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Metal-organic frameworks (MOFs) have emerged as extended-network,
highly tunable, crystalline hydrogen storage adsorbents. The uptake of
H> on Zn4O-based MOFs with different linkers has been studied in the
current work. The binding energies, consecutive binding energy and step
energy of the adsorption of H, on MOF-177, MOF-200 and a newly
defined MOF (named NEW-MOF) have been calculated on different
possible sorption sites, using DFT/Dmol®/PBE. The linkers have the
same benzene ring in center, but different numbers of phenyl rings,
including 3, 6 and 9 phenyl rings in MOF-177, MOF-200 and NEW-
MOF around the center ring respectively. Our study results showed that
the binding energy of the H> molecules with the NEW-MOF linker was -
4.165 kcal/mol, and more negative than those obtained for MOF-177 (-
3.276 kcal/mol) and MOF-200 (-3.438 kcal/mol). The obtained thermo-
favorability may be attributed to the less steric hindrance to the
adsorption of H, on the MOF with the larger linker. Step energy results
showed that the linkers of MOF-177, MOF-200 and NEW-MOF could
adsorb 7, 9 and 12 H, molecules respectively. Results also disclosed that
the adsorbed moles of Hz per 1x1x1 unit cell of the MOFs decreased by
increasing the linker length in the order of 0.263 (for MOF-177), 0.16
(for MOF-200) and 0.137 (for NEW-MOF), mainly due to the reduced
packing density of the active sites in the MOFs with larger linkers. The
most negative binding energy was also tabulated for the perpendicular
approaching of H, molecules to the node of the central phenyl ring with
the bonding distance of 3.19 A4 from the linker.
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1. Introduction

Nowadays, overpopulation and rapid
industrialization have resulted in the
widespread use of fossil fuels for energy
generation. With fossil fuels as the primary
source of energy, energy consumption has
risen eight times over a century. Fossil fuels
generate environmentally harmful byproducts
such as greenhouse gases, carbon dioxide
(COy), nitrogen and sulfur oxides [1]. Non-
renewable energy sources have slowly
diminished, while energy demand has risen
tremendously. Therefore, researchers and
industrialists have shown more interest in the
use of hydrogen energy, which is superior
compared to all fossil fuels, including natural
gas, methane and coal, due to regenerability,
non-toxicity, minimum environmental
problems and high energy efficacy [2]. The
development of safe and efficient methods for
hydrogen storage is growing interest
accordingly [3, 4]. Hydrogen fuel cells are
probably the best candidates among many
emerging power sources for transportation in
the future.

Chemical and physical adsorptions are two
possible mechanisms of hydrogen storage in
storage capsules for transportation
applications [3]. In chemisorption, hydrogen
can be recovered via thermal treatment. The
most important shortcomings of the chemical
storage systems are the need for high
temperatures for the desorption or recovery of
hydrogen, relatively lower renewability (due
to the hysteresis effect), and slow desorption
(or release) rate. In physical adsorption
(physisorption)  however, weakly held
interactions between the active sites of
adsorbents and the gas molecules are Van der
Waals forces and the stabilization is typically
carried out at lower temperatures and higher
pressures [3]. Adsorbed hydrogen molecules
can be readily released when the system is

depressurized and/or the temperature is
increased.

Different types of chemical adsorbents, like
complex metal hydrides [5, 6] and amino
boranes, have been introduced for hydrogen
storage [7, 8]. On the other side, many
physical hydrogen adsorbents, such as zeolites,
silica, carbon nanotubes, chemical nitrides,
hollow spheres and MOFs, have been
introduced [9-19].

Metal-organic frameworks (MOFs) have been
known as porous crystalline materials that
have been developed by the coordination of
organic linkers to metal or metal-containing
clusters [20-23]. The properties of MOF, like
structural tunability and porous morphology
controllability, make them promising tools for
their application in  many cutting-edge
technologies such as drug delivery systems,
super-adsorbents, and gas storage and
separation materials [24-28]. Hydrogen can be
adsorbed through physisorption by MOFs
based on the weak van der Waals attraction
forces, so the adsorbed molecules can be
readily desorbed under heating and/or
depressurization. Metal-containing vertices
and linkers both play essential roles in the
reactivity and geometric rigidity of MOFs.
Compared to common inorganic porous
materials, MOFs have a large specific surface
area, desirable tunability due to flexible
ligands and metal nodes, adjustable pore size,
and modifiable structure. These unparalleled
characteristics make  MOFs  potential
candidates being used in the gas separation and
purifications, adsorption and storage, energy
technology and catalysis applications. Metal
nodes that have been studied for the synthesis
of MOFs are aluminum (Al)[29,30], copper
(Cuw)[31-34], chromium (Cr)[35, 36],
manganese (Mn)[37], iron (Fe)[38], zirconium
(Zn)[39],scandium (Sc)[40], and (Zn)[3,4].
Among those, zinc-based MOFs have been
more focused on for hydrogen storage
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applications [3], due to the ease of tunability
and higher performance in the adsorption and
release of hydrogen. In this study, three types
of MOFs with Zn4O tetrahedral clusters as
modes have been studied to investigate the
effect of the linker length on the ability of
adsorbing hydrogen. The MOFs, constructing
the linkers (i.e., the linker length), differ only
in the number of phenyl groups; namely BTB,
H3:BTPB and HsBTBPB [41], include benzene
rings in the center and 3, 6 and 9 phenyl rings
in MOF-177, MOF-200 and NEW-MOF
respectively. The octahedral ZnsO (CO2)s has
been widely used as a center cluster in building
the porous crystalline structure of MOFs.
Based on a survey of the relevant literatures, it
seems necessary to build or simulate Zn-based
MOFs with expanded organic linkers to
investigate the effect of the length of the linker
on the uptake of hydrogen [42-45]. In the
context of the hydrogen adsorption isotherms,
the saturation rate in MOFs increases with an
increase in the cavity size of the network [46].
According to literatures, MOF-177 has a
surface area of 4500 m? g* and a pore volume
of 1.59 cm® g, while MOF-200 Langmuir
surface area is 6240 m? g and pore size equals
3.60 cm® g* [47].

In this study, for the first time, binding energy
BE, CBE and Es were calculated for the three
types of linkers (MOF-177, MOF-200 and
NEW-MOF) which had different numbers of
phenyl groups in their structures, all connected
to ZnsO cluster to make the MOFs. Dmol®
module and GGA/PBE codes were used for the
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geometry  optimization and energy
calculations. According to BE, CBE and Es,
the number of H2 molecules adsorbed on each
linker and the mole of H> adsorbed per unit cell
1x1x1 of MOFs were calculated. There are
three main criteria of novelty in the current
study as follows:

1) Using the PBE calculation method
instead of common PW91, for the first
time

2) Calculating “adsorbed moles of H» per
unit cell of MOFs” as a novel
interpretation of the adsorption
capacity

3) Selecting linkers that are completely
comparable and only differ in the
number of phenyl groups.

2. Procedure and computational method
2.1. Structure of MOF-177, MOF-200 and
New MOF

In this study, we examine the structures of
linkers that differ only in the phenyl group to
investigate the effect of the length of linkers on
the adsorption of hydrogen. ZnsO tetrahedral
clusters connected to the linkers with different
lengths. Linkers are illustrated in Figure 1. As
shown in Figure 1, the central rings (in yellow)
and the subsequent rings (in light green) are the
same in all the linkers [48, 49]. The third rings
(in dark green) are present in HsBTPB and
HsBTBPB and finally, the fourth rings (in dark
blue) are present in HsBTBPB, so the
mentioned linkers had different phenyl groups.
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. H,BTPB ' H,BTBPB

Figure 1. BTB, H3sBTPB and HsBTBPB linkers of respectively MOF-177, MOF-200 and Newly
introduced MOF are shown. The yellow central ring is benzene, and the other phenyl rings are around.
BTB had one benzene and three phenyl rings; HsBTPB had one benzene and six phenyl rings; and
Hs;BTBPB had one benzene and nine phenyl rings.

In BTB, the first linker is connected to the with the complete name of 5-(3, 5-
inorganic cluster to make MOF-177 (Figure 2). Dicarboxyphenyl)-[1, 1°:3°, 1°’-terphenyl]-3,
This linker is 1, 3, 5-tris (4-carboxyphenyl) 3", 5, 5 -tetracarboxylic acid.

benzene or benzene tri benzoic acid (BTB)

R e A = .
@ + g = XN e
fefod  VQF

MOFA "\‘ t ‘&“ ‘;

Figure 2. Zn cluster connected to six BTB.

The second linker, with one benzene ring in the (HsBTPB), a trigonal linker with 5"-(4'-
center and six phenyl rings around, is present Carboxy-[1,1'-biphenyl]-4-yl)-

in the structure of MOF-200 as shown in [1,1:4',1"3",1":4" 1""-quinquephenyl]-4,4™"-
Figure 3. This linker is 1,3,5-Tris(4- dicarboxylic acid as its full name.
carboxy[1,1'-biphenyl]-4-yl) benzene
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Figure 3. Zn cluster connected to six H;BTPB.

The third linker H3BTBPB, introduced for the
first time and connected to the Zn4O cluster, is
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1, 3, 5-Tris (4'-carboxy [1, 1’-biphenyl]-4-yl)
benzene, as illustrated in Figure 4.

Figure 4. Zn cluster connected to six H;BTBPB.

This newly introduced MOF is comparable
with the MOF-177 and MOF-200 in center
clusters, and so is the chemistry of the linkers.
The main difference among these ZnsO
tetrahedral cluster-based MOFs is the length of
the linkers, which is in tune with the number of
phenyl rings as precursor units of the linkers.
Given that the structures of both MOF-177 and

Table 1

MOF-200 have the same space group and
lattice parameters, the third MOF is expected
to have the same metal cluster, so the predicted
space group is P 3 1 ¢ (163) and lattice
parameters are o 90°, $ 90° and y 120°, like the
two other MOFs (177 and 200). All structural
information is shown in Table 1.

Essential structural information of Zn4O tetrahedral clusters-based MOFs [48].

MOF Space Group Cell information
MOF-177 P31c(163) a37.0720(18)A b37.0720(18)A ¢ 30.0333(14)A, 0. 90° B 90° y 120°
MOF-200 P31c(163) a52.022(3)A b52.022(3)A ¢ 42.316(5)A, 0. 90° B 90° y 120°
NEW-MOF P31c(163) @ 90°p 90°y 120°(predicted)

2.2. Calculating DFT

In this study, all calculations were performed
based on the density functional theory (DFT),
using the DMol® code within the generalized
gradient approximation (GGA) [45]. Despite
the similarities between PW91 and PBE
existing in simple structures [50], those are not
equivalent in complex system calculations
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[51]. In this study, the PBE function was used
to investigate the binding energy and uptake of
H> on organically introduced linkers to
evaluate the effect of length on the adsorption
of Hz and this code is one of the most common
ones in GGA [52, 54]. All calculations
regarding the electron were done by the
Double Numerical plus Polarization (DNP) set
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with the energy = 1 x 107 Ha, force =2 x 1073
Ha/A°; displacement = 0.005 A°. The entire
structure of MOF contains hundreds of atoms,
therefore, it needs too much computational
resources to carry out the density functional
theory (DFT) calculations for it, so a unit cell
was defined by eight ZnsO(BTB)., which
seems sufficient for the basic calculations. To
reduce the computational cost and save time,
cluster models were constructed using the
method described in the work of Dangi et al.
[52]. The unit cell structure of MOF-200

(Figure 5) was constructed from the refined
single-crystal data reported by Chae et al. [42].
For the calculation of the binding energy of H>
with the organic linker models, as shown in
Figure 6, the MOF-177 and MOF-200 and
NEW-MOF were supposed to have the same
metal cluster (ZnsO) that connected to six
BTB, Hs:BTPB, H3:BTBPB linker groups
comprising 3, 6 and 9 phenyl groups
respectively. A schematic of the inorganic
cluster linked to the organic linkers is shown
in Figure 5.

Figure 5. Zn4O tetrahedral clusters connected to six linkers in MOF-200.

All initial cluster models were first
geometrically optimized using the DFT
calculation methods Dmol®/ PBE. Binding
energies (BE) are the total energy of H:
molecules interacting with the organic linkers
in various binding sites and different
orientations. A higher negative BE value

means a stronger binding energy and higher
thermodynamic favorability of the adsorption.
The consecutive binding energy (CBE)
calculations indicate that whether there are
sufficient binding sites for the multi-layer
adsorption on consecutive adsorbed layers.
The amount of CBE then can give a measure

35



Nikravesh et al./ Iranian Journal of Chemical Engineering, Vol. 21, No. 1, 30-50, (2024)

of the multilayer coverage based on the fact
that whether the adsorbed H> molecules can
help the adsorption of the subsequent H>
molecules or not. The adsorption energy of
each step (Es) indicates the energy released by
the adsorption of the nth-layer H> molecules on
the (n-1)th adsorbed molecules on the linkers.
After geometry optimization, a limited number
of H2 molecules were added at each adsorption
step. When the Es value becomes smaller than
0.1 eV, it means that the linker does not have
the sufficient capacity for the adsorption of
further H> molecules. It is the criterion for
stopping the addition of hydrogen molecules
on the linker. Finally, the total binding energy
(BE) of H> around the functional group was
calculated based on Eg. (1). The binding sites
were classified based on the two different
possible orientations of the H> molecule with
respect to the linker, i.e., parallel and
perpendicular orientations that are shown in

36

Table (2). The total binding energy (BE) of the
H> molecules is calculated from Eqg. (1). In Eq.
(1), Eciuster represents the total energy of the
cluster. A negative BE value corresponds to an
exothermic binding, and so a higher negative
value reflects a stronger binding [55]. Ecluster-
(H2)n 1S the total energy of the n molecules of H>
adsorbed over the MOF cluster model.

BE = Ecluster-(H2)n — (nE He + E Cluster) (1)

The interactions of the organic linker and the
inorganic cluster with the H> molecule have
been studied according to the two different
configurations of  parallel *  and
perpendicular ® to the H> molecule. The
calculated interactions of Hx with the organic
linkers of BTB, H3sBTPB and H:BTBPB in
different situations are shown in Figures 6a, 6b
and 6c¢, respectively.
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3. Results and discussion

3.1. Calculating binding energy

The binding energy of the H. molecules with
the organic linkers through different pathways,
such as central rings (above the CgHs
phenylene face), side rings (above the CeHa
phenylene face) on the CH phenylene edge,
and towards the hydrogen atom of the central
ring, were calculated. This study has four main
purposes. First, to find the best orientation of
the hydrogen molecule for the physical
adsorption on the ligand part of ZnsO-based
MOFs, the parallel and perpendicular
orientation of H. toward active sites were

38

(c)
Figure 6. DFT geometry-optimized structures of a H, molecule adsorbed on a) BTB, b) H;:BTPB and c)
HsBTBPB organic linkers in 8, 12 and 16 different situations respectively.

studied. As it can be seen in Table (2), in most
cases, the perpendicular configuration of the
adsorption of hydrogen has the strongest
binding energy at different linker sites.
Second, finding the best approaching distance
for the adsorption of H, molecules on the
active sites of the organic linkers, according to
the article [52], 3.19 A® was the best distance
for the adsorption of hydrogen. Third, to find
the attachment of hydrogen molecules with
which part of the linkers released higher BE.
According to the computational results,
adsorption in central rings had the strongest
binding energy. Fourth, comparing the total
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BE of the three ligands (BTB, HsBTPB and
H3:BTBPB) to investigate which one had the
highest BE. The perpendicular and parallel
orientations of H> on the CsH3 phenylene face
in the central ring are shown in Table (2). The
binding energy of H» above the CgHs
phenylene face in perpendicular orientation to
the plane of the ring (model A) is more than
that in parallel orientation (model B). Also, the
binding energy of Hz above the CeH4 side ring
(phenylene face) in perpendicular orientation
to the plane of the ring (model C) is more than
that in parallel orientation (model D). Results
also show that the interaction of H, at the
center of the rings is stronger for the
perpendicular orientation than for the parallel
one. By comparing the interaction of H; with
different active sites, it is revealed that the BE
of attachment for central rings was stronger
compared to that for the side rings. This may
be due to the difference in the electronic
environment (electron cloud density) between
the two rings [52]. The interaction of Hy in the
plane and perpendicular to the plane of the ring
at the CH2 phenylene edge (model N) is
stronger than that with a parallel orientation of
H> (model M). The highest values of -3.276, -
3.438 and 4.165 kcal/mol of the binding energy
were observed at the central ring of the Ce¢Hs
phenylene face for all three different linkers of
BTB, H:BTPB (model A) and Hs:BTBPB
(model B) respectively. The interaction of H»
at the edge of the three rings is shown in
models X and Y (Table 2). At these sites, H»

interacts with three hydrogen atoms of the
rings, where the parallel orientation of H>
results in stronger attachment to the site. It was
found that the binding energy of H: increases
by increasing the number of the phenylene
groups of the organic linker because
H:BTBPB presents more sites for the
adsorption of H, as well as inferior steric
hindrance against the adsorption of hydrogen
comparatively. The best bonding distance
causing the most BE release is 3.19 A°
according to literatures [52]. The binding
energies of the adsorption of H, on the linkers
in different situations are shown in Table (2).
As shown in Table (2), all linkers had more
negative uptakes of hydrogen in the central
ring because, in this situation, the
electronegative effect of the surrounding
oxygens was reduced, so the adsorption of
hydrogen decreased. HsBTBPB linker had the
most negative binding energy among other
linkers, of which the reason is that as the
distance of oxygen from the central ring
increases, its electronegativity decreases. This
increases the binding energy of the uptake of
hydrogen. Electron density in the central ring
increased by increasing the electron cloud
density of this linker, causing the stronger
adsorption of Hz. As the oxygen atoms move
farther away, the density of the electron cloud
in the central ring increases, and thus, the
tendency to adsorb hydrogen molecules
increases.
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Table 2
BE of parallel and perpendicular adsorptions of H. on different sites of the linkers.
BE of BE of
Sites H. orientation Configuration %igﬁg;? H;BTPB H;BTBPB
(kcal/mol) (kcal/mol)
Model A -3.276 -3.438 -4.165
el
Central ring
Model B -3.326 -3.517 -4.295
o
Model C -3.217 -3.325 -4.088
e
Second ring
Model D -3.259 3.362 -4.091
o
Model E - -3.169 -3.825
el
Third ring
Model F - -3.203 -3.846
o
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Model G
o - - -3.469
Fourth ring
Model H
™) - - -3.064
Model M
oo -1.798 -2.089 -2.896
CH;
phenylene
edge
Model N
[+ -1.806 -2.103 -2.932
Model X
o) -2.036 -2.241 -2.998
H, at the edge
of
the three rings
Model Y
™) -2.001 -2.232 -2.978

* BTB, and H3BTBPB linkers had 3, 6 and 9 phenyl rings which means that BTB had the lowest
adsorption sites for H.. H3BTBPB had the highest adsorption. To see the results all together they
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were put in one table. So (-) were placed in columns for the non-situations of the adsorptions of

Ho.

3.2. Multiple H2 coverage

The step energies of multiple H2, molecules
interacting with the organic linker are
investigated in this section. This is useful to
investigate to see how many Hz molecules can
be adsorbed on each linker as well as how the
already adsorbed H: molecules affect the
adsorption of the subsequent H. molecules
[52-55]. After the geometry optimization of
the structure of the organic linker, up to twelve

CBE = BEn- BE(ny)

H> molecules were placed at different
positions on the organic linker and allowed to
run by the geometry optimizer. The calculated
total binding energies are given in Table (3).
Multiple H2 molecules adsorbed on the organic
linker are shown in Figure 7. The obtained
results revealed that the adsorption of H:
molecules increases as the number of the
phenyl groups increases. Eg. (2) shows the
consecutive binding energies (CBE) of the nth
H> molecule over the (n-1) H2 molecules.

()

Figure 7. (A, B and C), (D, E and F), (G, H and I) are related to the adsorption of H, on BTB, H:BTPB

and HsBTBPB linkers. Each linker adsorbed 7, 9 and 12 H, molecules which are shown from front view

and side view. Finally, Zn4O clusters connected with six linkers in MOF-177, MOF-200 and NEW-MOF
and the uptakes of H, were shown.

The results (Table 3) show that, as the number
of H> molecules increases, the consecutive
binding energy (CBE) increases due to the
interaction of H> molecules with the already
adsorbed H> molecules. For example,

42

according to CBE amounts for BTB, CBE in
n=5 decreased from -3.660 to -2.349 kcal/mol,
which means that the adsorption on this linker
of more than 5 hydrogen molecules is because
of the interaction between other H> molecule
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with the 6™ and 7" H, molecules. Adsorbed H:
molecules help to adsorb more H2 molecules in
the upper layers.
Eq. (3) shows the adsorption energy of the nth
H. to the previous structure. The subsequent
addition of hydrogen must be stopped when
the Es value becomes smaller than 0.1 eV
[55]:
Es=E (cluster + n H2) = (E Cluster+ E (n-1) H2 T EHZ)

(©)
The Es value being less than 0.1 eV reflects
that the electrical field proposed by the
adsorption sites is not sufficiently strong to
adsorb further hydrogen molecules. Therefore,
the results in Table 3, Es= -0.09 show that
BTB, HsBTPB, and HsBTBPB adsorbed 7, 9,
and 12 Hz molecules. Increasing the number of

Table 3

adsorbed hydrogen molecules causes an
increase in the binding energy, as shown in
Table 3.

In each step, H2 molecules were added one by
one on linkers, after geometry optimization
with Dmol®, total binding energies were
calculated until their step energy was Es < 0.1
eV. Es results shown the values for BTB,
H3:BTPB and HsBTBPB were 0.099, 0.098 and
0.097ev which are less than 0.1 ev and means
H> adsorption was ended. Consecutive binding
energy results showed that the adsorbed H>
molecules in each layer decreased and H:
molecules helped to adsorb the next H» layers,
so CBE increased again and then decreased
until the adsorption capacity ended according
to the E.

Binding Energy (BE), Consecutive binding energy (CBE) and step energy (Es) of different linkers were
calculated and results were shown. The binding energies (BE) of multiple H> molecules interacting with the
organic linkers (BTB, H3sBTPB, and H;BTBPB) were also shown in the CBE columns. The first column is
about the Number of H> molecules adsorbed on each linker.

BTB Hs;BTPB Hs;BTBPB
SZ BE CBE Es BE CBE Es BE CBE Es
(kcal/mol  (kcal/mol) (ev) (kcal/mol)  (kcal/mol  (ev) (kcal/mol)  (kcal/mol  (ev)
) ) )

1 -3.326 -3.326 -0.143 -3.517 -3.517 -0.115 -4.295 -4.295 -0.123
2 -6.743 -3.417 -0.150 -7.099 -3.582 -0.121 -8.621 -4326 -0.128
3 -10.275 -3.532 -0.173 -10.72 -3.621  -0.126 -13.003 -4.382 -0.111
4 -13.935 -3.660 -0.317 -14.43 -3.710 -0.137 -17.415 -4.412 -0.114
5 -16.284 -2.349 -0.159 -18.273 -3.843  -0.140 -21.864 -4.449  -0.157
6 -18.439 -2.155 -0.165 -21.613 -3.340 -0.138 -26.223 -4.369 -0.132
7 -20.875 -2.436 -0.137 -25.125 -3.512 -0.124 -31.013 -4,062 -0.109
8 -22.898 -2.023 -0.099 -28.661 -3.536  -0.142 -30.295 -3.843 -0.151
9 - - -* -32.148 -3.487 -0.100 -34.138 -3.956 -0.165
10 - - - -35.544 -3.396  -0.098  -37.879 -3.741  -0.150
11 - - - - - - -41.415 -3.536 -0.112
12 - - - - - - -45.013 -3.598  -0.141
13 - - - - - - -48.217  -3.204  -0.097

* no more hydrogen molecules can be adsorbed because Es is less than 0.1 ev.

In this research, the effect of increasing the
phenyl ring on the adsorption of hydrogen was
investigated; therefore, according to the

3.3.Adsorbed moles of Hz per unit cell of
MOFs
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similarities in Space Groups information
related to the crystallography [48] of MOF-
177 and MOF-200, the predicted structure for
the NEW-MOF in each unit cell 1x1x1 had
C1137Hgs40g2ZNn16 atoms. According to the
number of the linkers and Zn clusters in a
1x1x1 cell (for each MOF), after performing
the geometry optimization on linkers, the
adsorptions of H> on them were calculated as
7,9 and 12 in BTB, HsBTPB and H:BTBPB
respectively. Different numbers of the
hydrogen molecules adsorbed on the Zn4O
cluster were calculated and reported in Table
4. Results showed that the number of adsorbed
hydrogen molecules increased when the length
of the linker increased. The number of
hydrogen molecules adsorbed on each linker
has a certain value, i.e., 7, 9 and 12 on BTB,
H3:BTPB and HsBTBPB respectively. For this
reason, H> molecules were added “one by one”
on the Zn cluster to study the amount of
hydrogen adsorbed on the MOF-177, MOF-
200 and NEW-MOF in each step. The numbers
of linkers and Zn-clusters per the unit cell of
different MOFs are presented in Table 4. The
amount of H» adsorbed per unit cell was
calculated by adding hydrogen molecules that
were adsorbed on the ZnsO cluster to the
amount adsorbed by the linker.

As an example, MOF-177 cells have 15.27
BTB linkers and 15.53 Zn4O. 7 hydrogen

molecules can be adsorbed on each linker.
Multiplying this number by 7 (i.e., 15.27 x 7),
gives the total number of H> molecules that are
absorbed on the linkers in a unit cell.

Given only one H> molecule adsorbed by each
cluster, the total number of adsorbed hydrogen
molecules is obtained as 122.42 (i.e., 15.27 x
7+ 15.53 x 1=122.42). To evaluate the moles
of Hz adsorbed in the unit cell, the number of
the adsorbed hydrogen molecules is divided by
the total number of atoms available in the unit
cell. As seen in Table 4, MOF-177 had the
lowest number of the linker (15.27) in unit cell
1x1x1 but because the number of Zn clusters
(15.53) in each unit cell is greater than other
MOFs, it has the highest adsorption of H, . For
as much as ZnsO numbers in the MOF-177 are
higher than those in the MOF-200 and NEW-
MOF, so whatever the numbers of the uptake
of H> on metal increased, the total adsorbed
moles of H. per unit cell increased. The
difference between adsorbed moles of H, per
unit cell in n=1 and n=9 adsorbed H2 on Zn-
clusters in each MOF is shown (0.263-
0.131)0.132, (0.16-0.1065)0.0537 and (0.137-
0.115)0.022 (MOF-177, MOF-200 and NEW-
MOF) which discloses that H, adsorption on
Zn-clusters is as important as that on the
linkers for H. storage, as it is obvious from the
results reported in Table 5.

Table 4.
Numbers of the atoms, linkers and Zn clusters of MOF-177, MOF-200 and NEW- MOF per unit cells.
MOFs Unit cell 1x1x1 Nur_nbers of Numbers of
Linkers Zn cluster
MOF-177 Cas6H2160200ZN64 15.27 15.53
MOF-200 C720H43201287Zn32 16 9.412
NEW-MOF C1137Hs64082ZN16 19.62 5.765

44



Nikravesh et al./ Iranian Journal of Chemical Engineering, Vol. 21, No. 1, 30-50, (2024)

Table 5.

Moles of H. adsorbed per unit cell volume in MOF-177, MOF-200 and NEW-MOF.

Number of Adsorbed moles of H» Adsorbed moles of H, Adsorbed moles of H»
adsorbed H; on per unit cell of per unit cell of per unit cell of

Zn-cluster MOF-177 MOF-200 NEW-MOF

1 0.131 0.1065 0.115

2 0.147 0.113 0.12

3 0.164 0.12 0.121

4 0.180 0.126 0.124

5 0.197 0.133 0.126

6 0.214 0.14 0.129

7 0.23 0.146 0.132

8 0.246 0.152 0.135

9 0.263 0.16 0.137

4. Conclusion

The calculation of DFT was carried out to find
the uptake capacity, binding energy (BE), step
energy (Es) and consecutive binding energy
(CBE) of the H> molecules adsorbed on the
MOF-177, MOF-200 and a new comparable
MOF with different lengths of linkers. The H;
interaction energies were evaluated for three
organic linkers of BTB, H3:BTPB and
H3:BTBPB including 3, 6 and 9 phenyl rings
respectively. For all the MOFs, linkers are
connected to the octahedral ZnsO(CO2)s
inorganic cluster. The binding energy in
perpendicular H orientation in  most
situations, with a 3.19 A° H: distance with
linker sites, was observed to be the most
negative binding energy among all the
calculations. The estimated H: binding
energies were -3.276, -3.438 and -4.165
kcal/mol for BTB, HsBTPB and H:BTBPB in
the central ring respectively. According to the
multiple H> molecules binding with the
organic linkers, the results showed that the
adsorbed molecules help in the binding of
subsequent H> molecules. Due to the Es
calculations, BTB, H3:BTPB and H:BTBPB
could adsorb 7, 9 and 12 hydrogen molecules
respectively. On the other hand, by increasing
the quantity of phenyl groups of the linkers, the

number of adsorbed hydrogen molecules
decreases because larger linkers have more
adsorption sites. Finally, the amounts of the
adsorbed moles of Hz per 1x1x1 unit cell were
0.263, 0.16 and 0.137 moles for MOF-177,
MOF-200 and NEW-MOF. Results showed
that the adsorption of Hz on the Zn-cluster is as
much important as that on the linkers per unit
cell, so MOF-177 is more comfortable for the
storage of Ho.

Nomenclature

H:BTBPB 4,4'4"-(benzenel,3,5-triyl-
tris(biphenyl-4,4'-
diyl))tribenzoate

H:BTPB 4,4'.4"-(benzene-1,3,5-triyl-
tris(benzene4,1-iyl))tribenzoate

BE Binding Energy

BTB 4,4'4"-benzene-1,3,5-triyl-
tribenzoate

CBE Consecutive Binding Energy

DFT Density Functional Theory

DNP Double Numerical plus
Polarisation

Dmol® a unique quantum mechanical
code

ES Step Energy

GGA Generalized Gradient

Approximation
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MOF Metal-Organic Frameworks
PBE the Perdew—Burke-Ernzerhof
PW91 the Perdew; Yue Wang
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