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Abstract

Density functional theory calculations within the GO3W package, with B3LYP exchange functional
and applying basis set 6 - 31 G (d,p) are performed. The surface reactivity and electronic proper-
ties of endo-hydrogenation and exo-hydrogenation fullerene cages are studied. It is found that the
surface reactivity of mono-hydrogenation fullerene cages is larger than the surface reactivity of
un-hydrogenation fullerene cages and the later is larger than the fully hydrogenation fullerene
cages. In addition, the calculations show that the endo-hydrogenation fullerene cages possess the
same band gaps as the un-hydrogenation fullerene cages, however, the exo-hydrogenation is re-
duced the band gaps of the un-hydrogenated fullerene cages form ~7 eV to ~5 eV.
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1. Introduction

The discovery of fullerenes in 1985 was the beginning of a new field of hydrogen storage research [1]. Fulle-
renes possess a wide range of applications in optical and electronic devices such as solar cells, photovoltaic and
electro-optical devices [2], in commercial cosmetic products [3], as well as in biomedicine [4]. Hydrogen bond
has been one of the most important elements bonded to the fullerene cages both inter- or intra-molecular [5]-[11].
Fullerene cages possess an outer and an inner surface available for hydrogen storage. Study the surface reactivi-
ty of endo-hydrogenation and exo-hydrogenation fullerene cages becomes an attractive research topic. Several
hydrogenation techniques of Cg, are well described. However, the structures and the symmetry of the small hy-
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drogenation fullerene cages are not understood [12]-[14]. Therefore, the present work is investigated the surface
reactivity and the electronic properties of endo-hydrogenation and exo-hydrogenations mall fullerene cages. The
hydrogenation is applied with different concentrations and on seven different location sites of small fullerene
cages.

2. Methodology

All calculations are performed with the DFT as implemented within GO3W package [15]-[21], using B3LYP
exchange-functional [22] [23] and applying basis set 6 - 31 G (d, p). All obtained structures are fully optimized.
In this work, the energy gap is calculated as Eq = E; ymo — Enomo [24], where E, ymo is the energy of the lowest
unoccupied molecular orbital and Exowmo is the energy of the highest occupied molecular orbital. The hydrogen
atoms are inserted inside (endo-hydrogenation) and outside (exo-hydrogenation) the fullerene cages. The reac-
tivity and electronic properties of mono-hydrogenation (C,H) and fully hydrogenation (C,H, and C,H,.1) fulle-
rene cages are investigated and then compared with un-hydrogenation (C,) fullerene cages. There is only one
hydrogenation site for Cg, and C,, fullerene cages at M site and N/ site respectively. However, there are
four different hydrogenation sites for C,o cages at N/ site, 4 site, & siteand W site and there are five
different hydrogenation sites for Csg cages at W4 site, 2/ site, Y, site, W siteand W site, see Figure 1.
The hydrogenation sites have been previously explained in details [13].

For the % site, each angle of the pentagon is about 108° and each angle of the heptagon is about 128.57°, so
that the cone angle at the vertex of two pentagons and one heptagon is 344.57°. In the N/ site, each angle of
the hexagon is about 120°, so that the cone angle at vertex of one heptagon, one hexagon and one pentagon is
356.57°. In the M site, the cone angle at the vertex of two hexagons and one heptagon is about 368.57°. For
the 5\% site, the cone angle at the vertex of the three pentagons is about 324°. Inthe /4 site, the cone angle at
the vertex of two pentagons and one hexagon is 336°. For the M site, the cone angle at vertex of two hex-
agons and one pentagon is 348°. For the N/ site, the cone angle at the vertex of three hexagons is equal 360°,
forming plane with zero curvature surface.

3. Results and Discussions
3.1. Hydrogenation Influence on the Electronic Properties of Fullerene Cages

3.1.1. Electronic Properties of Un- and Mono-Hydrogenation Fullerene Cages

The band gaps for un-hydrogenation (C,) and mono hydrogenation (C,H) cages, from n = 20 to n = 60 are cal-
culated and are listed in Table 1 and Table 2. In general, the hydrogenation increases the band gaps of the ful-
lerene cages where E4 (C,H cages) > Eg4 (C, cages). For mono hydrogenation, the band gaps of exo-hydrogena-
tionfullerene cages are smaller than the band gaps of endo-hydrogenation fullerene cages. For exo-hydrogenation,
the band gaps from CxH to Cy4H cages are in the following order: the E, (N/s site) < Eq( X/f, site) < Eq (5\%
site) < Eq ( . site). The band gaps of fullerene cages from the C4H to CgH cages are in the order E, (m
site) < Eq (M site) < Egq (M site) and for the CsgH cage, the Eq ( s site) < Eq (M site) < Egq (M site)
< Eq (M site) < Eq (% site). The smallest band gap is 0.94 eV for mono exo-hydrogenation C54H fullerene
cage at o site and is less than 1.36 eV of un-hydrogenation Cs, fullerene cage.

Figure 1. Schematic representations of hydrogenation sites on small fullerene cages. The white
circle refers to the location of hydrogenation carbon atom.
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Table 1. The calculated energy gaps (E,) for un-hydrogenation (C,) and mono-hydrogenation (C,H) cages, from n =20 to n
= 60. Energy is given by eV.

Eq(CoH)/eV
Eqy(Ch)leV Endo-hydrogenation cages Exo-hydrogenation cages

s X/s s\% 5 oY 6 Y 3 M V4
Cao 1.84 - - - 2.18 - - - 1.84
Cao 1.07 2.01 1.93 2.00 2.05 1.85 1.95 2.05 2.09
Ca 147 1.79 1.75 191 1.85 1.61 1.73 1.83 1.90
Cus 1.99 1.44 1.88 1.85 161 131 1.46 212 2.10
Cus 1.55 1.59 171 1.30 - 1.46 1.25 1.40 -
Cus 152 1.74 1.88 2.09 - 1.61 1.67 2.05 -
Cso 157 1.78 1.59 1.98 - 1.54 1.30 1.56 -
Cs, 1.27 1.74 2.34 1.64 - 1.42 2.24 1.88 -
Css 1.36 1.68 1.28 2.60 - 1.09 0.94 2.38 -
Css 171 1.33 1.16 211 - 1.39 1.33 2.10 -
Ceo 2.94 - 1.84 - - - 2.05 -

Table 2. The calculated energy gaps (E,) for un-hydrogenation Csg and mono-hydrogenation CsgH fullerene cages. Energy is

given by eV.
Eq(CssH)/eV
Eqy(Css)/eV Endo-hydrogenation cages Exo-hydrogenation cages
Csg 1.64 1.42 1.68 1.88 1.29 1.96 1.6 1.65 2.22 1.41 2.02

3.1.2. Electronic Properties of Fully Hydrogenation Fullerene Cages

The band gaps of the C,H, and C,H,.; fullerene cages, from n = 20 to n = 60, are calculated and are listed in
Table 3 and Table 4. The calculated band gaps of C.H, fullerene cages are higher than the band gap of C, ful-
lerene cages. The endo-hydrogenation C,H,.; fullerene cages possess the same band gaps as C, fullerene cages,
however exo-hydrogenation C,H,.; fullerene cages is reduced the band gaps of C, fullerene cages form ~7 eV to
~5eV.

Figure 2 shows the Mulliken charge populations for Cs,, Cs4H, Cs4Hsq and Cs4Hss fullerene cages. For Csy
cage the atomic population is almost uniform, about six electrons for carbon atom and one electron for hy-
drogen atom with small charge transfer about 0.024e, see Figure 2(a). For mono exo-hydrogenation Cs4H
cage the charge transfer from hydrogen atom to carbon atom is increased to ~0.4e, see Figures 2(b)-(d). For
the fully exo-hydrogenation Cs4Hs, fullerene cage, the charge transfer from hydrogen atom to carbon atom is
about 0.244e, see Figure 2(e), and for exo-hydrogenation Cs4Hss fullerene cages is ~0.2 eV, see Figures

2(f)-(h).

3.2. Hydrogenation Influence on the Reactivity Properties of Fullerene Cages

3.2.1. Surface Reactivity of Mono Hydrogenated Fullerene Cages

Going down from Cg, cage to Cy, cage by removing the C, units, the number of hexagon rings is reduced and
more pentagon rings are created. In other words, the number of hexagon rings is gradually reduced until is
reached zero in case of Cy, cage. To study the influence of hydrogenation on the surface reactivity of the fulle-
rene cages C,, the dipole moments are calculated for C, and C,H cages, from n = 20 to n = 60 and are listed in
Table 5 and Table 6. The Dipole moment is the measure of surface reactivity, where the high value of dipole
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Figure 2. Mulliken charge populations for (a) Cs, cage, for Cs4H cages at (b) m
site, (c) X/; site, (d) M site, for (e) Cs4Hs4 cage, and for Cs,Hss cages at (f) N/;
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Table 3. The calculated energy gaps (Eg) of C,H, and C,H,., fullerene cages, n = 20 to n = 60. Energy is given by eV.

Eg(CoHn)/eV
CwHzo 853
CiHio  7.46
CiHe 743
CuHu 737
CiHss  7.35
CiHis 734
CsoHso  7.26
CoHs 726
CsuHss 725
CsgHss  7.12
CooHeo  7.28

Eg(CaHne)/eV

Endo-hydrogenation cages

Exo-hydrogenation cages

7.91
7.82
7.71
7.63
7.56
7.44
741
7.24
7.27

5 &, 5 G,
6y 6 5Y5 5Ys 6y 6

8.64 -
7.91 7.91 7.91 5.74
7.82 7.82 7.82 5.77
7.70 7.71 7.71 5.72
7.58 7.63 - 5.71
7.56 7.56 - 5.72
7.44 7.44 - 5.71
7.41 741 - 5.69
7.37 7.37 - 5.78
6.26 7.22 - 5.71

7.35 - - -

5
6y 6

5.22
5.19
5.05
5.15
5.12
5.11
5.06
5.05
5.05
5.03

Wi
5.36
5.19
5.27
5.25
5.24
5.25
5.23
7.26
5.18

5.86
5.28
531
7.38

Table 4. The calculated energy gaps (Eg) of CsgHsg and CsgHsg fullerene cages. Energy is given by eV.

Eg(ngHss)/eV

C58H58

7.25

Eg(CsaHsg)/eV

Endo-hydrogenation cages

Exo-hydrogenation cages

7,
6Y 6

4.54

7 7, 3, 6, 7,
615 Y5 6Y 6 5Ys 6Y 6

4.58 7.26 7.26 7.26 5.73

MoON Ny
6Y5 515 6Y6 5Y's

5.73

5.18

5.04 4.71
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Table 5. The calculated dipole moments for un-hydrogenation fullerene C, and mono hydrogenation C,H cages, from n = 20
to n = 60. The dipole moment is given by Debye.

C.H
Cn Endo-hydrogenation cages Exo-hydrogenation cages

s X/s 5\6/5, 5 ¥ 6 y 3 ¥ V4
Cao 0.00 - - - 0.17 - - - 1.96
Cao 1.28 0.55 0.96 0.49 0.26 1.78 2.46 197 2.69
Ca 0.66 0.51 1.09 0.37 0.34 1.78 2.73 1.92 2.22
Cus 0.14 1.1 0.73 0.36 0.36 1.79 2.15 1.93 213
Cus 0.40 0.91 0.85 157 - 1.98 29 1.97 -
Cus 0.47 1.15 0.65 0.54 - 2.61 2.15 2.18 -
Cso 0.49 0.66 1.58 0.76 - 1.98 2.86 2.53 -
Cs, 0.48 0.74 0.76 0.37 - 2.15 2.04 212 -
Css 0.15 0.45 243 0.4 - 21 411 21 -
Css 0.16 1.06 0.37 0.67 - 1.75 1.52 2.26 -
Ceo 0.00 - 0.24 - - - 1.70 - -

Table 6. The calculated dipole moments for un-hydrogenation fullerene Csg and mono hydrogenation CsgH cages. The dipole
moment is given by Debye.

C58H
Csg Endo-hydrogenation cages Exo-hydrogenation cages
5 5
Css 0.46 1.06 0.5 0.47 0.47 0.6 142 1.48 1.66 1.93 1.97

moment reflecting the high surface reactivity [25] [26]. First, it is found that the surface reactivity of mono hy-
drogenation fullerene cages (C,H) is higher than the surface reactivity of un-hydrogenation fullerene cage (C,).
Second, the surface reactivity for mono exo-hydrogenation fullerene cages is always higher than the surface
reactivity of mono endo-hydrogenation fullerene cages. Third, the highest surface reactivity value is 4.11 Debye
for the mono exo-hydrogenation Cs4,H cage, comparing with 0.15 eV for un-hydrogenation Cs4 cage. Finally, the
5\‘?_: site is found to be the most reactive site. One can conclude that the surface reactivity of the mono hydro-
genation fullerene cages is increased with increasing the number of pentagon-pentagon fusion, agrees with the
previous observation [27]. Therefore, the less the cone angle, the larger the curvature and the highest reactive
site. Result in the localized carbon atom at three pentagons has the highest reactive site, while the localized car-
bon atom at three hexagons has the lowest reactive site.

3.2.2. Surface Reactivity of Fully Hydrogenation Fullerene Cages

The surface reactivity for the C,H, and C,H,.; fullerene cages is studied. The dipole moments for C,H, and
CnHn+1 fullerene cages from n = 20 to n = 60 are calculated and are listed in Table 7 and Table 8. It is noticed
that the surface reactivity for (C,H,.1) fullerene cage is higher than the surface reactivity for (C,H,) fullerene
cage. Also, the surface reactivity of exo-hydrogenation fullerene cages is always higher than the surface reactiv-
ity of endo-hydrogenation fullerene cages. The order of the surface reactivity of endo-hydrogenation Csg Hsg
cage is at % site > W site > NT: site > N/s site > % site and for the rest of the C,H,., fullerene cages
is at W site > Wi site > N site > 5\?5,, site. Finally, the highest surface reactivity value is found to be
0.34 Debye for the exo-hydrogenation Cs4Hss cage, comparing with 0.04 eV for CssHs4 cage. From Tables 5-8
the dipole moments for C,,, C,H, C,H, and C,H,.; cages, from n = 20 to n = 60, are calculated. One can sum-
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Table 7. The calculated dipole moments for C,H, and C,H,.; cages from n = 20 to n = 60. The dipole moment is given by
Debye.

CnHns1
CnH, Endo-hydrogenation cages Exo-hydrogenation cages

e X/s 5\6(5! V- ¥ 6 y 3 5\6(5, V4
CaoH2o 0.00 - - - 0.00 - - - 0.06
CaoHao 0.02 0.02 0.02 0.02 0.02 0.22 0.16 0.05 0.07
CaoHa 0.04 0.04 0.04 0.04 0.04 0.24 0.19 0.10 0.08
CusHaa 0.03 0.04 0.04 0.04 0.04 0.26 0.14 0.13 0.05
CuHas 0.03 0.03 0.03 0.03 - 0.27 0.18 0.09 -
CugHag 0.01 0.02 0.02 0.02 - 0.29 0.20 0.10 -
CsoHso 0.03 0.03 0.03 0.03 - 0.29 0.14 0.12 -
CsoHs, 0.02 0.02 0.02 0.02 - 0.28 0.11 0.07 -
CssHss 0.04 0.04 0.03 0.03 - 0.34 0.20 0.05 -
CseHsg 0.05 0.05 0.08 0.06 - 0.29 0.16 0.05 -
CeoHeo 0.00 - 0.05 - - - 0.13 - -

Table 8. The calculated dipole moments for CsgHsg and CsgHsg cages. The dipole moment is given by Debye.

CSBHSQ
CsgHsg Endo-hydrogenation cages Exo-hydrogenation cages
CssHss 0.02 0.51 0.55 0.03 0.03 0.03 0.26 0.26 0.07 0.13 0.49

marize that the order of the surface reactivity is for C,H cages > C, cages > C,H,.; cages > C,H, cages. Also,
the most reactive sites are found at Xé site for C,H cages and at X/s site for C,H, .1 cages.

4. Conclusion

It is found that the surface reactivity order is for C,H cages > C, cages > C,H,.1 cages > C.,H, cages. Also, it is
noticed that the smallest band gap is 0.94 eV for Cs,H cage when one hydrogen atom is exo-hydrogenatedat the
55 s Site, comparing with 1.36 eV of un-hydrogenation Cs, cage. In addition, the hydrogen adsorption inside
the C,H,.; fullerene cages does not affect the band gaps, however the hydrogen adsorption outside C,H,.; fulle-
rene cages reduces the band gaps form ~7 eV to ~5 eV.
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