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s iron-isonicotinate MOFs
combining size-exclusion kinetics and
thermodynamics for efficient CO2/N2 gas
separation†

Isabel Abánades Lázaro, ‡a Eleni C. Mazarakioti, ‡a Eduardo Andres-Garcia, a

Bruno J. C. Vieira, b João C. Waerenborgh, b Iñigo J. Vitórica-Yrezábal,c

Mónica Giménez-Marqués a and Guillermo Mı́nguez Espallargas *a

Two ultramicroporous 2D and 3D iron-based Metal–Organic Frameworks (MOFs) have been obtained by

solvothermal synthesis using different ratios and concentrations of precursors. Their reduced pore space

decorated with pendant pyridine from tangling isonicotinic ligands enables the combination of size-

exclusion kinetic gas separation, due to their small pores, with thermodynamic separation, resulting from

the interaction of the linker with CO2 molecules. This combined separation results in efficient materials

for dynamic breakthrough gas separation with virtually infinite CO2/N2 selectivity in a wide operando

range and with complete renewability at room temperature and ambient pressure.
Introduction

CO2 gas separation is one of the main goals of the scientic
community due to the hazardous effects of this greenhouse gas
on global warming.1–3 At an industrial level, CO2 separation
from combustion sources is still an expensive process mainly
based on amine scrubbers (corrosive) or cryogenic distilla-
tion.4,5 Membranes or microorganisms such as microbial or
algae have also been proposed as a solution to reduce the energy
cost of the separation process, but membranes are still
mechanically fragile and microorganisms can only operate
under certain conditions,6 hindering the industrial application
of these technologies.

Metal–Organic Frameworks (MOFs)7–9 are versatile materials
formed by organic molecules (linkers) and metal ions or clus-
ters (nodes) that have received much attention for a variety of
applications due to their intrinsic properties.10–13 Thus, as
a consequence of the large porosity of MOFs, signicant interest
has been directed toward their gas storage and separation
applications.14–17 Interestingly, the chemical versatility of this
type of porous materials allows not only the modication of the
pore size, but also the decoration of the pores with functional
groups that enhance the interaction with the gas molecules.
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In this context, despite the continuous interest in increasing
the porosity of MOFs,18,19 those bearing small pores (<7 Å) or
constricted pore windows, the so-called ultramicroporous
MOFs, have emerged as promising materials due to their
benets regarding gas separation.20–25 For instance, reducing
the pore size to a certain dimension allows only CO2 molecules,
with a slightly smaller kinetic diameter than N2, to be adsor-
bed,26 resulting in size-exclusion kinetic gas separation with
some of the best-reported selectivities,15,16,20,27 surpassing by far
micro- and mesoporous MOFs. Size-exclusion kinetic separa-
tion has also the advantage of mild material renewability due to
the weak gas-adsorbent interactions,15,16,28 in contrast to the
high energy required upon regenerating materials with large
gas-adsorbent interactions.27 Thus, the use of ultramicroporous
MOFs could have a considerable reduction in the energy cost of
gas separation technologies, which account for 70% of the total
energy in a typical chemical plant.29

Recently, computational and experimental structure–
performance studies for CO2 gas separation with over 3000
MOFs28 have shown that MOFs with a pore-limiting diameter
between 3.8 Å and 5.0 Å, a largest cavity diameter between 5.0 Å
and 7.5 Å and surface area <1000m2 g−1, are the best candidates
for selective separation of CO2. Therefore, despite the
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Fig. 2 Crystal structures of MUV-26. (a) Trimetallic cluster of MUV-
26a(DMF), indicating the Fe(III) in orange and the Fe(II) in light green. (b)
Two different clusters from MUV-26b(DMF), indicating the Fe(III) in
orange and the Fe(II) in light green. (c) Connectivity between clusters in
MUV-26a(DMF), resulting in a 2D framework. (d) Connectivity
between clusters in MUV-26 b(DMF), resulting in a 3D framework. In
(c) and (d) the bridging isonicotinates are shown in gold, and the
pendant pyridyl groups are in green.
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inconvenience of reduced gas adsorption capacity in compar-
ison with mesoporous MOFs,14,28,30,31 their improved selectivity
and eased renewability14,28 place ultramicroporous materials
among the most promising candidates for gas separation
applications.

In addition, the combination of both size-exclusion kinetics
with thermodynamic separation based on the introduction of
functional units that selectively interact with certain gas mole-
cules should increase the selectivity and working capacity of
ultramicroporous MOFs, while maintaining efficient desorption
processes. Hence, MOFs composed of a small linker that has
a functional group that weakly interacts with CO2 molecules are
very propitious for CO2/N2 gas separation.14,16 This dual kinetic-
thermodynamic performance has been recently demonstrated
with the use of an anilato-based ultramicroporous MOF that
exhibits efficient CO2/N2 gas separation under a range of
conditions and is easily regenerated at room temperature.16

However, the synthesis of functional linkers may increase the
cost of the materials hindering its industrial application.

Herein, by using the commercially available linker iso-
nicotinic acid (HINA) and iron as the metal source, we report
the synthesis and separation capacity of two ultramicroporous
iron-isonicotinate MOFs.
Results and discussion
Synthesis and characterization

Aiming to combine both favourable kinetics and thermody-
namics for CO2 : N2 gas separation, we selected the commer-
cially available isonicotinic acid as the linker (Fig. 1), in an
attempt to promote effective interactions between the pendant
pyridine and the CO2 gas molecules.14,32,33 This affinity has been
proved in different porous materials formed by isonicotinic
acid, which exhibit effective CO2/N2 separation despite the
absence of a size exclusion mechanism.34–37

Twomaterials, denotedMUV-26a(DMF) andMUV-26b(DMF)
(MUV = Materials of the University of Valencia), were obtained
as crystalline powders (Fig. S12†) (yield ca. 45%, ca. 400 mg) by
solvothermal reaction of isonicotinic acid with the trimeric
iron(III) oxo acetate cluster in DMF at 120 °C for 48 hours by
varying the ratios of the starting materials and their initial
concentration to selectively target the desired MOF product (see
Section S1 in the ESI†).

Single crystal X-ray diffraction of rhombohedral and square
black single crystals (Fig. 1) reveals that MUV-26a(DMF) crys-
tallizes in the orthorhombic Pnma space group, with unit cell
parameters a = 20.5173(8) Å, b = 19.3490(5) Å and c =

11.4667(3) Å, whereas MUV-26b(DMF) crystallizes in the
Fig. 1 Synthetic scheme of MUV-26 MOFs.

This journal is © The Royal Society of Chemistry 2023
monoclinic P21 chiral space group, with unit cell parameters
a = 10.3799(7) Å, b = 21.7382(10) Å, c = 20.9849(10) Å and b =

102.392(6)° (see section S2 in the ESI†). Structural analysis
shows that both materials contain the trimeric oxo acetate iron
moieties and isonicotinate units (Fig. 2). Each iron is octahe-
drally coordinated with 4 bidentate carboxylate groups bridging
the iron centres in the equatorial positions, as commonly found
in other MOFs such as MIL-100 (ref. 38) and MUV-2.39 The
coordination sphere of the iron is completed by an additional
INA ligand via the pyridine group or water molecules. Thus,
MUV-26a(DMF) has as composition [Fe3O(INA)6]$DMF, whereas
MUV-26b(DMF) has as composition [(Fe3O)2(INA)12(H2O)]$
DMF.

In both MUV-26a(DMF) and MUV-26b(DMF), each cluster
has two chemically different iron centres, corresponding to
Fe(III) and Fe(II) oxidation states, according to bond valence sum
calculations43,44 (see Tables S3–S5 in the ESI†). The presence of
different oxidation states in iron trimers has been previously
observed for other MOFs such as MIL-100 upon heating.45 This
stable mixed-valence situation in MUV-26a(DMF) and MUV-
26b(DMF) has been conrmed with Mössbauer spectroscopy,
revealing that 1/3 of the irons are Fe(II) in both systems (see
Section 3.4 in the ESI†).

Despite the large structural similarities between MUV-
26a(DMF) and MUV-26b(DMF), close inspection of the struc-
tures reveals notable differences. Thus, MUV-26a(DMF) is
formed solely by one type of cluster, in which all the apical
positions of the Fe centres coordinate to pyridine moieties, with
a total of 9 linkers connected to each cluster (6 via carboxylate
groups and 3 via pyridine groups). 3 of these linkers connected
via carboxylate groups are pendant pyridine linkers, i.e.
unconnected to other clusters, behaving as pyridyl functional
groups. The resulting extended framework is 2D, with pyridine
molecules pointing to the interlayer space (see Fig. 3). Quite
differently, MUV-26b(DMF) has two inequivalent clusters (see
J. Mater. Chem. A, 2023, 11, 5320–5327 | 5321
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Fig. 3 Crystal structure of MUV-26a(DMF) along the different axis.
The pendant pyridyl groups are shown in green (omitted in (a) to
clearly show the 2D network), whereas the bridging isonicotinate
ligands are shown in white and the trimetallic SBU is shown in red.

Fig. 4 High-pressure gravimetric CO2 adsorption isotherms of MUV-
26a (a) and MUV-26b (b) at different temperatures. The lines corre-
spond to the Virial fitting of the data.
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Fig. 2b). One of them, denoted “cluster 1” in Fig. 2, is quite
similar to that found in MUV-26a(DMF), connected via 6
carboxylate and 3 pyridine groups, although one of the latter
has the ring rotated 90° with respect to the other two (note the
isonicotinate group bound to Fe(II) in cluster 1 of Fig. 2b). The
second cluster possesses a coordinated water molecule in the
axial position of one of the irons, thus being formed by 6
carboxylates, 2 pyridines and 1 water molecule. Interestingly,
MUV-26b(DMF) compound similarly exhibits pendant pyridyl
groups (See S2.3†), although the connectivity of the framework
is three-dimensional.

Both compounds possess ultra-small pores (<4 Å) and large
void space (24.7% in MUV-26a(DMF) and 19.4% in MUV-
26b(DMF)), which suggests its possible application in CO2/N2

gas separation.27,28,31 Specically, MUV-26a(DMF) has 1D chan-
nels that run parallel to the b axis (Fig. 3), and are delimited by
pyridyl groups, thus making this pore very hydrophilic. In
contrast, MUV-26b(DMF) has a more complex porous structure
(see Fig. S6†), but also with the pyridyl groups pointing towards
the pores. These pores are lled with DMF molecules in the as-
synthetized materials.

Before further characterisation, the materials were thor-
oughly washed with DMF and MeOH, and then activated at
5322 | J. Mater. Chem. A, 2023, 11, 5320–5327
150 °C for 24 hours. The integrity and phase purity of the acti-
vated bulk materials, denoted MUV-26a and MUV-26b, were
assessed by a number of techniques, including PXRD, acid-
digested 1H-NMR, FT-IR and TGA40 (see Section S4.1 in the
ESI†). The robustness of the single crystals allowed for collect-
ing single crystal X-ray diffraction data on the fully (MUV-26a)
and partially (MUV-26b) activated structures, unequivocally
showing the retention of the crystal structures upon activation.
Single component gas adsorption

Single component N2 and CO2 volumetric gas adsorption
isotherms were carried out to initially evaluate the potential of
these materials for gas sorption (See Section S4.2 in the ESI†).
The CO2 adsorption capacity of MUV-26a and MUV-26b was
respectively 2.2 and 2.0 mmol g−1 at 273 K. These CO2 capacities
are in the range of ultramicroporous MOFs, and as expected,
below the typically larger CO2 capacities of mesoporous MOFs,
up to 9.1 mmol g−1 for PCN-124 under similar conditions.41

Analysis of these isotherms revealed BET surface areas of ca. 267
m2 g−1 and 242 m2 g−1 respectively for MUV-26a and MUV-26b
and similar pores of ca. 3.58 Å (see Fig. S21 in the ESI†). In both
materials, N2 isotherms revealed negligible uptake at 77 K,
which agrees with the pore size of the materials, given that the
kinetic diameter of N2 (3.64 Å) is larger than the one of CO2 (3.3
Å). Similar results were obtained upon high pressure studies,
which also revealed negligible N2 uptake (Fig. S24 and S25†).

Further investigations with higher CO2 pressures carried out
at different temperatures revealed no major changes in loading
capacity (Fig. 4), exhibiting a maximum of 2.8 mmol g−1 (MUV-
26a) and of 2.0 mmol g−1 (MUV-26b) at 6 bar and 283 K (see
S4.3†). Importantly, complete regeneration of the materials is
obtained upon pressure changes at room temperature, thus
reducing regeneration cost in view of industrial applications.
The structural robustness of the materials was ascertained aer
the high-pressure CO2 sorption studies by sorption capacity
replication at 25 °C and PXRD analysis (Fig. S25 and S27†).
Virial tting of the isotherms at different temperatures allows
calculating the enthalpy of adsorption which resulted in 31.4
and 30.4 kJ mol−1 for MUV-26a and MUV-26b, respectively (see
Fig. S26†). These energy values are higher than our previously
reported anilato-based ultramicroporous MOF (21.07 kJ mol−1)
which exhibited some of the highest reported selectivities.17

Essentially, the presence of pendant linkers with pyridine
This journal is © The Royal Society of Chemistry 2023
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moieties pointing to the reduced pore space (see Fig. 3) seems to
enhance the thermodynamics of CO2 adsorption due to effective
interaction with CO2 molecules,42–44 as previously reported for
a Ni-isonicotinate MOF.45 Nevertheless, the enthalpy of
adsorption values agree with computational and experimental
studies showing that 9 out of the 15 best MOFs for CO2 gas
separation have enthalpies of adsorption between 30 and
50 kJ mol−1.28

CS2 adsorption by MUV-26a

In order to elucidate the interactions of CO2 with MUV-26
compounds, crystals of MUV-26a were soaked for 1 day in CS2,
a molecule crystallographically easier to locate due to the larger
amount of electron density found at the sulphur atoms. CS2 and
CO2 have similar geometric and electronic congurations,
allowing to correlate the crystallographic positions of the CS2
with the ones occupied by the CO2 during the sorption process.
Single crystal X-ray diffraction analysis of the MUV-26a(CS2)
structure revealed the uptake of 1.5 molecules of CS2 per
formula unit of MUV-26a. CS2 molecules were crystallographi-
cally located in two different positions in the interlayer space of
the MUV-26a coordination polymers.

The CS2 molecules interact with pyridyl groups of the iso-
nicotinate ligands forming hydrogen S/H–C hydrogen bonds
and S/C–O contacts with the carbons of the carboxylate groups
(Fig. S7 and Table S6†). These type of hydrogen bonds with
pyridyl groups and electrostatic interactions with the carbon in
the carboxylate groups of interactions have been also reported
Fig. 5 Breakthrough exit flowrates (solid line, left axis) and CO2 accumul
MUV-26. Time zero is set with the first detection of helium (tracer). The
(CO2 : N2) for (a) MUV-26a and (b) MUV-26b, whereas the inlet compos

This journal is © The Royal Society of Chemistry 2023
for CO2.46 Occupancy of the CS2 molecules is similar to CO2

adsorption at 1 bar of pressure at room temperature.

Breakthrough CO2/N2 gas separation

The observed differences between N2 and CO2 sorption,
together with the experimental CO2 adsorption capacity and
complete material renewability at room temperature, brought
us to study the separation performance under breakthrough
dynamic conditions (see ESI Section S.5† for detailed experi-
mental procedures, breakthrough experiments and adsorption
capacities).

To evaluate the aforementioned parameters, we have diluted
CO2 in three concentrations, namely 5, 20 and 50% in CO2 : N2

gas mixtures maintaining constant the total ow (15 mL min−1)
and a nal pressure of 1 bar (operational CO2 partial pressures
0.05, 0.2 and 0.5 bar, respectively). Helium was added to the gas
mixture as a system tracer to evaluate the possible adsorption of
N2.

Fig. 5 exemplies the breakthrough curves at 298 K of the
most and least challenging conditions for CO2 : N2 separation
(5% CO2 and 50% CO2, respectively) for both materials. CO2

break-time is remarkably larger than the He and N2 ones,
evidencing a selective CO2 adsorption, as anticipated by single-
component isotherms, that results in gas separation. When CO2

nally breaks through the column, the typical roll-up is
observed for He and N2 proles.

Under dynamic conditions, CO2 adsorption capacity is
slightly higher for MUV-26a, adsorbing up to 18.4 mL g−1
ative adsorption (dash-dot line, right axis) vs. time at 298 K and 1 bar, on
total flow rate is 15 mL min−1. Inlet composition corresponds to 5 : 95
ition corresponds to 50 : 50 for (c) MUV-26a and (d) MUV-26b.

J. Mater. Chem. A, 2023, 11, 5320–5327 | 5323
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Table 1 Comparison of experimental selectivity extracted from
breakthrough measurements at 1 bar from selected MOFsa

T/%CO2 in N2 a Reference

MUV-26a 298 K/5% >1000 This work
323 K/5% >1000 This work

MUV-26b 298 K/5% >1000 This work
323 K/5% >1000 This work

Co[(trz2An)]n$3H2O 298 K/5% >500 16
298 K/20% >1000 16
323 K/5% 10 16

ZIF-100 298 K/50% 25 49
ZIF-95 298 K/50% 18 49
MIL-53(Al)–NH2 303 K/50% 15 50
MIL-100 (Fe) 303 K/50% 8.6 51

303 K/15% 4.6 51
MOF-508b 303 K/50% 5 52
JLU-MOF56 298 K/5% 38.6 53

298 K/10% 32.9 53
298 K/15% 32.8 53
298 K/50% 34.7 53

UTSA-120 298 K/15% 600 54
Cu(hpbb) 298 K 21.5 55

318 K 18.3 55
UTSA-16 296 K/15% 329 56
IISERP-MOF2 313 K/14% 1853 45

a Given that no Nitrogen is adsorbed during the breakthrough
experiments, we are reporting the virtually innite selectivity as >1000.

Fig. 6 Breakthrough exit flow rates (solid line, left axis) and CO2

accumulative adsorption (dash-dot line, right axis) vs. time for 20 : 80
(CO2 : N2) inlet composition at variable temperatures. 283 K for (a)
MUV-26a and (b)MUV-26b; 298 K for (c)MUV-26a and (d)MUV-26b;
323 K for (e) MUV-26a and (f) MUV-26b.
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(0.82 mol kg−1) for an inlet composition of 50 : 50 CO2 : N2 at
298 K (see ESI Section S.5 and Tables S11 and S13† for detailed
adsorption capacities). It is worth noting that single gas
isotherms revealed a ca. 1.44 mol kg−1 CO2 adsorption capacity
at 1 bar and 298 K, exemplifying the differences between
dynamic and static adsorption capacities and highlighting the
need to evaluate the adsorption capacity of materials under out-
of-equilibrium dynamic conditions. For both materials, CO2

adsorption capacity increases with its concentration.
In an attempt to gain insights into the (dominating) role in

the gas separation performance of thermodynamics
(exothermal process favoured with low temperatures) and
kinetics (diffusion effects improved at increasing tempera-
tures), studies at different temperatures were carried out.47,48

Three different temperatures (283, 298 and 323 K) have been
studied for a 20% CO2 dilution (see Fig. 6), which is more
representative of an industrial CO2 stream concentration.
Calculation of the dynamic selectivity value (a) was then
determined from the different amount of adsorbed gas ob-
tained in the breakthrough proles. The calculated selectivities
are virtually innite for both materials under all the studied
conditions, as no N2 is adsorbed even under the most diluted
conditions (see ESI Section S.5†). To the best of our knowledge,
there are no reported porous materials with such a high CO2

selectivity for all the studied conditions, as typically ultra-
microporous MOFs show reduced selectivity at high tempera-
tures, as a result of an improved diffusion of the gas mixture
(see Table 1).15,16

In fact, our previously reported anilate-based ultra-
microporous MOF, which exhibited virtually innite CO2 : N2
5324 | J. Mater. Chem. A, 2023, 11, 5320–5327
separation, had a remarkable decrease in selectivity under
diluted conditions.16 Thus, we investigated the gas separation
performance of MUV-26a under diluted conditions (5% CO2)
and increased temperature (323 K), showing also no N2 gas
uptake. This positions MUV-26 materials among the most
selective materials for CO2 : N2 gas separation.

These results conrm that our materials effectively separate
CO2 from N2 not only through size-exclusion kinetics but also
through thermodynamic gas-adsorbent interactions, given that
although the selectivity is complete in all the cases, the
adsorption capacity is higher at low temperatures (see Tables
S11 and S13 in the ESI†), where thermodynamic effects are
favoured.44

Moreover, MUV-26 materials are easily regenerable at room
temperature and ambient pressure by simply owing Ar for 20
minutes, showing identical selectivity for all the aforemen-
tioned conditions aer two gas separation adsorption–desorp-
tion cycles (see ESI Section S.5†).

Finally, we evaluated the stability of MUV-26a over 10
adsorption–desorption gas separation cycles (20% CO2, 298 K)
(Fig. S34†), demonstrating the reusability of the material with
complete regeneration at room temperature and 1 bar, with
retention of the crystalline structure as conrmed by XRPD
(Fig. S38†).
Conclusions

The combination of the commercially available isonicotinic
acid with preformed trimeric iron clusters under different sol-
vothermal conditions has yielded two different novel
This journal is © The Royal Society of Chemistry 2023
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ultramicroporous MOFs, namely MUV-26a and MUV-26b. Both
MOFs are composed of the same secondary building units
(mixed-valence iron trimers and isonicotinate linkers), have
remarkably small pores (<4 Å) and importantly, contain
tangling linkers in their structure in which the pyridine unit is
pendant and points to the pore space.

These MOFs combine both kinetic and thermodynamic
separations57 given their small pore window that excludes N2

adsorption and the pendant pyridine groups that point to the
small pore cavities and interact with CO2 molecules. The
materials exhibit virtually innite CO2/N2 selectivity under all
the studied breakthrough conditions, including challenging gas
mixtures unprecedented in the literature with low CO2

concentrations (5%) and high temperatures (323 K).
These materials undergo full regeneration at room temper-

ature and ambient pressure and have proven fully regenerable
during 10 consecutive replications, exhibiting relatively high
working capacities at 1 bar (up to 0.82 mol kg−1 in dynamic gas
separation conditions), and resulting in separation potential
values of 58 mol L−1 forMUV-26a and 37 mol L−1 forMUV-26b,
which are signicantly higher than zeolites46 and most reported
MOFs.17,28

It is important to remark that although mesoporous and
microporous MOFs exhibit superior adsorption capacities than
ultramicroporous MOFs, their poor selectivity hinders their
application in the gas separation industry. Moreover, even
though highly porous MOFs can be functionalised to increase
selectivity through thermodynamic processes, considering the
gas molecules adsorbed on a large pore space, the gas-
framework interactions around the walls will be stronger than
for those gas molecules in the centre of the framework,
meaning that the energy for desorption will follow a gradient. In
contrast, for ultramicroporous materials in which the pores are
so small that only a few gas molecules are adsorbed, the gas-
adsorbent interaction will be of equal strength, providing
narrow desorption energy benecial for industrial
applications.5,27

All-in-all, the facile synthesis using commercially available
precursors, the virtually innite CO2/N2 selectivity even under
diluted CO2 concentrations and high temperatures, the good
adsorption capacities and the complete regeneration under
ambient conditions leads to one of the highest adsorbent
performance scores reported to date, positioning these MOFs
among themost promising materials for CO2/N2 gas separation.

Experimental section
Synthesis of MUV-26a(DMF)

450 mg (0.65 mmol) of the preformed cluster [Fe3O(CH3COO)6]
ClO4$3H2O was dissolved in 41.25 mL of DMF. Then, 923 mg of
isonicotinic acid (7.5 mmol) was added to the solution and
sonicated until complete dispersion. The dispersion was placed
in an oven and heated to 120 °C for 48 hours. The reaction was
cooled down to room temperature and the precipitated crystals
were washed with DMF (×5). For the activated sample, further
washing with MeOH (×3) was performed, followed by overnight
immersion in MeOH and activation at 150 °C under vacuum for
This journal is © The Royal Society of Chemistry 2023
24 hours, yielding ca. 400 mg of crystals, corresponding to an
approximate yield of 44%.

Synthesis of MUV-26b(DMF)

A similar procedure to the synthesis of MUV-26a(DMF) was
performed, but using 691 mg (1 mmol) of the preformed cluster
[Fe3O(CH3COO)6]ClO4$3H2O and 1.847 g of isonicotinic acid (15
mmol), yielding ca. 450 mg of crystals, corresponding to an
approximate yield of 49%.

Single crystal diffraction

Single crystals were mounted on glass bres using a viscous
hydrocarbon oil to coat the crystals and then transferred
directly to the cold nitrogen stream for data collection. X-ray
data were collected at 120 K on a Supernova diffractometer
equipped with a graphite-monochromated enhance (Mo) X-ray
source (l = 0.71073 Å). The program CrysAlisPro, Rigaku, was
used for unit cell determinations and data reduction. Empirical
absorption correction was performed using spherical
harmonics, implemented in the SCALE3 ABSPACK scaling
algorithm. The crystal structures were solved with the ShelXT
structure solution program and rened against all F2 values
using the SHELXL and Olex2 suite of programs.58,59 Non-
hydrogen atoms were rened anisotropically, and hydrogen
atoms were placed in calculated positions rened using ideal-
ized geometries (riding model) and assigned xed isotropic
displacement parameters. Crystallographic data are summa-
rized in Tables S1 and S2.† CCDC 2217199–2217202, 2237339–
2237340 contains the supplementary crystallographic data for
this paper.

Gas sorption

Low-pressure N2 and CO2 volumetric isotherms were carried out
in a Tristar II Plus Micromeritics sorptometer, at 77 K and 273
K, respectively. Activation was set at 393 K, under vacuum, for 2
hours. High-pressure gravimetric adsorption isotherms of CO2

were measured at different temperatures, ranging from 283 to
323 K, in an IGA-100 gas sorption analyser (from Hiden Iso-
chema) using approximately 50 mg of sample. Before each
adsorption experiment, the sample was outgassed at 393 K
under vacuum (10−5 Pa) for two hours. Equilibrium conditions
corresponded to 600 s interval, and 0.001 mg min−1 tolerance.

Dynamic adsorptive separation measurements

An ABR (HIDEN Isochema) automated breakthrough analyser
setup, based on a packed adsorption column, was used to
determine the adsorption dynamics of gas mixtures. Pressure,
temperature and inlet composition were controlled, and the
outlet composition was analysed, by an integrated mass spec-
trometer (HPR-20 QIC). The xed-bed column was lled with
374 mg of MUV-26a or with 447 mg of MUV-26b. Before each
measurement, the sample was regenerated at atmospheric
temperature and pressure, in 40 mL min−1 Ar ow for 20
minutes. Operation conditions ranged 283–323 K, at 1 bar. The
inlet mixture was set to a 15 mL min−1

ow of a dilution of
J. Mater. Chem. A, 2023, 11, 5320–5327 | 5325

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ta08934c


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 5

/1
0/

20
26

 1
:3

5:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
carbon dioxide in N2 (5%, 20%, 50%). Time zero was set with
the rst detection of helium, which was used as a trace (an extra
1 mL min−1 of He in the total feed ow of 16 mL min−1).
Mössbauer spectroscopy

Mössbauer spectra were collected at 4 K in transmission mode
using a bath cryostat as described in detail in the ESI.†
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E. Cadoni, G. Mı́nguez Espallargas, M. Clemente-León,
M. L. Mercuri and E. Coronado, J. Mater. Chem. A, 2021, 9,
25189–25195.

17 R.-B. Lin, S. Xiang, W. Zhou and B. Chen, Chem, 2020, 6, 337–
363.

18 G. C. Shearer, S. Chavan, S. Bordiga, S. Svelle, U. Olsbye and
K. P. Lillerud, Chem. Mater., 2016, 28, 3749–3761.

19 X. Zhang, Z. Chen, X. Liu, S. L. Hanna, X. Wang, R. Taheri-
Ledari, A. Maleki, P. Li and O. K. Farha, Chem. Soc. Rev.,
2020, 49, 7406–7427.

20 T. Wang, E. Lin, Y.-L. Peng, Y. Chen, P. Cheng and Z. Zhang,
Coord. Chem. Rev., 2020, 423, 213485–213518.

21 S. Mukherjee, S. Chen, A. A. Bezrukov, M. Mostrom,
V. V. Terskikh, D. Franz, S. Wang, A. Kumar, M. Chen,
B. Space, Y. Huang and M. J. Zaworotko, Angew. Chem., Int.
Ed., 2020, 59, 16188–16194.

22 H. S. Scott, N. Ogiwara, K.-J. Chen, D. G. Madden, T. Pham,
K. Forrest, B. Space, S. Horike, J. J. P. IV, S. Kitagawa and
M. J. Zaworotko, Chem. Sci., 2016, 7, 5470–5476.

23 K. Chen, D. G. Madden, T. Pham, K. A. Forrest, A. Kumar,
Q. Yang, W. Xue, B. Space, J. J. Perry, J. Zhang, X. Chen
and M. J. Zaworotko, Angew. Chem., Int. Ed., 2016, 55,
10268–10272.

24 P. M. Bhatt, Y. Belmabkhout, A. Cadiau, K. Adil, O. Shekhah,
A. Shkurenko, L. J. Barbour and M. Eddaoudi, J. Am. Chem.
Soc., 2016, 138, 9301–9307.

25 Z. Zhang, S. B. Peh, R. Krishna, C. Kang, K. Chai, Y. Wang,
D. Shi and D. Zhao, Angew. Chem., Int. Ed., 2021, 60,
17198–17204.

26 K. Adil, Y. Belmabkhout, R. S. Pillai, A. Cadiau, P. M. Bhatt,
A. H. Assen, G. Maurin and M. Eddaoudi, Chem. Soc. Rev.,
2017, 46, 3402–3430.

27 S. Shalini, S. Nandi, A. Justin, R. Maity and
R. Vaidhyanathan, Chem. Commun., 2018, 54, 13472–13490.

28 C. Altintas, G. Avci, H. Daglar, A. N. V. Azar, S. Velioglu,
I. Erucar and S. Keskin, ACS Appl. Mater. Interfaces, 2018,
10, 17257–17268.

29 M. T. Ho, G. W. Allinson and D. E. Wiley, Ind. Eng. Chem.
Res., 2008, 47, 1562–1568.

30 H. Li, K. Wang, Y. Sun, C. T. Lollar, J. Li and H.-C. Zhou,
Mater. Today, 2018, 21, 108–121.

31 C. G. Piscopo and S. Loebbecke, Chempluschem, 2020, 85,
538–547.

32 A. Henley, M. J. Lennox, T. L. Easun, F. Moreau, M. Schröder
and E. Besley, J. Phys. Chem. C, 2016, 120, 27342–27348.

33 X. Li, Q. Su, K. Luo, H. Li, G. Li and Q. Wu,Mater. Lett., 2020,
282, 128704–128708.
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ta08934c


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 5

/1
0/

20
26

 1
:3

5:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
34 D.-M. Chen, N.-N. Zhang, C.-S. Liu, Z.-H. Jiang, X.-D. Wang
and M. Du, Inorg. Chem., 2017, 56, 2379–2382.

35 H. D. Singh, S. Nandi, D. Chakraborty, K. Singh, C. P. Vinod
and R. Vaidhyanathan, Chem. – Asian J., 2022, 17,
e202101305–e202101311.

36 S. Nandi, S. Collins, D. Chakraborty, D. Banerjee,
P. K. Thallapally, T. K. Woo and R. Vaidhyanathan, J. Am.
Chem. Soc., 2017, 139, 1734–1737.

37 L. Zhou, H. Fan, B. Zhou, Z. Cui, B. Qin, X. Zhang, W. Li and
J. Zhang, Dalton Trans., 2018, 48, 296–303.

38 H. Leclerc, A. Vimont, J.-C. Lavalley, M. Daturi,
A. D. Wiersum, P. L. Llwellyn, P. Horcajada, G. Férey and
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