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ABSTRACT

Emerging as an outperformed class of metal-organic frameworks (MOFs), square-octahedron (soc) topology MOFs (soc-MOFs)
feature superior properties of high porosity, large gas storage capacity, and excellent thermal/chemical stability. We report here an
iron based soc-MOF, denoted as Fe-pbpta (Hspbpta = 4,4',4",4"-(1,4-phenylenbis(pyridine-4,2-6-triyl))-tetrabenzoic acid) possessing
a very high Brunauer, Emmett and Teller (BET) surface area of 4,937 m%g and a large pore volume of 2.15 cm®g. The MOF
demonstrates by far the highest gravimetric uptake of 369 cm*(STP)/g under the DOE operational storage conditions (35 bar and
298 K) and a high volumetric deliverable capacity of 192 cc/cc at 298 K and 65 bar. Furthermore, Fe-pbpta exhibits high thermal
and aqueous stability making it a promising candidate for on-board methane storage.
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1 Introduction

In the present scenario, the environmental concern and climate
change are at defining moment due to the increase in the
average global temperature leading to unprecedented weather
pattern and rising sea level [1, 2]. The injudicious use of fossil
fuels in the energy production and automobile sector has
resulted in the sharp increase of atmospheric carbon dioxide
(> 400 ppm) causing some environmental and health issues.
Therefore, the immediate shift towards environmental benign
green resources, like natural gas (consisting of mainly methane,
~ 95%), is the need of the hour [3]. Due to the natural abundance
and low carbon dioxide emission, the use of natural gas in
automobile industry has gained escalating interest. However,
the low volumetric energy density of methane or natural gas
deterred its utilization as fuel. The strategies i.e. the use of
liquified natural gas (LNG) and compressed natural gas (CNG),
to address this impediment are also associated with drawbacks
like high cost for cryogenic processes, heavy and expensive
vessels, and risks of explosion. Another approach of adsorption
of natural gas (ANG) using porous materials has emerged as
potential alternative to solve these problems [4, 5].

The last two decades have witnessed enormous advances in
the field of porous materials, specifically the development of
framework materials i.e. metal-organic frameworks (MOFs) and
covalent organic frameworks (COFs) [6-9]. The introduction

of reticular chemistry by Yaghi et al. [10, 11] is one of the most
critical aspect of this acclamatory progress, leading to the
discovery and development of highly functional crystalline
materials, particularly MOFs [12]. MOFs are the class of materials
generated by combination of metal nodes (metal ions or
metal clusters known as secondary building units, SBUs) and
bi/multidendate organic linkers [13, 14].

Due to their crystallinity, structural diversity, high porosity,
ease of functionalization and presence of a high density of
binding sites, MOFs become promising candidates for gas storage
and separation [4, 12, 15-18]. Early examples include HKUST-1
[16, 19] that showed the highest volumetric uptake capacity
of 267 cc/cc at 65 bar and room temperature. From there on,
numerous MOFs with high volumetric uptake under these
conditions have been reported such as PCN-14 [20] (230 cc/cc),
UTSA-76a [21] (257 cc/cc), MAF-38 [22] (263 cc/cc) and
Ni-MOEF-74 [16] (251 cc/cc). The U.S. Department of Energy
(DOE) set the storage target of 263 cm*(STP)/cm’ at 65 bar, which
seems practical, and has been achieved, but the efficiency of
the adsorbent material depends on their deliverable capacity
(between 5 and 65 bar). Among the uncountable MOFs materials,
a very few MOFs with high volumetric deliverable capacity
have been reported till date such as MOF-519 [23] (209 cc/cc),
NJU-Bai-43 [24] (198 cc/cc), Co(bdp) [25] (197 cc/cc) and
UTSA-76a [21] (197 cc/cc) among many others [18, 24, 26, 27].
Furthermore, without high operational and thermal stability,
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the practical usage of frameworks seems farfetched.

In this context, iron-containing metal-organic frameworks
(Fe-MOFs) with square-octahedron (soc)-topology have immense
potential in practical applications owing to their promising
properties, like preferable stability, chemical versatility and tailored
functionality [28-30]. Iron being the 4th most abundant
element in the earth crust and low toxicity further bolsters the
development of iron containing MOFs. The soc topology MOFs
(soc-MOFs) have microporous architectures with well-defined
cages and channels and consist of narrow pores with higher
localized charge density. These are built by a trigonal prismatic
metal SBUs [Ms(:-O)(~COO)s] connected via tetratopic organic
linkers and exhibit distinct properties of high porosity, large
gas storage capacity, and excellent thermal/chemical stability
[28]. The introduction of functionalities on the ligand backbone
can further augment the interactions with the gas molecules
and lead to enhanced uptake capacities [31]. The soc-MOFs
such as Al-soc-MOF-1 [32], In-soc-MOF-1a [33], BUT-22 [34]
and other M(III)-soc-MOFs have already shown promising
applications for gas (H., CH.) storage and natural gas upgrading
[28], whilst also showing high stability [35-38]. Here, we utilized
a rigid tetracarboxylate linker featuring pyridine functionalities
(Hipbpta = 4,4',4",4"-(1,4-phenylenbis(pyridine-4,2-6-triyl))-
tetrabenzoic acid) and obtained Fe-pbpta with a very high

Brunauer, Emmett and Teller (BET) surface area of 4,937 m*/g.

Fe-pbpta demonstrates highest gravimetric uptake of 369
cm*(STP)/g under the DOE operational storage conditions
(35 bar and 298 K), and also shows a high volumetric deliverable
capacity of 192 cc/cc at 298 K and 65 bar.

2 Experimental section

2.1 Materials and methods

All reagents and solvents were purchased from commercial
sources and used as received. The ligand Hapbpta was synthesized
from our previous reported procedure [39].

2.2 Synthesis of Fe-pbpta

A mixture of the ligand Hipbpta (10 mg, 0.01 mmol) and
Fe(NOs);9H:O (18 mg, 0.045 mmol) was sonicated and dissolved
in a 20 mL scintillation vial containing dimethylformamide
(DMF) (1.2 mL) followed by the addition of acetic acid (0.25 mL).
The vial was then placed in an oven at 135 °C for 24 h to yield
yellow cubic crystals. Yield: 74.2% (based on the ligand). FTIR
(ecm™); v = 3,061 (w, br.), 1,593 (m), 1,545 (m), 1,383 (s),
1,178 (w), 1,104 (w), 1,015 (m), 863 (w), 817 (m), 784 (s).
Elemental analysis experimental: C, 56.47; H, 3.42; N, 3.56;
calcd (CesHasFesN3O16): C, 61.18; H, 2.78; N, 3.24.

2.3 Characterization

Powder X-ray diffraction (PXRD) data was collected at room
temperature using a Bruker D8 Advance theta-2theta diffract-
tometer with copper radiation (Cu Ka, A = 1.5406 A) and a
secondary monochromator operating at 40 kV and 40 maA;
whereby samples were measured between 3° and 30° at 0.6 s/step
and step size of 0.02°. Single crystal X-ray diffraction
(SCXRD) data were collected using synchrotron radiation (A =
0.41328 A) at the Advanced Photon Source Beamline 15-ID-B
of ChemMatCARS in Argonne National Lab, Argonne, IL,
USA. Infrared spectra measurements from 4,000-400 cm™ were
taken on a Perkin Elmer FT-IR Spectrometer Spectrum Two
(UATR Two) with 4 cm™ resolution. A TA Instruments TGA
Q50 was used to record thermal gravimetric analysis (TGA)
data from room temperature to 600 °C at a 10 °C/min rate. A
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Varian Unity Inova 400 spectrometer NMR was used to measure
'"H NMR. Low pressure gas adsorption measurements were
performed using a Micromeritics ASAP 2020 analyzer for N,
(surface area measurement at 77 K); and CH, isotherms at 273
and 298 K.

2.4 High pressure methane adsorption measurements

High-pressure adsorption isotherms in the range of 0-65 bar
were measured on a HPVA-100 from Particulate Systems, a
Micromeritics company. In a typical measurement, 0.26 g of
activated sample was loaded into a tared 2 mL stainless steel
sample holder inside a glove box under a N, atmosphere. Prior to
connecting the sample holder to the vacuum coupling radiation
(VCR) fittings of the complete high-pressure assembly inside
the glove box, the sample holder was weighed to determine the
sample mass. The sample holder was then transferred to the
HPVA-100, connected to the analysis port via an VCR fitting,
and evacuated at 140 °C for at least 10 h. A detailed description
of the procedure used for measuring high-pressure CH, adsorp-
tion isotherms on the HPVA-100 was previously reported
[40, 41]. We also tested methane adsorption on HKUST-1 as
a reference and the excess uptake showed good agreement
with the isotherm provided by Micromeritics (Fig. S11 in the
Electronic Supplementary Material (ESM)).

2.5 Stability tests

In order to test the stability of the MOF under different
environments, 40 mg of air-dried Fe-pbpta samples were
soaked in 5 mL of water, and 5 mL aqueous solutions of 1 M
HCI, 0.1 M NaOH and 1 M NaOH respectively for 24 h.
Afterwards, the crystals were carefully decanted and washed
with EtOH for several times. The resulting samples were then
characterized using PXRD, BET and scanning electron microscopy
(SEM). The samples were immersed in dichloromethane (DCM)
overnight and activated at 140 °C for 10 h prior to the BET
measurements.

3 Results and discussion

3.1 Structure description and characterizations

The Fe-pbpta was obtained as yellow cubic crystals from
solvothermal reaction of high-valent Fe(NO:); and rigid
tetracarboxylate ligand Hapbpta in the presence of acetic acid
as the modulator in DMF (Fig. 1). The SCXRD analysis revealed
that Fe-pbpta crystallizes in the cubic Pm3n space group as
[FesO(pbpta)5(H20)3]-(NOs). The crystal structure is similar
to the other reported soc-MOFs [29, 32, 33, 35, 36, 38, 42-45]

Fe-pbpta crystals

1]

g (
OO0

®
_éH

Rectangular ligand MBB

Trinuclear Fe(IlI)-oxo MBB

Figure1 The yellow cubic crystals of Fe-pbpta; and the structure of the
framework built from trinuclear iron(III) MBB [Fes(p3-O)(H20)3(~COOQ)e)
and rectangular tetracarboxylate ligand pbpta*".
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whereby the inorganic molecular building blocks (MBBs) are
composed of 3-oxo-centered trinuclear Fe(III) clusters; and the
[Fes(us-0)(H20)s(-COO)s] MBBs are bridged by six independent
pbpta*” ligands to form a 3-periodic cationic Fe-pbpta framework.
Each Fe’* cation adopts an octahedral coordination environment
composed of six oxygen atoms, of which four are from bis-
monodentate deprotonated carboxylate oxygens from four
independent pbpta* ligands, one is the ps-oxo anion, and one
is the terminal oxygen that completes the coordination sphere
(Fig. 1). The charge balance in the framework can either be
provided by the "OH anions on the cluster, or the presence of
nitrate anions that could be disordered in the framework. Due
to the poor resolution of diffraction data and high symmetry
of the framework, the nitrate anions could not be located
properly inside the pores of the framework. Elemental analysis
and FTIR (Fig. S1 in the ESM) characterizations were further
inconclusive in determination of the anion.

Considering the trinuclear Fe(III) cluster as trigonal prismatic
SBU with the six carbons of the carboxylate moieties as 6-c
node and the rectangular organic ligand as the 4-c node, the
topological analysis reveals that the network has the edge
transitive (4,6)-connected net with the underlying soc topology.
The overall three-dimensional (3D) porous framework contains
embedded cubic cages (volume 18.2 A x182 A x182 A), window
dimension of 11.0 A x 9.0 A that are interconnected through
square channels along the three directions. The solvent accessible
free volume for Fe-pbpta was estimated to be 75% using PLATON
software.

The phase purity of the bulk sample was confirmed by
comparing the experimental PXRD pattern to the calculated
PXRD pattern obtained from the single crystal structure using
Mercury software which were in excellent agreement with each
other (Fig. S3 in the ESM). The thermal gravimetric analysis
showed a good thermal stability up to 350 °C (Fig. S2 in the ESM)
with first release of solvent at 60 °C.

In order to achieve proper activation of the MOF material,
the guest molecules in the as-synthesized sample were exchanged
with methanol followed by DCM. Owing to the high stability
of the pure microporous architecture, the solvent in the pores
could then be removed by conventional activation methods
(drying under dynamic vacuum at 140 °C for 10 h) and nitrogen
adsorption measurements were carried out at 77 K. The material
showed a reversible Type I isotherm typical of the microporous
materials (Fig. 2) and displayed very high Langmuir and BET
specific surface areas of 6,712 and 4,937 m?/g respectively as
well as a large pore volume of 2.15 cm*/g. This remarkably high
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Figure 2 Nitrogen adsorption-desorption isotherms at 77 K showing
very high uptake reaching 1,400 cm*(STP)/g. The pore size distribution is
provided in the inset.
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surface area has not been observed in case of iron-based MOFs
and is one of the highest among the family of soc-MOFs reported
thus far [29, 32, 33, 35, 36, 37, 42-45]. The observed pore width
from the pore size distribution of 18 A is in good agreement
with the calculated pore width of 18.2 A.

3.2 Stability measurements

In accordance with the hard and soft acids and bases (HSAB)
theory, the carboxylate-based ligands as hard Lewis bases show
very strong interactions with the high valent Fe’* ions acting
as hard Lewis acids. Also, the longer and rigid ligands impart
additional stability to the resulting frameworks due to higher
activation energy of decomposition in the transition states [46].

To test stability of the framework under operational conditions,
we exposed the MOF to air and soaked it in water for 24 h.
The Fe-pbpta shows high stability of the framework in air and
aqueous conditions. As can be seen from the PXRD patterns
and SEM images in Figs. 3 and 4 respectively, the Fe-pbpta
retains its crystallinity after being subjected to air and water for
24 h. The N; sorption isotherms remain almost the same as the
pristine framework (Fig. S7 in the ESM), further establishing
the stability of the MOF under these conditions.

To test its chemical stability, we exposed the sample to acidic
(1 M aqueous HCI) and basic (pH 11-14) conditions. Under
the acidic conditions, structural defects are probably introduced
and the framework undergoes slight loss in crystallinity evident
from the reduction in intensity of relative peaks and peak
broadening in the PXRD pattern (Fig. S6 in the ESM).
Furthermore, there is a slight loss in porosity of the framework
indicated by the reduced N uptake at 77 K (Fig. S7 in the
ESM). Upon increasing the pH to 11, there is a similar loss of
crystallinity. Further increasing the pH, the framework undergoes
decomposition and completely loses its crystallinity (Fig. S6
in the ESM). Fe-pbpta is among the MOFs based on the
[Fes(us-O)(~COO)s] clusters showing good air/water stability
such as MIL-101(Fe) and MIL-53(Fe). Its chemical stability over
the wider pH range from 1-11 is however less than PCN-333
(Fe), PCN-250 (Fe) and PCN-600 (Fe) which show very high
stability under these conditions [46].

The high porosity and bulk phase purity of the material,
ability to be activated under traditional activation conditions
and high air/aqueous stability of the framework made it an ideal
candidate for onboard or stationary methane storage studies.

3.3 Methane adsorption
The Fe-pbpta was first evaluated for its methane uptake capacities
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Figure 3 A comparison of the PXRD patterns of samples tested under air
and aqueous environment.

@) TSINGHUA H itori
@ Spnnger | www.editorialmanager.com/nare/default.asp

UNIVERSITY PRESS



Nano Res. 2021, 14(2): 512-517
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Figure4 SEM images of samples as synthesized (a), air (b), water (c) and
acid (d).

in the low-pressure region and quite interestingly, it showed very
moderate methane uptake at 273 and 298 K with pressures
reaching up to 1 bar (Fig. S8 in the ESM). Such behavior is desirable
for MOFs in order to achieve high working capacities, i.e. low
uptake at lower pressures and high uptake as the pressures
increase. The isosteric heat of adsorption (Qu«) was also calculated
at zero coverage using dual-site Langmuir-Freundlich (DSLF)
model and turned out to be 22.27 kJ/mol (Fig. S9 in the ESM).
Upon carrying out the high-pressure methane uptake measure-
ments at 273 and 298 K, Fe-pbpta showed a total gravimetric
uptake of 369 cm*(STP)/g under the DOE operational storage
conditions (35 bar and 298 K) (Fig. 5(a)). This uptake capacity is
comparable to other microporous Al-soc-MOF-1 [32] (361 cm’/g),
mesoporous MOF-210 [47] (210 cm?®/g) and DUT-49 [48]
(364 cm’/g) under the same conditions. The gravimetric
uptake capacity at 65 bar and 298 K reaches 579 cm’/g, and the
current gravimetric DOE target of 700 cm?(STP)/g could be
achieved at 52 bar and 273 K (Fig. 5(a)).

The deliverable capacity is more relevant compared to the
total gravimetric uptake for operational usage of a material.
The gravimetric uptake capacity of 0.37 g/g for Fe-pbpta at
65 bar and 298 K is among one of the highest reported for
MOFs. It is higher than MOF-205 (0.32 g/g), MOF-177 (0.30 g/g)
and BUT-22 (0.295); and comparable to Al-soc-MOEF-1 (0.37)
and DUT-49 (0.36 g/g). The selected MOF materials with their
total gravimetric uptakes and deliverable capacities at 65 bar
and 298 K are shown in Fig. 6.

The volumetric methane uptake capacities were calculated
using the crystal density of Fe-pbpta (0.376 g/cm?). The total
volumetric uptake capacity of 219 cc/cc at 298 K and 65 bar
(Fig. 5(b)) is comparable to Al-soc-MOF-1 [32], Fe(bdp) and
Co(bdp) [25] having uptake capacities of 198, 196 and 205 cc/cc,
respectively, under the same conditions.

The deliverable volumetric capacities (5-35 bar) increased
from 116 to 167 cc/cc upon decreasing the temperature from
298 to 273 K, a phenomenon being observed only recently for
MOFs such as Al-soc-MOF-1 [32] and Cu-tbo-MOEFE-5 [49]
which show this increase opposite to that of other MOFs such as
HKUST-1, Ni-MOF-74, NU-111 [16] and UTSA-76a [21].

In the 5-65 bar regime, the Fe-pbpta showed a high deliverable
capacity of 192 cc/cc at 298 K which is more than Al-soc-MOF-1
[32] (176 cc/cc) and MAF-38 [22] (187 cc/cc); and comparable
to HKUST-1 [16] (190 cc/cc), Fe(bdp) (190 cc/cc), Co-bdp [25]
(197 cc/cc) and UTSA-76a [21] (197 cc/cc). A comparison of
the selected high performing MOFs at 65 bar and 298 K is
provided in Fig. 7.
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Figure 5 (a) The total gravimetric uptake at 273 K (red circles) and 298
K (black circles) and (b) the total volumetric uptake at 273 K (red circles)
and 298 K (black circles).
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Figure 6 A comparison of the total gravimetric methane uptake (blue) and
deliverable capacity (red) of top performing MOFs at 298 K and 65 bar.

The deliverable capacity reaches 288 cc/cc at 273 K making
it a promising candidate for meeting the DOE targets of 350 cc/cc
at higher pressures and lower temperatures. A comparison of
Fe-pbpta with other MOFs is provided in Table S7 in the ESM.
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Figure 7 A comparison of total volumetric methane uptake (red) and
deliverable capacity (blue) at 65 bar and 298 K for selected MOFs.

The appropriate pore size of Fe-pbpta leads to enhanced
methane-methane interactions [32] at high pressures and
the presence of Lewis basic pyridine nitrogen atoms further
increases the methane uptake at high pressures reaching to
65 bar [31].

The high gravimetric and volumetric methane deliverable
capacities, accompanied by its high aqueous and air stability
make Fe-pbpta a good candidate for methane storage and
delivery. Further insights into the methane binding sites and
approaches to enhance the chemical stability would be investigated
in the future.

4 Conclusion

In conclusion, we have successfully synthesized Fe-pbpta
framework of soc-topology using a custom-designed ligand.
The microporous architecture endows Fe-pbpta with high
BET surface area of 4,937 m*/g, one of the highest among the
reported soc-MOFs and the highest among iron-based MOFs.
In addition, Fe-pbpta exhibits good aqueous/air stability.
Moreover, Fe-pbpta demonstrates great methane storage perfor-
mance with an unprecedented total gravimetric methane
uptake capacity of 369 cm*(STP)/g under the DOE operational
storage conditions (35 bar and 298 K) as well as a high total
volumetric methane deliverable capacity of 192 cc/cc at 298 K
and 65 bar. These results in totality promote ANG technology
and make Fe-pbpta framework a promising candidate for
on-board methane storage.
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