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Abstract: It has been performed hydrogen adsorption on four metallo-porphyrin complexes by Density
Functional Theory (DFT) calculations at room temperature. The WB97XD hybrid formalism method was
used for hydrogen adsorption on metallo-porphyrin complexes formed with alkaline metal and alkaline earth
metal (Na, K, Mg and Ca) atoms. It was determined that the adsorption energies for all complexes were
negative, so that each of them could be a potential adsorbent for hydrogen storage. The adsorption enthalpy
(AH) was calculated as -21.9 kJ/mol for the Na-Porphyrin (Na-P) complex structure. Moreover, the
gravimetric hydrogen storage capacity for the Na-P complex was calculated to be =5.5 wt%. Thus, the DOE's
target for 2025 has been achieved. In addition, van der Waals weak interactions were found to be effective
in hydrogen adsorption and storage studies. Based on the electronic properties the metallo-porphyrin
complexes could not be used as electronic sensors against the hydrogen molecule.
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1. Introduction

As is well known, hydrogen is seen as a cleaner
alternative to polluting fossil fuels [1]. Scientific
studies on storage, which is the most significant of
the production, transportation, storage, and
application processes, are still ongoing. Much
research have been devoted to technologies that
have the potential to meet set hydrogen storage
targets, led by the US Department of Energy (US
DOE). According to the US DOE, a system with
hydrogen gravimetric (5.5% by weight) and
volumetric capacity (0.040 kg Hy/L) for a target
driving range of 300 miles by 2025 should be
developed [2].

Metal organic frameworks (MOFs), covalent
organic frameworks (COFs) and zeolites, among
other ultrafine nanoporous materials, have been
extensively studied in recent decades [3]. MOFs are
highly porous crystal structures with a large surface
area that have the potential to capture huge amounts
of gas molecules in their cavities. With the addition
of heat or pressure, the hydrogen adsorbed by the
weekly van der Waals force on the pores of the
MOFs can be rapidly desorbed [4]. Porphyrin, a

! Corresponding Author
e-mail: mferdi.fellah@btu.edu.tr

member of the macrocyclic class, is a MOF that can
complex with metal atoms and is effective in gas
studies [5,6]. MOFs are popular materials that have
been used extensively in hydrogen storage studies
in recent years [7-9]. In our recent study, the
IRMOF-16 structure was decorated with Mg atom
and the hydrogen storage capacity was determined
as 5.8 wt% [10]. Additionally, metal porphyrins can
be synthesized as microporous solid frameworks
with selective sorption of small molecules (like H>
molecule) and heterogeneous catalysis based on
size or shape [11]. Porphyrins offer powerful
electron-donor characteristics due to the four
nitrogen atoms in the tetrapyrrolic core [12]. Owing
to its large aggregation capabilities, charge transfer
abilities, wide variety of derivatizability and other
properties, metallo-porphyrin has recently caught
the interest of researchers in the area of adsorption,
sensors, catalysis and many others [13-15]. Metal
porphyrins are also studied for the hydrogen
evolution reaction and hydrogen production [16-
18]. These macrocyclic organic compounds have a
wide range of uses, including gas reduction and
oxidation, gas capture and storage, and more [19].



Turkish Comp Theo Chem (TC&TC), 6(2), (2022), 38-48

Ahmet Kose, Numan Yuksel, M. Ferdi Fellah

In the literature, there are many studies in which
hydrogen adsorption is increased by decorating
metal atoms on nanomaterials [20-25]. The most
commonly used metal atoms are alkaline and
alkaline earth metals such as Li, Na, K, Be, Mg and
Ca. The computational chemistry is very important
for the development of new hydrogen storage
materials [26]. In the study, in which Monte Carlo
method and DFT method were used together, the
hydrogen storage capacities of Mg-porphyrin, Ca-
porphyrin and Sc-porphyrin-based nanosheets at
298 K and 100 bar were determined as 1.25 wt%,
3.99 wt% and 6.71 wt%, respectively [27]. In
another research, hydrogen storage works for
Porphyrin-like porous Fullerene structure (C24Na24)
decorated with Sc, Ti and V transition metals were
carried out by DFT method. The results show that
the highest gravimetric capacity (=5.1 wt%) was
achieved with the Sc decorated structure
(C24N24Sce) [28]. In a hydrogen adsorption study,
using DFT method with a pyridine bridged
porphyrin-covalent organic framework structure;
the highest gravimetric capacity was calculated as
~5.1 wt% at 298 K and 100 bar [29].

In this study, hydrogen adsorption was carried out
theoretically on metallo-porphyrin complexes,
which there are not many studies in the literature,
and the gravimetric storage capacity was
determined for the structure with the best
adsorption values. The WB97XD hybrid method
was utilized in the calculations carried out with the
DFT method. Here, alkaline (Na, K) and alkaline
earth (Mg, Ca) metal atoms were used in metallo-
porphyrin complexes.

2. Computational Method

DFT calculations [30] were performed using
Gaussian09 software [31] to obtain optimized
geometries and electrical properties. The WB97XD
(including dispersion) hybrid formalism method
was used to account for the effects of change and
correlation [32]. The WB97XD density functional
was previously reported to be the most compatible
method with experimental H, adsorption, and it was
determined that there was a difference of 1.1
kcal/mol from the experimental data [33]. The 6-
31G(d,p) basis set was used in computations for all
atoms. The complex formations were realized by
replacing one metal atom with two hydrogen
molecules at the center of the porphyrin structure.

Four metallo-porphyrin complexes that could
interact with the hydrogen molecule have been used
in this research. These four complexes are Na-
Porphyrin  (Na-P), K-Porphyrin (K-P), Ca-
Porphyrin (Ca-P) and Mg-Porphyrin (Mg-P). DFT
calculations were used to optimize the geometries
(to obtain the Equilibrium Geometry (EG)) and
obtain energy values for adsorption. In this
analysis, zero-point energy (ZPE) corrections are
included in the energy values. All atoms have been
kept relaxed during all theoretical calculations. In
present study, the basis-set superposition error
(BSSE) correction using the counterpoise method
has not been taken into account because it generally
has small effects (approximately 1 kcal/mol) on the
calculations [34,35]. The following equation was
used to calculate the adsorption energy and
enthalpy values of the metallo-porphyrin (M-P)
complexes against the H, molecule.

A(E/H) = (E/H)System - [(E/H)M-P + (E/H)HZ] (1)

where (E/H)sysiem 18 the thermal energy/enthalpy of
H, on the complex, (E/H)u2 is the hydrogen
molecule’s thermal energy/enthalpy and (E/H)m-p is
the initial thermal energy/enthalpy of M-P
complex. Information on the calculation of E and H
values have been given in Supplementary Material
(SM). Details of computational method utilized in
this study have been stated in SM.

3. Results and discussion
First, Na-P, K-P, Mg-P and Ca-P complexes were

optimized to obtain optimized EGs by DFT method.
EGs of M-P complexes were determined by taking
the total charge as zero and the SM (Spin
Multiplicity) as singlet and doublet. In this respect,
it was determined as doublet for Na-P and K-P
complexes and singlet for Mg-P and Ca-P
complexes. The EG of hydrogen molecule was
obtained by taking the total charge as zero and SM
as a singlet. The optimized geometries of the M-P
complexes are shown in Fig. 1. To confirm the
accuracy of WB97XD hybrid method and the 6-
31G(d,p) basis set, the Mg-N bond length of the
Mg-P complex in this study was compared with the
Mg-N bond length of the Mg-Porphyrin-based
complexes previously  reported
experimental studies. Experimentally, it has been
reported that Mg-N bond lengths in Mg-Porphyrin-
based structures range from 2.062 A to 2.072 A

from the
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[36,37]. In present study, the Mg-N bond length in
the Mg-P complex was calculated as 2.057 A.
These results show that the structural parameters of
the WB97XD hybrid method and the 6-31G(d,p)
basis set are very close to the experimental results.

The bond lengths between the metal atom and
nitrogen atoms in other optimized M-P complexes
are as follows; Na-N, K-N and Ca-N bond lengths
were calculated as 2.133 A, 2.647 A and 2.329 A,
respectively.

Na-P complex

K-P complex

Mg-P complex

Ca-P complex

Fig. 1 The optimized geometries of the M-P complexes.

After obtaining the EGs of both hydrogen molecule
and M-P complexes separately, optimization
calculations were made for the adsorption of
hydrogen molecule of the complexes. The
optimized geometries of the hydrogen-adsorbed M-
P complexes have been represented in Fig. 2. The
adsorption energy values for H, molecule
adsorption on Na-P, K-P, Mg-P and Ca-P
complexes were listed in Table 1.

When the adsorption energy (AE) and adsorption
enthalpy (AH) values were examined, negative

values were obtained for all M-P complexes. This

result indicates that the hydrogen molecule
adsorption on the M-P complexes are an
exothermic process at room temperature.

Moreover, the adsorption enthalpy values on these
complexes are lower than the liquefaction enthalpy
(0.9 kJ/mol) of the hydrogen molecule [38]. Thus,
all four M-P complexes have some potential as
adsorbent structure at room temperature. The best
adsorption values are seen for the Na-P complex,
and the AE and AH values on this structure have
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been computed to be -19.5 kJ/mol and -21.9 kJ/mol
respectively.

In order to investigate the electronic properties of
M-P complexes against hydrogen molecule,

HOMO (Highest Occupied Molecular Orbital) and
LUMO (Lowest Unoccupied Molecular Orbital)
energies were calculated and the change in HOMO-

LUMO gap energy (E,) values was examined. The
HOMO, LUMO and E; values of the M-P
complexes before and after adsorption are listed in
Table 2. In addition, for M-P complexes (Na-P and
K-P) with doublet SM, both a and B molecular
orbitals (spin up and spin down, respectively) were
calculated.

H2/K-P complex

H2/Mg-P complex

H2/Ca-P complex

Fig. 2 The optimized geometries of the H, adsorbed M-P complexes.

Table 1. Adsorption energy and enthalpy values for H» adsorption on M-P complexes (values are in units

of kJ/mol).

Properties Na-P Complex K-P Complex Mg-P Complex Ca-P Complex
AE -19.5 -1.9 -4.4 -6.5

AH -21.9 -4.4 -6.9 -9.0

The E; has been repeatedly recognized and
supported to be a good indicator for evaluating the
sensitivity of nanosensors [39]. There is also a
relation between E, and electrical conductivity (o),
which has also been mentioned [40,41]:

o = AT*? exp [-E¢/(2kT)] )
where « is the Boltzmann’s constant, A

(electrons/m*K*?) is a constant and T is
temperature. Many papers have demonstrated that

the findings of utilizing this formula are supported
by experimental studies [42,43]. The Eq. (2) shows
when E, decreases, the population of conduction
electrons increases exponentially. As a result, the
chemical's presence in the environment improves
electrical conductivity. According to the results in
Table 2, the Egs of Na-P and K-P complexes
increase after adsorption, while there are some
negligible decrease in Mg-P and Ca-P complexes.
Therefore, it turns out that the M-P complexes in
this study cannot be used as electronic sensors since
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there is no significant reduction in AEgs. In
addition, atomic charge distributions before and
after adsorption were obtained through Mulliken
population analysis and are listed in Table 2.
Accordingly, the charges of the metal atoms in all
complexes decreased, and the total charge of the
adsorbed hydrogen molecule increased. These
results show that metal atoms gain electrons, while
hydrogen molecule donates electrons and there is
charge transfer between them.

Chemical hardness (1), chemical potential (p) and
electronegativity () were calculated (details on
calculations are in SM) for all complexes and listed
in Table 3. Looking at the results, no significant
change was observed in general. This result shows
that the complexes maintain their stability after

adsorption. However, if we need to compare with
each other, it has been seen that Na-P and K-P
complexes can be harder after adsorption, whereas
Mg-P complex can be softer.

Additionally, it can be said that there is no change
in the Ca-P complex. Fig. 3 presents HOMO and
LUMO representations of the Na-P complex and
the hydrogen molecule adsorbed Na-P complex.
For the other M-P complexes, the HOMO and
LUMO representations before and after adsorption
are given in Fig. S1, Fig. S2 and Fig. S3 in SM.
According to the HOMO-LUMO analysis, there is
no change in both HOMOs and LUMOs before and
after adsorption for all complexes. This situation is
attributed to low charge transfer.

Table 2. Electronic properties of M-P complexes and H»/M-P systems, including energies of HOMO and
LUMO, E, and AE, (values are in units of kJ/mol). The charges of both metal atoms and hydrogen molecule
are shown before and after adsorption (in units of e).

Structure Enomo Erumo E, AE, lc\j/lheat?;eatom H, Charge
Na-P Complex o MOs -612.8  -98.3 5145 - +0.659 -
B MOs -663.7  -2134 4503 -
H»/Na-P Complex o MOs -602.9  -85.5 5174 29 +0.615 +0.013
B MOs -666.2  -206.8 4593 9.0
K-P Complex o MOs -5844  -65.2 5192 - +0.707 -
B MOs -647.6  -185.1 462.6 -
Hy/K-P Complex a MOs -586.7 -67.4 5193 0.1 +0.697 +0.008
B MOs -649.6  -186.5 463.1 0.5
Mg-P Complex a+p MOs -639.9 -78.7 560.2 - +0.911 -
H>/Mg-P Complex atpf MOs -637.3 -77.5 559.8 -04  +0.900 +0.027
Ca-P Complex a+p MOs -610.5 -55.5 555.1 - +1.301 -
H,/Ca-P Complex atpf MOs -610.9  -56.2 5547 04 +1.271 +0.019

Table 3. Chemical hardness, chemical potential and electronegativity values for the optimized M-P
complexes and Ho/M-P systems (values are in units of kJ/mol).

Chemical Chemical Electronegativity (x )
Structure hardness (1) potential (p)
Na-P Complex o MOs 257.2 -355.6 355.6
B MOs 225.1 -438.6 438.6
H,/Na-P Complex o MOs 258.7 -344.2 344.2
B MOs 229.7 -436.5 436.5
K-P Complex o MOs 259.6 -324.8 324.8
B MOs 231.3 -416.3 416.3
H»/K-P Complex o MOs 259.6 -327.1 327.1
B MOs 231.5 -418.1 418.1
Mg-P Complex atp MOs 280.1 -358.8 358.8
H>/Mg-P Complex o+ MOs 279.9 -357.4 357.4
Ca-P Complex atp MOs 277.5 -333.0 333.0
H,/Ca-P Complex ot MOs 2774 -333.5 333.5

The density of states (DOS) plots of M-P
complexes before and after adsorption are
presented in Fig. 4. Looking at Fig. 4, there was no
significant change in DOS plots. In particular, it is
shown that there is no reduction in band gap after

hydrogen adsorption of M-P complexes. This result
confirms the AE, values in Table 2 and indicates
that these complexes cannot be electronic sensors
for hydrogen detection. Fig. 5 shows the
electrostatic potential (ESP) distribution of H;

42



HOMO

LUMO

Na-P complex

Turkish Comp Theo Chem (TC&TC), 6(2), (2022), 38-48

Ahmet Kose, Numan Yuksel, M. Ferdi Fellah

adsorbed M-P complexes. On the ESP maps, the
positive and negative areas of the Van der Waals
surface corresponded to blue and red colors,
respectively [44,45]. The ESP distributions are
mapped to a constant electron density region. ESP
decreases with different colors, red < yellow <
green < blue. According to the ESP analysis, it is

o MOs

B MOs

understood that blue-green colors dominate,
therefore there is a positive electrostatic potential in
the interaction between M-P complexes and the
hydrogen molecule. Thus, the absence of red colors,
that is, the absence of negative electrostatic
potential, visually reveals that there is very low
electron exchange.

o MOs B MOs

b)

Fig. 3 The representations HOMO / LUMO distributions of o and  MOs for the Na-P complex of a) before

and b) after H, adsorption.
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Fig. 4 Density of states (DOS) plots for the optimized structures.
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H:/Na-P Complex

H2/K-P complex

Fig. 5 Electrostatic potential (ESP) distributions for the optimized structures of the M-P complexes with

adsorbed hydrogen molecule.

3 ‘
9% J9

Fig. 6 Optimized geometry for the structure of the Na-P complex with nine adsorbed H> molecules.

A storage study has been conducted for the Na-P
complex that gives the best adsorption result for
hydrogen adsorption. In other words, by adding
more than one hydrogen molecule, it was found out
how many hydrogen molecules adsorbed on the Na-
P complex. This process continued until the last
hydrogen molecule that it would not adsorb. With
each addition of hydrogen molecule, the adsorption
enthalpy change approaches positive values.
Eventually, its complex structure pushed the tenth

hydrogen molecule. Nine H, molecules have been
adsorbed on the Na-P complex, and the optimized
structure were shown in Fig. 6. The gravimetric
hydrogen storage capacity of the complex was
calculated as =5.5 wt% by using Eq. (3). Thus, it
has been reached to the gravimetric hydrogen
storage capacity determined by DOE for 2025.

Ho wi% =[Muz/(Muz+Muap)Jx100 (3)
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In this equation, My, is the mass of the adsorbed
hydrogen molecules on Na-porphyrin complex and
Mna-p is the mass of Na-porphyrin complex. If we
compare the gravimetric hydrogen storage studies
at 100 bar of porphyrin-based materials given in the
introduction section, we can say that the calculated
result for the Na-P complex at atmospheric pressure
is better. Furthermore, due to the derivatizability of
porphyrin compounds with different functional
groups, one could mention that hydrogen storage
capacity can be increased by forming complexes
with more metal atoms.

Finally, reduced density gradient (RDG) analysis
was performed for the Na-P complex, where the
maximum hydrogen uptake was reached. The RDG
analysis has been proposed by Johnson's et al.
group [46], which allows obtaining the type of

a)

1.000

0,800 W8

duce

0.600+

Re

0400+
0.200+

0.000

0.050 -0040 —-0030 —0.020 —0010 0000 0010 0020 0030 0040 0050

interactions occur between two species (Na-P and
H,). This analysis has been used to examine the
many noncovalent interactions remaining in the
molecules, the reduced gradient of the density as a
function of the electron density multiplied by the
sign of the second eigenvalue of the Hessian matrix.
Fig. 7 shows the RDG scatter plot and isosurface
for nine H» adsorption on Na-P complex. Strong
attractive, weak and repulsive interactions have
been represented in blue, green and red colors,
respectively. Based on the analysis of RDG, for the
Na-P complex, the Van der Waals (VdW)
interactions are indicated by values near zero as
marked by green. The scatter plot of RDG and the
isosurface map tell us that the interaction between
H, molecules and Na-P complex has been typically
administrated by weak VAW type interactions.

b)

sign(i,)p (au)
p >0 sign(d,)p decrease p~0 sign(d,)pincrease p >0
- _ >
A, <0 A, =0 A >0
1N J % A \ J
Y Y Y
Strong attraction: Van der Waals Strong repulsion:
H-bond, halogen-bond... interaction Steric effect in ring

and cage...

Fig. 7 a) RDG scatter graph and b) RDG isosurface map of nine H, adsorption on Na-P complex.

4. Conclusions

In this study, we performed hydrogen adsorption on
M-P complexes with DFT calculations. According
to the results of the adsorption studies, it was
determined that the enthalpy change values for all
complexes were negative and lower than the
liquefaction enthalpy of the hydrogen molecule.
This means that the M-P complexes in this study
can be used as a potential adsorbent material in
order to store hydrogen at room temperature.
Additionally, for the Na-P complex that has the

lowest adsorption energy and enthalpy changes
hydrogen storage studies were carried out. As a
result, the gravimetric storage capacity for the Na-
P complex was calculated to be =5.5 wt%,
achieving the DOE's 2025 target. In addition,
electronic properties were examined for all
complexes before and after adsorption, and it was
revealed that these complexes could not be used as
hydrogen sensors.
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