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N-ethylcarbazole-Doped Fullerene as a Potential Candidate for

Hydrogen Storage, Kinetics Approach

A. Mehranfar, M. Izadyar”

Department of Chemistry, Faculty of Sciences, Ferdowsi University of Mashhad, Mashhad, Iran

Abstract:

Due to the suitable possibility of the hydrogen storage applications in the
liquid organic hydrogen carriers (LOHCs), a systematic analysis of the
chemisorption pathway of hydrogen on N-ethylcarbazole doped fullerene
(NEC@Cy) is given. In this study, we have investigated the nine steps of adding
hydrogen onto the NEC@Cg using the B3LYP/6-31G (d) level of theory in the gas
phase and decalin. Based on the potential energy diagrams, Steps 5 and 9 were
considered as the rate determining steps in the gas phase and decalin, respectively.
Moreover, reducing the activation energy of decalin indicates solvent has an
important role on the donor-acceptor interactions at the TSs. Atoms in molecules
analysis confirmed the covalent nature of the C-H bonds that was formed in the
TSs by potential energy densities. Comparison between the pure NEC and
NEC@C60 showed that the doping on the LOHCs improved the aspects of the

kinetic viewpoint.
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Introduction:

Hydrogen has been recognized as a promising source of energy. Some
features, such as abundant in nature and free environmental pollution make it an
ideal material as a clean energy carrier. One of the most important technical
challenges for practical use of hydrogen energy in large-scale applications is to
find feasible and safe materials which have high gravimetric and volumetric
density.”™"!

Many of nanostructured materials such as nanotubes, nanofibers and hybrid

nanostructures have been proposed as materials for hydrogen storage.''""

Despite
much research on hydrogen uptake by carbonaceous materials, the actual
mechanism of storage still remains a mystery. This mysterious nature arise of the
different types of interactions, including Van der Waals, ionic and covalent
interactions. '

The first type is based on Van der Waals attractive forces (physisorption),
and in the second type, the overlap of the highest occupied molecular orbital of
carbon with the occupied electronic wave function of the hydrogen electron is

. . .. . . 8.13.14
created with a strong chemical association (chemisorption).” ™
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Light weight and high surface-to-volume ratio of carbon nanostructures has
attracted attention the hydrogen storage via these materials. Although carbon
nanostructures are not ideal materials for storage at ambient thermodynamic
conditions, because pristine carbon nanostructures interacting with hydrogen in the
physisorbed molecular form and the binding energy of hydrogen in physisorbed
state is very small at a very low temperature.'

First report on hydrogen storage in carbon nanotubes presented by Dillon et
al. at 133 K.*’ Their studies showed that hydrogen storage capacity of pure carbon
nanotubes is not greater than 1 wt. % at ambient temperature. Also theoretical
studies indicate that high hydrogen content are not achievable through physical
adsorption of hydrogen in the pure carbon nanotubes. '’

Fortunately, the physical and chemical properties can be modified by doped
and induce defects in nanotubes. The successful synthesis of carbon nanotubes

12,16

doped with nitrogen was conducted through different techniques. Research

studies show that doped nanomaterials like nanotubes, nanofibers and nanospheres
increases the binding energies at ambient temperature and pressure."'’ >
According to the ability of the double bond hydrogenation reaction, fullerene

can act as a potential hydrogen storage materials. C4, is a model of the zero-

dimensional carbon nanostructure®> with radius curvature of 3.55 °’A which makes
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324 Also, the curved surface of the

it a better catalyst than the majority nanotubes.
Ceo prevents the interference groups to be adsorbed.

Structural heterogeneity in terms of chemical modification of nanostructures
with nitrogen has been considered as a means to strengthen the substrate-hydrogen
interaction.” Actually, aromaticity of Cg lead to thermodynamic stability and less
reactivity. One of the ways to establish the ionic surface in Cg is doped suitable
elements on the molecular surface. Zhang et al. studied the charged fullerene
surface as a high-capacity hydrogen-storage medium.*

The polyaromatic rings could be regularized the enthalpies and facilitates
reversible hydrogenation via substitution of nitrogen under ambient conditions.”’
Some compounds such as carbazole and N-ethylcarbazole, because of the
gravimetric storage capacities more than 5.5 wt. %, are potential candidates for
hydrogen storage.*®

Pez et al. proposed organic heterocycles for the first time for usage as
hydrogen storage materials at Air Products.”” Their observation was published in a
series of key patents.’® Recently, investigate onto the hydrogenation of N-
ethylcarbazole using a commercially available ruthenium catalyst has been done by
Sotoodeh et al.’' Stoodeh et al. determined hydrogenation of N-ethylcarbazole
(NEC) at 7MPa and 150°C.' Also decalin was used as the solvent in the

dehydrogenation process.*>>’
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Temperature effect on hydrogen uptake onto N-ethylcarbazole was studied by
Eblagon et al at 120°C- 170°C. They confirmed the reaction rate is increased via
increase temperature. However, there is no significant difference in the reaction
rate between 150°C and 170°C.*° U.S. Department of energy (D.O.E) target for
hydrogen storage are summarized in the table 1.

As previously mentioned, despite extensive research on hydrogen storage
materials, the actual mechanism of storage is unknown. Here, we have tried to
illustrate the kinetics and mechanism of hydrogen storage on a new proposed
nanostructure of N-ethylcarbazole@Csgy.

In order to investigate the behavior of hydrogen storage in the various
conditions, we have calculated Gibbs free energy and corrected interaction energy
at four different conditions to describe the NEC—doped fullerene structure:

A. At standard conditions (0.101325MPa and 25°C) in the gas

phase
B. At 150°C and 7MPa in the gas phase.
C. In decalin as the solvent.
D. At 150°C and 7MPa in decalin.

Table 1. U.S. Department of energy (D.O.E.) targets for hydrogen storage systems.”’

Targets

Storage parameter Units 2020 Ultimate
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Gravimetric capacity kWh/kg 1.8 2.5
wt% 5.5 7.6
Volumetric capacity kWh/L 1.3 2.3
gH2/L 40 70
H, delivery temperature °C -40/85 -40/85
H, Min delivery pressure bar (abs) 5 3
H, Max delivery pressure bar (abs) 12 12

Computational Details:

All structures of the reactants, intermediates, transition states, and products
involved in this study, were fully optimized in the gas phase using the hybrid

38,39

density functional theory, B3LYP and 6-31G(d) basis set as implement in
Gaussian09 package.”

The energies of the structures were further improved by single-point
calculations at the B3LYP/6-311++G (d,p), M062X/6-311++G (d,p) and
MPWB95/6-311++G (d, p) levels of theory to achieve more accurate energy for
the various structures.

Assess the nature of the stationary points on the corresponding potential
energy diagram (PED) was determined by the vibrational frequency analysis.

These calculations were performed at the standard and experimental conditions

(423.15 K, 7 MPa). Solvation free energy corrections were computed by the
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conductor like polarizable continuum model (CPCM) calculations in decalin for
consistency to the experiments."

IRC (intrinsic reaction coordinate) calculations were conducted to verify the
true transition states and ensure that the transition states do in fact connect the
proper adjacent minima. All the calculations have been performed using Gaussian
09 packages.” Natural bond orbital (NBO) analysis*’ was done to have knowledge
of the electronic charge distribution during the hydrogen storage process. Quantum
theory of atoms in molecules (QTAIM) method using AIM2000 package®' was

applied for topological analysis of the electron density.

Results and Discussion:

A fullerene combines proper electronic and geometric structures. These
properties of fullerenes can make it suitable to have a significant influence on the
performance of the hydrogen storage mechanism. Equation 1 represents hydrogen
storage reaction of NEC—doped fullerene, which we have identified as well-suited

for computational study.

NEC @ C60 + 6H, 2 12H — NEC@ C60 (1)

The optimized structure of N-ethylcarbazole doped Fullerene (NEDF) is
shown in

Figure 1.
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Figure 1. Optimized structure of N—ethylcarbazole doped fullerene (NEC @ C60), side and up view.

The pathway of NEC hydrogenation can be divided into eight stages:

Stages I and II: hydrogenation of NEC to dihydro—NEC, Stages III and 1V:
hydrogenation of dihydro—NEC to tetrahydro-NEC, Stage V: hydrogenation of
tetrahydro—NEC to hexahydro—NEC, Stage VI: hydrogenation of
hexahydro—NEC to octahydro—NEC, Stage VII: hydrogenation of
octahydro—NEC to decahydro—NEC, Stage VIII: hydrogenation of
decahydro—NEC to dodecahydro—NEC.

Also, another possible pathway has been examined in which two hydrogen
molecules are added simultaneously to the reactant and this pathway found to be
more favorable from the energy point of view than other ways.

Hydrogenation in the gas phase:

Main geometrical parameters of the optimized structures in the gas phase
have been evaluated during the hydrogenation process and given in Table SI.
According to the Table S1, H-H bond length is increased while C—H bond length
is reduced during the reaction. Scheme 1 shows the hydrogenation steps on
NEC@Cep.

Optimized transition structures (TSs) of scheme 1 have been shown in

Figure S1. The activation and thermodynamic parameters for all the studied steps
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have been reported in Table 2 and compared with the experimental data of Eblagon
et al.”"
Potential energy diagram of NEC@Cs, hydrogenation pathways in the gas

phase is shown in Figure 2, blue and red colors in the standard and experimental
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Scheme 1. N-ethylcarbazole hydrogenation pathways. IM1 and IM2: dihydro- N- ethylcarbazole,
IM3: tetrahydro- N- ethylcarbazole, IM4: hexahydro- N- ethylcarbazole, IM5: octahydro- N-
ethylcarbazole, IM6: decahydro- N- ethylcarbazole, P: dodecahydro- N- ethylcarbazole

conditions (423.15K, 7MPa), respectively. Note that we hereafter present the

energetic results in the form of standard conditions [experimental conditions].

10
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A single H, molecule could be adsorbed on the reactant during the paths 1
and 2. According to Figure 2, TS9 with a relative energy of 93.5 kcal.mol™ [91.6
kcal.mol™] is higher than TSI and TS2 (Figure 2, solid line and dash line,
respectively). The calculated Gibbs free energies of the reaction for paths 1 and 2
are 5.8 and 3.3 kcal.mol™, respectively. These calculated values show that these
paths are not favorable (AG > 0).

Therefore, path 9 has been considered as the first favorite pathway of the
hydrogen storage, thermodynamically (AG = -15.2 kcal.mol™). After passing
through the TS9, IM 3 is formed. The activation energy for this step is 82.2
kcal.mol™ [82.5 kcal.mol™'] and two hydrogen molecules are stored on NEC-doped
fullerene during this step. Higher value of the relative Gibbs free energy of the TS5
(105 kcal.mol™ [105.2 kcal.mol™']) than other steps makes it the rds for the overall
reaction. At this stage, three molecules of hydrogen have been saved with intake an
activation energy of 97.2 kcal.mol [97.1 kcal.mol™].

In order to store the fourth hydrogen molecule, an activation energy of 68.8
kcal.mol™ [69.1 kcal.mol'] is needed. Gibbs free energy value of -20.5 kcal.mol™
[-20.2 kcal.mol™'] for this step makes it thermodynamically favorable. Adding of
the fifth and sixth hydrogen molecules due to the Gibbs energy of reaction of 14.2

kcal.mol™ [14.4 kcal.mol™'] and 1.9 kcal.mol” [2.4 kcal.mol'] is not appropriate,

11
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thermodynamically, which request the activation energy of 67.0 kcal.mol” [66.9

kcal.mol™ Jand 64.5 kcal.mol'[ 64.3 kcal.mol™' ], respectively.

Comparison between the energetics of the reaction in the standard and

experimental conditions does not show any meaningful description except in the

activation entropy, experimental conditions reduce the entropy of transition states.

Table 3 shows the calculated Gibbs free energies in the rate determining

steps for all studied paths.

Page 12 of 29

Table 2. Calculated thermodynamic and activation parameters for hydrogenation of NEC@Cg, to 12H-NEC@Cy in the

gas phase at the standard and experimental (150°C and 7MPa) conditions.

Step NO. AG(kcal. mol™1) AG* (kcal. mol™?1) —AS*(cal. (mol. K)™1) Ea(kcal. mol™1)
Standard Exp Standard Exp Standard Exp Standard Exp

1 5.8 6.0 80.9 88.1 28.5 20.5 73.5 81.1
2 3.3 3.5 79.8 80.0 29.4 224 72.2 72.2
3 -20.9 -20.6 76.4 76.3 27.4 19.7 69.4 69.7
4 -18.4 -18.1 72.8 72.7 27.3 19.6 65.8 66.1
5 -4.7 -4.5 105.0 105.2 29.4 223 97.2 97.1
6 -20.5 -20.2 75.9 75.8 28.5 19.8 68.8 69.1
7 14.2 14.4 74.8 75.1 30.1 232 67.0 66.9
8 1.9 24 72.2 72.5 29.9 232 64.5 64.3
9 -15.2 -14.6 93.5 91.6 41.5 254 82.2 82.5

12
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Fullerene Hydrogenation out of the NEC sites

Since hydrogen molecules can be differently oriented around the fullerene,
hydrogen uptake was investigated in other places on fullerene. Activation and
thermodynamic parameters have been obtained from different sites of Cqy (not
NEC). Despite of decrease in activation energy through these routes (82.4 kcal.mol
"), Gibbs free energy is positive (9.1 kcal.mol"'), therefore they are
thermodynamically unfavorable. These findings are in accordance with the
previous works of the ionic center creation in the fullerene.*

Verification of the selected computational method:

In order to improve the level of the theory, including more effective Van der
Walls interaction, single point energy calculations were done by MPW95 and
MO062X using the 6-311++G (d, p) basis set. Comparison between the B3LYP and
these functionals (Table 4) confirmed the rate determining step was the same,
although they were numerically different.

Investigate the Table 4 proved that B3LYP/6-31G(d) level of the theory is
sufficient enough for our purpose. According to the relative energies listed in Table
4, NEC@Cq has less activation energy than pure NEC. This result could be

interpreted by the number of m electrons which interact with hydrogen molecules.

13
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It is worthwhile to rationalize that why NEC@Cs, is preferred than NEC to store

hydrogen in this model.

14
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Figure 2. Potential energy diagram for the hydrogenation of NEC@Csg, in the gas phase, blue line: standard conditions, red line: experimental conditions (150°C,
7MPa). Solid line: NEC@Cg, hydrogenation through IM1, Dash line: NEC@Cgo hydrogenation through IM2, Dot line: NEC@Cg, hydrogenation through TS9.
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Table 3. Calculated Gibbs free energies of the rate determining steps (rds) for all subroutes in the gas phase
at the standard and experimental conditions.

Path R-P, Steps of subroutes AG™ 4
Gas phase (kcal. mol™1)
Standard R, TS1,IM1,TS3,IM3,TS5,IM4,TS6,IM5,TS7,IM6,TS8,P 105.0
conditions R, TS2,IM2,TS4,IM3,TS5,IM4,TS6,IM5,TS7,IM6,TS8,P 105.0
R, TS9 ,IM3,TS5,IM4,TS6,IM5,TS7,IM6,TS8,P 105.0
Experimental R,TS1,IM1,TS3,IM3,TS5,IM4,TS6,IM5,TS7,IM6,TS8,P 105.2
conditions R, TS2,IM2,TS4,IM3,TS5,IM4,TS6,IM5,TS7,IM6,TS8,P 105.2
R, TS9 ,IM3,TS5,IM4,TS6,IM5,TS7,IM6,TS8,P 105.2

Hydrogenation in decalin

Conductor like polarizable-continuum model (CPCM) was applied to
investigate the effect of decalin as the solvent on the rate of hydrogen storage via
NEC@Cg¢p. Main geometrical parameters in decalin were reported in Table S2. H—
H bond length is increased from 0.74 A °to 1.42A ° during the reaction. Average
lengths of C—C and C—H bonds are 1.51 A° and 1.81 A ° at the TSs, respectively.
Comparison of changes in the bond length at the TSs shows that hydrogen storage
happens through a non-synchronous concerted mechanism.

Calculated thermodynamic and activation energies for all species have been
reported in the Table 5. Potential energy diagrams of the hydrogen storage reaction
in the presence of decalin at the standards and experimental conditions were shown
in Figure 3 in blue and red colors, respectively.

Similar to the gas phase, thermodynamic and kinetic parameters in decalin
suggests that step 9, with an activation energy of 81.25 kcal.mol™ [81.65 kcal.mol

"1, is rds. Investigate the thermodynamic and kinetic parameters obtained in

Page 16 of 29
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experimental conditions reveals reduction in the entropy of activation and an
increase in the Gibbs free energy, however it has no significant effect on the
activation energy. Gibbs free energy for the rate determining steps in all studied

paths in decalin are shown in Table 6.

Table 4. Relative Energies (in kcal.mol™) for the TSs of NEC and NEC doped Cg in the gas phase at the MPWB95, M062X and

B3LYP by 6-311++G (d, p) basis set.

MPWB95 M062X B3LYP

StepNO.  NEC@Cgq  NEC NEC@Csq NEC NEC@Csq NEC NEC@Ce(6-31G(d))

Step 1 63.63 95.88 75.50 105.21 72.18 124.81 71.03
Step 2 68.65 92.50 73.55 102.23 73.20 101.45 60.70
Step 3 58.67 72.47 77.44 91.65 68.84 82.71 68.41
Step 4 56.78 72.46 72.23 88.98 64.61 81.83 64.43
Step 5 87.08 88.63 98.37 97.12 95.75 97.22 94.93
Step 6 61.19 68.82 75.23 88.17 68.28 79.08 67.57
Step 7 60.48 76.86 65.93 80.72 63.83 80.45 62.25
Step 8 55.19 80.05 61.74 86.73 62.98 84.37 46.12
Step 9 68.21 50.78 73.45 60.35 75.73 58.58 76.76

Comparison between the results of the NEC@Cq, hydrogenation with NEC
storage systems® confirms that the doping NEC on fullerene in the presence of

decalin improves the reaction rate by decrease in the activation energy of rds.

Table 5. Calculated thermodynamic and activation parameters of the hydrogenation reaction in decalin at

17
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standard and experimental conditions (150°C and 7MPa).

Step NO. AG(kcal. mol™1) AG*(kcal. mol™1) —AS*(cal. (mol.K)™1) Ea(kcal. mol™1)

Standard Exp Standard Exp Standard Exp Standard Exp
1 5.0 5.7 86.9 86.6 28.5 20.8 79.6 79.8
2 2.7 29 96.0 96.2 29.2 21.9 89.0 88.6
3 -21.4 -21.0 75.1 74.7 24.7 16.8 68.9 69.2
4 -18.5 -18.0 70.0 69.8 26.9 19.2 63.1 63.3
5 -4.8 -4.6 78.3 78.4 28.5 20.9 71.0 71.2
6 -20.6 -20.3 73.1 73.0 27.3 19.5 66.1 66.4
7 14.0 14.3 89.8 89.8 28.6 21.0 82.4 82.6
8 1.5 2.0 72.0 72.2 29.8 23.1 64.2 64.1
9 -15.8 -15.3 92.6 90.7 25.4 41.9 81.2 81.6

Population analysis

Further examination was conducted by natural bond orbital (NBO)
calculations. This study of the structures translates the complex quantum-
mechanical wave function into a more tangible Lewis dot like formalism (natural
Lewis structure). This mixing of the donor and acceptor orbitals can be solved by
the second order perturbation theory. This technique leads to an overall energy

. o . . 42.43
lowering, stabilization and a quantum mechanical phenomenon.™
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Figure 3. Calculated relative Gibbs free energies for the hydrogenation of NEC@Cs in decalin, blue line: standard conditions, red line: experimental
conditions (150°C, 7MPa). Solid line: NEC@Cg¢, hydrogenation through IM1 formation, Dash line: NEC@Cg, hydrogenation through IM2 formation, Dot line:
CeoH;N hydrogenation through TS9.

Table 6. Calculated Gibbs free energies for the rate determining steps (rds) of all sub routes in decalin at the
standard and experimental conditions.

Path R—P, Decalin Steps of the subroutes AG” 4 (kcal. mol™1)
Standard R,TS1,IM1,TS3,IM3,TS5,IM4,TS6,IM5,TS7,IM6,TS8,P 78.3
conditions R,TS2,IM2,TS4,IM3,TS5,IM4,TS6,IM5,TS7,IM6,TS8,P 78.3
R,TS9 ,IM3,TS5,IM4,TS6,IM5,TS7,IM6,TS8,P 92.6
Experimental R,TS1,IM1,TS3,IM3,TS5,IM4,TS6,IM5,TS7,IM6,TS8,P 78.4
conditions R,TS2,IM2,TS4,IM3,TS5,IM4,TS6,IM5,TS7,IM6,TS8,P 78.4
R,TS9 ,IM3,TS5,IM4,TS6,IM5,TS7,IM6,TS8,P 90.7
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Significant donor—acceptor interactions were calculated and reported in Table
S3. According to the table, the sp> bonded carbons serve as hydrogen acceptors at the
center of the store. The most important transfers are transferring between a bonding
pair of H (BPyes) and anti-bonding orbital of C-H (0¢5o_peg) at the TS4 with an energy

of 66.81 kcal.mol™ in the gas phase, which reduce to 44.26 kcal.mol™ in decalin.

Also at the TS5, we observed large stabilizing effect is due to strong orbital
interactions between the bonding and anti-bonding orbitals of C-C (Tt ca6-c53, TTeag—_cs3)
and the anti-bonding orbitals of H-H (0}j¢9_570) are 11.24 and 17.26 kcal.mol™,
respectively. The strongest delocalization interaction is related to the o y67.1163 t0 LPcso
(93.18 kcal.mol™) and " 7.5 t0 Tesy_cso (13.80 kcal.mol™) is observed at the TS6
in the gas phase. In the case of TS8, the interaction of T¢eg_csg t0 0 y71n72 (19.82

kcal.mol™) in the gas phase is increased to 20.73 kcal.mol'in decalin.

Overally, the values of E(2) of the bonds involved in the hydrogenation process
to adjacent bonds decreased at the transition states. Moreover, the emergence of new
transitions represents that transitions are done to bond formation and hydrogenation

reaction.

Electronic atomic charges for the atoms are shown in Table S4 at the center of
hydrogen store. Charge analysis shows that partial charges are transferred from the H2

to the NEC@Cgo. Assessment of this analysis of the rate determining step (Step 5)



Page 21 of 29 RSC Advances

21

show that the partial charge on the hydrogen atoms from about 0 e (IM3) is changed to
0.053 e (gas phase) and -0.042 e (decalin) at the TS5. The corresponding changes for
carbon atoms involved in the hydrogen storage are from -0.029 e and 0.004 ¢ to 0.019
e and -0.134 ¢ in the gas phase and decalin, respectively.

In decalin, hydrogen atoms with partial charge of 0 e are added to carbon atoms
with atomic charges of 0.011 e, -0.027 e, 0.008 e and -0.066 e at the rds (Step 9). Also,
changes of atomic charge for hydrogen atoms are -0.005 e, 0.003 e, 0.431 e and 0.282
e, while for carbon atoms are -0.230 ¢, -0.181 €, 0.057 e and -0.174 e.

Natural electron configurations are shown in Table S5. Natural electron
configurations of the hydrogen and carbon atoms involved in the center of the reaction
have been changed at the rds in the gas phase (Step5). The corresponding changes for
the TS9 in decalin confirmed the interactions between carbon and hydrogen atoms
during the C-H bond formation and achieving effective hydrogen storage.

The Population analysis shows that N atom acts as an electron acceptor and
carbon atoms of the C-N bonds are donors. While at TSs, when C-H bonds are
formed, carbon atoms acts as the acceptor and hydrogen atoms are donors. These

findings were shown in figures S2 and S3.

QTAIM analysis
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QTAIM studies were used for the analysis of the topological parameters such as
electron density (p), Laplacian (V°p), kinetic (G), and potential (U) electronic energy
density of the bond critical points of C-H* and reported in Table 7.

Positive values of electron density at the TSs confirmed the existence of the
proper C—H bond interaction. Higher values of electron density of the TS5 show the
solvent effect on the stabilizing of the rds and charge transfers in decalin, but in the
case of TS9, solvent shows different action. This means that electron density is
increased for one of the C-H bonds at the TS9 in decalin, which is in contrast to the
other C-H bond. But considering the Laplacian and G/U values confirmed that the
second C-H bond (last line in table 7) shows the better interaction with higher covalent
characters.

Comparison between the calculated ratios of G/U confirmed a covalent nature of
the carbon and hydrogen atom interactions at the TSs 5 and 9. This character is larger
in the case of TS9 and shows the solvent effects on the stability of the TS.

Dehydrogenation process

Similar to the hydrogen storage, the process of hydrogen release is important,
too. The proposed mechanism for the hydrogen release is the reverse of the mechanism
shown in scheme 1. Therefore, the transitions states from the dehydrogenation process
is the same of the transitions states in which the activation energies of the backward

reactions are important (Ea,). The activation and thermodynamic parameters in all
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studied conditions for the mechanism of hydrogen release are calculated and reported

in table 8.

Table 7. Properties of electron density, Laplacian and kinetic (G) to potential (U) electronic energy density ratio
(in au.), G /U, for the BCPs of C-H bonds at the TSs.

p() L(r) GU
Step NO. Gas phase Decalin Gas phase Decalin Gas phase Decalin
1 0.192 0.222 0.115 0.155 0.155 0.157
2 0.131 0.155 0.552 0.028 0.182 0.401
3 0.125 0.168 0.028 0.066 0.375 0.284
4 0.198 0.218 0.113 0.150 0.206 0.166
5 0.074 0.241 -0.031 0.183 0.696 0.133
6 0.146 0.146 0.040 0.118 0.343 0.199
7 0.280 0.246 0.235 0.202 0.129 0.128
8 0.061 0.059 -0.021 -0.012 0.701 0.758
9- Synchronous 0.093 0.028 0.015 -0.026 0.364 0.908
addition of 2H2 0.127 0.146 0.027 0.040 0.374 0.354

According to table, hydrogen removal from the five-membered ring is favorable,
thermodynamically. These results are in accordance with the experimental results
obtained for the NEC dehydrogenation.”®?'?* Actually, the participation of the

heteroatom reduces the energy barrier of the five-membered ring.

Table 8 shows the lowest value of the activation energies when P and IM6 act as

the reactants in the dehydrogenation process. Moreover, IM1-R and IM2—R paths

23
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with the negative Gibbs free energy of the reaction are thermodynamically favorable,
because their products have greater aromaticity and stability. These steps are rds in

dehydrogenation process due to the highest value of the activation energies.

Table 8. Calculated thermodynamic and activation parameters for dehydrogenation of 12H-NEC@Cgy to NEC@Cs in the

gas phase and decalin phase at the standard and experimental (150°C and 7MPa) conditions.

AG(kcal. mol™1) Ea(kcal. mol™?)
path Gas phase Decalin Gas phase Decalin

Standard Exp Standard Exp Standard Exp Standard Exp

P—IM6 -1.9 2.4 -1.5 -2.0 72.0 72.6 72.2 72.8
IM6—-IM5 -14.2 -14.4 -14.0 -14.3 61.8 62.3 77.4 78.1
IM5-IM4 20.5 20.2 20.6 20.3 98.3 99.2 95.8 96.7
IM4-IM3 4.7 4.5 4.8 4.6 111.1 111.6 84.8 85.5
IM3-IM2 18.4 18.1 18.5 18.0 933 94.1 90.7 91.6
IM3-IM1 20.9 20.6 21.4 21.0 99.4 100.3 99.4 100.3
IM2-R -33 -3.5 2.7 -2.9 77.8 78.4 94.7 95.4
IM1-R -5.8 -6.0 -5.0 -5.7 76.6 84.7 83.0 83.7
IM3-R 15.2 14.6 15.9 15.3 115.2 116.8 115.1 116.6
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Conclusion

In this article, we have introduced NEC@Cg, systems as a new hydrogen
storage material and investigated the mechanism of hydrogenation on NEC@Ce
systems thorough the quantum chemistry approach.

The gravimetric storage of NEC@Cs is about 1.5-2 wt% which is less than the
gravimetric storage on NEC (more than 5.5 wt%). But finding the materials that meet
all the criteria for hydrogen storage is very difficult. In this study, our focus is on the
improving the kinetics of hydrogen storage not gravimetric preferences. Transition
states were evaluated through the structure and energetic properties in addition to the
vibrational frequency analysis. According to the activation parameters, the fifth step
of the hydrogen storage is the rate determining step in the gas phase. However, in the
presence of decalin as the solvent, the rds is changed to the ninth step. Comparison of
the activation energies of NEC@C¢, in the gas phase and decalin shows that the
hydrogenation barrier in decalin is smaller. These quantitative observations are
consistent with NBO analysis, our observations show that N atom acts as an acceptor
while H atom is a donor. QTAIM data confirm that C—H bonds are covalent in nature

and hydrogen storage is a chemisorption process on NEC(@Cegp.
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Thermodynamic parameters and kinetic studies demonstrated that the
dehydrogenation process started from the five-membered ring. This study gets good
kinetic approach to improve the rate of hydrogen storage on NEC. The results show

that fullerene in the decalin solvent can increase the rate of hydrogenation reaction of

NEC.

From the obtained results, it can be predicted easily that create similar doping on all the
fullerene surface can be increased storage gravimetric capacity along with improve in
the kinetics of the hydrogen storage capacity. Finally, we believe that the results of this
work would be valuable for the understanding of the mechanisms of hydrogen storage
using NEC@Cgp as new material.
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