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ABSTRACT: The stability and reactivity of planar starlike
CgLig and its hydrogen-adsorbed analogue were analyzed using
density functional theory and ab initio molecular dynamics
calculations. The ability of the CgLis system to trap and
liberate hydrogen in its molecular form at different temper-
atures has been established. Interestingly, the planarity of C4Lig
is mostly conserved even at high temperature, making this
molecule a good candidate to serve as a hydrogen-storage
material.

1. INTRODUCTION

The idea to use hydrogen as an alternative fuel was conceived
during the past decade and has now became a major research
area. The storage of hydrogen and its applicability is challenging
because of the lack of proper materials that can act as effective
storage devices. Over the past few years, several efforts have
been made toward designing novel molecular materials that can
act as suitable hydrogen-storage materials under ambient
conditions."™* A good hydrogen-storage material should be
easily available, low in molecular weight, and capable of
adsorbing considerable quantities of hydrogen with a sufficient
gravimetric weight percentage, and it should exhibit appropri-
ately rapid adsorption—desorption kinetic behavior. Various
metal hydrides,” polymers,® metal organic frameworks
(MOFs),” and covalent organic frameworks (COFs),® among
others. have been explored for this purpose. It has been found
that porous MOFs and COFs can adsorb H, in molecular form
through van der Waals interactions between H, and the MOF/
COF. The adsorption enthalpies for these systems are in the
range of 1.0—1.5 kcal/mol,” and high temperatures are required
for adsorption.

It has also been found that pure carbon interacts very weakly
with N,'* and H,."" The adsorption can be improved by adding
a charged species because the very poor van der Waals surface
is not capable of trapping H,. Zhao et al.'> and Yildrim and
Ciraci"® reported that transition-metal-doped fullerene and
single-walled carbon nanotubes can efliciently bind H,. The
potential abilities of a variety of molecular motifs, including
carbon-based nanomaterials,'*~'” transition-metal-doped boron
nitride (BN) systems,'® aluminum nitride (AIN) nanostruc-
tures,'® fullerene clusters,*® alkali-metal-doped benzenoid
systerns,21 boron—lithium clusters,”> boron bucky balls
(Bgp),”® magnesium clusters,”* and metal—organic frameworks
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(MOFs),™ to serve as effective hydrogen-storage materials have
been modeled both experimentally and theoretically.

The research group of Chattaraj has shown that aromatic all-
metal Li;" and Na;" systems,*® as well as alkaline-earth-metal
cages (M,, where M = Mg, Ca; n = 8—10),° clathrate hydrate
molecules,”” Li-bound neutral and cationic B, complexes,28
transition-metal—ethylene complexes®, and cagelike B,,N;,
clusters®®, can be conceived as prospective materials for the
trapping and storage of hydrogen in both atomic and molecular
forms. Recently, Giri et al. showed®" that a carbon—lithium-
based molecule, Cgligz can trap 6—12 H, molecules in
molecular form with a good gravimetric weight percentage
(9.6 wt % for 6H,@CgyLis), thus indicating the promising
nature of this potential storage material. Six Li atoms bind with
benzene in such a way that they can form star-shaped
structures. In fact, it was already established that Li prefers
the bridging position of a C—C bond rather than binding
directly to a carbon atom.**7>* It was found that, although
starlike C¢Lis is not the global minimum-energy structure for
this system, it is a true minimum on the potential energy
surface. Several studies have been conducted on this system to
obtain its stability information.>"** In this work, an attempt has
been made to determine whether the starlike C4Lig system is
truly stable upon variation of the temperature and whether it
can be treated as an efficient hydrogen-storage material in terms
of rapid adsorption—desorption kinetic behavior.
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2. COMPUTATIONAL DETAILS

For the optimization of starlike CgLis and its hydrogen-
adsorbed analogue 6H,@C¢Lis, we used the B3LYP*® and
M052X>” functionals with the 6-311+G(d,p) and 6-311G(d)
basis sets. The results that we obtained with this approach were
consistent with those published previously by Giri et al.*' After
obtaining the optimized geometries, we performed ab initio
molecular dynamics (MD) simulations*® based on atom density
matrix propagation (ADMP)* to determine whether the two
structures are truly stable. ADMP is an extended Lagrangian
approach to molecular dynamics using Gaussian basis functions
and propagating the density matrix along the classical nuclear
degrees of freedom. The ADMP method has been found to be
quite interesting, because it provides about the same
information as Born—Oppenheimer MD at less computational
cost. The B3LYP/6-311G(d) level of theory was used in
ADMP calculations.

For C¢Lis, we performed four different simulations at four
different temperatures (0—300 K). Five different trajectories at
five different temperatures were generated for 6H,@C¢Li4. For
all cases, a thermostat was employed to maintain the
temperature constant throughout the simulation. Trajectories
of 2 ps were generated for all simulations with a 1-fs time
interval. The initial value for the nuclear kinetic energy was set
according to a Boltzmann distribution. A default fictitious
electron mass (0.1 amu) was chosen for all simulation. To
generate the initial Cartesian velocities, a default random
number generator seed was used. We performed the dynamics
with converged self-consistent-field (SCF) results at each point.
At each point of the simulation, it was possible to obtain the
structural and frontier-molecular-orbital [highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO)] energy information. Different conceptual40
density-functional-theory- (DFT-) based reactivity descriptors
such as the chemical potential,41 hardness,”* and electro-
philicity,*® were calculated using the HOMO and LUMO
energies. All optimization and dynamics runs were performed
using the Gaussian 09W suite of programs.**

3. RESULTS AND DISCUSSION

In this work, an attempt was made to determine the stability
and reactivity of CcLis and its hydrogen-adsorbed analogue
using ab initio molecular dynamics, specifically, the ADMP
method. The chemical potential, hardness, and electrophilicity
values of these systems are reported in Table 1. Koopmans’
theorem™ was used to calculate these reactivity descriptors. We
found that there was not much difference in the values of these

descriptors between the 6-311+G(d,p) and 6-311G(d) basis

Table 1. Chemical Potential (i), Hardness (1), and
Electrophilicity (w) Values of the C¢Lig and 6H,@CLigq
Systems Obtained Using Koopmans’ Theory at the B3LYP
Level of Theory™”

system u (eV) n (eV) o (eV)

H, —5.123/-5.143 13.370/13.494 0.979/0.980

CgLig —2.119/ -2.113 1.899/1.900 1.182/1.174
(4.118) (0.715)

6H,@ 1.798/1.760 2.504/2.565 0.646/0.604
CeLig (4.434) (0.518)

“Values reported for the 6-311+G(d,p)/6-311G(d) basis sets. “Values
in parentheses calculated in ref 31 by the ASCF method.

sets. The trends of these descriptors are also consistent with the
previously published results of the Chattaraj group,**™>'
although they used the ASCF method in their calculations.
Figure 1 presents the optimized geometries of C4Lis and 6H,@

Figure 1. Optimized geometries of the C4Lis and 6H,@CgLi4 systems
at the B3LYP/6-311G(d) level of theory.

C¢Lig. For hydrogen-adsorbed C¢Li4, we found no direct bond
between Li and molecular H,, although this structure is still
stable because of a possible ion—induced-dipole interaction
between positively charged Li and H,. It was reported earlier
that positively charged Li is capable of trapping H, in its
molecular form. The positively charged Li could induce a dipole
moment in the approaching H, molecule, thus creating a
possible ion—induced-dipole interaction to stabilize the
system.21’27’46 We also found that, in C4Li4 all of the Li
atoms are positively charged and the charge on Li decreases
when C¢Lig binds with molecular H, in 6H,@CLi;. We also
found that the H—H distance increases when hydrogen is
trapped on Li.

To investigate the stability of C¢Li, we performed ab initio
MD simulations using the optimized geometry obtained from
Gaussian 09. Four different 2-ps trajectories at four different
temperatures were generated for this purpose. The correspond-
ing potential energy trajectories along with their 2-ps structures
are presented in Figure 2. From Figure 2, it is evident that, as
the temperature increased, the energy of the system also
increased, as a result of the increase in the nuclear kinetic
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Figure 2. Potential energy trajectories at different temperatures for the

CqLig system. The structures correspond to the 2-ps structures at the
respective temperatures.
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Figure 3. Structures of CgLi4 at different time intervals during simulations at different temperatures.

energy. Although it might be expected that the increase in
nuclear energy could distort the planarity of CyLis, we found
that the planarity of the system was not much affected by a
change in temperature. At 0 K, the systems were perfectly
planar. As the temperature increased from 100 to 300 K, the
geometry became slightly distorted, but this distortion was
mainly due to the displacement of Li. Even at room
temperature, the planarity of the benzene was not distorted.
This is clear when one examines the snapshots of C4Li, taken at
different time intervals at different temperatures, as depicted in
Figure 3. From these simulations, we concluded that the CgLi4
molecule is stable even at room temperature.

Next, we wanted to investigate the stability of 6H,@CgLi4
and also check whether C4Lig can be treated as a potential
hydrogen-storage material. For this purpose, we performed
ADMP simulations on the optimized geometry of 6H,@CgLi4
at various temperatures. Again, a 2-ps trajectory was generated
for the simulations at all five temperatures investigated (0, S0,
100, 200, and 300 K). The corresponding potential energies as
functions of time are presented in Figure 4. In this case, we
again observed that the energy of the system increased with
increasing temperature. The stability of this system can be
better understood by examining the different snapshots
(Figures 5—7) taken during the 2-ps simulations.

At 0 and 50 K, all hydrogen molecules remained trapped on
Li in their molecular form. This situation changed when the
temperature was increased. At 100 K (Figure S), we found that,
at around 100 fs, one H, tried to separate from Li. At 600 fs,
another H, detached from Li. From that point until the end of
the simulation, only two H, molecules desorbed from the main
structure, leaving four H, molecules trapped on Li. As the
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Figure 4. Potential energy trajectories at different temperatures for the
6H,@CqLi4 system. The structures correspond to the 2-ps structures
at the respective temperatures.

temperature increased, the H, desorption occurred more
quickly. At 200 K, within 200 fs, three H, molecules desorbed
from Li, and by around 400 fs, four H, molecules were
completely desorbed from the C¢Lis moiety. At the end of the
simulation, we found that, at 200 K, all of the H, molecules had
desorbed and the planar CyLis was recovered (Figure 6). The
same thing happened in the case of the 300 K simulation
(Figure 7). In fact, we observed that, at 300 K, H, desorption
occurred faster than at 200 K. Here, one important point to
notice is that the increase in temperature only desorbed the
molecular H,, whereas the parent structure of CyLis remained
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Figure S. Structures on the potential energy trajectories at different temperatures for the 6H,@CgLis system. The structures correspond to the
indicated elapsed times during the 2-ps simulations at the respective temperatures.
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Figure 6. Structures on the potential energy trajectory at 200 K for the 6H,@CgLi4 system. The structures correspond to the indicated elapsed times

during the 2-ps simulation at the given temperature.

unaffected. This fact can also be visualized by examining the
potential energy trajectories at 200 and 300 K. The initial
oscillation in the potential energy is due to desorption of H,,
but after 800 fs, the trajectories attained a flat region,
confirming the complete desorption of all of the H, moecules
from the CgLiz moiety. Thus, from these simulations, we
conclude that CgLis can be treated as a potential H,-storage
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material because it can trap six H, molecules at low
temperatures and liberate them at higher temperatures. Given
that, at high temperature, C4Lig4 liberates all of the adsorbed H,
and the parent C4Lis moiety is restored, it is expected that the
reactivity of Cg4Li4z can be completely recovered.

To obtain more information about this reactivity pattern, we
calculated the conceptual DFT-based global reactivity descrip-

dx.doi.org/10.1021/jp3095819 | J. Phys. Chem. C 2013, 117, 5544—5551
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Figure 7. Structures on the potential energy trajectory at 300 K for the 6H,@CgLi4 system. The structures correspond to the indicated elapsed times

during the 2-ps simulation at the given temperature.
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Figure 8. Variations of the chemical potential along the 2-ps simulation for C4Lis and 6H,@CqLig at different temperatures.

tors of chemical potential, hardness, and electrophilicity
throughout the simulations. The chemical potential profiles of
both C4Lis and 6H,@CgyLis are presented in Figure 8. For
Cglic, we found that the chemical potential increased with
increasing temperature. At 0 and 100 K, it remained constant
throughout the simulation. Instantaneous oscillations at higher
temperatures such as 200 and 300 K suggest that the chemical
potential changes because of the instantaneous change in the
external potential. For 6H,@CqyLi4, the pattern was different
from that for CgiLisz. In this case, the chemical potential
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decreased with increasing temperature except for S0 K. At this
temperature, the chemical potential increased from its value at
0 K. From the chemical potential profiles of 6H,@CgLis, we
observed that, after 1.2 ps, the chemical potentials at 200 and
300 K were almost same, and more interestingly, they attained
the value for the parent CyLig at the respective temperature.
This is because, after 1.2 ps, all of the H, molecules had
desorbed from CgLig, and the planar C¢Lig moiety was restored.
These results also confirm that the C4Lig moiety is truly stable
and can act as a hydrogen-storage material.

dx.doi.org/10.1021/jp3095819 | J. Phys. Chem. C 2013, 117, 5544—5551
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Figure 9. Variations of the hardness along the 2-ps simulation for C4Lis and 6H,@CqLis at different temperatures.
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Figure 10. Variations of the electrophilicity along the 2-ps simulation for C4Lis and 6H,@CqLis at different temperatures.

The hardness and electrophilicity profiles of both systems are
presented in Figures 9 and 10, respectively. From the plots of
hardness, it is evident that hardness decreased with increasing
temperature. At 0 and 50 K, the hardness values of the 6H,@
C¢Lig system were almost constant throughout the simulation,
indicating that, at these temperatures, 6H,@CgLi4 is stable. As
temperature increased, the stability of 6H,@CyLis decreased
because of the structural changes resulting from the desorption
of hydrogen from the C4Lis moiety. Here, as for the chemical
potential, we found that the hardness values for 200 and 300 K
were almost equal to each other after 1.2 ps and equivalent to
the value of the parent C4Lis compound.

Electrophilicity increased with increasing temperature, as
expected, except at 50 K. At this temperature, we found that the
electrophilicity of 6H,@C¢Lis was less than that for the 0 K
profile throughout the simulation time. This indicates that
6H,@C¢Lig in more stable at 50 than 0 K. For the 200 and 300
K simulations, after 1.2 ps, 6H,@CgLis attained the electro-
philicity value of the parent C4Lis moiety at the respective
temperatures.

If one examines the hardness and electrophilicity profiles for
6H,@CqLig at high temperature, one can see that the hardness
decreased and the electrophilicity increased. This is due to the
liberation of H, from the C¢Lis moiety, which makes the 6H,@
Cq¢Lis system gradually more reactive. This suggests that 6H,@
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CeLig is more stable than CyLi4, which is also reflected in Table
1. If one considers the reaction between CcLiz and 6H, to
produce 6H,@CLig, then, according to the maximum hardness
principle (MHP)*” and the minimum electrophilicity principle
(MEP),* 6H,@CLi4 should be more stable (higher hardness)
and less reactive (lower electrophilicity). Exactly this occurred
in the present case. From this study, it is now clear that, after all
of the hydrogen molecules have been liberated, the 6H,@CqLi
complex converts into planar C¢Lig + 6H, and all of the
reactivity is recovered. In summary, CgLig is a stable planar
compound that can absorb 6H, in its molecular form at very
low temperatures and desorb all of the hydrogen molecules at
room temperature. Once the H, is completely liberated, the
Celig system is ready to restart the absorption/desorption
process again.

4. CONCLUSIONS

The stability and reactivity of Cg4Liz and 6H,@C¢Lis were
analyzed in terms of energy and conceptual DFT-based
reactivity descriptors. All of the analyses revealed that the
starlike C4Lis molecule is a very stable compound and its
planarity remains conserved even at high temperature. CgLi4
can efficiently absorb hydrogen in its molecular form at low
temperature and desorb it at room temperature. At high
temperature, CLis regains it reactivity in terms of chemical

dx.doi.org/10.1021/jp3095819 | J. Phys. Chem. C 2013, 117, 5544—5551
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potential, hardness, and electrophilicity after liberating all of the
absorbed hydrogen. Therefore, in terms of potential hydrogen-
storage materials, C¢Lis seems to be a worthy candidate.
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