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ABSTRACT: We have investigated the influence of the sumanene modifications to the 

adsorption properties towards hydrogen molecule. Benzylic positions of sumanene were 

substituted with boron and nitrogen atoms, which changed its hydrogen storage properties. H2 

binding energies have been calculated with LMP2, DFT and DFT-D3 approaches with several 

exchange-correlation functionals and the results indicate physisorption mechanism. The 

physisorption was confirmed by fragment analysis and a special attention was paid to the non-

covalent interactions. All non-covalent interactions, based on reduced density gradient surfaces, 

have been identified and calculated, for better understand of adsorption mechanism. Also the 

significance of charge separation by inducing boron and nitrogen atoms was emphasized and a 

special attention was paid to the z-component of dipole moment of sumanene derivatives.  

KEYWORDS: Sumanene, Hydrogen adsorption, Physisorption, Reduced density gradient 
(RDG), Non-covalent interactions, Fragment analysis  
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1. Introduction 

 
For decades mankind is devoted to finding the appropriate way to replace the usage of 

harmful fossil fuels with hydrogen, since hydrogen is considered as a pure energy carrier [1, 2]. 

By many criteria hydrogen is a future alternative energetic resource [3]. In contrast to the 

environmental advantages of hydrogen over fossil fuels, a major drawback of hydrogen is related 

to its efficiency in relation to the volume which is very low [4]. This drawback leads to the need 

to implement the high pressure and cryogenic storage methods, which are not suitable in terms of 

practicality. Namely, these techniques have not been perfected yet to be considered safe [4]. 

Therefore, one of the main goals of scientific community is to find appropriate hydrogen 

storage media. In that sense the nanomaterials based on carbon, such as carbon nanotubes, 

graphenes and fullerenes have a significant attention of research teams due to many reasons. 

Mentioned nanostructures possess different properties that are important for hydrogen storage, 

among which are high surface area, light weight, suitable pore structure, availability, etc [5-8]. 

The positive side of carbon structures is the fact that the adsorption of hydrogen is based on the 

physisorption mechanism, enabling efficiently both the adsorption and desorption of hydrogen 

under ambient conditions [9-11].  

Many studies are also related to the various modifications and functionalization of carbon 

nanostructures in order to improve the hydrogen binding energies. In this regard, the substitution 

with atoms (hetero, alkali or rare earths), introduction of defects and functionalization with other 

molecules have been suggested [1, 5, 8, 12-18]. 

The hydrogen storage potential of bowl-shaped π-conjugated compounds (or simply π-bowls) 

is yet to be explored in a significant extent. The adsorption properties of π-bowls based on the 

physisorption might be of a great importance for the future energy solutions based on “clean” 

technologies. There are several reasons why the π-bowls should be considered as potential 

hydrogen storage mediums. Due to the bowl shaped geometry π-bowls have two surfaces 

(concave and convex) with different adsorption properties [19-21]. Another consequence of the 

bowl shaped geometry is that the more negative charge located on the concave side leads to 

intensive charge separation, which is crucial for the adsorption based on electrostatic interaction 
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[22-24]. Finally, the π-bowls are readily modified, especially if they possess the so called 

benzylic positions, such as in the case of sumanene molecule [25]. 

Typical representatives of this group of molecules are corannulene and sumanene, which 

could be considered as fullerene fragments, Figure 1. Corannulene, the first typical 

representative of the π-bowls,  was successfully synthetized by Barth and Lawton in 1966 [26]. 

Consequently, most of the attention has been focused to this C5v symmetric molecule. C3v 

symmetrical sumanene was successfully synthetized under mild conditions almost forty years 

after the corannulene, in 2003. by Sakurai et al. [27].  

 

 

Figure 1. Structures of a) sumanene and b) corannulene  

considered as fullerene fragments 

 
The C3v symmetric sumanene molecule has certain advantages over corannulene, thus this 

molecule has drawn significant attention by both theorists and experimentalists. It has higher 

bowl depth, charge separation is also higher and from the aspect of functionalization it is 

important to emphasize the fact that it has three sp3 hybridized carbon atoms at the benzylic 

positions, which allows further functionalization of a new bowl shaped structures [25, 28].  

We have recently shown, from the aspect of density functional theory (DFT) calculations, 

that sumanene may be an interesting candidate as an efficient hydrogen storage medium [22]. In 

the present work we have focused on the adsorption properties of sumanene derivatives obtained 

after the substitution of benzylic carbon atoms with B and N atoms. These derivatives were in 

our focus as well; in two recent publications we investigated them in details [24, 29]. Motivation 
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for the research of adsorption properties of mentioned derivatives we find in the fact that they 

possess a significant charge separation, which is prerequisite for positive adsorption properties 

towards hydrogen. Besides, it is well known that B and N are common dopants for carbonaceous 

materials [30]. 

Several studies might be important for the achievement of modifications of sumanene with B 

and N atoms. Namely, Wang et al [31] investigated the decomposition process of carbon-

containing molecules, namely the ethene, on Rh(111) surface following the temperature-

programmed growth (TPG) method. Thanks to the scanning tunneling microscopy (STM) and 

DFT calculations they have determined that TPG leads to the synthesis of graphene nano-islands 

whose size is of several hundreds of nanometers. It was also concluded that carbon nano-islands 

possess honeycomb structure consisting of seven fused benzene rings, denoted as 7-C6. The 

hydrogenated version of 7-C6 is precisely the coronene molecule, a planar relative of 

buckybowls. Similarly, Cui et al. [32] have shown that graphene nanoclusters of identical sizes 

form on Ru(0001). Two types of graphene nanoclusters are identified and one of them is again 7-

C6 while the other graphene nanocluster consists of three fused benzene rings and is denoted as 

3-C6. These findings were followed by adequate theoretical studies [33-35] that gave an 

important insights related to structures and stabilities of the mentioned nanoclusters, while all of 

these studies may play crucial role when it comes to the modifications of structures such as 

buckybowls. 

Interactions between carbon based structures and hydrogen molecules are of non-covalent 

nature, thus the choice of theoretical approach is crucial for obtaining valid results. Following the 

recommendations of Zhao and Truhlar in their papers [36-42], we decided to use primarily the 

M06-2X functional for the investigation of H2 adsorption properties of sumanene. It was shown 

by several benchmark studies that M06 based functionals provide better performance than MP2 

approach over broad range of properties [36-48]. Zhao and Truhlar [38] have shown that the 

mean unsigned error (MUE) of MP2 is three times higher than the MUE of M06-2X functional. 

In the same time LMP2 was tested against modern M06 based functionals and it was determined 

that for example precisely M06-2X has similar or even better performance than LMP2 [43]. 

According to literature data analyzed for this study, we determined that DFT approach with 

PBE, PW91 and B3LYP-D functionals, together with MP2 approach, have been used for 
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investigation of H2 adsorption by other carbon based structures such as carbon nanotubes and 

graphenes. In order to make our results more reliable we decided to run calculations within 

localized MP2 (LMP2) [49, 50], DFT and DFT-D3 approach with various functionals. 

 

2. Computational details 

 

DFT calculations of systems sumanene derivative + H2 were done with Jaguar program 8.8. 

[43], as implemented in Schrödinger Materials Science 2015-2 suite of programs [51]. 

Geometrical optimizations were performed within LMP2 [49, 50], DFT and DFT-D3 [52, 53] 

approaches with different exchange-correlation functionals, namely M06-2X [37], M06-2X-D3, 

PBE [54, 55], PBE-D3, B3LYP-D3, [36, 37] and with 6-31+G(d,p) basis set. LMP2 level of 

theory with the different basis sets have been employed in order to optimize geometry of pristine 

sumanene + H2 so comparison with other works could be done. Selection of the used functionals 

is discussed later. For obtaining equilibrium geometries we used settings better than default. 

Namely, the grid density for DFT calculations was set to fine instead of medium, while accuracy 

of calculations was set to accurate. The self-consistent field energy cut off was set to 5×10–5 a.u 

while the direct inversion in the iterative subspace (DIIS) convergence scheme was used. 

Information on dipole moments of investigated derivatives were taken from our previous works 

[24, 29]. Both the parallel and normal initial orientations of H2 molecules have been tried. 

The main adsorption property, the H2 binding energy, was calculated according to the 

following equation: 

   
22 Hderivative SumaneneHderivative Sumanene EEEEB −−=

+   (1) 

 

In the equation (1) 
2HderivativeSumanene +

E  stands for total energy of system sumanene derivative + 

H2, derivativeSumaneneE  denotes total energy of sumanene derivative, while 
2HE  stands for total 

energy of H2 molecule. In order to take into account the basis set superposition error (BSSE), the 

counterpoise correction by Boyse and Bernardi was included [56].    
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Analysis based on the reduced density gradient (RDG) was used in order to identify and 

quantify the nature of non-covalent interactions. Such approach based on electron density and its 

reduced gradients was recently introduced by Yang et al. [57-59]. In order to investigate the 

adsorption mechanism in details a fragment analysis as implemented in Amsterdam Density 

Functional (ADF) Molecular Modeling Suite has been performed employing the dispersion 

corrected PBE-D3(BJ) functional [52-54] with ATZ2P basis set.  

 

3. Results and Discussions  

3.1. Binding energies 

 

We will begin the discussion of results by comparing the H2 binding energies of sumanene 

and corannulene because, to the best of our knowledge, only these two representatives of 

buckybowls have been investigated for H2 adsorption properties. Table 1 contains information on 

the H2 binding energies for corannulene taken from corresponding studies with MP2 approach 

and for sumanene as calculated in our herein presented study with LMP2 approach. 

 

Table 1. Comparison of H2 binding energy of sumanene and corannulene 

 Sumanene + H2  
binding energies  

[kcal/mol] 

Corannulene + H2  
binding energies  

[kcal/mol] 
adsorption side/adsorption mode cnv/para cnv/norm cnv/norm 

(L)MP2/6-31Gd –0.44a –0.48a 
–0.32b 

–0.91c 
–0.94d 

LMP2/6-31G(d,p) –0.63a –0.65a no literature data 
LMP2/6-31+G(d,p) –0.96a –1.07a no literature data 

cnv=concave, cnvx=convex, norm=normal, para=parallel; a) This work, H2 adsorption from concave side only, b) Reference 

[60]; with BSSE correction, c) Reference [60]; without BSSE correction, d) Reference [9]; without BSSE correction 

 

 

Corannulene has been investigated for H2 adsorption properties by Scannlon et al. [9] and 

Reisi-Vanani et al. [60, 61]. In both studies MP2 approach has been employed and it has been 

shown that the adsorption of hydrogen in normal orientation with regard to the central ring of 

corannulene is more stable than parallel orientation.  
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Scanlon et al. reported two set of values for H2 binding energies of corannulene. The first 

one, –0.82 and –0.91 kcal/mol, corresponds to the adsorption from convex and concave side as 

calculated at MP2/6-31G(d) level of theory. The second set of values, –1.38 and –2.82 kcal/mol 

corresponds again to the H2 adsorption from convex and concave side respectively, calculated by 

single point energy calculation at MP2(Full)/6-311++G(3df,2p) level of theory using geometries 

obtained at MP2/6-31G(d) level of theory. In the same study of corannulene Scanlon et al. [9] 

calculated weight percent for the case of one adsorbed hydrogen molecule to be 0.79 % wt. Due 

to the very similar chemical formulas, weight percent for the case of one adsorbed hydrogen 

molecule by sumanene is very similar, 0.76 wt %. However, hydrogen capacity of sumanene can 

be discussed only after detailed investigation at molecular dynamics level. 

Their subsequent study of corannulene complexed with lithium atoms showed that the H2 

binding energies of corannulene may increase from –0.92 kcal/mol to –2.82 kcal/mol [10]. 

Corannulene and its derivatives with two N atoms were investigated by Reisi-Vanani and 

Alihoseini [60] at MP2/6-31G(d) level of theory. They have concluded that modifications with N 

atoms improve the adsorption properties of corannulene, while the binding energies with BSSE 

correction for adsorption from concave side ranged from –0.32 kcal/mol, for pristine 

corannulene, to –0.45 kcal/mol for one derivative. 

Our study with LMP2 approach and the same basis set as in works where corannulene was 

investigated indicate somewhat higher H2 binding energy and the same fact that normal 

orientation of H2 molecule leads to the more stable adsorption. Study of Scanlon et al. showed 

that significantly higher adsorption energy is obtained when larger basis set is used, so we 

decided to check LMP2 approach with two more basis sets, 6-31G(d,p) and 6-31+G(d,p), with 

full geometrical optimizations (Table 1). As in the case of Scanlon et al. [9], larger basis set led 

to the significantly higher H2 binding energies.  

On the other side employment of DFT approach and different functionals led to different 

results, not only when it comes to the magnitude of H2 binding energies, but also when it comes 

to the question which H2 orientation leads to the more stable adsorption. H2 binding energies 

calculated with different functionals, regular and dispersion-corrected, are presented in Table 2. 
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Table 2. H2 binding energy of sumanene calculated with different functionals and 6-31+G(d,p) 
basis set 

Functionals Binding energies [kcal/mol] 
 para  norm 

M06-2X –3.25 –2.86 
M06-2X-D3 –3.42 –3.05 
PBE –0.32 –0.22 
PBE-D3 –2.45 –2.26 
B3LYP-D3 –2.37 –2.18 

 

The results in Table 2 indicate in all cases that the parallel orientation of H2 molecule is 

more favored when it comes to the adsorption by sumanene molecule. In all cases DFT approach 

also predicts significantly stronger binding of H2 to sumanene than LMP2 approach, osim u 

slucaju PBE. This is however changed when dispersion-corrected version of PBE is used (Table 

3). Table 3 contains information on binding energies of sumanene modified with B and N atoms, 

as calculated with different functionals. Sumanene derivatives with different number of B or N 

atoms are denoted as Sum/nB(N), where n is the number of substituted atoms. 

 

Table 3. H2 binding energies of sumanene derivatives in [kcal/mol] with different functionals and 
6-31+G(d,p) basis set and counterpoise correction included 

System M06-2X M06-2X-D3 PBE PBE-D3 B3LYP-D3 
H2 

orientation 
para norm para norm para norm para norm para norm 

Sumanene+H2 –3.25 –2.86 –3.42 –3.05 –0.32 –0.22 –2.45 –2.26 –2.37 –2.18 
Sum/1B+H2 –3.10 –2.75 –3.27 –2.94 –0.32 –0.18 –2.42 –2.20 –2.30 –2.13 
Sum/1N+H2 –3.42 –3.03 –3.59 –3.22 –0.31 –0.18 –2.49 –2.30 –2.41 –2.23 
Sum/2B+H2 –2.88 –2.61 –3.05 –2.80 –0.32 –0.19 –2.32 –2.14 –2.18 –2.06 
Sum/2N+H2 –3.65 –3.20 –3.81 –3.37 –0.32 –0.19 –2.58 –2.32 –2.55 –2.27 
Sum/3B+H2 –2.61 –2.45 –2.79 –2.64 –0.29 –0.19 –2.17 –2.06 –2.01 –1.98 
Sum/3N+H2 –3.80 –3.36 –3.94 –3.55 –0.26 –0.21 –2.58 –2.37 –2.57 –2.33 

 

The parallel orientation of H2 molecule is favored in all cases. Modifications with B 

atoms decrease the H2 binding energy, while modifications with N atoms increase the H2 binding 

energies. This trend is not followed only in the case of PBE functional, which is not strange 

taking into account the position of this functional on the hierarchical ladder of functionals. 

Dispersion corrected functionals provide significantly improved results, providing very good 
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alternative for computationally expensive (L)MP2 approach. Geometries obtained with M06-2X 

functional and 6-31+G(d,p) basis set are presented in Figure 2. 

 

 

Figure 2. Equilibrium geometries of pristine and modified sumanene with the adsorbed H2 
molecule. Left side corresponds to parallel and right to normal orientation of adsorbed H2 

molecule. Green color corresponds to B while blue corresponds to N atoms 

 

The results presented in Table 3 emphasize the potential of sumanene to be applied in the 

practical solutions involving H2 as a fuel of the future. The binding energy of pristine sumanene 
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in this study is calculated to be –3.25 kcal/mol. We have to note that obtained H2 binding energy 

for pristine sumanene significantly differs from the value obtained in our previous work [22], 

which was –0.32 kcal/mol. This is not strange since in our previous initial study we used B3LYP 

functional. 

Obtained H2 binding energy for pristine sumanene is very competitive with the results 

obtained of other nanostructures which can be considered as popular, when it comes to the 

research of hydrogen adsorption properties. Probably the most popular carbon based 

nanostructures for the investigation of adsorption properties towards hydrogen molecules are 

graphene and carbon nanotubes. Arellano et al. [62] investigated the interactions between 

hydrogen and (5,5) and (6,6) single-wall carbon nanotubes within LDA approach. They stated 

that outside the nanotube H2 binding energy was ranging from 0.92 to 1.61 kcal/mol. 

Consequently they concluded that the uptake and release of molecular hydrogen from nanotubes 

is a relatively easy process, which is of a great importance for practical applications.  

Henwood and Carey have investigated the molecular hydrogen physisorption on graphene 

and carbon nanotubes [63], applying periodic DFT approach with both LDA and GGA 

approximations. Depending on the binding sites, the H2 binding energies for graphene in their 

study were calculated to be in the range of 1.75 kcal/mol to 2.14 kcal/mol when the LDA 

approximation was applied, while for GGA approximation binding energies were somewhat 

lower and were in the range of 0.51 kcal/mol to 0.55 kcal/mol. It is also known fact that LDA 

functional tends to overestimate, while GGA tends to underestimate binding energies [63]. 

Concerning the H2 binding energies of (9,0) and (10,0) carbon nanotubes, they were in the range 

of 1.45 kcal/mol to 2.10 kcal for LDA functional and in the range of 0.46 kcal/mol to 0.52 

kcal/mol for GGA functional. 

In order to improve H2 adsorption properties, many techniques and approaches have been 

suggested. Therefore, the different types of decorations, modifications and functionalization of 

carbon based structures have been modeled and the adsorption properties were tested. Related to 

this Seenithurai et al. [4] investigated the effects of Al atom substitution into the structure of 

(8,0) carbon nanotube towards the H2 adsorption properties within LDA approach and with 

Perdew-Wang (PW) correlation. Beside the fact that Al atoms increase the average H2 binding 

energy to 4.93 kcal/mol, they also increase the capacity of nanostructure since each Al atom 

could adsorb four H2 molecules. They also cited the important results of two papers in which the 
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LDA approach was compared with MP2 method. Namely, Okamoto and Miyamoto [64] have 

shown that LDA results obtained for H2 physisorption on carbon nanostructures are in good 

agreement with the results obtained by MP2 approach, while Ao et al. [65] calculated the 

difference in the obtained binding energies between LDA and MP2 to be 6%, for Al-doped 

graphene. 

The different types of nanosheets and nanotubes, their analogues, have been also considered 

for the adsorption of H2. For example Moradi and Naderi conducted investigation of H2 

adsorption properties of graphene analogue – aluminum nitride nanosheet using empirically 

corrected B3LYP functional, namely the B3LYP-D [66]. Their calculations indicated that AlN 

nanosheet can adsorb the H2 molecule with binding energies of –1.9 and –5.2 kcal/mol, 

depending on binding sites. On the other side Zhou et al. [67] compared H2 adsorption properties 

of carbon and boron-nitride (BN) nanotubes. Using PW91 functional for (9,0) carbon and BN 

nanotube they calculated the H2 adsorption energies to be –0.63 kcal/mol and –0.30 kcal/mol, 

respectively. With PBE functional they obtained much lower adsorption energies, –0.40 and –

0.08 kcal/mol, for carbon and BN nanotubes respectively. This is of course in agreement with the 

known fact about the PBE and vdW interactions, while the conclusion from their work was that 

CNTs adsorb H2 molecules with higher binding energy than BNNTs. 

Taking into account the result obtained for pristine sumanene, for which the H2 binding 

energy is calculated to be –3.25 kcal/mol, it can be concluded that this interesting molecule has 

excellent adsorption properties towards the H2 molecule, leaving enough space to be improved 

with modifications, for example with B and N atoms. 

As expected and shown in our previous publications [24, 29], the introduction of B and N 

atoms induced significant changes to the electronic system of sumanene. This has also reflected 

to the H2 adsorption properties, which significantly reduced in the case when B atoms were 

introduced, while a significant improvement happened when N atoms were introduced. Both the 

reduction and improvement of the H2 adsorption properties happened subsequently with the 

number of introduced atoms. In the case of derivatives with B atoms, the H2 binding energies 

decreased from –3.25 kcal/mol (for pristine sumanene) to –3.10, –2.88 and –2.61 kcal/mol for 

derivatives containing one, two and three B atoms, respectively. The opposite situation happened 

when N atoms were introduced, namely H2 binding energies increased to –3.42, –3.65 and –3.80 

kcal/mol for derivatives containing one, two and three N atoms, respectively. 
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Beside H2 binding energies, another important parameter related to the practical application 

of sumanene for hydrogen storage is certainly the storage limit. For example, in their study of 

corannulene hydrogen storage Scanlon et al. [9] calculated weight percent for the case of one 

adsorbed hydrogen molecule to be 0.79 % wt. Due to the very similar chemical formulas, weight 

percent for the case of one adsorbed hydrogen molecule by sumanene is very similar, 0.76 wt %. 

In our study we also tested the hydrogen uptake from concave side of sumanene and its B and N 

derivatives at B3LYP-D3/6-31G(d) level of theory. We used this level of theory because it is 

much more computationally affordable than M06-2X/6-31+G(d,p), while in the same time the 

results in Table 3 indicate excellent performance of this empirically corrected exchange-

correlation functional. Using this level of theory geometrical optimization successfully yielded 

molecular configurations with two and three H2 molecules above sumanene and its B and N 

derivatives from concave side. This means that sumanene molecule and its B and N derivatives 

are able to accommodate at least three H2 molecules from concave side and the weight percent 

ranges from 2.24 % wt (for sumanene derivative with three N atoms) to 2.32 % wt (for sumanene 

derivative with three B atoms).  

Before we further discuss the obtained results, in the following section we will shortly refer 

to the adsorption mechanism.  

 

3.2. Adsorption mechanism 

Although the calculated binding energies may indicate the physisorption mechanism based 

on electrostatic interaction, because there are no studies on the adsorption properties of 

sumanene nor its derivatives, the introduction of B and N atoms impose the task of adsorption 

mechanism determination. For these purposes the fragment analysis as implemented in ADF 

2014.2 molecular modeling suite might be of particular interest. This approach offers the ability 

to determine the percentage contribution of molecular orbitals of user defined fragments to the 

frontier molecular orbitals of the whole system and thus determines the overall influence of the 

defined fragment. The fragment analysis in ADF is based on the symmetrized fragment orbitals 

(SFO) and herein we will not deal with the details about this approach for the sake of simplicity, 

while important details about this approach can be found in the reference by te Velde et al. [68].  
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Taking into account the fragment approach in ADF, the system consisting of sumanene 

derivative + H2 molecule is divided in two fragments. One fragment is the sumanene derivative 

and the other fragment is the H2 molecule. After the fragment analysis is conducted at the PBE-

D3(BJ)/ATZ2P level of theory, the percentage contribution of molecular orbitals of defined 

fragments to the frontier molecular orbitals of the whole system is obtained. This information is 

provided in Table 4.  

 

Table 4. Fragment analysis of frontier orbital contributions 

System 

Contribution of fragment SFO 
to the frontier MO’s [%] 

Fragment 1.Sumanenederivative Fragment 2. H2 

HOMO LUMO HOMO LUMO 

Sum/1B+H2 99.88 99.46 0.06 0.18 
Sum/1N+H2 99.50 99.92 0.47 0.06 
Sum/2B+H2 99.93 99.44 0.03 0.34 
Sum/2N+H2 100.00 99.41 0.00 0.37 
Sum/3B+H2 100.00 99.44 0.00 0.42 
Sum/3N+H2 99.83 99.72 0.12 0.16 

 

It should be noted that SFOs are linear combinations of (valence) Fragment Orbitals (FOs) 

and that only first members are presented in the output. The results of fragment analysis in ADF 

can be also presented in the form of energy levels. For the sake of clarity we are providing these 

results in the supplementary information, Figures S1-S4, because the all orbital levels are very 

similar in terms of fragment contribution to frontier orbitals, while in Figure 3 we provide the 

energy levels of fragment analysis for the cases of H2 adsorption by sumanene derivatives with 

three B and N atoms. 
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Figure 3. Energy levels of fragment analysis for the cases of H2 adsorption by sumanene 

derivatives with three a) B and b) N atoms 

 

In Figure 3 the interactions of fragments are presented with red lines. Clearly, one can see 

that H2 contribution is far away from frontier orbitals, while all significant contribution comes 

from sumanene derivatives. After the inspection of conducted fragment analysis it can be 

concluded that the contribution of H2 fragment to frontier orbitals is negligible in comparison 

with contribution of sumanene derivatives. This clearly confirms the physisorption mechanism of 

H2 on sumanene modified with B and N atoms. It is also important to emphasize that the 

physisorption mechanism is responsible for adsorption of CO, CO2 and NH3 molecules by 

sumanene, as shown in our previous study [23]. 

The fact that the physisorption occurs between sumanene derivatives and H2 molecules is of 

a great importance from the aspect of practical applicability. Although physisorption provides 

binding energies that are much lower than the binding energies in case of chemisorption, in the 

same time it enables both the adsorption and desorption under ambient temperatures. The 

chemisorption on the other side enables better binding of H2 to adsorbent, but in such case much 

higher temperatures are needed in order to break the bond between H2 and adsorbent, in order to 

use the H2 [10]. For example, when metal hydrides are used for hydrogen adsorption, the 

chemisorption is principally responsible for the interaction, while the efficient desorption of 
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hydrogen occurs at temperatures above 500 K with the low uptake capacity in the same time [10, 

69-72]. 

Since the non-covalent interactions are responsible for interesting adsorption properties of 

sumanene, in the next chapter we are presenting results concerning the detailed investigation of 

non-covalent interactions. 

 

3.3. Non-covalent interactions 

The results presented in the previous chapter clearly indicate that non-covalent interactions 

are principally responsible for positive H2 adsorption properties of sumanene derivatives 

investigated in this work. Therefore, applying the non-covalent interactions module of Jaguar 

program, we decided to determine those interactions. A method of Johnston et al. [73, 74] could 

be particularly useful in order to visualize the non-covalent interactions between the sumanene 

derivatives and H2 molecules. It is a convenient way to obtain the surface map in which 

isosurfaces indicate the interactions between non-covalently bounded atoms. Colors of map 

determine the strength, favorability and un-favorability of the interactions [75]. RDG surfaces 

and non-covalent interactions that occur between sumanene derivatives and H2 molecules are 

presented in Figure 4 and 5.   

In Figure 4 and 5, significant RDG surface areas and non-covalent interactions between 

sumanene derivatives and H2 molecules are visible above the central six member (hub) ring of 

sumanene, in all cases. The purpose of RDG surfaces presented in Figure 4 and 5 was to 

emphasize the importance of area above central ring od sumanene, bearing in mind the fact that 

the more negative charge is located at the concave side of buckybowls, which is the consequence 

of specific bowl shaped geometry [22-24, 29]. Since the surfaces of buckybowls are differently 

charged, this also results in dipole moment which is principally responsible for adsorption of 

otherwise non-polar molecules. One can see that all non-covalent interactions occur between H2 

molecule on one side and carbon atoms belonging to hub ring on the other side. On the other 

side, the number of non-covalent interactions between B and N sumanene derivatives varies 

between one and three. One can see that all non-covalent interactions occur between H2 molecule 

on one side and carbon atoms belonging to hub ring on the other side. On the other side, the 
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number of non-covalent interactions between B and N sumanene derivatives varies between one 

and three. 

 

 

Figure 4. RDG surfaces with indicated non-covalent interactions (dashed lines) between 

sumanene derivatives with a) one, b) two and c) three B atoms. Left side corresponds to parallel 

and right to normal orientation of adsorbed H2 molecule. 
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Figure 5. RDG surfaces with indicated non-covalent interactions (dashed lines) between 

sumanene derivatives with a) one, b) two and c) three N atoms. Left side corresponds to parallel 

and right to normal orientation of adsorbed H2 molecule. 

 

Concerning the sumanene derivatives with B atoms, the number of non-covalent interactions 

increases from one to three subsequently with the increase of the number of B atoms, for the case 

when the adsorbed H2 molecule is in parallel orientation. When H2 molecule is in normal 

orientation the number of non-covalent interactions is always three. On the other side, the 

number of non-covalent interactions for the case of sumanene derivatives with N atoms is never 

less than two for the case of parallel orientation of H2 molecule, while for the case of normal 
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orientation of H2 molecule number of non-covalent interactions is never higher than two. The 

visualization of non-covalent interactions may provide the answer to question why is the parallel 

orientation of adsorbed H2 molecule more favored than normal orientation. Namely, it can be 

seen clearly from Figures 4 and 5 that for parallel orientation both H2 atoms participate in non-

covalent interactions, except for the case of sumanene derivative with one B atom (but 

nevertheless, for this and the rest of cases RDG surface is larger for parallel than for normal 

orientation). Contrary to this, when H2 molecules are in normal orientation there is always only 

one hydrogen atom that participate in non-covalent interactions. 

 

3.4. Dipole moments – the role of charge separation 

Although modifications with B and N atoms of different carbonaceous materials have led to 

the improvement their various properties, with sumanene happened significant difference when it 

comes to the H2 adsorption properties. Namely, results presented in the section 3.1. indicate 

significantly higher H2 binding energies for derivatives containing N atoms. Obtained H2 binding 

energies and the difference in H2 adsorption properties between derivatives modified with B and 

N atoms could be explained by the detailed inspection of dipole moments, Table 5. In the 

mentioned table derivatives with certain number of B and N atoms are denoted as 

Sumanene/nB(N). 

Speaking of van der Waals interactions it is important to note that hydrogen molecule does 

not have permanent dipole moment. This imposes the necessity of the adsorbent having 

relatively high dipole moment in order that physisorption happen. This criteria is fulfilled in the 

case of sumanene, which has the dipole moment of 1.96 D, as calculated in our previous works 

[22, 23, 29]. The relatively high dipole moment of sumanene is able to induce the dipole moment 

in H2 molecule and make the physisorption possible. Sumanene has higher dipole moment than 

corannulene (at B3LYP/6-31Gd level of theory for corannulene we have calculated value of 1.71 

D for dipole moment), so that is the reason why it adsorbs H2 molecules with higher binding 

energies.  
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Table 5. Total dipole moments and its components for sumanene and its derivatives with H2 

binding energies calculated at M06-2X/6-31+G(d,p) level of theory 

System 
Dipole  

momenta 

[D] 

x- 
componenta 

[D] 

y- 
componenta 

[D] 

z- 
componenta 

[D] 

H2 binding  
energyb 

[kcal/mol] 
Sumanene 1.96 0.00 0.00 1.96 –3.25 
Sum/1B 2.54 0.00 1.93 1.64 –3.10 
Sum/1N 2.98 0.00 0.73 2.88 –3.42 
Sum/2B 2.39 1.97 0.00 1.36 –2.88 
Sum/2N 3.97 0.90 0.01 3.87 –3.65 
Sum/3B 1.12 0.00 0.00 1.12 –2.61 
Sum/3N 4.87 0.00 0.00 4.87 –3.80 

a) Data taken from our previous works [24, 29] b) Data from this study 

 

Total dipole moments of sumanene derivatives with B and N atoms might lead to the 

conclusion that the binding energy of both types of derivatives towards H2 molecules should be 

better than for pristine sumanene. However, the H2 binding energies decrease in the case of 

derivatives with B atoms, subsequently with the increase of number of introduced atoms. 

However, a closer inspection of Figure 2 shows that H2 molecules are being adsorbed along 

the bowl depth of sumanene, which in our simulations corresponds to z-axis. Therefore, one 

should look for the values of z-components of dipole moment. The z-component of dipole 

moment of investigated derivatives finely correlates with the calculated H2 binding energies.  

So, even though total dipole moment of derivatives with one and two B atoms increase, 

comparing with pristine sumanene, the z-component of dipole moment of these derivatives 

decreases below the value of z-component of pristine sumanene dipole moment. Thus, the 

interaction between B derivatives of sumanene and H2 molecules is weaker than interaction 

between pristine sumanene and H2 molecule. On the other side, both the total dipole moment and 

its z-components increase in the cases of N sumanene derivatives, leading to stronger interaction 

between these derivatives and H2 molecules. This analysis explains the improved H2 adsorption 

properties of sumanene modified with N atoms. 

 

4. Conclusions 

Employing LMP2, DFT and DFT-D3 approaches we have investigated the H2 adsorption 

properties of sumanene and its derivatives obtained by substitution of benzylic carbon atom with 
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B and N atoms. Various relevant functionals have been tested in order to validate obtained 

results, while the obtained results have been compared with other studies. We have calculated H2 

binding energies, for which it was shown that decrease in the case of derivatives with B atoms, 

and increase in the case of derivatives with N atoms. H2 adsorption properties of pristine 

sumanene have been calculated with LMP2 approach as well, so it could be compared with the 

results obtained for corannulene in other studies. DFT and DFT-D3 approaches predict that 

parallel orientation of H2 molecule is more favored than normal orientation, contrary to the 

results of MP2 and LMP2 calculations. Employing fragment analysis, as incorporated in ADF 

molecular modeling suite, it was confirmed that the physisorption is the mechanism of 

adsorption that occurs between sumanene derivatives and H2 molecules. Further, applying the 

method of Johnston et al. RDG surfaces emphasize the importance of hub ring atoms for H2 

adsorption, while visualization of non-covalent interactions indicated that in the case of parallel 

oriented H2 molecules both hydrogen atoms participate in non-covalent interactions, explaining 

why this orientation leads to the higher H2 binding energies. Finally, different H2 adsorption 

binding energies of derivatives with B and N atoms comparing with pristine sumanene have been 

explained through detailed inspection of dipole moments. Namely, it is concluded that due to the 

specific bowl-shaped geometry, the z-component of the dipole moment was principally 

responsible for the values of H2 binding energies.  
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