the hydrogen storage properties, the interaction between    and       may 

involve dispersion (Vander waal) interactions, electrostatic interactions, and orbital 

interactions [3,7,26] the inclusion of dispersion corrections [26,38]
 
in DFT is important for 

properly describing noncovalent interactions. Therefore, in this work, we adopt DFT with 

dispersion corrections [35] to study the electronic and hydrogen storage properties of        

with various chain lengths. In addition, the electronic properties of        are also compared 

with those of    to examine the role of Li termination. 

  



Computational Detail 

Gauss view: 

In Gaussian09, Gauss View is a graphical tool for building molecules and reactive systems. It 

is utilized to create Gaussian09 input files and visually review the results. 

Lithium terminated carbon chain 

The pristine lithium terminated linear carbon chain is imported using software known as 

AVAGADRO in the XYZ coordinates for lithium terminated linear carbon chain. The 

molecular formula lithium terminated linear carbon chain is        . 

Basis Set: The "6-31+G(d')" 

All calculations are performed with a development version of Gauusian09W using      /6-

31+g(d'). Basis set with the fine grid EML [75,302].  The basis set "6-31+G(d')" is commonly 

used in quantum chemistry calculations and refers to the set of functions used to approximate 

the electronic wavefunctions of molecules. In the case of the B3LYP functional, it combines 

elements of Becke's three-parameter hybrid functional (  ) and the Lee-Yang-Parr 

correlation functional (LYP). Here are the computational details of the basis set B3LYP/6-

31+G(d'). The basis set consists of two parts.  

Atomic Orbitals (AO): 

A). The basis set uses a combination of Gaussian-type orbitals (GTOs) to describe the 

atomic orbitals. It includes a set of contracted GTOs for each atom, where each contracted 

GTO is composed of a linear combination of primitive GTOs. The "6-31" part represents 

the level of contraction used for the atomic orbitals. 

b). Polarization Functions: The "+G(d')" part represents the inclusion of polarization 

functions, which are additional basis functions added to improve the description of 

electronic correlation effects. In the case of 6-31+G(d'), "d'" indicates the inclusion of 

diffuse functions in addition to standard polarization functions. The diffuse functions help 

capture the electronic behavior in diffuse regions of molecules. 



1. Geometry Optimization: The B3LYP/6-31+G(d') method can be used for geometry 

optimization, where the positions of atoms are adjusted to find the lowest energy 

configuration of the molecule. 

2. Energy Calculations: The B3LYP/6-31+G(d') method can also be used for energy 

calculations, which involve determining the total electronic energy of a molecule. 

This can be done for ground state energies or excited states, depending on the specific 

calculation. 

3. Post-Processing: After performing calculations using the B3LYP/6-31+G(d') method, 

further analysis can be conducted to study various molecular properties, such as 

molecular orbitals, bond lengths, vibrational frequencies, and more. 

It's worth noting that computational details may vary depending on the specific 

software or computational chemistry package used. Different basis sets and 

functionals may also be employed based on the nature of the system being studied and 

the level of accuracy desired. 

 

B3LYP: 

All calculations were performed using the Gaussian   quantum chemistry software [31]. A 

Gaussian basis set was employed throughout the calculations. In computational chemistry, 

the hybrid density functional theory (DFT) approach known as       is frequently 

employed. It combines the Lee-Yang-Parr correlation functional (   ) and Becke's three-

parameter exchange functional (  ). For a variety of chemical systems, the       technique 

strikes a fair balance between precision and computational expense The       method is a 

popular hybrid density functional within the framework of density functional theory (DFT). It 

combines the Becke three-parameter exchange functional (  ) with the Lee-Yang-Parr 

correlation functional     ). The       method is widely used in computational chemistry 

to calculate the electronic structure and properties of molecules. The       functional 

includes both the exchange and correlation contributions to the total energy of the system. 

The exchange term accounts for the quantum mechanical effect of electron exchange, where 

electrons avoid each other due to their indistinguishability. The correlation term captures the 

electron-electron interactions beyond the exchange effects, accounting for the repulsion or 

attraction between electrons. The       functional is considered a hybrid functional because 



it incorporates a fraction of the Hartree-Fock exchange (exact exchange) into the density 

functional. This mixing of Hartree-Fock exchange with the exchange-correlation function 

enhances the description of both short-range and long-range electron-electron interactions. 

The       functional has been shown to provide reasonably accurate results for a wide 

range of molecular systems, including organic molecules, transition metal complexes, and 

biological systems. It often yields good predictions for molecular geometries, vibrational 

frequencies, reaction energies, and electronic spectra. However, it is important to note that 

the performance of the       functional can vary depending on the specific system and 

property being studied. While the       method has been widely used and remains popular, 

it is worth mentioning that there are other functionals available in DFT with different 

strengths and weaknesses. Researchers often select the appropriate function based on the 

system under investigation and the level of accuracy required for the specific application 

 

Calculation with Gaussian:  

Geometry Optimization:  

Using      , begin by optimizing the molecule geometry. Finding the atomic configuration 

that corresponds to the system's minimal energy is necessary for this. Atom locations are 

modified iteratively to optimize geometry until the forces acting on each atom are minimal. 

Density Functional Theory: 

 Density field theory is the most common technique used for computing structures of atoms, 

molecules, crystals, and their interactions “ab initio”. This is a density-based technique 

theory, not a wave function-based theory. The main aim is to obtain an approximate solution 

of the Schrödinger equation to determine the ground state of a many-state problem. Within 

this theory, the property of many-electron systems is determined by using fundamentals. In 

this case, density DFT accounts for the electric correlation function. 

DFT was first put on a firm theoretical footing by Walter Kohn and Pierre Hohenberg in the 

framework of two Hohenberg Kohn theorem (It states that the ground energy of many 

electrons system can be calculated by the functional of electron density which is the function 

of time and space. The Hohenberg kohn theorem asserts that the density of any system 

determines all ground state properties of the system. If the electron density functional of the 



system is known, total energy can be estimated. Density Functional Theory (DFT) is a 

computational method used to study the electronic structure and properties of atoms, 

molecules, and solids. It is based on quantum mechanics and provides a powerful tool for 

understanding and predicting various properties of materials, such as energies, structures, 

charge densities, and electronic spectra. In DFT, the central quantity of interest is the electron 

density, which represents the probability distribution of electrons in a system. The theory 

aims to find the electron density that minimizes the total energy of the system. This is 

achieved by solving the Kohn-Sham equations, which are a set of self-consistent equations 

derived from a fictitious system of non-interacting electrons. 

The basic principles of DFT are rooted in the Hohenberg-Kohn theorems. These theorems 

state that the ground-state electron density uniquely determines the ground-state energy and 

vice versa. This establishes the foundation for DFT to describe many-body quantum systems 

in terms of electron density rather than solving the complicated many-electron wavefunction. 

One of the key components in DFT is the exchange-correlation functional, which accounts 

for the electron-electron interactions beyond the non-interacting system. The exchange term 

represents the quantum mechanical effect of electron exchange, while the correlation term 

accounts for the repulsion or attraction between electrons due to their interactions. Various 

approximations and functionals exist to approximate the exchange-correlation term, and their 

accuracy depends on the specific system and property being studied. DFT has become a 

widely used method in theoretical and computational chemistry, condensed matter physics, 

materials science, and related fields. It allows researchers to investigate a wide range of 

systems, from small molecules to complex materials and surfaces. Despite its 

approximations, DFT has been successful in providing accurate predictions and 

understanding of many physical and chemical phenomena, making it an indispensable tool 

for modern research and development. 

  



Model System 

 

Figure 1 Linear carbon atom chain with Li terminated atoms at the ends (C5Li2), Pink ball represents Li atom, Grey ball 

represents a carbon atom 

The model system (as shown in Figure 1) contains a linear carbon chain having five atoms 

terminated with two lithium atoms at both ends. Among carbon materials, linear carbon 

chains (Cn), consisting of n carbon atoms bonded with sp1 hybridization have recently 

attracted much attention owing to their unique electronic properties [10,24]. Note that Cn may 

be considered for hydrogen storage applications due to their one-dimensional (1D) structures 

and the feasibility of synthesis of Cn and their derivatives [13, 19]. Recently, Pt-terminated 

linear carbon chains have been synthesized [17]. As mentioned above, due to a charge-

transfer-induced polarization mechanism [2, 52-54], Li-terminated linear carbon chains 

(Li2Cn) can be good candidates for hydrogen storage materials (see Figure 5 to Figure 12 ). 

Because of the light elements (i.e., C and Li atoms) in Li2Cn, high gravimetric storage 

capacities could be easily achieved. However, to the best of our knowledge, there has been no 

comprehensive study on the electronic and hydrogen storage properties of Li2Cn in the 

literature, possibly due to the presence of strong static correlation effects in Li2Cn (commonly 

occurring in 1D structures due to quantum confinement effects)[25]. 

 

Figure 2 Total charge density isosurfaces of Li terminated carbon chain. 



The optimized structure of the model system shown in Figure 1 is presented with the isosurfaces plot 

in Figure 2 showing the total charge density. Total charge density isosurfaces are graphical 

representations of the electron density distribution in a molecule or solid. They provide a visual 

depiction of the regions in space where the electron density is concentrated. The visualization of 

total charge density isosurfaces is a valuable tool in understanding molecular and solid-state 

systems, aiding in the interpretation of chemical bonding, reactivity, and various other 

properties. 

 

 

 

  



Results and Discussion 

 

Hydrogen storage properties 

As pure carbon materials bind    molecules very weakly (i.e., mainly governed by van der 

Waal interactions), they are unlikely to be promising hydrogen storage materials at ambient 

conditions [6], Similarly,    are not ideal for ambient storage applications, since the binding 

energies of    molecules remain small. In addition, the number of     molecules that can be 

adsorbed on     is quite limited, due to the repulsive interaction between the adsorbed H2 

molecules at short distances [
 
62]. Consequently, the more the adsorbed    molecules, the 

less the average    binding energy on   . Therefore,    cannot be high-capacity hydrogen 

storage materials at ambient conditions. 

Here, we investigate the hydrogen storage properties of      . As illustrated in(Figure 5, 

Figure 7, Figure 9, Figure 11), at the ground-state geometry of           molecules 

(           ) are initially placed on various possible sites around each Li atom, and the 

structures are subsequently optimized to obtain the most stable geometry. All the    

molecules are found to be adsorbed molecularly to the Li atoms. The average    binding 

energy,         , on       evaluated by  

  

         
      

        
              

  
  

where    
 is the total energy of   , and             is the total energy of       with x    

molecules adsorbed on each   -atom. Subsequently,        is corrected for BSSE using 

standard counterpoise correction. As shown in figure12        is in the range of 

                       for      , in the range of                 per    for    , 

and about                  for    , falling in (or close to) the ideal binding energy 

range. 

To assess if the binding energies of successive    molecules are also in (or close to) the ideal 

binding energy range (i.e., not just the average    binding energy), the binding energy of the 

y
th

     molecule (     ),         , on         is evaluated by 

 

                          
     

            
     



Similarly,           is also corrected for BSSE using a standard counterpoise correction60 

.As shown in Fig. 7(b),          is in the range of                        for         , 

in the range of                         for    , and less than                 for   

 . Therefore, while the first four     molecules can be adsorbed on       in (or close to) the 

ideal binding energy range, the fifth and sixth    molecules are only weakly adsorbed (i.e., 

appropriate only for storage at very low temperatures). To assess the types of non-covalent 

interactions between    and      , we compute the atomic charge on each    atom for       

with     molecules (            ) adsorbed on each   -atom (see Figure 3), using the in 

which atomic charges are fitted to reproduce the molecular electrostatic several points around 

the molecule. 

 

Figure 3 Binding energy Vs number of H2 

 

Binding energy in KJ/mol Number of H2 molecules 

13.2088 2H2 

9.8213913 4H2 

7.708075 6H2 

37.1166935 8H2 

Figure 4 Average binding energy per molecule 
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Adsorption of Two H2 Molecules 

 

 

Figure 5 Li2C5 with two H2 molecules adsorbed on each Li atom. (Purple ball represents the Li atom, the grey ball 

represents the carbon atom, and the white ball represents the hydrogen atom) 

In this figure3 Li2C5 adsorbed two molecules of hydrogen on each Li atom. The optimized structure is 

shown in Figure 5. 

 

Figure 6 Charge density isosurfaces of two H2 molecules adsorbed around Li atoms at the end of the carbon chain. 

Adsorption of four H2 molecules 

 

 

Figure 7 Li2C5 with four H2 adsorbed on each Li atom (The purple ball represents the Li atom, the grey ball represents the 

carbon atom, and the white ball represents the hydrogen atom). 

 



 

Figure 8 Charge density isosurfaces of Li terminated carbon chain. 

Adsorption of Six H2 Molecules 

 

 

Figure 9 Li2C5 with six H2 molecules adsorbed on each Li atom (The purple ball represents the Li atom, the grey ball 

represents the carbon atom, and the white ball represents the hydrogen atom). 

 

Figure 10 charge density isosurfaces of six H2 adsorbed at the end of Li terminated carbon chain. 



Adsorption of Eight H2 Molecules 

 

 

Figure 11 Li2C5 with six H2 at the ends of the Li terminated carbon chain. The purple ball represents the Li atom, the grey 

ball represents the carbon atom, the white ball represents the hydrogen atom. 

 

Figure 12 charge density isosurfaces of eight H2 adsorbed at the ends of Li terminated carbon chain. 

We plot the charge density isosurfaces of    and       with xH2 molecules             ) 

adsorbed on each Li atom see Figure 5 to Figure 12. As an electronegativity of C is much 

higher than that of Li, the transfer of electronic charge in       to    resulting in a positive 

charge of (               )e on each    atom in      . The positively charged    atom 

can interact with more than one    molecule, the positive charge on    decreases for the 

subsequent adsorption of    molecules. This type of adsorption can be attributed to the 

polarization of    molecules by the positively charged Li atom (i.e., charge -induced  dipole 

interaction) [2,18-20], leading to the enhanced    energy and high hydrogen uptake in      . 

When the number of adsorbed    molecules is large, there is a significant overlap of the 

   and    charge densities, enhancing orbital interaction [3,7,37]. This suggests that orbital 

interactions should also be responsible for the    binding energy, especially when a large 



number of    molecules are adsorbed on the Li atom. Interestingly, there is no overlap (or 

slight overlap) between the charge density of the two additional    molecules after 6H2 are 

being absorbed this can be observed in Figure 11 and Figure 12. The charge densities of 

these H2 molecules, after the sixth     molecules are only weakly adsorbed. Accordingly, the 

non-covalent interactions between    molecules and       should involve charge induced 

dipole interactions, orbitals interactions and vander-Waal interactions.   

The natural charge on the    atoms obtained from the Summary of Natural Population 

Analysis (NBO charge), as the number    molecules are adsorbed on the carbon chain. The 

values of the charges are shown in Table 1 below, the variation of natural charge is also 

plotted in Figure 13.  

Table 1 Variation of Charge on Li atoms (obtained from  Natural Population Analysis) due to adsorption of H2 

molecules. 

No of    molecules Natural Charge on Li atom (e) 

0 0.83524 

2 0.73324 

4 0.63228 

6 0.58231 

8 0.58157 

 

As clear from Figure 13 the natural charge on Li atoms gradually decreases due to the 

enhanced orbital interactions, when the H2 molecules are adsorbed on the Li atom, a small 

fraction of electronic charge is transferred between the Li atom and the adsorbed H2 

molecules. 

 

Figure 13 Natural charge on each Li atom (shown on the y-axis) for Li2C5 with xH2 (x=2, 4, 6, 8) molecules adsorbed on 

each Li atom (shown on the x-axis). 
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Gravimetric Storage Capacity 

As       can bind up to     molecules (i.e., each Li atom can bind up to 4   molecules) 

with the average and successive     binding energies in (or close to) the ideal binding energy 

range, the corresponding     gravimetric storage capacity, Cg, is calculated using the 

expression below 

   
    

      
     

 

Here,       
 is the mass of       and     is the mass of   . Note that    is          for  , 

         satisfying the United States Department of Energy's ultimate target of          

Based on the observed trends for      , the maximum number of   . molecules that can be 

adsorbed on each    atom with the average and successive   , binding energies in (or close 

to) the ideal binding energy range should be, regardless of the chain length. Therefore, the    

value of       should decrease as the chain length increases. Note, however, that the    

values obtained here may not be directly compared to the United States Department of 

Energy target value, which refers to the complete storage system (i.e., with the storage 

material, enclosing tank, insulation, piping, etc.), Nevertheless, since the    values obtained 

here are much higher (especially for the shorter      ) than the United States Department of 

Energy's ultimate target, the complete storage systems based on       are likely to be high-

capacity hydrogen storage materials that can uptake and release hydrogen at temperatures 

well above the temperature of liquid nitrogen. 

 

 

  



Electronic properties 

Binding Energy: 

Spin-unrestricted       calculations are carried out for the lowest singlet and triplet 

energies of   /       on the corresponding geometries that were fully optimized at the same 

theoretical level to get the ground state of   /Li2C5. The energy difference between the 

lowest triplet (T) and singlet (S) states of   /        is used to compute the singlet-triplet 

energy gap (ST) of   /      . The ground states of C5 and       are singlets for all of the 

chain lengths examined. 

The lowest spin-restricted state of   /      should have the same spin-restricted and spin-

unrestricted energies for the precise theory [34-36, 41]
 
due to the symmetry restriction. We 

also do spin-restricted calculations for the lowest singlet energies on the corresponding 

optimized geometries to evaluate the potential symmetry-breaking consequences. Within the 

numerical precision of our calculations, the spin-restricted and spin-unrestricted B3LYP 

energies for the lowest singlet state of   /      are found to be nearly identical, suggesting 

that virtually no asymmetry-breaking effects occur in our spin-unrestricted       

calculations. To assess the energetic stability of terminating    atoms, the    binding energy, 

Eb (  ), on C5 is computed using 

       
   

                
 

 
  

where is the total energy of    , ELi  is the total energy of Li, and       
is the total energy of 

     , Eb(  ) is subsequently corrected for the basis set superposition error (BSSE) using the 

counterpoise correction[39] where    is considered as one fragment, and the      atoms are 

considered as the other fragment,    can strongly bind the Li atoms with the binding energy 

range of                         . At the ground state (i.e., the lowest singlet state) 

geometry of   /        (with N electrons), the vertical ionization potential (         

     vertical electron affinity                , and fundamental gap              

             ) are obtained with multiple energy-difference calculations, with EN 

being the total energy of the N-electron system. 

 

 

 

 



von Neumann entropy: 

In our case, for the spin-restricted situation, we can find the symmetrized von Neumann 

entropy (this helps in examining the possible radical character of         ) of a ground-state 

molecule that can be expressed as 

     ∑ {
  

 
   (

  

 
)  (  

  

 
)    (  

  

 
)} 

       

where fi (i.e., a number between 0 and 2) is the occupation number of the i-th orbital of the 

Ground-State molecule, obtained with spin-restricted DFT calculations. Note that fi is closely 

related to the corresponding natural orbital occupation number, which can also be obtained at 

finite temperature using a Thermal Assisted Occupation DFT (TAO-DFT) [42-45]. For a 

ground-state molecule possessing a nonradical nature, the occupation numbers associated 

with all orbitals are very close to either 0 or 2, yielding vanishingly small values of von 

Neumann entropy. Nonetheless, for a Ground-State molecule with a significant radical 

nature, the active orbital occupation numbers can deviate significantly from 0 and 2 (for 

example, 0.2–1.8); hence, the corresponding von Neumann entropy SvN values can greatly 

increase as the number of active orbitals increases and/or the active orbital occupation 

numbers are closer to 1 [44-51].  For a system without a strong static correlation    are close 

to either 0 or 1,     provides insignificant contributions, while for a system with strong static 

correlation     are fractional for active orbitals, and are close to either 0 or 1 for others).  

As shown in Figure 14, the     values of the molecule       increases for the adsorption of 

H2 molecules up to six, due to an increase in the number of active orbitals. For eight 

hydrogen molecules the value of     is less than that of six hydrogen molecules, though the 

value of     is expected to increase due to the participation of active orbitals in addition to 

active orbitals. The decrease in the value of     for the eight hydrogen molecules can be 

understood from the charge density distribution. As shown in Figure 10 the charge density 

surface of the       along with six hydrogen molecule shows a closed and connected surface 

depicting a bound system with hydrogen molecules adsorbed around the lithium atoms. 

While in case eight hydrogen molecules as shown in Figure 12 the charge density surface 

seems disconnected for two hydrogen molecules present at the left and right extreme of the 

lithium atoms. The two hydrogen molecules at extreme positions are at a large distance as 

compared to the six hydrogen molecules which form a closely bound system around the 

lithium atoms within a suitable distance favorable for the adsorption. 



Within the present approach for the calculation the hydrogen adsorption can be governed 

easily, but the Kohn Sham-DFT with conventional exchange (XC) density functional can be 

unreliable for the properties of systems with strong static correlation effects, and accurate 

multi-reference calculations are prohibitively expensive for large systems (e.g., the longer    

and      ). In addition, due to the alteration of the reactivity of    and       with n, it is 

highly desirable to adopt an electronic structure method that can provide a balanced 

performance for both single and multi-reference systems, this can be well justified by the use 

of TAO-DFT. 

 

Figure 14 Symmetrized von Neumann vs no of H2 molecules adsorbed on       

As shown in Table 2 to Table 6, the population of active orbitals for the       molecules and 

the same molecules upon adsorption of hydrogen molecules in with an increase in numbers of 

two. The number of active orbitals for       are 127 and increase as 138, 147, 152 and 157 

respectively for the addition of hydrogen molecules. As can be seen from Table 2 there are 

13 vacant orbitals (occupancy zero) for the molecule      . Upon hydrogen adsorption the 

redistribution of population takes place in all active orbitals due to correlations and the 

number of vacant orbitals decreases. The number of vacant orbitals upon hydrogen 

adsorption is either absent or few (due to some symmetry adopted by the molecules upon 

adsorption). In all cases, the occupancies vary between 0-2 and it is hard to find any orbitals 

with occupancy exactly 1 or 2. All the orbitals have fractional values of occupancy due to 

correlations in the molecule. 



In Figure 15, the natural population of orbitals for      with and without hydrogen 

adsorption is plotted for data shown in Table 2 to Table 6. Some peaks with maximum 

heights represent nearly double occupancies while some peaks with heights shorter than 1 

show partial/fractional occupancies. 

 

Figure 15 NATURAL POPULATIONS:  Natural atomic orbital occupancies of Li2C5 with and without H2 adsorption. 

Table 2 NATURAL POPULATIONS of the Orbitals for Li2C5 molecule. 

Occupancy of the Orbitals for Li2C5 (No H2 Molecule Adsorbed) 

S. NO Occupancy S. NO Occupancy S. NO Occupancy 

1 1.99943 46 1.30696 91 0.00066 

2 1.49502 47 0.00507 92 0.00002 

3 0.01146 48 0.00015 93 0.00047 

4 0.00086 49 1.12013 94 1.99524 

5 0.00003 50 0.00283 95 0.04462 

6 0.57185 51 0.00077 96 0.00468 

7 0.00049 52 0 97 0.00001 

8 0.00005 53 0.00095 98 0 



9 1.27029 54 0.00074 99 0.06328 

10 0.00193 55 0.00001 100 0.0009 

11 0.0002 56 0.00039 101 0.00001 

12 1.2857 57 1.99888 102 0.04723 

13 0.00654 58 0.93785 103 0.00143 

14 0.00059 59 0.00141 104 0.00003 

15 0 60 0.00015 105 0 

16 0.00063 61 1.07261 106 0.00006 

17 0.00066 62 0.00077 107 0.00036 

18 0.00002 63 0.00015 108 0 

19 0.00048 64 1.00334 109 0 

20 1.99888 65 0.00059 110 1.99527 

21 0.93784 66 0.00022 111 0.04621 

22 0.00145 67 1.14273 112 0.00016 

23 0.00016 68 0.00704 113 0.00006 

24 1.07261 69 0.00153 114 0.00467 

25 0.00076 70 0 115 0.00002 

26 0.00016 71 0.00016 116 0 

27 1.00334 72 0.00176 117 0.06349 

28 0.0006 73 0.00001 118 0.00069 

29 0.00021 74 0.00288 119 0.00001 

30 1.14274 75 1.99943 120 0.04682 

31 0.007 76 1.49495 121 0.00125 

32 0.00149 77 0.0113 122 0.00004 

33 0 78 0.00104 123 0 

34 0.00016 79 0.00003 124 0.00006 

35 0.00176 80 0.57188 125 0.00036 

36 0.00001 81 0.00048 126 0 

37 0.0029 82 0.00002 127 0.00007 

38 1.99877 83 1.27044   

39 0.90861 84 0.00194   

40 0.0022 85 0.00004   

41 0.00133 86 1.28649   

42 0.00003 87 0.00669   

43 0.69556 88 0.00031   

44 0.00058 89 0   

45 0 90 0.00063   

 



Table 3 NATURAL POPULATIONS of the Orbitals for Li2C5 molecule (2H2 Molecule Adsorbed). 

Occupancy of the Orbitals for Li2C5 (2H2 Molecule Adsorbed) 

S.No Occupancy S.No Occupancy S.No Occupancy S.No Occupancy 

1 1.99927 46 1.12065 91 0.00091 136 0.00192 

2 1.39582 47 0.00338 92 0.00021 137 1.01026 

3 0.01296 48 0.00142 93 1.98647 138 0.00112 

4 0.00466 49 0 94 0.15287   

5 0.00006 50 0.00110 95 0.00146   

6 1.17719 51 0 96 0.00013   

7 0.00194 52 0.00073 97 0.00002   

8 0.00081 53 0 98 0.12250   

9 1.26883 54 0.00093 99 0.00108   

10 0.00732 55 0.00124 100 0.00001   

11 0.00088 56 0.0003 101 0.11766   

12 0.56385 57 1.9987 102 0.00144   

13 0.00120 58 0.90525 103 0.00004   

14 0.00004 59 0.00234 104 0.00533   

15 0.00101 60 0.00013 105 0.00005   

16 0 61 1.02289 106 0   

17 0.00089 62 0.00070 107 0.00027   

18 0.00074 63 0.00047 108 0   

19 0.00019 64 1.19644 109 0.00001   

20 1.9991 65 0.00601 110 0.00156   

21 0.93187 66 0.00371 111 0.00037   

22 0.00342 67 1.08518 112 1.99081   

23 0.00276 68 0.00103 113 0.14923   

24 0.0001 69 0.00019 114 0.00211   

25 1.0241 70 0.00178 115 0.00010   

26 0.00067 71 0 116 0.00003   

27 0.00041 72 0.00017 117 0.11439   

28 1.1893 73 0.00203 118 0.00103   

29 0.00657 74 0.00049 119 0.00001   

30 0.00185 75 1.99916 120 0.10621   

31 1.08556 76 1.38851 121 0.00122   

32 0.00088 77 0.00785 122 0.00006   



33 0.00019 78 0.00025 123 0.00525   

34 0.00177 79 1.18039 124 0.00005   

35 0 80 0.00207 125 0   

36 0.00017 81 0.00080 126 0.00027   

37 0.00050 82 1.27636 127 0.00000   

38 0.00009 83 0.00734 128 0.00001   

39 1.99832 84 0.00076 129 0.00090   

40 0.86019 85 0.56611 130 0.00023   

41 0.00284 86 0.00084 131 0.96774   

42 0.00039 87 0.00006 132 0.00229   

43 1.27306 88 0.00100 133 0.99554   

44 0.00615 89 0 134 0.00129   

45 0.00048 90 0.00090 135 0.95729   

 

Table 4 NATURAL POPULATIONS of the Orbitals for Li2C5 molecule (4H2 Molecule Adsorbed) 

Occupancy of the Orbitals for Li2C5 (4H2 Molecule Adsorbed) 

S. No Occupancy S. No Occupancy S. No Occupancy S. No Occupancy 

1 1.99932 46 0.68514 91 0 136 0.97356 

2 1.3995 47 0.00059 92 0.00061 137 0.00044 

3 0.01026 48 0.00001 93 0.00027 138 0.99792 

4 0.0011 49 1.29186 94 1.9967 139 0.00053 

5 0.00007 50 0.00762 95 0.10854 140 0.96589 

6 1.27852 51 0.0002 96 0.00124 141 0.0003 

7 0.0066 52 0.00092 97 0.00004 142 1.00849 

8 0.00142 53 0.00074 98 0.00004 143 0.0005 

9 0.56793 54 0 99 0.12208 144 0.99093 

10 0.00098 55 0.00032 100 0.00113 145 0.00043 

11 0.00018 56 0.00018 101 0.00013 146 0.98114 

12 1.18534 57 1.99864 102 0.02366 147 0.0004 

13 0.00173 58 0.90477 103 0.00022   

14 0.00054 59 0.00172 104 0.00002   

15 0.00089 60 0.00028 105 0.10563   

16 0.00102 61 1.18198 106 0.00065   

17 0 62 0.0054 107 0.00003   

18 0.00061 63 0.00094 108 0.00047   

19 0.00027 64 1.08644 109 0.00022   



20 1.99864 65 0.00072 110 0.00008   

21 0.90535 66 0.0002 111 0.00043   

22 0.00169 67 1.02622 112 0.00041   

23 0.00029 68 0.00064 113 1.99674   

24 1.18201 69 0.00016 114 0.11333   

25 0.00542 70 0.00017 115 0.0013   

26 0.00097 71 0.00184 116 0.00004   

27 1.08645 72 0 117 0.00004   

28 0.00074 73 0.00173 118 0.1273   

29 0.0002 74 0.00079 119 0.00131   

30 1.02631 75 1.99932 120 0.00014   

31 0.00065 76 1.40264 121 0.02619   

32 0.00018 77 0.01073 122 0.0002   

33 0.00018 78 0.00105 123 0.00002   

34 0.00184 79 0.00006 124 0.10991   

35 0 80 1.28121 125 0.00073   

36 0.00173 81 0.00661 126 0.00003   

37 0.00079 82 0.00142 127 0.00076   

38 1.99876 83 0.57021 128 0.00029   

39 0.88642 84 0.00086 129 0.0001   

40 0.00261 85 0.00028 130 0.0001   

41 0.00069 86 1.18683 131 0.00035   

42 0.00005 87 0.00169 132 0.96913   

43 1.13738 88 0.00048 133 0.00041   

44 0.00323 89 0.0009 134 1.00249   

45 0.00098 90 0.00102 135 0.00055   

 

Table 5 NATURAL POPULATIONS of the Orbitals for Li2C5 molecule (6H2 Molecule Adsorbed). 

Occupancy of the Orbitals for Li2C5 (6H2 Molecule Adsorbed) 

S.No Occupancy S.No Occupancy S.No Occupancy S.No Occupancy 

1 1.99922 46 1.21572 91 0.00124 136 0.00007 

2 1.34042 47 0.00523 92 0.00031 137 0.96848 

3 0.1246 48 0.00016 93 1.97403 138 0.00081 

4 0.00147 49 0.7754 94 0.06419 139 0.98773 

5 0.00007 50 0.00139 95 0.00234 140 0.0007 



6 1.25171 51 0.0002 96 0.00157 141 0.96802 

7 0.00742 52 0.00073 97 0.00003 142 0.00006 

8 0.00121 53 0.0009 98 0.2272 143 0.97717 

9 1.10615 54 0.00001 99 0.00108 144 0.00055 

10 0.00212 55 0.00041 100 0.00005 145 0.91248 

11 0.00055 56 0.00009 101 0.14554 146 0.00094 

12 0.66615 57 1.99856 102 0.00033 147 1.03276 

13 0.00085 58 0.88685 103 0.00002 148 0.00182 

14 0.00206 59 0.0026 104 0.19353 149 0.97334 

15 0.00099 60 0.00037 105 0.00132 150 0.00021 

16 0.00091 61 1.18935 106 0.00005 151 0.97408 

17 0.00001 62 0.00539 107 0.00103 152 0.00088 

18 0.0005 63 0.00237 108 0.00048   

19 0.00012 64 1.01638 109 0.00084   

20 1.99859 65 0.00065 110 0.00074   

21 0.8984 66 0.00067 111 0.00091   

22 0.00189 67 1.07243 112 1.98487   

23 0.00021 68 0.00104 113 0.13595   

24 1.1792 69 0.00107 114 0.00125   

25 0.00482 70 0.00164 115 0.21195   

26 0.00119 71 0.00044 116 0.00077   

27 1.02846 72 0.00001 117 0.00005   

28 0.00064 73 0.0021 118 0.10088   

29 0.00023 74 0.00056 119 0.00028   

30 1.07451 75 1.99871 120 0.00004   

31 0.00065 76 1.27835 121 0.08098   

32 0.00084 77 0.00429 122 0.00083   

33 0.00163 78 0.00085 123 0.00006   

34 0.00043 79 1.22132 124 0.00091   

35 0.00001 80 0.0055 125 0.00101   

36 0.00211 81 0.00403 126 0.00018   

37 0.00056 82 1.14778 127 0.00072   

38 1.99879 83 0.00343 128 0.00079   

39 0.8821 84 0.00144 129 0.95538   

40 0.00285 85 0.69181 130 0.00027   

41 0.00098 86 0.0025 131 0.99497   



42 0.00022 87 0.00237 132 0.00029   

43 1.13302 88 0.00088 133 0.97238   

44 0.00392 89 0.00108 134 0.00043   

45 0.00089 90 0.00003 135 0.9784   

 

Table 6 NATURAL POPULATIONS of the Orbitals for Li2C5 molecule (8H2 Molecule Adsorbed). 

Occupancy of the Orbitals for Li2C5 (8H2 Molecule Adsorbed) 

S.No Occupancy S.No Occupancy S.No Occupancy S.No Occupancy 

1 1.99928 46 1.31255 91 0.00001 136 1.0089 

2 1.38056 47 0.00765 92 0.00077 137 0.0007 

3 0.0102 48 0.00013 93 0.0002 138 0.99388 

4 0.00124 49 0.68098 94 1.99653 139 0.00026 

5 0.00005 50 0.00055 95 0.12512 140 0.97014 

6 1.27005 51 0 96 0.1575 141 0.00022 

7 0.00601 52 0.00072 97 0.00077 142 0.95743 

8 0.00129 53 0.00092 98 0.00025 143 0.00024 

9 1.20808 54 0 99 0.09883 144 1.00921 

10 0.00217 55 0.00042 100 0.00017 145 0.00071 

11 0.00073 56 0.00007 101 0.00002 146 1.00898 

12 0.57118 57 1.99862 102 0.03748 147 0.00071 

13 0.00066 58 0.9038 103 0.00005 148 0.95741 

14 0.00036 59 0.00159 104 0.00001 149 0.00024 

15 0.00103 60 0.00032 105 0.00057 150 0.99869 

16 0.00088 61 1.18321 106 0.00034 151 0.00002 

17 0.00001 62 0.00521 107 0.00047 152 1.00064 

18 0.00077 63 0.00093 108 0.00012 153 0 

19 0.0002 64 1.02442 109 0.00024 154 0.99976 

20 1.99862 65 0.00065 110 1.99654 155 0 

21 0.9038 66 0.00021 111 0.12548 156 0.99955 

22 0.00159 67 1.08516 112 0.15778 157 0.00001 

23 0.00032 68 0.00072 113 0.00079   

24 1.18317 69 0.00018 114 0.00025   

25 0.00522 70 0.00189 115 0.09866   

26 0.00093 71 0.00017 116 0.00014   

27 1.02446 72 0 117 0.00001   

28 0.00065 73 0.00207 118 0.03729   



29 0.00021 74 0.00049 119 0.00005   

30 1.08514 75 1.99928 120 0.00001   

31 0.00072 76 1.38088 121 0.00058   

32 0.00018 77 0.01022 122 0.00034   

33 0.00189 78 0.00123 123 0.00047   

34 0.00017 79 0.00005 124 0.00012   

35 0 80 1.27009 125 0.00024   

36 0.00207 81 0.006 126 0.9573   

37 0.00049 82 0.00129 127 0.00025   

38 1.99877 83 1.20818 128 1.00927   

39 0.88508 84 0.00216 129 0.00072   

40 0.00268 85 0.00072 130 0.96949   

41 0.00073 86 0.57104 131 0.00022   

42 0.00006 87 0.00066 132 0.99437   

43 1.13955 88 0.00037 133 0.00026   

44 0.00354 89 0.00103 134 0.95757   

45 0.00095 90 0.00088 135 0.00024   

 

 

  



Conclusion 

As a result of recent developments in DFT, there are advanced versions of DFT methods such 

as the TAO-DFT, the present approach within KS-DFT has been utilized to examine the 

hydrogen storage over a simple molecule      . The optimum hydrogen storage has been 

explored to the exchange-correlation within B3LYP. We have obtained the electronic 

properties of      , including the binding energies, Mulliken Charges, charge density 

surfaces, and natural population analysis. We have also obtained gravimetric storage capacity 

and symmetrized von Neumann entropy. Hydrogen storage properties upon successive    

storage has been determined. The       has been found to have radical nature. The present 

approach may have some significant limitations which can be further analyzed with a higher 

version of DFT methods, but the present approach for our model system can however predict 

several important features (with computationally effectiveness) and give an insight to 

investigate the model further. 

According to our findings,       can bind 6   molecules (3   molecules on Li atom) clearly, 

and the addition of further two hydrogen molecules making upto the adsorption of eight 

molecules may be possible. The average and subsequent    binding energies being in the 

optimal range of roughly                      molecule. As a result,        

   gravimetric storage capacities fall between      and          satisfying the United 

States Department of Energy's ultimate aim of          As a result, consequently,       can 

be used as high-capacity hydrogen storage materials. 

Future research may take into account conducting a thorough analysis of these devices' 

electronic and hydrogen storage characteristics. Since the successful synthesis of linear 

carbon chains [26, 27] and Pt-terminated linear carbon chains [28] the realization of hydrogen 

storage materials based on       should be possible and is now available to experimenters.  
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