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cating successful construction of expanded MOFs in large scale production. Finally, a usable capacity of these MOFs is investigated for mobile application, revealing that the
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Introduction
Metal-Organic Frameworks (MOFs) are a novel class of crystalline porous compounds, consisting of metal ions linked
together by organic bridging ligands [1e3]. MOFs have attracted tremendous attention for various applications (e.g.
hydrogen [4e10] and methane [11] storage, separation of isotopes such as hydrogen and deuterium [12e16], gas purification [17e19], sensors technology [20] or catalysis [21,22],
biomedical [23], etc …) over the past years due to their
inherent large surface areas and tunable pore size/apertures.
Although in principle MOFs offer a great variety of topologies,
the synthesis of MOFs with ‘meso-porous’ aperture size is still
one of the major challenges. Using long linker in a simple
synthesis procedure for MOFs, often leads to the formation of
interpenetrating structures or partially collapsed frameworks
after removing the solvent molecules [24], and only a few
studies are existing so-far. E.g., Yaghi et al., [25] have recently
reported a method for systematic expansion of MOF-74 from
its original linker of one phenylene ring to several phenylene
rings, resulting in an isoreticular series of MOF-74 structures
with increased pore apertures ranging up to 9.8 nm.
Most reports on the synthesis of novel mesoporous MOFs
originate from academic research groups, which typically
don't optimize on yield and crystallization time or avoid hydrothermal reaction conditions. Only few research group used
mass-produced MOFs to investigate thermophysical property
and heat exchanger concepts in hydrogen storage [26,27].
In this work, we demonstrate that a large-scale synthesis
method for MOF-74 and linker expanded MOF-74 (II) [25] (here,
we will call MOF-74 (II) to MOF-174) which are independently
developed by BASF SE and optimized to allow for industrial
applications. In addition to reported MOF-74/174, a newly
developed MOF-184 (Fig. 1c) is synthesized using a ligand exchange strategy in order to produce a more porous analogue
without loss of crystallinity. Furthermore, the hydrogen
adsorption properties of these MOF-74/174/184-M (M ¼ Mg2þ,
Ni2þ) are systematically investigated by volumetric measurements with a Sieverts’ apparatus. In particular, the influence
of various linker exchange and open metal site on the
hydrogen adsorption property is presented. Afterwards, the
usable hydrogen storage capacity of MOF-74/174/184-M
(M ¼ Mg2þ, Ni2þ) is discussed for mobile application.

Experimental methods
Materials synthesis
All samples were kindly provided by BASF SE and synthesis
description is following. MOF-74/174-Mg/Ni were prepared
with similar procedure reported by Yaghi et al. [25]. However,
BASF SE has established a semitechnical route to produce
MOF-74/174 more efficiently on larger scale (see details in
supporting information). In addition, a novel linker expansion
of MOF-74 from its original 2,5-DOT link to acetylene bridged
link (referred to as MOF-184- Mg/Ni) is newly introduced as
shown in Fig. 1. Synthesis details are following; MOF-184-Mg:
To 225 ml DMF in a 500 ml flask under nitrogen atmosphere

2.4 g Mg(NO3)2  6 H2O (9.375 mmol) and 0.85 g 4-[2-(4-carboxy3-hydroxy-phenyl)ethynyl]-2-hydroxy-benzoic
acid
(2.85 mmol) were added under stirring. To the obtained
slightly yellow solution 15 ml Ethanol was added, followed by
drop-wise addition of 15 ml distilled water. After stirring for
30 min at ambient temperature the reaction mixture was
heated to 120  C for 24 h under gentle reflux. After 30 min of
heating the precipitation of solid material started. After
cooling down to ambient temperature the mother liquor was
separated via filtration on a glass frit under nitrogen atmosphere. The precipitate was washed twice with 20 ml DMF,
twice with 20 ml methanol absolute and then transferred to a
Soxhlett extractor and extracted with Methanol for 16 h. The
received solid was dried at 50 mbar for 2 h at ambient temperature and 16 h at 130  C. After drying 0.78 g of an off-white
solid was obtained. MOF-184-Ni: Under nitrogen atmosphere
11.5 g Ni(NO3)2  6 H2O (39.5 mmol) and 3.7 g 4-[2-(4-carboxy3-hydroxy-phenyl)ethynyl]-2-hydroxy-benzoic
acid
(12.4 mmol) were dissolved in 273 ml DMF under stirring. To
the obtained slightly yellow solution, 60 ml Ethanol was
added, followed by drop-wise addition of 7 ml distilled water.
After stirring for 30 min at ambient temperature the reaction
mixture was heated to 120  C for 12 h under gentle reflux.
After cooling down to ambient temperature the mother liquor
was separated via filtration on a glass frit under nitrogen atmosphere. The precipitate was washed twice with 50 ml DMF,
twice with 50 ml methanol absolute and then transferred to a
Soxhlett extractor and extracted with Methanol for 16 h. The
received solid was dried at 50 mbar for 50 h at 200  C. After
drying 1.95 g of a yellow solid was obtained.

Characterization
X-ray diffraction patterns: The crystal structure of synthesized
MOFs was identified by powder X-ray diffractometer (PXRD)
using CuKa radiation (Bruker AXS, Madison, Wisconsin, USA).
The PXRD was collected using a 0.02 2 q step scan from 2 to
70 with an exposure time of 208.8 s per step. Measurements
were carried out in transmission mode and by using glass
capillaries. Additionally, X-ray powder diffraction measurements Mg-MOF-174 and Mg-MOF-184 were performed at room
temperature at the high-resolution diffractometer ID22 at
ESRF (Grenoble). [28], [29] Samples were loaded in Ar-glovebox
into quartz capillaries and sealed to prevent exposure by atmosphere. Crystal structure of Mg-MOF-174 was refined by the
Rietveld refinement [30] [31] in the trigonal unit cell R-3 (no.
148) with lattice parameters a ¼ 36.289 (3) 
A; c ¼ 6.919 (3) 
A,
using program TOPAS [32]. Crystal structure of Mg-MOF-184
were indexed in the trigonal unit cell R3 (no. 146) with lattice
parameters a ¼ 42.505 (5) 
A, c ¼ 20.117 (7) 
A, but the quality of
data did not allow structure solution. Based on the available
powder diffraction data and adsorption data, it is possible to
suggest that pore's geometry of MOF-184 is similar to MOF-174.
N2 BET measurement: Specific surface area measurements
at 77 K were carried out using Quantachrome Autosorp device
with N2 gas. Samples were outgassed in vacuum at 200  C for
12 h to remove all guests. The specific surface area was obtained by the BrunauereEmmetteTeller (BET) method (using
multipoint BET). The pressure range for BET calculation was
chosen for typically range of 0.05e0.3 P/P0.
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Fig. 1 e Scheme depicting ligand exchange strategy. Crystal structure of MOF-74. a) Dioxidoterephthalate link, A part, is
connected with metal oxide, B part, to make d) 3D structured MOF-74. Chemical structure of organic links used for synthesis
of MOF-174/184; b) 4-(4-carboxy-3-hydroxy-phenyl)-2-hydroxy-benzoic acid and c) 4-[2-(4-carboxy-3-hydroxy-phenyl)
ethynyl]-2-hydroxy-benzoic acid. Metal in secondary unit building, B part, is blue, oxygen is red, carbon is black and
hydrogen is gray. (One should note that the crystal structure of Mg-MOF-184 were indexed by high-resolution diffractometer
 c ¼ 20.117 (7) A,
 but the
ID22 at ESRF (Grenoble) in the trigonal unit cell R3 (no. 146) with lattice parameters a ¼ 42.505 (5) A,
quality of data did not allow a structure solution. Nevertheless, based on the available powder diffraction data and
adsorption data, it is possible to suggest that pore's geometry of MOF-184 is similar to MOF-174)

Thermogravimetric analysis (TGA): TGA was measured
using a Netzsch STA 409 PC Luxx with alumina crucibles.
Heating was performed from room temperature to 800  C with
a heating rate of 2  C/min under nitrogen atmosphere.
Hydrogen-adsorption/desorption measurements: The
automated Sievert's type apparatus (PCTPro-2000) was used

with a so-called micro-doser (MD) from HyEnergy. The original setup was upgraded by a heating and cooling device to
regulate the sample temperature. The adsorption and
desorption isotherms (0e20 bar) were measured at various
temperature (77e298 K) in a sample cell volume of z1.3 ml
using ultra high purity hydrogen gas (99.999%).
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Table 1 e Nitrogen BET surface area, skeletal (He) density, heat of adsorption and H2 adsorption capacities at 77 K and 298 K
of MOF-74/174/184-M (M ¼ Mg2þ, Ni2þ).
Compound Skeletal density (g cm-3) BET surface area (m2 g-1) aHeat of adsorption (KJ mol-1)

Hydrogen uptake at 20 bar
(wt.%)
RT 77 K, excess 77 K, absolute

MOF-74-Mg
MOF-174-Mg
MOF-184-Mg
MOF-74-Ni
MOF-174-Ni
MOF-184-Ni
a
b

1.77
1.73
1.61
1.87
1.91
1.88

984
2465
3154
1176
1444
2449

9.1
8.8
7.7
9.9
8.5
9.0

b

(5.0)
(5.2)
(4.7)
(6.3)
(5.1)
(4.6)

0.07
0.15
0.15
0.10
0.09
0.11

1.66
4.33
4.01
2.49
2.83
3.58

1.80
4.69
4.34
2.71
3.07
3.89

Initial heat of adsorption.
Parenthesis: average heat of adsorption up to 85 % of surface coverage.

Before the hydrogen-uptake measurements, the samples
were heated at 130e200  C in vacuum (4.5  109 bar) overnight in order to remove any guest molecules in frameworks.
In order to remove an influence of the temperature gradient
between cooled sample cell and gas reservoir with pressure
transducer at RT during isotherm measurement at low temperature, non-adsorbing samples (sea sand) possessing the
same volume was measured (~nsea sand (p,T)) under identical
conditions. By subtracting these two measurements, the influence of the temperature gradients as well as systematic
errors cancel out. Thus, the excess amount of hydrogen nexc
(p,T) adsorbed can be calculated by:
nexc(p,T) ¼ nexperiment(p,T) e nsea sand (p,T)
The adsorbed amount is reported in wt% which is defined
as mass of hydrogen mads per mass of the system, which
consists of the sample mass mS and the adsorbed hydrogen.
Hydrogen uptake ðwt%Þ ¼

mads
ms þ mads

The excess uptake should be corrected in order to exactly
represent the amount of hydrogen adsorbed on the surface
(so-called ‘absolute uptake’), and this absolute uptake will be
used for heat of adsorption calculation. For estimating the
absolute amount adsorbed, the volume of the adsorbed layer
(Vads) needs to be known. The density of the adsorbed layer is
close to the density of the liquid rlq and therefore the volume
of the adsorbed layer is approximately
Vads ¼

nexcess $MH2
rlq

where MH2 is the molar mass of hydrogen.
If there was no adsorption, in the volume of the adsorbed
layer the amount n gas of gas would be present due to the
external pressure. This can be calculated from the ideal gas
equation
ngas ¼

P$Vads
Z$R $ TCold

with the correction factor [33] for non-ideal gas

Z ¼ (1.000547- (6.07107)Tþ(0.000912-(1.0653106)T)
Pþ((7.373407e0.0901T)107)P2)

The absolute amount adsorbed nabs is therefore:
nabs ¼ ngas þ nexcess ¼ nexcess $ 1 þ

P$MH2
Z$rlq $R $ TCold

!

Results and discussion
Crystal structure and characterization of MOF-74/174/184M (M ¼ Mg2þ, Ni2þ)
Fig. 1a shows the crystal structure of MOF-74-M (M ¼ Mg2þ,
Ni2þ), exhibiting a three-dimensional honeycomb-like
network. The large hexagonal 1D channel possesses about
11 
A in diameter defined by the space between the van-derWaals radii of the wall atoms inside the channel. The crystal
structure of the MOF-74-Mg/Ni was identified by powder X-ray
diffraction (PXRD) using CuKa radiation (Fig. S1 and S4, Si) in
range of 2q ¼ 2 - 70 . Measurements were carried out in
transmission mode and by using glass capillaries. The PXRD
patterns for MOF-74-Mg/Ni is in good agreement with measurements in literature [34,35].
Afterwards, the ligands of dioxidoterephthalate (DOT) in
MOF-74 are replaced by longer ligands such as 4-(4-carboxy-3hydroxy-phenyl)-2-hydroxy-benzoic acid for MOF-174 (Fig. 1b)
and 4-[2-(4-carboxy-3-hydroxy-phenyl)ethynyl]-2-hydroxybenzoic acid for MOF-184 (Fig. 1c), respectively. Diameters of
the pore aperture (van-der-Waals radii of the wall atoms inside the channel) are ca. 16.5 
A and 20 
A for MOF-174 and MOF184, respectively (estimated for MOF-184 based on the suggestion that MOF-184 has the same pore geometry as MOF-174
and MOF-74). PXRD patterns and TGA profiles for MOF-74/174/
184-M (M ¼ Mg2þ, Ni2þ) are shown in Fig. S1-S12, SI. The
amount of weight loss in the thermogravimetric measurements indicate that the framework of the Ni and Mg coordination MOFs are stable in an inert atmosphere even above
250  C. The nitrogen adsorption isotherm yields a BET area of
984 m2/g, 2465 m2/g, 3154 m2/g, 1176 m2/g, 1444 m2/g and
2449 m2/g for MOF-74-Mg, MOF-174-Mg, MOF-184-Mg, MOF74-Ni, MOF-174-Ni and MOF-184-Ni, respectively (Table 1).
Interestingly, the surface area of the novel MOF 184-Mg (with
acetylene bridged linker) is much higher than all series of the
MOFs reported from Yaghi et al. [25]. One should note that
they observed an increase of pore volume in the frameworks
with larger aperture, while BET area of expanded MOF-74
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Fig. 2 e Excess hydrogen isotherm sorption curves of the Mg-MOF-74 (triangle blue), 174 (circle red) and 184 (square black) at
a) 77 K and c) RT, and Ni-MOF-74 (triangle blue), 174 (circle red) and 184 (square black) at b) 77 K and d) RT; Filled symbol:
adsorption and open symbol: desorption. The isotherms show fully reversible sorption curve. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

series is initially increased till 2510 m2/g of MOF-74-II (here
MOF-174), but then decreased for MOFs possessing even
longer organic linker. They explained that the lower BET
surface area for MOFs with longer linker is due to the smaller
geometric surface per identical volume. Therefore, higher BET
area with even larger aperture than MOF-174 makes the novel
(acetylene moiety presented in the linker) MOF-184 a very
interesting material to investigate hydrogen storage
properties.

Hydrogen storage capacity

Fig. 3 e Excess hydrogen uptake in wt% at 77 K versus BET
specific surface area for various high-porosity MOFs. Blue
circle symbols are the MOF-74/174/184-M (M ¼ Mg2þ, Ni2þ).
The black circle, red circle and green triangle symbols
denote measurements of various MOFs from O. Yaghi, M.
Hirscher and S. Kaskel reported in literature [27],
respectively. The blue dot line indicates the linear
correlation between surface area and uptake with a slop of
1 wt% H2 per 500 m2 g¡1. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article.)

Excess hydrogen adsorption/desorption isotherm of MOF-74/
174/184-M (M ¼ Mg2þ, Ni2þ) up to 20 bar for 77 K and RT were
performed as shown in Fig. 2 and Table 1. For 77 K, MOF-74-M
(M ¼ Mg2þ, Ni2þ) has an excess hydrogen storage capacity of
1.66 (Mg2þ Fig. 2a) and 2.49 wt% (Ni2þ Fig. 2b) at 20 bar with
fully reversible sorption curve which is in good agreement
with the previous work in literature [35e38]. The steep initial
increase of H2 adsorption indicates a strong interaction between H2 and host MOFs, and therefore saturation is reached
at low pressure. After expansion of pore size by linker exchange, the excess hydrogen uptake on MOF-174/184-Mg and
MOF-174/184-Ni is increased to 4.33, 4.01, 2.83 and 3.58 wt%,
respectively (Fig. 2a, b). The enhanced gravimetric excess
hydrogen uptake at low temperature can be correlated with
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Fig. 4 e Fully reversible ‘absolute’ hydrogen uptake isotherms in a) MOF-74-Mg, b) MOF-174-Mg, c) MOF-184-Mg, d) MOF-74Ni, e) MOF-174-Ni and f) MOF-184-Ni at various temperatures, i.e. at 77 K (black square, liquid N2), 87 K (blue circle, liquid Ar),
87 K (red cross), 97 K (pink triangle), 107 K (green inverse triangle) and 117 K (red diamond). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5 e Heat of hydrogen adsorption for a) MOF-74/174/184-Mg and b) MOF-74/174/184-Ni as a function of hydrogen uptake
in wt%.

the increase of the specific surface area (SSA) and pore volume
(Table 1). At room temperature, the hydrogen uptake for MOF74-Mg is much lower than MOF-174/184-Mg (Fig. 2c) while the
uptake for MOF-74/174/184-Ni (Fig. 2d) are almost identical to
each other. The room temperature uptake at 20 bar is around
0.07, 0.15 and 0.15 wt% for MOF-74/174/184-Mg and is around
0.10, 0.09 and 0.11 wt% MOF-74/174/184-Ni, respectively. Note
that the hydrogen storage capacity of MOF-174/184-Mg is
enhanced by a factor of 2e3 at both 77 K and RT, when
compared to the MOF-74-Mg. This indicates that expanding of
pore size by linker exchange in conjunction with Mg2þ oxide

secondary building unit may improve not only the specific
surface area for uptake at 77 K but also accessibility of
hydrogen gas on open metal sites (Mg2þ) for uptake at RT.
In cryogenic (77 K) hydrogen storage applications, the
saturation hydrogen uptake at higher pressures typically depends on the specific surface area (SSA) of the porous material
[39], also known as Chahine's rule [40] which describes a linear
correlation between the excess hydrogen uptake and SSA with
a slope of 1 wt% H2 per 500 m2/g.
In this regard, all samples follow the general trend of liner
correlation between SSA and H2 uptake as shown in Fig. 3
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except MOF-184-Mg which shows highest SSA among all 6
samples but lower uptake than MOF-174-Mg (Table 1). This
little deviation implies that MOF-184-Mg may have not fully
reached yet the saturation at 20 bar due to the large pore
volume, and therefore requiring even higher pressures than
20 bar. Nevertheless, a clear liner trend for all 6 samples can be
recognized (Figs. 2 and 3).

Heat of adsorption calculation
The hydrogen heat of adsorption can be determined by an
integration of the ClausiuseClapeyron equation as function of
the surface coverage. Carrying out the integration, the ClaudiuseClapeyron relation is now commonly rearranged in the
Van't Hoff [41] form for calculating physisorption enthalpy.
DH ¼ R$

!
vlnðPÞ
vT1

q

where P is the equilibrium gas pressure, DH the reaction
enthalpy and q is the surface coverage.
From the ‘absolute adsorption isotherms’ for different temperatures, the logarithm of the pressures values at a fixed
surface coverage q can be plotted versus the reciprocal temperature 1/T yielding a linear correlation with a slope proportional to the enthalpy of adsorption (Fig. S13, SI). It is
worthy to note that the heat of adsorption is typically calculated with isotherms at different temperature, e.g. at liquid
nitrogen (77 K) and liquid Ar (87 K) temperature. This simple
calculation, however, results in a high uncertainty due to the
small temperature range. Therefore, hydrogen adsorption
isotherms for MOF-74/174/184-M (M ¼ Mg2þ, Ni2þ) are
measured over a wider temperature range within 77e117 K,
allowing the determination of the heat of adsorption for a
wide range of surface coverage in order to minimize the uncertainty. Fig. 4 shows the temperature variation of the ‘absolute’ hydrogen adsorption curves, which will provide the
strength of the binding potential for hydrogen in MOF-74/174/
184-M (M ¼ Mg2þ, Ni2þ). The corresponding maximum uptake
for absolute H2 adsorption on MOF-74/174/184-Mg and MOF74/174/184-Ni at 77 K, 20 bar is around 1.80, 4.69, 4.34, 2.71, 3.07
and 3.89 wt%, respectively (Fig. 4 and Table 1). The steep initial
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increase at low pressure also implies a strong affinity of the
material for H2 due to the open metal sites (see Fig. 5).
For comparison, the hydrogen heat of adsorption is shown
in Fig. 5 as a function of the uptake in wt%. The heats of
adsorption at initial hydrogen loading (zero coverage) of MOF74/174/184-Mg (Fig. 5a) and MOF-74/174/184-Ni (Fig. 5b) are
around 8e9 kJ/mol and 9e10 kJ/mol, respectively, which is in
good agreement with literature values for MOF-74-Mg/Ni
[35,36]. With increasing H2 loading, adsorption enthalpies of
all samples decrease closely to the 3e3.5 kJ/mol. This implies
that strong primary sites (i.e. open metal site) are occupied
first, followed by less attractive secondary and third sites. The
number of H2 molecules (uptake) to saturate the open metal
sites is approximately the same indicating a similar number of
accessible metal sites for all samples. The higher uptake in
structures possessing longer linkers is governed by less
strongly bound H2. The slightly different H2 binding strength
on different metal ions can be also understood on the basis of
coordination preference of these divalent cations (different
ionic radius between Mg2þ and Ni2þ) [35]. Note that the heat of
adsorption at initial uptake for MOF-74-Mg (Fig. 5a) decreases
immediately with increasing hydrogen loading. This may
indicate either a relatively poor crystallinity of MOF-74-Mg or
the ratio of H2 accessible Mg2þ open metal centers is rather
limited for this large-scale production procedure (however,
the accessibility of H2 on these open metal ion (Mg2þ) is
somewhat improved by linker exchange of MOFs as MOF-174/
184).

Usable capacity of MOFs for tank systems
For technical applications (e.g. a cryo-adsorption tank system), the usable hydrogen capacity of MOF-74/174/184-M
(M ¼ Mg2þ, Ni2þ) is the most relevant quantity which represents the amount of hydrogen that can be used during operation. A fuel cell requires a certain back pressure (e.g. 2 bar)
[42] and thereby part of the hydrogen stored in the cryoadsorption tank system cannot be used. In Fig. 6, the absolute adsorbed hydrogen in MOF-74/174/184-M (M ¼ Mg2þ, Ni2þ)
are shown in dependence of the pressure. The vertical lines in
Fig. 6 indicate the minimum back pressure (Pmin) and the

Fig. 6 e Usable hydrogen capacity of a) MOF-74/174/184-Mg and b) MOF-74/174/184-Ni at 77 K. The amount of hydrogen
released upon unloading from 20 bar to 2 bar is defined as usable capacity.
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Table 2 e Usable hydrogen capacity at 77 K of MOF-74/
174/184-M (M ¼ Mg2þ, Ni2þ). Parenthesis: ratio of usable
capacity over max. absolute uptake at 77 K, 20 bar.
Compound

Usable H2 capacity/wt.%
Isothermal at 77 K
20 bar / 2 bar

MOF-74-Mg
MOF-174-Mg
MOF-184-Mg
MOF-74-Ni
MOF-174-Ni
MOF-184-Ni

showing an increased capacity for high SSA frameworks
produced by exchange to longer linkers.

0.8
1.9
2.2
0.9
1.3
1.9

(42%)
(42%)
(52%)
(34%)
(42%)
(48%)

20 bar at 77 K /
2 bar at 117 K
1.4
3.7
3.7
2.1
2.4
3.3

(76%)
(80%)
(85%)
(78%)
(80%)
(86%)
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Appendix A. Supplementary data
maximum loading pressure (Pmax) which is assumed to be
2 bar and 20 bar, respectively. The usable capacity is determined by the difference between maximum uptake and
minimum uptake of each MOF (Uptake (Pmax) e Uptake (Pmin)).
As shown in Table 2 and Fig. 6, the usable capacity of MOF74/174/184-Mg and eNi at 77 K is ca. 0.8, 1.9, 2.2, 0.9, 1.3 and
1.9 wt%, respectively. Indeed, the usable capacity is almost
50% lower than the absolute uptake at the maximum pressure
of 20 bar (see Table 1), but it clearly shows that the usable
capacity is enhanced for high SSA through exchange by longer
linkers. Furthermore, as the operating temperature of the
cryo-adsorption tank system has a strong influence on the
capacity and release, almost all (85%) of total uptake at 77 K
can be released if the operating temperature increases by 40 K
during unloading. For example loading at 77 K, 20 bar and a
temperature rise during unloading up to 117 K, 2 bar increases
a usable capacity to 3.7 wt% and 3.3 wt% for MOF-184-Mg and
MOF-184-Ni, respectively (see Table 2).
One should note that while SSA is increased by the linker
exchange to longer ones (Table 1), the number of metal sites
remains almost equivalent (see Fig. 5 for heat of adsorption at
low uptake region), leading to a reduction of fraction of metal
sites per SSA. Hence, this result demonstrates that the
increasing surface area without strong binding metal sites is
one of important parameters for improving the usable
capacity.

Conclusion
We have demonstrated a semitechnical route to produce
MOF-74/174 efficiently in large scale production optimized at
BASF SE for industrial applications. In addition to MOF-74/174,
a newly developed MOF-184 has been synthesized using a
ligand exchange strategy in order to prepare a more porous
analogue without loss of crystallinity. This isoreticular family
of MOF-74/174/184-M (M ¼ Mg2þ, Ni2þ) has been systematically
characterized for hydrogen adsorption properties. Replacing
the linker by a longer one, leads to a significantly enhancement of the BET area and cryogenic (77 K) hydrogen storage
capacity. The heat of adsorption of hydrogen was determined
with very high accuracy over a wide range of surface coverage,
showing similar values for the parent MOF-74 and linker
exchanged MOF-174/184. Considering parameters typical for
mobile applications, the usable capacity has been evaluated

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.ijhydene.2016.08.153.
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