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1  Introduction

Hydrogen tanks for fuel cell cars are required to store 
hydrogen with a volumetric density of 40 to 70 g/L and a 
gravimetric density of 5.5 to 7.5 wt% [1]. To achieve these 
targets, various storage methods, such as high-pressure 
compression, liquefaction, and materials-based storage by 
physisorption or chemisorption, have been investigated. 
Currently, high-pressure compression tanks have achieved 
storage densities of 17 to 25 g/L and 2.8 to 4.4 wt% under 
pressures between 350 and 700  bar and are implemented 
in cars for practical use [1]. However, to manage hydro-
gen safely and to save the energy required for compressing 
the gas, hydrogen should be stored at lower pressure and 
this restriction necessitates the development of materials-
based storage: physisorption storage using porous materi-
als, such as carbons and metal–organic frameworks [2], or 
chemisorption storage using light metals, like LiAlH4 and 
NaAlH4 [3].

Among the physisorption materials, carbon materi-
als have been extensively studied because they take vari-
ous porous structures with high stability and low weight, 
but their hydrogen storage density remains lower than 
that of high-pressure tanks even under cryogenic condi-
tions because the interaction between a hydrogen mol-
ecule and the carbon surface is weak. A typical value of 
the adsorption energy of a hydrogen molecule is approxi-
mately 50  meV for graphitic materials [4, 5]. The hydro-
gen adsorption energy of carbon materials depends on their 
porous structure. Theoretical studies predict that carbon 
materials can increase the adsorption energy to 100  meV 
or higher and achieve a large storage density if their pore 
size is approximately 7 Å [6–8]. This prediction is consist-
ent with the experimental observation where the hydrogen 
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storage in carbon materials is shown to increase with a 
decrease of the pore size to 7 Å or below [2].

To determine the suitable shape and size of the car-
bon pore for hydrogen storage, we evaluated the adsorp-
tion energy of a hydrogen molecule situated in a carbon 
slit, a carbon cylinder, and a carbon sphere using the Len-
nard–Jones potential function with reasonable parameters 
determined from the experiment [9, 10]. When we enclosed 
the hydrogen molecule in a carbon sphere with a radius of 
3.37  Å, we obtained the maximum adsorption energy of 
200 meV, which was approximately four times larger than 
that of a graphite surface. We made a circular opening 
on the sphere. When the opening radius was increased to 
2.92  Å, the adsorption energy decreased to 150  meV but 
the energy barrier at the opening disappeared. We plotted 
the Langmuir isotherm for this case based on the eigen-
values of the adsorption potential curve and examined the 
occupancy of the adsorption site. The occupancy exceeded 
0.5 at lower pressures than 50  bar when the temperature 
was below 250 K. These conditions are milder than those 
required for adsorption on a graphite surface.

Besides the storage conditions, the number of adsorp-
tion sites determines the storage amount. To obtain a large 
amount of storage in a limited volume, the adsorption 
sites must be distributed densely in the space; hence, the 
pores must be placed as close as possible to each other or 
they should fill the space without any gaps. This subject is 
related to the space-filling problem. Some regular polyhe-
drons can tessellate a three-dimensional space. Five poly-
hedrons are known to be able to tessellate such a space. 
However, a proper combination of two or more polyhe-
drons can also tessellate such a space. For example, a trun-
cated tetrahedron can tessellate the space when it is com-
bined with a tetrahedron [11].

In this study, we propose a new hydrocarbon molecule 
having a truncated tetrahedron shape with a suitable size 
for the storage of a hydrogen molecule. We designed this 
molecule using quantum chemical methods. The molecu-
lar structure is shown in Fig. 1 with the truncated tetra-
hedrons tessellating the space with regular tetrahedrons. 
The molecule consists of four benzene rings bridged by 
six vinylene groups, and has a stoichiometry of C36H24. 
We name this polyhedron hydrocarbon “tT-C36H24” as 
the truncated tetrahedron is abbreviated to tT accord-
ing to the Conway polyhedron notation [11]. In the tes-
sellation, each truncated tetrahedron contacts with oth-
ers at the hexagonal faces and each cross section forms 
one of the four faces of a regular tetrahedron. We find 
three kinds of hydrogen binding sites for tT-C36H24. One 
is at the center of the truncated tetrahedron, another is 
the hexagonal face of the truncated tetrahedron, and the 
other is the inside of the tetrahedron void. If each site 
binds one hydrogen molecule, their occupancies will be 
1, 0.5, and 0.25 for the truncated tetrahedron center, the 
hexagonal face, and the tetrahedron void, respectively. 
In this case, four hydrogen molecules will be stored per 
tT-C36H24 with a storage density of 1.8 wt%. If the occu-
pancy becomes 1 for each site, nine hydrogen molecules 
will be stored per tT-C36H24 with a density of 4.0 wt%. In 
this study, we focused our investigation on the hydrogen 
storage at the truncated tetrahedron center. We evaluated 
the binding energy of a hydrogen molecule located inside 
tT-C36H24 and elucidated the hydrogen binding process. 
We did not evaluate the hydrogen binding energies of the 
hexagonal face and the tetrahedron void because these 
required an exact knowledge of the crystal structure.

Fig. 1   The molecular structure of a truncated tetrahedron hydrocarbon with truncated tetrahedron frameworks tessellating the space with regu-
lar tetrahedrons
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2 � Method of calculation

We performed molecular orbital calculations using the 
Gaussian09 program [12]. The “tight” threshold of the pro-
gram for all geometry optimization calculations was used. 
The isolated molecules and the interacting systems were 
optimized using the MP2 perturbation theory [13, 14] with 
the cc-pVTZ basis set [15]. We evaluated the interaction 
energy by an extrapolation method through increasing the 
basis set size of the hydrogen molecule from cc-pVTZ to 
cc-pV6Z [16] at the geometry obtained by the MP2/cc-
pVTZ method. The basis set superposition error (BSSE) 
[17] of the interaction energy was corrected by the coun-
terpoise (CP) method [18]. We did not perform the MP2 
vibrational analysis of tT-C36H24 because this required 
large computational resources. Additionally, we performed 
the geometry optimization and the vibrational analysis of 
the molecule using the B3LYP density functional theory 
[19, 20] with the cc-pVTZ basis set under the “ultrafine” 
integration grids of the program.

3 � Results

3.1 � Structure of the truncated tetrahedron 
hydrocarbon

The structure of tT-C36H24 under Td symmetry was opti-
mized by the MP2/cc-pVTZ and the B3LYP/cc-pVTZ 
methods and the latter provided no imaginary vibrational 
frequencies to the structure. The molecular structure fitted 
in a truncated tetrahedron framework is shown in Fig.  2. 
Four benzene rings of the molecule are bridged by six 
vinylene groups at the 1, 3, and 5 carbon positions of each 
ring. The truncated tetrahedron consists of four regular-
triangle cross sections made by truncating the tetrahedron 
corners, six tetrahedron sides, and four hexagonal faces. 
Each cross section is occupied by a benzene ring and each 
tetrahedron side is occupied by a vinylene group. Each hex-
agonal face serves as an opening accepting a hydrogen mol-
ecule. The hydrogen atoms at the 2, 4, and 6 carbon posi-
tions of each ring surround the openings. There are three 
C2 axes and four C3 axes in the tetrahedron structure. Each 
C2 axis passes the centers of the opposite vinylene groups 
and each C3 axis passes the center of the benzene ring and 
that of the opening.

In Table 1, we show some geometrical parameters of tT-
C36H24 compared with those of benzene and ethylene mol-
ecules. Each C–C bond of the benzene rings of tT-C36H24 
has an equal length. The length of the C1–C2 bond of the 
ring (1.398  Å at the MP2/cc-pVTZ) is very close to that 
of the conjugated bond of the benzene molecule (1.394 Å). 
The length of the C7–C8 bond of the vinylene (1.340 Å) is 

also close to that of the double bond of the ethylene mol-
ecule (1.332 Å). The carbon atoms of tT-C36H24 are triva-
lent and their bond angles are approximately 120 degrees. 
They have an sp2 hybridized character and exhibit an 
almost planar structure like the benzene and ethylene mol-
ecules. The C1–C7 bond connecting the benzene ring and 
the vinylene (1.479 Å) shows a single bond character like 
that of a cis-stilbene molecule. The B3LYP method yielded 
shorter lengths for the bonds having π-electrons (C1–C2 
and C7–C8) and a longer length for the bond consisting of 
a σ bond (C1–C7) compared with the MP2 method, but the 
differences were small.

In Table  2, we show the sizes of the cavity and the 
opening of tT-C36H24. We measured the cavity size by 
two distances from the center of the cavity: the distance 
to the center of the vinylene (dC2) and that to the center 
of the benzene ring (dC6). The opening size was meas-
ured by two distances from the C3 axis: the distance to 
the 2-position carbon atom (aC3) and that to the hydrogen 
atom bonded to this atom (aH3). The MP2 method yielded 
somewhat shorter distances compared with the B3LYP 
method but the differences were also small. The dC2 was 
4.0 Å for both methods. The van der Waals radii of a car-
bon atom and a hydrogen atom are 1.7 and 1.2 Å, respec-
tively, and the covalent radius of a hydrogen molecule is 
0.37 Å [21]. The dC2 is larger than the sum of these radii 
(3.3  Å). Therefore, the vinylene groups do not contrib-
ute much to the hydrogen binding inside the cavity. The 
dC6 was determined as 2.82 Å with the MP2 method and 
2.87 Å with the B3LYP method. These values are close 

Fig. 2   The optimized structure of tT-C36H24 under Td symmetry with 
a truncated tetrahedron framework
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to the optimum distance between a hydrogen molecule 
and an aromatic molecular plane [22, 23] or a graphite 
surface [4]. The four benzene rings of tT-C36H24 will 
cooperate to strongly bind a hydrogen molecule inside 
the cavity. The aC3 and aH3 were determined as 2.19 
(2.24) and 1.84 (1.87) Å with the MP2 (B3LYP) method, 
respectively. The opening is too small to pass a hydrogen 
molecule without an energy barrier. The opening radius 

must be larger than 2.92 Å to quench the energy barrier 
in the case of a carbon sphere with a radius of 3.37  Å 
[10].

3.2 � Hydrogen binding and the binding process

In Fig. 3, we show the optimized structures for binding a 
hydrogen molecule inside tT-C36H24. We examined three 
structures with changing the orientation of the hydrogen 
molecule: D2d, C2v, and C3v symmetry structures. For each 
structure, we chose the Cn axis as the z axis and the center 
of mass of tT-C36H24 as the origin. We placed the hydrogen 
molecule along the Cn axis for the D2d and C3v structures 
and perpendicular to the C2 axis in the C2v structure. After 
the optimization, the center of mass of the hydrogen mol-
ecule was located at z = 0.04 Å for the C2v and C3v struc-
tures. The geometry of the hydrocarbon of each structure 
remained almost the same as that before accepting a hydro-
gen molecule; the dC2 and dC6 of each structure was main-
tained at 4.00 and 2.82 Å, respectively. The bond length of 

Table 1   Geometrical 
parameters of tT-C36H24, C6H6, 
and C2H4 optimized by the 
MP2/cc-pVTZ and B3LYP/
cc-pVTZ methods

Molecule Bond length (Å) Bond angle (degree)

MP2 B3LYP MP2 B3LYP

tT-C36H24 C1–C2 1.398 1.394 ∠C1C2C3 120.9 121.1
C7–C8 1.340 1.331 ∠C2C3C4 119.1 118.9
C1–C7 1.479 1.488 ∠C1C7C8 123.6 125.6

∠HC7C8 118.8 118.1
∠C7C1C2 120.4 120.6

C6H6 C–C 1.394 1.391
C2H4 C–C 1.332 1.324 ∠HCC 121.3 121.7

Table 2   The cavity and opening sizes of tT-C36H24: dC2, the distance 
from the center of the molecule to the center of the vinylene group; 
dC6, the distance from the center of the molecule to the center of the 
benzene ring; aC3, the distance from the C3 axis to the peripheral car-
bon atom at the opening; aH3, the distance from the C3 axis to the 
peripheral hydrogen atom at the opening

The unit is Å

dC2 dC6 aC3 aH3

MP2/cc-pVTZ 4.00 2.82 2.19 1.84
B3LYP/cc-pVTZ 4.01 2.87 2.24 1.87

Fig. 3   The optimized structures binding a hydrogen molecule inside tT-C36H24 obtained by the MP2/cc-pVTZ method. The D2d, C2v, and C3v 
symmetry forms were examined
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the hydrogen molecule did not change much from the origi-
nal length; it was stretched from 0.737 to 0.742 Å for each 
structure.

We show the binding energies of a hydrogen molecule 
in Table 3. The MP2/cc-pVTZ method evaluated the bind-
ing energy as −161  meV without the CP correction and 
−105 meV with the correction for each form. The energy 
difference between the three forms was less than 0.5 meV. 
The small energy differences between them allow the 
hydrogen molecule to rotate freely in the cavity. The BSSE 
given by the MP2/cc-pVTZ method became 51  meV for 
each form. It occupies 1/3 of the energy before the correc-
tion. This error is caused by the incompleteness of the cc-
pVTZ basis set. We can decrease the BSSE by increasing 
the size of the basis set and eliminate the BSSE by extrapo-
lating to the complete basis set (CBS) limit [24]. However, 
we could not use larger basis sets than the cc-pVTZ for 
tT-C36H24 because the MP2 method required large com-
putational resources. Instead of increasing the basis set 
size of a whole system, we imposed large basis sets on 
only the hydrogen molecule. We changed the basis set of 
the hydrogen molecule from the cc-pVTZ to the cc-pV6Z 
sequentially and evaluated the CP-corrected binding energy 
(ΔECP) for each set. In Fig. 4, we show the plot of the ΔECP 
against the basis set size N, which represents the number of 
basis functions used to expand the valence atomic orbital 
that varies from 3 to 6. The partial improvement of the 
basis set increased the BSSE, but the ΔECP converged to 
a constant value as N was increased. We termed this value 
the “semi” CBS limit of the binding energy. To take the 
semi CBS limit, we assumed the exponential decrease of 
ΔECP with respect to N [25]:

where A, B, and C denote the fitting parameters. In Table 3, 
we show the semi CBS limit of the binding energy for each 
structure. The energy of each structure became −140 meV. 
The value is approximately three times larger than that of a 
graphite surface (ca. −50 meV) [4] and will allow hydrogen 

(1)ΔECP(N) = A exp (−BN) + C,

storage at milder temperatures and pressures than graphite 
[10, 26].

We examined the binding process of a hydrogen mol-
ecule moving along the C3 axis from the outside of the 
opening to the inside of the cavity. In Fig.  5, we show 
three optimized structures appearing in the process: a 
structure binding a hydrogen molecule outside the open-
ing (C3v

out), the transition state of the process (C3v
TS), 

and the C3v structure binding a hydrogen molecule inside 
the cavity. The binding energies and the energy barrier 
of the hydrogen molecule for this process are shown in 
Table 3. For the C3v

out structure, the hydrogen molecule 
was bound at z = 5.43  Å with a decrease of the interac-
tion energy to −27  meV, as measured from the dissoci-
ated state. The cavity and opening sizes of this structure 
remained almost the same as those before the binding; 
the dC2, dC6, aC3, and aH3 became 4.00, 2.80, 2.20, and 
1.84  Å, respectively. The bond length of the hydrogen 
molecule (0.738 Å) was virtually the same as the origi-
nal length (0.737 Å). For the C3v

TS structure, the hydro-
gen molecule was located at the center of the opening 
(z = 2.19 Å) with an increase in the interaction energy to 
729  meV. The incoming hydrogen molecule deformed 
the opening; the dC6, aC3, and aH3 became 2.86, 2.40, and 
2.15 Å, respectively. Although the opening was enlarged, 
the radius was still smaller than that providing no barrier 
(>2.92 Å). The H–H bond length decreased to 0.730 Å. 
For the C3v structure, the hydrogen molecule was bound 
near the center of the cavity (z = 0.04 Å) with a restora-
tion of the hydrocarbon geometry and an increase of 

Table 3   The interaction energy between a hydrogen molecule and 
tT-C36H24

The structures of the isolated molecules and the interacting systems 
were optimized at the MP2/cc-pVTZ level. The semi CBS limit of 
the energy was obtained by increasing the size of the basis set on the 
hydrogen molecule from the cc-pVTZ to the cc-pV6Z

Structure No CP correction With CP correction Semi CBS limit

D2d −160.8 −105.5 −139.8
C2v −160.7 −105.2 −139.5
C3v −160.6 −105.1 −139.5
C3v

TS + 716.6 + 770.8 + 729.1
C3v

out −28.4 −21.0 −26.6

Fig. 4   The plot of the hydrogen binding energy with the CP correc-
tion (ΔE

CP
) against the basis set size of the hydrogen molecule (N)
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the H–H bond length to 0.742  Å. The binding energy 
decreased to −140 meV.

We observed a large energy barrier, which was approxi-
mately five times larger than the binding energy inside the 
cavity. The barrier consists of two components: a repulsion 
from the opening edge and a deformation energy to enlarge 
the opening. The deformation energies of the hydrocarbon 
from the Td structure to the C3v

out, C3v
TS, and C3v structures 

were +0.7, +198, and +0.2 meV, respectively. The energy 
required to change the H–H bond in this process was less 
than 1 meV. The deformation energy from the Td structure 
to the C3v

TS accounted for 1/4 or more of the energy barrier.

3.3 � The potential energy curve

We have obtained the binding energy and the energy bar-
rier of a hydrogen molecule accepted by tT-C36H24 using 
non-empirical quantum chemical methods. However, in 
our previous study, we derived the potential energy curve 
of a hydrogen molecule bound in a hollow carbon sphere 
with a circular opening based on the Lennard–Jones poten-
tial function [9, 10]. Here, we fit this potential curve to the 
obtained non-empirical results by changing the sizes of the 
carbon sphere and the opening.

We suppose a carbon sphere of radius d with a circular 
opening of radius a. The origin of the system is set at the 
sphere center and the z axis is drawn running through the 
centers of the sphere and the opening. The potential energy 
curve of a hydrogen molecule moving along the z axis is 
given by:

(2)

W(z, d, a) =
D

3

[
A(z, d, a)

(
de

d

)10

− B(z, d, a)

(
de

d

)4
]
,

where D and de denote the potential depth and the opti-
mum sphere radius, respectively. The lowest energy (−D) 
is obtained when the hydrogen molecule is located at the 
center of the sphere (z = 0) if d = de and a = 0. The values 
of D and de are 203  meV and 3.37  Å, respectively. The 
detailed form of this potential function is shown in the 
“Appendix”.

We fitted the potential curve W(z, d, a) to the semi CBS 
limit energies of the C3v

out, C3v
TS, and C3v structures by 

varying d and a. Because the W(z, d, a) did not contain the 
deformation energy of the carbon sphere, we also fitted the 
W(z, d, a) to the energies subtracting the deformation ener-
gies of the hydrocarbon. In Fig. 6, we show the fitted curves. 
The solid line denotes the curve fitted to the raw data. The 
fitting parameters became d = 3.10 Å and a = 2.09 Å. These 
values give approximately 40 atoms on the sphere sur-
face. The d became close to the distance from the center 
of tT-C36H24 to the carbon atoms of the rings (3.2 Å). The 
a showed a middle value between the aH3 (1.84  Å) and 
the aC3 (2.19  Å) of tT-C36H24 before the hydrogen bind-
ing. The curve has the lowest minimum (−140  meV) at 
z = 0.1 Å, the maximum (+732 meV) at z = 2.1 Å, and the 
second lowest minimum (−33 meV) at z = 4.2 Å. The low-
est minimum and the maximum of the curve correspond to 
those of the non-empirical calculation. The position of the 
second lowest minimum of the curve is closer to the origin 
than that of the non-empirical result (z = 5.4 Å) because the 
carbon sphere of this model does not have hydrogen atoms 
facing outward of the opening. The dashed line denotes the 
curve fitted to the data subtracting the deformation ener-
gies. The curve also reproduced the non-empirical results 
except for the position of the second minimum. The fitting 
parameters became d = 3.10  Å and a = 2.14  Å. The open-
ing was enlarged by 0.04 Å and this lowered the maximum 

Fig. 5   The optimized structures appearing in the hydrogen binding process: C3v
out, the structure binding a hydrogen molecule outside the open-

ing; C3v
TS, the transition state of the process; C3v, the structure binding a hydrogen molecule inside tT-C36H24
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from +732 to +539 meV. The aH3 and aC3 at the transition 
state were 2.15 and 2.40 Å, respectively.

In the strict sense, we should not compare the values 
of d and a directly with the sizes of tT-C36H24 because the 
W(z, d, a) does not contain the interaction between a hydro-
gen molecule and a hydrogen atom bonded to the carbon 
atom in addition to the difference in the geometrical shape. 
Nevertheless, the discrepancies in size between the carbon 
sphere and tT-C36H24 are allowable if we consider the C–H 
group as a single atom or a united atom [27]. However, 
the C–H bond length cannot be ignored for such a situa-
tion as the position of the second minimum. The difference 
in shape can be improved using the polyhedron shape in 
deriving W(z, d, a) [9].

4 � Conclusions

We proposed a hydrogen storage material which is able 
to be tessellated by polyhedron nanocarbons to increase 
the volumetric storage density. Based on quantum chemi-
cal methods, we designed a new hydrocarbon molecule 
having a truncated tetrahedron shape which would fill the 
space together with a tetrahedron void: tT-C36H24 made 
by four benzene rings bridged by six vinylene groups at 
the 1, 3, and 5 carbon positions of each ring. We investi-
gated its ability to store a hydrogen molecule. The size of 
the cavity of this molecule was 8.0  Å or less, which was 
close to the size of the carbon pore suitable for hydrogen 
storage (7 Å). The binding energy of a hydrogen molecule 

was evaluated by taking the semi CBS limit of the MP2 
energy with the CP correction. The hydrogen molecule 
was bound at or near the center of the cavity with a bind-
ing energy of −140  meV, which was three times greater 
than that of a graphite surface, so would store hydrogen 
at milder temperatures and pressures than graphite. We 
investigated the hydrogen binding process along the C3v 
axis running through the centers of the hexagonal opening 
and the benzene ring of tT-C36H24. The hydrogen molecule 
was loosely bound outside tT-C36H24 with a binding energy 
of −27  meV. The molecule overcame the energy barrier 
of +729  meV at the opening and entered the cavity. The 
high energy barrier at the opening arose from its small size. 
The radius of the opening measured from the C3v axis to a 
peripheral hydrogen atom was 1.8 Å. When the hydrogen 
molecule approached the opening, the radius increased to 
2.1 Å by consuming a deformation energy of +198 meV. 
To lower the energy barrier, we needed to enlarge the open-
ing. Replacing the peripheral hydrogen atom with a carbon 
atom bonded to it with a nitrogen or an oxygen atom could 
widen the opening without provoking a large change in the 
electronic structure.

We examined the energy change during the hydrogen 
binding process using the empirical potential curve of the 
carbon sphere with an opening. We fitted the potential 
curve to the non-empirical energies by changing the sizes 
of the carbon sphere and the opening. We found that the 
empirical potential curve reproduced the non-empirical 
results within allowable differences in size between the 
carbon sphere and tT-C36H24. The non-empirical method 
requires a lot of time to evaluate the intermolecular inter-
action accurately. However, the use of the empirical poten-
tial function can save time without forfeiting the accuracy. 
To decrease the difference in shape, the empirical potential 
functions should be adapted to polyhedron shapes. These 
functions will assist us in designing the size and shape of 
the space-filling nanocarbons for hydrogen storage.
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Appendix

Here, we show the detailed form of the potential function 
of a hydrogen molecule bound in a carbon sphere of radius 
d with a circular opening of radius a [9, 10]. The origin of 
the system is set at the sphere center and the z axis is drawn 
running through the centers of the sphere and the opening. 
The potential energy curve of a hydrogen molecule moving 
along the z axis is given by:

Fig. 6   The potential energy of a hydrogen molecule bound by a car-
bon sphere with a circular opening (W) with respect to the position 
of the hydrogen molecule measured from the sphere center (z). The 
curve was fitted to the semi CBS limit of the hydrogen binding ener-
gies of the C3v

out, C3v
TS, and C3v structures by changing the sphere 

and the opening radii. The solid line denotes the curve fitted to the 
raw data and the dashed line denotes the curve fitted to the data sub-
tracting the deformation energies of the hydrocarbon structures
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where θa, D, and de denote the polar angle of the opening 
edge (�a = sin−1a∕d), the potential depth, and the opti-
mum sphere radius, respectively. The lowest energy (−D) 
is obtained when the hydrogen molecule is located at the 
center of the sphere (z = 0) if d = de and a = 0. The D and de 
are given by:

where ρs denotes the density of the carbon surface. The 
�C−H2

and �C−H2
 are, respectively, the energy and distance 

parameters of the Lennard–Jones potential between a car-
bon atom and a hydrogen molecule. The hydrogen scatter-
ing experiment from the graphite surface determined their 
values: �C−H2

= 3.89 meV and �C−H2
= 2.89 Å [4]. Using the 

graphite surface density (0.382 Å−2) for ρs, we obtain D = 
203 meV and de = 3.37 Å.
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