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Abstract Density functional theory calculations were per-
formed to examine the effect of a C vacancy on the phys-
isorption of H, onto Ti-functionalized Cg( fullerene when
H, is oriented along the x-, y-, and z-axes of the fullerene.
The effect of the C vacancy on the physisorption modes of
H, was investigated as a function of H, binding energy
within the energy window (—0.2 to —0.6 ¢V) targeted by
the Department of Energy (DOE), and as functions of a
variety of other physicochemical properties. The results
indicate that the preferential orientations of H, in the
defect-free (i.e., no C vacancy) CgoTiH, complex are along
the x- and y-axes of Cg( (with adsorption energies of —0.23
and —0.21 eV, respectively), making these orientations the
most suitable ones for hydrogen storage, in contrast to the
results obtained for defect-containing fullerenes. The defect-
containing (i.e., containing a C vacancy) CsoTiH, complex
do not exhibit adsorption energies within the targeted energy
range. Charge transfer occurs from Ti 3d to C 2p of the
fullerene. The binding of H, is dominated by the pairwise
support-metal interaction energy E(1)<"", and the role of
the fullerene is not restricted to supporting the metal. The C
vacancy enhances the adsorption energy of Ti, in contrast to
that of H,. A significant reduction in the energy gap of the
pristine Cg fullerene is observed when TiH, is adsorbed by
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it. While the C,, fullerene readily participates in nucleophilic
processes, the adjacent TiH, fragment is available for elec-
trophilic processes.
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Introduction

Hydrogen is a new renewable and clean energy option that
is convenient, safe, and versatile. However, safe, efficient,
and effective storage systems for molecular hydrogen are
required that meet the Department of Energy (DOE) targets
of 9.0 wt% and 81 g L™! by 2015 for molecular applications.
From a thermodynamic point of view, the hydrogen binding
energy should be about —0.2 to —0.6 eV per hydrogen
molecule, so that hydrogen can be adsorbed and desorbed
under near-ambient conditions, and hydrogen release should
be reversible [1].

The storage of gases in solids is a technological approach
that is attracting great attention because of its many impor-
tant applications [2, 3]. The physisorption of dihydrogen
within a light, porous, and robust material is especially
attractive, since it maximizes the possibility of highly re-
versible gas storage with fast kinetics and stability over
multiple cycles. The use of fullerene materials for hydrogen
storage has therefore gained attention. Fullerenes are a class
of carbon molecules in which the carbon atoms are arranged
into 12 pentagonal faces and two or more hexagonal faces.
These fullerene molecules can take the form of spheres.
Spherical fullerenes are often referred to as “buckyballs.”
The terms fullerene and buckyball derive from the name of
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the architect Richard Buckminster Fuller. Each spherical
fullerene is hollow, and the smallest spherical fullerene is
constructed from 32 carbon atoms. An overview of full-
erenes is given in [4, 5].

There are several advantages of using fullerenes for
hydrogen-storage applications [6]. C4 buckyballs show no
capacity to store hydrogen. However, theoretical calcula-
tions have shown that decorating Cgo and other buckyballs
with transition metal atoms leads to species that show ex-
tensive hydrogen storage. In these species, the hydrogen is
bonded through the Kubas interaction, and the nature of this
bonding is explained by the Dewar—Chatt—Duncanson mod-
el [7]. Fullerenes can be prepared with high purity, and their
curvature helps to avoid clustering, thus encouraging the
metal dopants to remain isolated. Several studies have
shown that the binding strength of molecular hydrogen with
nanoscale carbon structures can be substantially enhanced
by adsorbing transition metals such as Ti onto the surface of
the structure. Zhao et al. [8] carried out calculations on Cgq
and C4gB1, samples and found that charge transfer interac-
tions should allow the formation of stable organometallic
buckyballs with transition metals. Yildirim et al. [9] inves-
tigated molecular and dissociative adsorption of multiple
hydrogen molecules on transition metal decorated Cg. They
showed that Ti prefers the hollow sites in the hexagons of Cg
(binding energy: —2.1 eV), and once the metal is adsorbed
onto Cgo it can bind up to four hydrogen molecules
with a binding energy of —0.465 eV/H,. Sun et al. [10]
considered the clustering of Ti on a Cgo surface and its
effect on hydrogen storage. They showed that the pre-
ferred position for Ti was a hexagonal site (with a binding
energy of 2.35 eV), and once adsorbed, the Ti was able to
bind hydrogen molecules with a binding energy of
—0.55 eV/H,. They also showed that clustering reduced
this interaction energy to —0.38 eV/H,. However, neither
theoretical nor experimental data regarding the adsorption
of H, on Ti deposited onto pure Cg, fullerene or Cgo with
a C vacancy are available to compare with our data. Our
results may therefore serve as theoretical predictions.

Fig. 1 Side views of the two
considered types of pristine C,
fullerenes (without adsorbed
TiH, groups): a defect free Cqp
fullerene (without a C vacancy);
b defect containing Cso
fullerene (with a C vacancy)
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The main objectives of the study described in the present
paper were to examine the effect of a C vacancy in Ti-
functionalized Cg, fullerene on its capacity to store hydro-
gen and to characterize the preferential adsorption modes of
H, onto this fullerene. We considered two types of com-
plexes: defect-free CgoTiH, (without a C vacancy) and
defect-containing Cs9TiH, (with a C vacancy). An adsorp-
tion site on top of a C atom in the fullerene was selected for
the TiH, fragment in order to examine the effect of the C
vacancy. Theoretical characterization involved studying the
physical adsorption of H, within the energy window tar-
geted by the Department of Energy (DOE), the charge
transfer from Ti to the fullerene, pairwise and non-pairwise
additivity, frontier orbital energy gaps and isosurface plots,
the density of states, molecular electrostatic potentials, and
simulated infrared (IR), Raman (R), and proton nuclear
magnetic resonance (‘H NMR) chemical shifts.

Computational details

The Cgq fullerene molecule considered here consisted of 60
carbon atoms bonded in a near-spherical configuration. This
shape, called a truncated icosahedron, contains 20 hexa-
gons, 12 pentagons, 30 carbon double bonds, and 60 carbon
single bonds, and its diameter is about 7 A (Fig. 1). The
subsequent reactions of molecular hydrogen with the Ti
atom deposited on top of a C atom and the corresponding
C vacancy were examined, and three different orientations
for H, (in the x-, y-, and z-directions) were considered
(Fig. 2). To determine the equilibrium geometries of the
C, TiH, complexes, we carried out the following steps: (1)
full geometry optimization of the pristine Cgy was per-
formed at the B3LYP/6-31G(d) level of theory; (2) the vertical
distance between Ti and the top of the C atom was optimized,;
(3) the vertical distance between the center of mass of H, and
Ti was optimized; and finally (4) the internuclear distance in
H, was optimized. Steps (2)4) were carried out at the Har-
tree—Fock (HF) level with the small LANL2MB basis set. The
optimal geometries obtained were then refined by performing
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Fig. 2 Optimized geometries
of C60TiH2 and ngTin
complexes with H, oriented
parallel to the x-, y-, and z-axes
of the fullerene

CS,Tin(x)

single point energy calculations at the B3LYP/6-31G(d) level
of theory to determine adsorption energies and predict proper-
ties. Steps (2)—(4) were repeated for the defect-containing
Cs9TiH, complexes. The LANL2MB basis set places STO-
3G on the first-row atoms, and the Los Alamos ECP plus MBS
on Na-La and Hf-Bi [11]. The 6-31G(d) basis set is that of
Petersson and coworkers, defined as part of the Complete
Basis Set methods, with a single diffuse function [12]. The
B3LYP hybrid functional was chosen since it provides a rather
accurate description of metal interactions, and for magnetic
systems it provides a reasonable (albeit imperfect) picture that
lies midway between the HF and pure gradient-corrected ap-
proximation (GCA) descriptions [13, 14]. In some cases the
differences between the experimental values and the calculated
ones can be considered to be due to systematic error [15].
B3LYP correctly reproduces the thermochemistry of many
compounds, including transition metal atoms [16-18], and
ensures that the electronic ground states of first-row transition
metals and the energy difference between low-lying electronic
states with different spin multiplicities are accurately described
[19, 20].

The energy of the adsorption of H, onto the Ti-
functionalized Cg (without a C vacancy) or Cso (with
a C vacancy) fullerene was obtained from the relations

AE,45.(Hp) = E(CgTiH,) — E(Cg0Ti) — E(Hy) (1)

AEy.(Hy) = E(Cs9TiH,) — E(CsoTi) — E(Hz), (2)

C,,TiH,(y) C,TiH,(z)
where AFE, 4 (H,) is the adsorption energy of H,, E(C, TiH,) is
the total electronic energy of the complex, E(C,Ti) is the
electronic energy of the Ti-functionalized C,,, and E(Ti) is the
electronic energy of the free Ti atom. According to the preced-
ing definitions, a negative value of AFE,4, (H,) corresponds to
exothermic adsorption. The calculations were carried out using
the Gaussian 09 software package [21], and the figures were
generated using the associated GaussView software.

Results and discussion
Physisorption of molecular hydrogen

Tables 1 and 2 show the results of optimizing the adsorption of
Ti and H, onto Cg, including the adsorption energies (AE,qs.)
and vertical distances (d). Mulliken charges on Ti atoms (Or;)
are also included. We first analyze the energy for the adsorp-
tion of H, onto CeoTiH, complexes (i.e., no C vacancy); see
Table 1. The adsorption energies for molecular hydrogen
oriented along the x-, y-, and z-axes of Cg, are exothermic.
While the adsorption energy of H, oriented along the x- and y-
axes (—0.23 and —0.21 eV) are characterized as being in the
energy range required for H, storage at room temperature
(-0.2 to —0.6 eV), as suggested by Strobel et al. [22], the
adsorption energy of H, oriented along the z-axis (—0.03 eV)
is outside of this range. The adsorption energies of H, oriented
along the x- and y-axes also present the smallest distances
between Cg and Ti and between Ti and the center of mass of
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Table 1 Interatomic distances (d(Cgo—Ti), d(Ti-H,), d(H-H)), adsorption energies (AE,q4s.(H>)), and Mulliken charges (O;) of CeoTi Hy

complexes
CoTiH,(x) Cy TiH,(y) CyTiH,y(2)
d(Cg,-Ti) 2.23 A 2.25 A 2.51 A
d(Ti-H,) 2.01A 1.99 A 6.39 A
d(H-H) 0.75 A 0.76 A 0.70 A
AE, . (H)) -0.23 eV -0.21eV -0.03 eV
Qy 0.28 e 0.32 e 0.21e

R

H,, and the largest amount of charge transfer from Ti 3d to C
2p, leading in turn to the most extensive hybridization of
atomic orbitals. While the experimental H-H distance
(0.74 A) is elongated under the effect of H, adsorption along
the x- and y-axes, it is shortened by H, adsorption along the z-
axis. According to Yildirim and Ciraci [23], Ti contributes
only d electrons; electrons are almost absent from Ti 4s—they
are pprobably promoted to Ti d orbitals. When a metal atom is
supported on the fullerene, the large electronegativity of Cg
facilitates the transfer of electrons from the metal atom to Cgy,
leaving the metal atom in the cationic form. Hence, molecular

hydrogen can be trapped by the metal ion through a charge
polarization mechanism. Both filled and empty d orbitals are
necessary for metal-hydrogen complex formation. Conse-
quently, heavy transition metals with diffuse d orbitals, such
as Pt and Pd, are not good candidates for molecular adsorp-
tion. Yildirim and Ciraci also proposed that such metals can
interact strongly with the o* antibonding orbital of the H,
molecule, destabilizing the structure of dihydrogen, thus pro-
moting classical hydride formation. We can therefore con-
clude that a light transition metal such as Ti is a good
candidate for the molecular adsorption of H,. Also note that

Table 2 Interatomic distances (d(Cso—Ti), d(Ti—H,), d(H-H)), adsorption energies (AE,q4s (Hz)), and Mulliken charges (Or;) of CsoTiH, complexes

C,, TiH,(x)
d(C,,-Ti) 1.01A
d(Ti-H,) 2.60 A
d(H-H) 0.73 A
AE,, (H,) 0.14 eV
Q. 0.97 e

C;, TiH,(y) Cy, TiH,(2)
1.01 A 1.01A
2.60 A 2.84 A
0.72 A 0.72 A

-0.14 eV -0.05 eV
097 e 0.9 e

o9

3’y 1,,
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the experimental H-H distance (0.74 A) is neither significant-
ly shortened nor elongated under the effect of H, adsorption.
According to [23], when a single H, molecule is introduced
onto t80Ti, Ti is able to donate just enough charge to the o*
antibonding state to cause dihydrogen to be unstable with
respect to the dissociation of H,. However, when more hydro-
gen molecules are added to the system, the charge transfer per
H, molecule is not enough to destabilize the dihydrogen state,
and therefore the absorption becomes molecular. The amount
of charge transferred from the Ti atom and the H-H bond
length (see Table 1) suggest that we are dealing with the
nondissociative adsorption of H,.

When we consider the energy of the adsorption of H, on Ti-
functionalized Cso with a C vacancy (Table 2), it is clear that
the adsorption energies of molecular hydrogen oriented along
the x-, y-, and z-axes of Csg are also exothermic (—=0.14, —0.14,
and —0.05 eV). However, they are not in the target energy
range allowing hydrogen storage at room temperature (—0.2 to
—0.6 eV). While the calculated parameters of H, oriented
along the x- and y-axes are identical, they only differ from
those of H, oriented along the z-axis in the distance between
Ti and the center of mass of H,, and in the value of the
adsorption energy. The z-orientation is characterized by an
elongated distance and a smaller adsorption energy. The ex-
perimental H-H distance (0.74 A) was not significantly short-
ened by the adsorption of H, along the x-, y-, and z- axes.

‘We now consider the effect of a C vacancy on the structures
and energetic properties of the CgoTiH, and CsoTiH, com-
plexes. The distance between Ti and Cs is significantly
shorter than the distance between Ti and Cg4y due to the
absence of electronic repulsive effects between Ti 3d and C
2p. The amount of charge transfer from Ti to Csg is signifi-
cantly larger than that from Ti to Cg( due to the absence of the
C 2p atomic orbital at vacancy. While the adsorption
energies of two of the three orientations of H, on Ti-
functionalized Cg, were with the DOE-targeted energy win-
dow for hydrogen storage, none of the adsorption energies of
the H, orientations on Ti-functionalized Cso were within this
desirable energy range. The values of the structural and ener-
getic properties examined here vary among the H,-adsorption
modes of Ti-functionalized Cg, meaning that these properties
characterize each Hj-adsorption mode of Ti-functionalized
Cqo. This is not the case for Tifunctionalized Cso.

Pairwise and non-pairwise additivity

While the concept of non-additivity has been studied for
atom clusters, insulators, and SWCNTs [24-27], it has
been completely overlooked for fullerenes. We define
the interaction energy E(1)“*~T"2 among three sub-
systems—the fullerene support (Cgp), the metal (Ti), and
the (H,) molecule—as

E(])CGOTIHZ — EC60MTi“.H2 _ EC60 _ ETi _ EH27 (3)

where every energy term on the right-hand side of Eq.
3 is calculated using the geometrical parameters that
belong to the equilibrium geometry of Cg...Ti..H,. E
(i) ©60-Ti-H2 is the energy required to separate the
three subsystems without changing their geometrical
parameters. This energy can be decomposed into three

pairwise additive components and a non-additive term
€ nadd,

E(i)CGO,.Ti..H2= E (i)CGO..Ti +E (i)C()O..H2 + E (i)Ti..H2 +€ nadd
(4)

where
E(i)*® =EMP —EA —EB(A £B =S, Ti H,), (5)

and no geometrical relaxation is allowed within a sub-
system. The non-additivity term € "¢ [28] is a mea-
sure of the cooperative interactions among the

subsystems,
where
E(i)C6O...Ti — EC60..4Ti _ EC60 _ ETi (6)
E(i)Ti...Hz _ ETi~~~H2 _ ETi _ EHz (7)
Emdd — g (i)CéO‘ TiH g Q) C60..Ti, “E(i) C60.H, o (i)Ti H,
(8)

In Tables 3 and 4, the total interaction energies of the
Ceo...Ti...H;, systems, the pairwise energy components, and
the non-additive terms are given (as defined in Egs. 3—8). The
same set of equations (3—8) were also applied to the defect-
containing complexes Cso...Ti...Hs.

In Table 3, the total interaction energies of Cg...Ti...H,
complexes (without C vacancies) are seen to be dominated
by the pairwise additive component £(1)“**~T". An important
issue in any study of a support—metal system is the extent to
which the support (Cg) influences the interaction of an ad-
sorbate (H,) with the metal (Ti). The E(i)“°*™ term is
always greater than the E(1)™" term. This implies that
the binding of H, is mostly dominated by the support—metal
contribution E(1)**", followed by the pairwise metal—
dihydrogen additive contribution E(i)™"?. We can there-
fore conclude that the Cg( support has a considerable effect
on the interaction of H, with Ti, and its role is not restricted
to supporting the metal. In other words, the adsorption
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Table 3 Interaction energy components of CgoTiH, complexes. Total interaction energies: E(i)°°*TH2: pairwise components: E(1)°**T, E
( gy p p g p p
(1)C°%-H2 | E(i)TH2; non-additivity term: €249, all energies are in eV
E(i)CO0- T H2 E()CO0-Ti E(i)CO0-H2 E()yT-12 Enadd
CeoTiHa(x) -1.194 —0.968 —-0.005 —0.187 —0.034
CesoTiHa(v) —-1.158 —-0.954 -0.003 -0.216 0.015
CeoTiH,(2) -0.590 —0.558 —-0.004 —-0.001 -0.027

energy of H, depends on the type of fullerene support
(C,) involved and the amount of charge transferred
from the metal, which in turn depends on the electro-
negativity of the fullerene support. Moreover, the com-
plexes Cgp...Ti...Ho(x) and Cgo...Ti...Hs(y), for which
the Hj-adsorption energies (—0.23 and —0.21 eV) are
in the energy range that permits hydrogen storage at
room temperature (—0.2 to —0.6 eV), are characterized
by larger E(i) “°*™ and EG)™ ™ terms than those of
the complex Cgy...Ti...H5(z), for which the H,-adsorp-
tion energy (—0.03 eV) is not within the energy range
that allows hydrogen storage at room temperature.
However, the non-additivity term € ™ | which is a
measure of the cooperative interactions among the sub-
systems, is not discriminative.

In Table 4, the total interaction energies of Cso...Ti...H;
complexes (with C vacancies) are again seen to be dominat-
ed by the pairwise additive term E(1)<*°" and the E
)T term is always greater than the E(i)""? term,
implying that the binding of H, is dominated by the sup-
port-metal contribution £(i)“>%™, followed by the pairwise
metal—dihydrogen additive contribution E£(i)"". The Cs,
support therefore has a considerable effect on the interaction
of H, with Ti, and its role is not restricted to supporting the
metal. The complexes Cso...Ti...H(x) and Cso...Ti...H(y)
have larger E(1)""% and € " terms than those of the
Csg ...Ti...H5(z) complex. The values for the other two
terms, E(1)“>"~" and EG) M2 are nearly identical for
all three H, orientations, and are therefore not discrimina-
tive. Moreover, a comparison of Table 3 and Table 4 reveals
that the C vacancy has an enormous effect on the total
interaction energies of the complexes. The E(i)“™T™
values in Tables 1 and 2, together with the AF,4(H,)

Table 4 Interaction energy components of CsoTiH, complexes. Total interaction energies: E(i)

values in Tables 3 and 4, indicate that the C vacancy
enhances the adsorption energy of Ti and decreases the
adsorption energy of H,.

Frontier orbitals

The energy difference between the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) can be considered a good indicator of
changes in electronic properties and chemical reactivity
[29]. In general, band gaps are governed by molecular
structure and the theoretical size of the band gap defines
the transition (excitation) energy from the ground state to
the first dipole-allowed excited state [30]. However, the
crudest estimate—albeit the one most widely used due to
its low computational cost—is based on the energy differ-
ence between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO).

In solid state and condensed matter physics, the density
of states (DOS) of a system describes the number of states
per interval of energy at each energy level that can be
occupied by electrons. A high DOS at specific energy level
means that there are many states available for occupation at
that level. The HOMO, LUMO, and HOMO-LUMO energy
gaps of CgoTiH, and Cs9TiH, complexes are presented in
Fig. 3, and the corresponding density of states (DOS) are
presented in Fig. 4. The HOMO-LUMO energy gaps of the
pristine fullerenes were calculated to be —2.945 eV for Cg
(without a C vacancy), and —0.632 eV for Cso (with a C
vacancy). As can be seen from Fig. 3, a significant reduction
in the energy gap is observed when the TiH, fragment is
adsorbed onto the pristine Cgq fullerene. This reduction

C59...Ti... C59...Ti
, E

H2 -
, pairwise components: E(i)

%12, (1)1 and the non-additivity term: €%, All energies are given in eV

E(i)C5-Ti-H2 E(i)C-Ti E(i)C%°-H2 E(i)T-H2 gnadd
CsoTiH,(x) —10.966 —10.829 0.0057 0.128 —-0.271
CsoTiHy () —10.966 —10.829 0.0058 0.131 -0.274
CsoTiH,(2) —10.875 —10.829 —0.0056 0.050 —0.091
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Fig. 3 (Upper views):
Overhead projection of H,
deposited on Ti and oriented
along the x-, y-, and z- axes of
the defect free Cg fullerene
(without a C vacancy) and
defect containing Cso fullerene
(with a C vacancy). (Lower
views): HOMO and LUMO
energy levels, and HOMO-
LUMO energy gaps of the
defect free CgoTiH, complexes
(without C vacancies) and
defect containing CsoTiH,
complexes (with C vacancies)

-3.100 eV

-5.103 eV
CsoTiHa(X)

would be explained by a higher density of states near the
Fermi level, which arises from the overlap of the 3d elec-
trons of Ti and the 7-electron system of the fullerene
(Fig. 4). A smaller HOMO-LUMO gap should result in
easier excitation of electrons from the low-lying occupied
levels to the upper empty level, which in turn enhances
chemical reactivity towards an adsorbate. A similar degree
of partial charge transfer is expected, which can be ascribed
to the electronic reorganization caused by the interaction of
the Cgo and Ti. In other words, the presence of the 3d
electrons of Ti in the antibonding orbitals of fullerene leads
to an enhancement of the electron density in the fullerene
and thus a smaller band gap [31]. Now consider the pristine
Csg fullerene (with a C vacancy); see Fig. 3. As can be seen,
a significant increase in the energy gap is observed when the
TiH, fragment is adsorbed. This increase can in turn be
explained by a lower density of states near the Fermi level,
which arises from the overlap of the 3d electrons of Ti and
the 7t-electron system of the fullerene (Fig. 4). Moreover, in

ey

-3.105 eV

-3.112 eV

CesoTiH2(Y)

-2.821 eV -2.821eV

-5.116 eV
CsoTiH2(2)

-5.105 e\-" .
CsoTiH2(V)

Fig. 4 there are significant changes in the features of the density
of states and the Fermi level when a C vacancy is introduced
into the fullerene complex. While these changes distinguish the
x- and y-orientations of H, from the z-orientation of the com-
plex without a C vacancy, they cannot discriminate among the
H, orientations of the complex with a C vacancy, as both the
DOS features and Fermi levels are identical for all orientations
in this case.

A larger HOMO-LUMO gap should mean that the exci-
tation of electrons from the low-lying occupied levels to the
upper empty level is less probable, which in turn will disfa-
vor chemical reactivity towards an adsorbate. This explains
the lower adsorption energies of H; in the complexes with C
vacancies. As shown in Fig. 3, the complexes CgoTiH,(x)
and CgoTiH,(y) without C vacancies have narrower band
gaps than the complex CgoTiH,(z). However, the band gaps
of the complexes CsoTiH,(x) and Cs9TiH(y) with C vacan-
cies are identical, do not differ significantly from that of the
complex CsoTiH,(z), and are not discriminative. Thus, the
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Fig. 4 Density of states (DOS), 5 5
HOMOs, LUMOs, and Fermi Cgo TiH,(x) Ceo TiH,(y)
energy levels (vertical lines) of
C60TiH2 and C59TiH2 4 4
complexes
3t -3.1) 3t (-3.11)
w %)
o Q
=" = 2k
(-4.14) (-4.1T)
1} 1
0 1 1 1 1 0 1 1 1 1
-6 -5 -4 -3 -2 -1 -6 -5 -4 -3 -2 -1
Energy (eV) Energy(eV)
5 4 :
Cy, TiH,(2) CsyTiH,(x)
4 3t
’ 2
. 2
o 2fF
= G5.1)
; (-4.31) 1t )
0 L 0 L L L
-6 -5 -4 -3 -2 -1 -6 -5 -4 -3 -2 -1
Energy (eV) Energy (eV)
CsoTiH,(y) CsoTiHy(2)
(-2.82) (-2.82)
7))
%) Q
o =
a
-4 -2 -4 -3 -2 -1
Energy (eV) Energy (eV)

preferable orientations of H, are along the x- and y-axes of
the fullerene in the defect-free complexes. Consequently, the
occurrence of the Hj-adsorption energy within the energy
range permitting hydrogen storage at room temperature is
dependent on the width of the band gap, the Fermi level, and
the DOS.

An understanding of the distribution of frontier orbitals
around fullerene complexes would be valuable as it could be
used to guide the design and characterization of new function-
alized fullerenes for hydrogen storage. Frontier orbital isosur-
face plots of the present complexes are presented in Fig. 5.

@ Springer

While there is strong localization of the HOMOs on the TiH,
fragments of the CoTiH, complexes, there is strong delocal-
ization of the LUMOs on both the TiH, fragments and the
inner and outer surfaces of the fullerene. This implies a sig-
nificant flow of electronic charge across the interface between
the TiH, fragment and the fullerene buckyball. While the
overall features of the isosurface plots of CgoTiHy(x) and
CeoTiH,(v) are very similar, they are very different from those
of CeoTiH,(z). However, this is not the case for the Cs9TiH,
complexes: the isosurface plots could not be used to discrim-
inate between the complexes CsoTiH(x) and CsoTiH,(y) on
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Fig. 5 Front views of frontier
orbitals (HOMO and LUMO)
isosurface plots of a defect free
CgoTiH, complexes (without C
vacancies); b defect containing
CsoTiH, complexes (with C
vacancies) in which H, is
oriented along the x-, y-, or z-
axis of the fullerene

CeoTiH,(x)

b LUMO

LUMO

CeoTiH(z)

LUMO LUMO

CsoTiH,(x)

the one hand and the complex CsoTiH(z) on the other. Thus,
the isosurface plots indicate that CgoTiH,(x) and CgoTiH,(y)
complexes (without C vacancies) are the most suitable con-
figurations for hydrogen storage, based on the recommended
adsorption energy range.

CsoTiHx(y) CsoTiHx(2)

MEPs
Molecular electrostatic potentials (MEPs) have been exten-

sively used to guide the interpretation and prediction of
molecular behavior [32]. They have been shown to be a
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useful tool when studying both electrophilic and nucleophil-
ic processes, in particular the “recognition” of one molecule
by another [33, 34]. Electrostatic interactions play an im-
portant role in single-walled carbon nanotube (SWCNT)
sensor investigations [35, 36]. Despite using different theo-
retical methodologies, several studies indicate that defect
sites on SWCNTs are chemically more reactive than non-
defect sites [37-39]. However, less theoretical attention has
been paid to fullerenes in this context.

Molecular electrostatic potentials are either low neg-
ative potentials that are characterized by an abundance
of electrons and reactivity with electrophiles, or high
positive potentials that are characterized by an absence
of electrons and reactivity with nucleophiles. We denote
the former by a deep red color and the latter by a light
yellow color. The molecular electrostatic potential sur-
faces of CgoTiH, and Cs9TiH, complexes are given in
Fig. 6. As shown, the intensities of the negative and
positive MEPs of the complexes are affected by the
orientation of H,. While the MEPs of the complexes
CeoTiHy(x) and CgoTiH,(y) are similar, they are different
from those of the complex CgoTiH,(z), where excess
negative potentials surround the H, molecule. This indi-
cates that the complexes CgoTiH,(x) and CgoTiH,(y) are
less reactive with electrophiles. While the high positive
potentials increase noticeably in the region of the
buckyball, the low negative potentials increase in the
region of the TiH, fragment. This implies that the body
of the buckyball readily participates in nucleophilic
processes, while the TiH, adsorbate is available for
electrophilic processes. Meanwhile, the MEP distribu-
tions for the various CsoTiH, complexes are too similar

Fig. 6 Molecular electrostatic
potential (MEP) surfaces of
CﬁoTin and C59TiH2
complexes

+J

Ceo TiH,(x)

C,, TiH,(x)

@ Springer

to permit discrimination among the given orientations of
H,. In short, the MEP distributions indicate that the
CeoTiH, complexes with H, oriented parallel to the x-
and y-axes of fullerene are the most suitable configura-
tions for hydrogen storage, based on the recommended
adsorption energy range.

Polarizability and hyperpolarizability

The electronic dipole moments, molecular polarizabil-
ities, anisotropies of polarizability, and first hyperpolar-
izabilities of the present complexes were investigated. The
polarizability and hyperpolarizability characterize the response
of a system in an applied electric field, and determine the
strength of molecular interactions as well as the cross-sections
of different scattering and collision processes. The electron in
the p,, orbital of each sp? hybridized carbon atom in the fuller-
ene will form 7t bonds with the neighboring p, electrons. These
7t electrons are delocalized, resulting in high electronic polar-
izability. The significance of the hyperpolarizability and the
first hyperpolarizability of a molecular system is dependent
on the efficiency of electron transfer between the donor (Ti)
and the acceptor (Cg), as this is key to intramolecular charge
transfer [40—44].

The polarizability and hyperpolarizability tensors
(axxs axyy ayyy Olxz, O‘yz’ Uzy and ﬁxxm ﬁxxys ﬁxyy, Byyy?
ﬁxxz’ ﬁxyz, ﬁyyzy /zezs Byzz’ ﬁZZZ) can be obtained by the
finite-field, sum-over-states, and coupled perturbed
Hartree—Fock methods. However, applying the previous
methods with large basis sets to fullerenes such as Cg
is too computationally expensive. Here, we compute
the polarizability and hyperpolarizability tensors as

Cq, TiH,(2)

C;, TiH,(y)

C;, TiH,(2)
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Table 7 Infrared and Raman parameters, and the P and U depolarizations, of H, (H(62)-H(63)) in CgoTiH, complexes in the gas phase, as

calculated at the B3LYP/6-31G(d) level of theory

Infrared (IR)

Raman scattering
activity (A*/amu)

P depolarization U depolarization

Frequency Force constant Dipole strength

(em ™" (m dyne/A) (107%° esu’cm?)
CeoTiHy(x) 3989 9.45 6500 1989 0.716 0.835
CeoTiHa(v) 3813 8.64 7000 2154 0.705 0.827
CeoTiHa(2) 5114 15.53 350 306 0.333 0.499

numerical derivatives of the dipole moment, obtained from a
frequency job output file of the Gaussian software package.
The definition [45] of the mean polarizability is

1
o= g (axx + Ayy + aZZ)a (9)

while that for the anisotropy of polarizability is

1
[(axx - ayy)z + (ayy - QZZ)2 + (azz - axx)

V2 X
2
+60;, + 6013, + 60@] (10)

Ao = 2

and that for the average value of the first of the first hyper-
polarizability is

(B) = [ (Buss + By + Buse)” + (B + B+ By) (1)
+(ﬁzzz + ﬂzxx + ﬂzyy)z]

o=

The total dipole moment can be calculated using the
following equation:

1
o = (124 12+ 12) (12)

where p; (i=X, y, z) is the electronic dipole moment.

The calculated parameters described above for the
CgoTiH, and CsoTiH, complexes are presented in Tables 5
and 6. For the C4oTiH, complexes (Table 5), several facts
emerge:

(1) The polarizability « is dominated by the term «,, ,and
the polarizability terms o, and vy, are not significantly
affected by the orientation of H, with respect to the x-,
y-, and z-axes of Cgo. The smallest values of & and A«
are found for the x- and y-orientations.

(ii) The average value of the hyperpolarizability (B) is
dominated by the term (3, for the x- and y-orientations
of H,, and by the term (3,,, for the z-orientation. The
term f3,,, of the x- and y-orientations and the term 3,y
for the z-orientation are not significantly affected. Ex-
cept for Byxx, Bxyys and Byy,, the smallest values of 3 are
seen for the x- and y-orientations.

(ii1) The resultant dipole moment p is dominated by the
components i, and p,. The component i, is not sig-
nificantly affected by the orientation of H,. The largest
values of p are found for the x- and y-orientations of H,.

For Cs9TiH, complexes (Table 6), the following facts
emerge:

(1) The polarizability « is dominated by the term «,,, and
the polarizability terms oy, and oy, are not significantly
affected by the orientation of H, with respect to the x-,
y-, and z-axes of Csg. The smallest values of « and A«
are found for the x- and y-orientations.

(ii) The average value of the hyperpolarizability (B) is
dominated by the term (3,,, for all three orientations of
H,. The term [y is not significantly affected by the
orientation of H,.

(iii) The resultant dipole moments p of the three considered
orientations of H, are nearly identical. Further inspec-
tion of Tables 5 and 6 indicates that while the resultant

Table 8 Infrared and Raman parameters, and the P and U depolarizations, of H, (H(62)-H(63)) in Cs¢TiH, complexes in the gas phase, as

calculated at the B3LYP/6-31G(d) level of theory

Infrared (IR)

Raman scattering
activity (A*/amu)

P depolarization U depolarization

Frequency Force constant Dipole strength

(em™) (m dyne/A) (10™*%su? cm?)
CsoTiHy(x) 4617 12.66 100 925 0.254 0.405
CsoTiHa(y) 4770 13.51 100 893 0.256 0.407
CsoTiH,(2) 4782 13.58 400 1314 0.324 0.489
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dipole moments y of the CsoTiH, complexes are greater
than those of the Cg(TiH, complexes, the mean polar-
izability v and the anisotropy of polarizability A« are
significantly smaller.

The average value of the hyperpolarizability (8) and the
values of its components are randomly distributed without
clear trends. In short, the parameters o, Ac, 3, and p depend
on the orientation of H,, and orientations along the x- and y-
axes of Cg are the most suitable for hydrogen storage, based
on the recommended adsorption energy range.

Spectral characterization

A numerical harmonic vibrational analysis of the infrared
spectrum of molecular hydrogen was carried out to find its
strongest vibrational mode, and to characterize the H, ori-
entation most suitable for hydrogen storage. Modes mixed
with H, vibrations were not taken into account. The calcu-
lated infrared (IR) bands, force constants, dipole strengths,
Raman (R) scattering activities, and the P and U depolariza-
tions of H, in the CqoTiH, and CsoTiH, complexes are
collected in Tables 7 and 8. For the CgoTiH, complexes
(Table 7), inspection of the IR frequencies shows that all
of the bands shift in position and intensity according to the
orientation of H,. While a down shift of the band at fre-
quency (3,989 cm ") assigned to (H, str. H(62)-H(63)) with
force constant (9.45 m dyne/A) and dipole strength (6,500 x
10 *°esu” cm?) is observed upon changing H, orientation
from the x-direction to the y-direction, an up shift is ob-
served upon changing H, orientation from the y-direction to
the z-direction. An opposite behavior is observed for Raman
(R) scattering activity (1989 A*/amu), Pdepolarization
(0.716), and U-depolarization (0.835) assigned to (H, str.
H(62)-H(63)). These effects can be attributed to the inter-
action between H, and the Ti atom deposited on top of a C
site in Cgo. As shown, the highest values for the spectral
parameters (except the force constants) occur for the x-, and
y-orientations of H,. Thus, the IR and R spectral parameters
indicate that the complexes with H, oriented parallel to the
x- and y-axes of Cgp are the most suitable for hydrogen
storage, based on the recommended adsorption energy
range. For Cs9TiH, complexes (Table 8), there are continu-
ous increases in the IR frequency of the band at 4617 cm ™'
for Cs59TiH,(x) and the R band that has a scattering activity
of 925 A*/AMU for CsoTiH,(x), in contrast to what is seen
for the CgoTiH, complexes. Apart from the IR dipole
strength, there are parallel increases in the other spectral
parameters too. Thus, the results indicate that the IR and R
spectra depend on orientation of the interaction between H,
and TiCs9. Comparison between the two types of complexes
(with and without a C vacancy) indicates that only the IR
frequencies and force constants of the defect-free CgoTiH,

Table 9 Theoretical chemical shifts in "H NMR in (ppm) with refer-
ence shielding of 32.598 ppm, calculated at the HF/LANL2MB level
of theory, for C¢oTiH, complexes

Atom "H NMR? 'H NMR® "H NMR®
CeoTiH(x) H(62) -66.0 -66.5 98.2
H(63) -94.0 -95.0 126.5
CeoTiHa() H(62) -57.5 -58.25 90.0
H(63) -79.0 -80.0 112.0
CeoTiHa(2) H(62) 5.22 4.70 27.19
H(63) 5.10 445 27.43

# With respect to TMS at HF/6-31G(d) GIAO
°With respect to TMS at B3LYP/6-311+G(2d,p) GIAO
¢No reference

complexes are greater than those of the defect-containing
CsoTiH, complexes.

It is known that accurate predictions of molecular geom-
etries are needed to perform reliable calculations of magnet-
ic properties. We therefore attempted to characterize the
orientation of H, with respect to the Ti-functionalized full-
erenes in terms of their 'H NMR spectra. The calculated
chemical shifts (ppm) of 'H with respect to TMS at the HF/
6-31G(d) GIAO, TMS at the B3LYP/6-311+G(2d,p) GIAO,
and with no reference in for the CgTiH, and Cs9TiH,
complexes in the gas phase, calculated at the HF/
LANL2MB level of theory, are collected in Tables 9 and
10. Based on the data calculated for the complexes CgoTiH,
(Table 9), the H(62) protons of the complexes CgoTiHy(x)
and CgoTiH,(y) show much smaller chemical shifts than the
H(63) protons with respect to TMS at HF/6-31G(d) GIAO,
TMS at B3LYP/6-311G(2d,p), and with no reference, in
contrast to what is seen for the complex CgoTiH,(z). More-
over, the largest chemical shifts are observed for the H,
protons of the complexes CgoTiH,(x) and CgoTiH»(y). How-
ever, for the complex CgoTiH,(z) with no reference, the

Table 10 Theoretical chemical shifts in '"H NMR in ppm with refer-
ence shielding of 32.598 ppm, calculated at the HF/LANL2MB level
of theory, for CsoTiH, complexes

Atom '"H NMR? '"H NMR® '"H NMR®
CsoTiH,(x) H(61) 0.09 -0.625 32.51
H(62) -0.51 -1.225 33.11
CsoTiH,(y) H(61) 0.08 -0.64 32.52
H(62) -0.67 -1.39 33.27
CsoTiHa(2) H(61) 0.03 -0.70 32.60
H(62) 2.96 225 29.65

#With respect to TMS at HF/6-31G(d) GIAO
° With respect to TMS at B3LYP/6-311+G(2d,p) GIAO
¢No reference
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chemical shift of the H(62) proton is smaller than that of the
H(63) proton. These results for the '"H NMR spectra of the
CeoTiH, complexes indicate that orientations of H, parallel
to the x- and y-axes of Cg( are the most suitable orientations
for hydrogen storage, based on the recommended adsorption
energy range. Comparison between the defect-free CgoTiH,
complexes (Table 9) and the defect-containing CsoTiH,
complexes (Table 10) shows that the trends for both sets
of complexes are identical, differing only in the magnitudes
of the chemical shifts observed.

Conclusions

We have performed ab initio molecular electronic structure
calculations within the framework of density functional
theory to investigate the effect of creating a C vacancy in
Ti-functionalized Cg fullerene on its adsorption of molecu-
lar hydrogen and on the orientation dependence of this
interaction with molecular hydrogen. We studied the effects
of changing the H, orientation on various physicochemical
properties, including the adsorption energy, charge transfer,
pairwise and non-pairwise additivity, frontier orbital band
gaps and isosurface plots, density of states, as well as
molecular electrostatic potential surfaces, dipole moments,
polarizabilities and hyperpolarizabilities, and simulated IR,
R, and 'H NMR spectra. The preferential orientations of H,
in the defect-free complexes were along the x- and y-axes of
the fullerene, with adsorption energies of —0.23 and —0.21 eV,
respectively. The defect-containing complexes do not repro-
duce adsorption energies within the energy range targeted by
the DOE. While creating a C vacancy in the fullerene
improves the adsorption energy of Ti, it reduces the adsorption
energy of H,. Charge transfer occurs from Ti to the fullerene
(from Ti 3d to C 2p). The binding of H, is dominated by the
support-metal interaction energy term E(i)“™ ™ and the role
of fullerene is not restricted to supporting the metal. A signif-
icant reduction in the energy gap is observed when TiH, is
adsorbed onto the pristine fullerene. The C, fullerene
readily participates in nucleophilic processes, while the
adjacent TiH, fragment is available for electrophilic
processes. The average value of the hyperpolarizability
is dominated by f3,,, and the largest p value. The
physicochemical parameters can be used to distinguish
between the H,-adsorption modes of the defect-free
complex, whereas they cannot be used in this way for
the defect-containing complex. The highest values of the
infrared and Raman spectral parameters (except for the
force constants) were found for the x- and y-orientations
of H,. If fullerenes are to become the base materials of
a hydrogen fuel cell technology, many improvements
remain to be achieved either to the base materials such
as fullerenes and carbon nanotubes, or to the hydrogen

@ Springer

storage technology. This goal can be achieved by iden-
tifying and characterizing all physicochemical contribu-
tions to the overall problem of hydrogen storage and
systematically optimizing each one. Functionalization of
fullerenes or carbon nanotubes, and developing new
efficient methods for hydrogen storage at ambient tem-
perature are just two kinds of improvements that can be
achieved.

As hydrogen storage is one of the key challenges in the
development of clean hydrogen energy, it is not surprising
that considerable research efforts have focused on optimiz-
ing current hydrogen storage technologies. If fullerenes are
to become the base materials used in hydrogen fuel cell
technology, many improvements must be made. This goal
can be achieved by identifying and characterizing all of the
physicochemical contributions to the overall problem and
systematically optimizing each one. The synergy between
theory and experiment is making it easier to search for new
hydrogen storage materials with particular properties.
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