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Multiscale modelling and simulation (MMS) combining B97-D/TZV2P DFT
calculations and Molecular Dynamics simulations are performed to investigate
the adsorption of hydrogen over coronene as a model of graphene
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The physisorption of molecular hydrogen onto coronene is studied using a multi-scale theoretical approach with Density Func-

tional Theory (DFT) calculations and Molecular Dynamics (MD) simulations. We consider two different kinds of model confor-

mations for the approach of hydrogen towards the coronene i.e., systematic and random. For the systematic attack of hydrogen

over coronene, the resulting potential energy profiles from DFT analysis are further found resembling to the Morse potential, and

even to the largely flexible Murrell-Sorbie (M-S) potential. The resulting M-S fitting also shows a zero-point energy correction

of ∼ 16-17 %. On the other hand, the potential energies from the random approach has been implemented into the Improved

Lennard-Jones (ILJ) force field of DL−POLY package following a prior statistical treatment. The MD simulations have been

performed at different temperatures from 10 to 390 K. For the interaction of seven hydrogen molecules with coronene, the DFT

method shows an average interaction energy of −3.85 kJ/mol per H2, which is standing slightly below the Coupled Cluster value

(CCSD(T)) of −4.71 kJ/mol that was calculated for a single molecule in the most favorable situation. Moreover, the MD calcu-

lations reveal a mean interaction energy of −3.69 kJ/mol per H2 (a gross mean Ec f g of −25.98 kJ/mol at T = 299.97 K), which

is again in good agreement to the aforementioned DFT results, proving the quality of the used approach for the study of van der

Waals interactions between hydrogen and graphene.

1 Introduction

Hydrogen energy has received an impressive attention towards

the future post-petroleum ages as an alternative clean energy,

since the reservation of fossil fuels is decreasing with the

growing consumer demand. Hydrogen is the most abundant

element in the Universe, mainly in stars. Although molecular

hydrogen does not occur on the earth in significant amount,

it can be extracted decomposing water by using chemical,

thermal or electrical energy and from renewable resources

like biomass or coal by some consecutive natural processes.

In this context, the proper use of hydrogen makes its storage

a crucial issue along with other branches of the hydrogen

technology progress1,2 and, therefore, a considerable amount

of work has been dedicated to the search for the efficient

and technology-friendly hydrogen storage materials. Several

materials have significant hydrogen storage capacity, as for

instance porous materials, different kinds of hydrides and
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carbonaceous nanomaterials.3 In particular, the potential use

of graphene for gas sensing has attracted attention of the

scientific community in the last years,4–9 being considered a

good candidate for gas storage1,2.

Graphene, with its honeycomb two-dimensional structure

of sp2 carbon atoms, is with no doubt one of the most impor-

tant materials to be investigated10–12 because of its robustness,

flexibility and enormous surface area. Furthermore, the capa-

bility of graphene to adsorb different gases is also important

from an environmental point of view.13 It could be used to

store CH4
14,15 or CO2

13,16 in order to prevent global warm-

ing caused by greenhouse gases. Nevertheless, so far, the

storage capacity obtained at room temperature and pressure

is still far away from the target of US Department of Energy

(DoE), which is 9.0 wt% gravimetric density and 81 g L−1

volumetric capacity by 2015.17 Anyway, from a technological

point of view, graphene provides an ideal environment to

investigate catalytic processes, surface diffusion and molecu-

lar hydrogen formation from chemisorbed atomic hydrogen.18

The interaction of atomic and molecular hydrogen with

graphene has been investigated from theoretical and exper-

imental point of views.19 The physisorption of molecular

hydrogen on models of planar and curved graphenes has been
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reported by Okamoto et al.,20 Vilaplana,21 and Patchkovskii

et al.22, among others. The main conclusions of those works

are the importance of the availability of accurate C-H2 po-

tentials and the fact that among the three possible adsorption

sites (hollow, bridge and on-top sites) the interaction is most

attractive at the hollow sites. MD studies on the adsorption

and desorption behavior of hydrogen on graphites have also

been reported recently.16,23

Today, multiscale modeling and simulation (MMS) is

considered as a prominent methodological approach in

computational science and engineering.24 The usual strategy

of MMS is to apply the more accurate and expensive results

from the first-principle Density Functional Theory (DFT)

calculations to the atomic and/or molecular scale force

fields (inexpensive but less accurate) of classical simulations

such as Molecular Dynamics (MD), Monte Carlo (MC),

Molecular Mechanics (MM) etc., for a particular model

chemical system. For gas-solid system, the first-principle

calculations investigate the gas adsorption behaviors such as

specific adsorption sites, binding energies, and interaction

mechanisms. In the counterpart, MD simulations explore

the dynamic properties of the system, which subsequently

produce the simulated macroscopic gas adsorption properties

for the modeled material in order to complement experimental

work.

In the last years, it has been proposed a modification of the

Lennard Jones potential energy, the Improved Lenard Jones

(ILJ),25,26 useful to describe both bonded27 and nonbonded

(see for instance refs.28,29) non-electrostatic interaction con-

tributions. The model contains only one additional parameter

with respect to the LJ function but it is sufficient to add

flexibility and to improve the description of the interaction

at both long and short range simultaneously. The parameters

of the interaction can be obtained by assuming the additivity

of the bond polarizabilities but in the present investigation

we are interested in using the ILJ model to fit the DFT

computation.

Our purpose in this investigation is to carry out a theoretical

study on the adsorption of molecular hydrogen on coronene

(C24H12), which can be considered a good prototype for

graphene. To this end, the interaction of coronene with

up to seven hydrogen molecules in different geometrical

conformations has been analyzed at the DFT level of theory.

After that, the obtained results has been fitted to an analytical

function and the adsorption investigated by means of Molec-

ular Dynamics (MD) simulations.

The paper is structured as follows: in section 2 the results of

our first principles calculations are collected. In section 3, we

outline the formulation of the semiempirical PES (potential

energy surface) and in section 4, the results of MD simulations

are presented. The most important conclusions are given in

section 5.

2 First Principles calculations

The geometry of coronene was optimized at the B3LYP/6-

31G** level30,31 of DFT on Gaussian09 package32. Then, the

physisorption of molecular hydrogen onto C24H12 has been

studied by means of a supermolecular approach correcting

BSSE by the counterpoise procedure33. The interaction

energy of this closed-shell system was computed using B97-D

functional34 and split-valence triple-zeta basis supplemented

with two polarization functions TZV2P.35 The B97-D

functional recovers the attractive dispersion forces through

its empirical dispersion term whereas the use of TZV-type

basis sets has also been found sufficient to represent the

polarization effects in similar systems.36

As a first step, the systematic approach of n molecules of H2

parallel to the C6 symmetry axis of coronene was investigated,

with n ranging from 1 to 7. In all the cases, one H2 molecule

attacked the center of the coronene, while the remaining ones

attacked the center of an outer benzenic hexagons, and when

several conformations were allowed, all of them were con-

sidered and subsequently averaged. The obtained results are

depicted in Figure 1, where the total interaction energy is rep-

resented vs. distance for the different number of hydrogens

(denoted as #nH2) approaching perpendicularly to coronene.

Fig. 1 Mapping of potential energy curves for the adsorption of

different number of molecules of H2 approaching coronene parallel

to the C6 symmetry axis. Distances are measured with respect to the

closest hydrogen atom of the H2 molecule to the coronene surface.

In order to interpret these profiles better, we find it con-
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venient to fit the computed values of the interaction energy

per hydrogen molecule ∆E to a Murrell-Sorbie37 potential of

fourth degree

∆E = De(1+a1(r− re)+a2(r− re)
2 +a3(r− re)

3 (1)

+a4(r− re)
4)exp(−a1(r− re))

which, because of its larger flexibility, generally provides bet-

ter results than the well-known Morse potential.

∆E = De(1− exp(−a(r− re)))
2 (2)

From the second derivative at r = re of the potential, the

constant of the C24H12 — H2 van der Waals bond, k, was com-

puted and from it the true dissociation energy, D0 = De −E0,

where E0 is the zero point energy. The determined parameters

are collected in Table 1.

Table 1 Parameters (see text for details) from the Murrell-Sorbie

fitting of the average energy per hydrogen of different model

adsorption systems in systematic adsorption of H2 over coronene. re

refers to the distance between the center of mass of H2 and the

coronene surface.

#H2 re/Å De/kJ mol−1 k/N m−1 E0/kJ mol−1 D0/kJ mol−1

1 3.092 4.41 1.77 0.73 3.68

2 3.085 4.15 1.47 0.66 3.49

3 3.079 4.06 1.43 0.65 3.41

4 3.074 4.02 1.42 0.65 3.36

5 3.065 3.98 1.39 0.64 3.33

6 3.057 3.96 1.38 0.64 3.31

7 3.050 3.94 1.37 0.64 3.30

The analysis of Table 1 clearly reveals how the addition

of extra hydrogens is weakening the average bond between

each hydrogen and the coronene surface. This phenomenon

is observed in all the computed parameters since the different

energies and the constant of strength of the bond consistently

decrease while the bond length increases when enlarging the

number of hydrogen molecules. Remarkably, these effects

are specially important after adding the second hydrogen

molecule. Nevertheless, with the only exception of the

adsorption of a single hydrogen molecule, the zero point

energy E0 remains almost constant. Morever, it is worth to

stress that both De and D0 approach to a constant value since

the slope of the curve (see Figure 2) is obviously diminishing.

To confirm our previous results, we have also fitted our

data to a Morse potential38, getting almost identical results

to those reported using Murrel-Sorbie potential again with

the only exception of the adsorption of a single hydrogen

Fig. 2 D0 (red) and De (blue) dissociation energies per molecule as

a function of the number of H2 molecules.

molecule.

At any rate, the parallel conformations considered until now

–although useful for a better understanding– are evidently

too idealized, as they are extremely improbable. Therefore

it is adequate to consider more realistic conformations of

the system. To this end, we have randomly generated 99

conformations for each distance between the center of mass

of the hydrogen molecules and the coronene surface, and

averaged them. In this way, the effects of orientation and

position of the H2’s is accounted for. As one can see in

Figure 3, the interaction energy is lowered while the bond

distance is enlarged as expected. These facts are also evident

in the data presented in Table 2. Furthermore, for the case of

seven molecules of hydrogen it can be observed a diminution

of the harmonic frequency, νe, reflecting the diminution of

the bond strength. However, the first anharmonic correction,

xe νe remains almost unaltered in all the cases.

Table 2 Spectroscopic parameters for the adsorption of 1 or 7 H2

molecules over coronene in parallel and random approaches. re

indicates the distance between the center of mass of H2 and the

coronene surface.

Approach re/ Å De/ kJ mol−1 νe/ cm−1 xe νe/ cm−1

Parallel 1 3.09 368.6 122.2 0.58

Parallel 7 3.05 329.2 107.4 0.57

Random 1 3.57 318.1 129.6 0.64

Random 7 3.59 271.4 99.4 0.59

In Section 3, the DFT results are utilized to fit a different

potential well suited for MD simulations, for using DFT data

should improve the performance of such simulations by pro-

viding it with a better description of the interaction both at

short and long distances.
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Fig. 3 Comparison of the parallel (continuous lines) and random

(dashed lines) approaches of one (red) and seven (blue) hydrogen

molecules to coronene.

3 The potential energy surface

The potential model assumes that the total interaction en-

ergy from coronene and molecular hydrogen, Vtotal , can be

expressed as a sum of interactions involving the hydrogen

molecules and the carbon atoms of coronene. Accordingly,

Vtotal =
24

∑
i=1

n

∑
j=1

VCi−(H2) j
+

n−1

∑
j=1

n

∑
k> j

V(H2) j−(H2)k
(3)

Any VC−H2
and VH2−H2

term is expressed by means of the

ILJ function25,26 as,

VILJ(r) = ε

[

m

n(r)−m

( r0

r

)n(r,)
−

n(r)

n(r)−m

( r0

r

)m
]

(4)

with,

n(r) = β +4.0

(

r

r0

)2

(5)

where β is an adjustable parameter related to the hardness of

the interacting partners, which adds flexibility to the potential

energy function in comparison with the Lennard Jones one.

The variable r represents the distance from C atom to the cen-

ter of mass of the hydrogen molecules for the VC−H2
interac-

tions or the distance between the center of mass of two hydro-

gen molecules for the VH2−H2
ones. The m parameter is taken

equal to 6, the typical value for neutral-neutral interactions.

The well depth ε and the equilibrium distance r0 have been

derived from the DFT results for different values of the β pa-

rameter. The advantages of using the ILJ function instead of

the LJ one have been well explained elsewhere.25 In order to

obtain the best parameters of the potential function for VC−H2
,

three statistical treatments are considered:

1. Random averaged (RA): The 99 random conformations

of one hydrogen molecule and the coronene are aver-

aged to a H2 molecule moving along the C6 axis of

coronene. Therefore, the interaction graphene — hydro-

gen, VC24H12,H2
= ∑

24
i=1 ∑

n
j=1 VCi−(H2) j

, reduces because of

symmetry reasons to the simple form 6Vc + 6Vm + 12Vf ,

where Vc, Vm and Vf stand for the interactions with the

three symmetric types of carbon atoms (close, medium

and far, respectively).

2. Random not averaged (RNA): There is no averaging of

the configurations of adsorption interactions. So, for each

of the 24 carbon atoms of the coronene structure, there

are a total of 2178 C-H atom-atom interactions, resulting

from 99 interactions at 22 distances, fitted to the general

formula of the ILJ potential according to equation 4.

3. Random not averaged selected (RNA-S): The fitting is

also done as in the case above, but with the difference

that, in this case, we only include the points near the av-

erage value for each distance i.e., those in the interval

x̄±σ .

As the final goal of these fittings is to study the interac-

tion of H2 with graphene, the dangling H atoms of coronene

have not been included in any of the fittings. The obtained pa-

rameters of the potential defining the interaction between the

center of mass of one hydrogen molecule and one C atom of

coronene are given in the first part of Table 3.

Table 3 The well depth (ε), the equilibrium distances (r0) and the β

parameter for the C−H2 and H2−H2 interactions obtained by fitting

the DFT results as discussed in text.

Averaged data set ε / kJ mol−1 r0/ Å β

C−H2

RA 0.289 3.987 8.824

RNA 0.381 3.519 7.295

RNA-S 0.373 3.561 6.777

H2−H2

RNA 0.406 3.540 6.5

The H2 - H2 interaction has also been calculated accord-

ing to the RNA scheme, representing each hydrogen molecule

only by its center of mass. The optimized ILJ parameters are

given in the last line of Table 3. Finally, the fitted ILJ func-

tion, VC24H12,H2
, as obtained from the RNA data set of the DFT

computation, is represented in Figure 4.

4 Molecular Dynamics simulations

Bearing in mind a posterior study on the adsorption dynamics

of molecular hydrogen in graphene, and in order to test the

potential parameters, MD simulations of the coronene−(H2)7

4 | 1–7
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prototype system have been performed, using the DL−POLY

program,39 and considering the microcanonical ensemble

(NVE) of particles.

The coronene compound has been kept rigid in all cal-

culations. A time step of 1 fs has been used in all the

simulations presented here, integrating the MD trajectories

up to final time of 3.5 ns. The time step chosen is large

enough to keep the fluctuations of Etotal well below 10−5

kJ mol−1. The MD simulations are preceded by an initial

equilibration period of 0.5 ns (using the same time step)

during which the velocities of all atoms are rescaled to match

the input temperature. The equilibration period has been ex-

cluded from the statistical analysis at the end of any trajectory.

In order to decide which set of potential parameters

–derived from the three different statistical basis sets

considered– is the best one, preliminary MD simulations

have been performed using the three sets of parameters. It

has been found that the mean values of the potential energy

attained along the 3.5 ns of simulation, represented by Ec f g

(configurational energy) are somewhat different. At a mean

temperature of 299.97 K it has been observed that the values

of Ec f g for β = 7.295 (RNA data set) is close to that of β =

6.777 (RNA-S data set). Moreover, it has been found that

a better convergence of the total energy is attained when

using the potential parameters associated with the RNA data

set. Accordingly, we have chosen the parameters given in

the third row of Table 3 to calculate the C-H2 (see Figure 4)

interaction and to study the adsorption of molecular hydrogen

on coronene.

Fig. 4 Fitted ILJ potential (the blue curve) with the averaged

interaction energies (the red points) for the coronene-(H2) system.

Moreover, the green points, which accumulate to a bar or to large

point, are evaluating the closeness to normal distribution

The quality of the potential parameters has been tested

by performing MD simulations at low temperatures of the

coronene with two molecules of H2 adsorbed. The MD results

at the lowest value of temperature investigated are compared

with the counterpoise-corrected CCSD(T) results as shown

in Table 4. As it can be seen, the MD results are in good

agreement with the CCSD(T) ones. The two methods give

very similar values of Ec f g (∆ Ec f g= 0.97 kJ mol−1). This

should indicate that the potential parameters are adequate to

investigate the adsorption of H2 on coronene.

Table 4 Lowest distance from the center of mass of the adsorbed

molecules to the coronene surface and configurational energy (Ec f g)

for the coronene-(H2)2 system.

Type of calculation Distances / Å Ec f g / kJ mol−1

CCSD (T) 3.020 -9.43

3.020

MD (T=9.99 K ) 3.054 -8.46

3.046

The adsorption of seven molecules of H2 on coronene have

been investigated by increasing the temperature from 10 K to

390 K. Results of NVE simulations indicate that the config-

uration energy, Ec f g, remains almost constant (Ec f g ≈−26

kJ mol−1), which indicates the estability of the system along

the temperature change in the mentioned range. Accordingly,

the increase of the kinetic energy (due to the increase of T)

originates a decrease of the total energy. In order to analyze if

any adsorption takes place, we have adopted the same criteria

found from the Murrell-Sorbie and Morse potential fittings of

the DFT calculation, which stablish that adsorption occurs at

a distances lower than 3.2 Å from the hydrogen molecules to

the C atoms of coronene. Previously, the radial distribution

function, RDF, between the center of mass of H2 and the C

atoms has also been analyzed (see Fig. 5). From the figure it

seems that the distance criterion mentioned before is adequate

for MD simulations.

The results of the MD simulations show that the number of

adsorbed molecules changes, depending on the initial config-

uration and temperature. At temperatures higher than 250 K,

a total of 3-4 H2 molecules are adsorbed. In Table 5 are given

the adsorption results at a mean temperature close to 300 K,

which are compared with the DFT results. As it can be seen, at

T = 299.97 K, the Ec f g= −25.98 kJ mol−1, which is in a good

agreement with the results obtained from the DFT approach,

showing an average interaction energy of −3.85 kJ mol−1 (a

total of −26.95 kJ mol−1 for corenene interacting with seven

H2 molecules), which is again reasonably close to the recent

past Coupled Cluster value (CCSD(T)) of - 4.71 kJ mol−1 re-

ported in Table 4. A snapshot of the final configuration of the

coronene-(H2)7 system at T = 299.97 K is visualized in Fig. 6.
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Fig. 5 The RDF, g(C-X), between a C atom and the c. m. of a H2

molecule, defined by the symbol X, as a function of distance, r, for

RNA (β =7.295) at T = 299.97 K

Table 5 Adsorption of H2 on Coronene from DFT calculations and

MD simulations.

Type of calculation #H2 adsorbed Distances / Å Ec f g / kJ mol−1

DFT approach 7 3.074 -26.95

MD (T=299.97 K) 4/7 3.065 -25.98

3.199

3.179

3.144

5 Conclusions

Physisorption of molecular hydrogen over graphene is very

delicate because of the weak van der Waals interactions

between the H2 and graphene surface. The available com-

putational tools to model such a system are still challenging

to achieve an accurate and realistic interaction energy. This

interaction has been modelled by means of a supramolecular

approach for the interaction of coronene with until seven

hydrogen molecules. The interaction energy, both at DFT and

MD level, was evaluated taking all above facts into account.

The force field (FF) fitting to the simple graphene system was

imposed in a reasonably acceptable manner considering all

the possible types of interactions involved in this adsorption

process. For the interaction of seven hydrogen molecules

with coronene, the counterpoise corrected B97-D approach

shows an average interaction energy of −3.85 kJ/mol per H2

(a total of −26.95 kJ/mol for seven H2’s), which is reasonably

close to the CCSD(T) value of −4.71 kJ/mol reported by

Fig. 6 Snapshot of the last configuration of the simulation for the

coronene-(H2)7 system at T = 299.97 K. The random white-brown

dumbbells are indicating the seven H2 molecules over the

white-green coronene surface.

our group. Moreover, the MD calculation reveals a mean

interaction energy of −3.70 kJ/mol per H2 (a gross mean Ec f g

of −25.98 kJ/mol at T = 299.97 K), which once again is in a

good agreement to the above mentioned corresponding results.
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