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ABSTRACT: The rational design of ultraporous metal−organic
frameworks (MOFs) with hierarchical pore systems is of great
significance but remains highly challenging. MOFs based on the
reo-e or red topologies offer such pore architectures through face-
shared cuboidal, cuboctahedral, and rhombicuboctahedral cages.
Although hypothesized and computationally explored over the past
two decades, these solids had not been experimentally realized.
Here, we report the first MOFs based on the long-awaited red-a
net, denoted as M-red-MOF-1 (M = Fe, Cr). Combining the
nearly square yet rectangularly connected 4-c organic linker
4,4′,″,4‴-([1,1′:4′,1″-terphenyl]-3,3′′,5,5′′-tetrayltetrakis(ethyne-
2,1-diyl))tetrabenzoic acid, denoted as H4TCEPT, with FeCl3·
6H2O under solvothermal conditions yielded Fe-red-MOF-1 as cubic-like single crystals. Extensive characterization using SCXRD,
PXRD, SEM, TEM, gas sorption, TGA, and in-silico structure modeling, confirmed the red-a topology. Argon sorption at 87 K
revealed three distinct S-type steps, consistent with the hierarchical pore network and demonstrated an ultrahigh pore volume (3.56
cm3 g−1) and BET area (5081 m2 g−1). Owing to its hierarchical porosity, Fe-red-MOF-1 exhibits excellent hydrogen storage
performance with high gravimetric (13.5 wt %) and volumetric (39.5 g·L−1) working capacities under temperature and pressure
swing conditions (77 K/100 bar → 160 K/5 bar), placing it among the top-performing MOFs. The isostructural Cr-red-MOF-1,
obtained postsynthetically, showed a remarkable water uptake of 2.81 g g−1 at 298 K, surpassing the current top-ranking Cr-soc-
MOF-1 (1.95 g g−1). Isoreticular analogues, denoted as M-red-MOF-2 (M = Fe, Cr), were also synthesized using the anthracene-
based linker H4TEBDA. The present work opens new directions for designing ultraporous, hierarchical MOFs based on the red-a
net.

■ INTRODUCTION
Metal−organic frameworks (MOFs) are an important class of
functional porous materials with a highly modular nature, as
their assembly from molecular inorganic and organic building
blocks (MBBs) can be rationally controlled according to the
principles of reticular chemistry.1−6 While extensive work has
been done on fine-tuning established network topologies
through the delicate practice of different approaches including
isoreticular expansion/contraction or ligand functionalization
among others, numerous novel, hypothetical MOF structures,
with great potential in real-world applications have been
proposed over the years.7−12 In most cases, the computational
generation of these hypo-nets relies on the augmentation of
known, predominantly high-symmetry structures (e.g., mineral
structures or zeolite nets), or on the assembly of metal−
organic polyhedra (MOPs) as supermolecular building blocks
(SBBs), based on symmetry-rich architectures, as well as on

the reticulation of edge-transitive nets and their expanded
edge-net analogues.9,13,14 In addition, Eddaoudi et al. proposed
recently the merged-nets approach for the systematic design of
hypothetical, multicomponent MOFs, as appropriate blue-
prints.8 Some of the above hypothetically proposed MOFs
have been accessed through exploratory synthesis or deliberate
design;8,15−18 nevertheless, a large number remains exper-
imentally unrealized. This can be attributed to different factors
depending on the targeted hypo-topology including: (i) the
demand for intricate, well-defined building blocks, whose
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embedded structural information serves to precisely code the
targeted net, by solely matching its vertex figures or (ii) the
competition with other more kinetically stable or more
symmetric nets being formed by the same building block
combination.

Following the report of the iconic MIL-100, an ultraporous
MOF displaying the mtn/moo-a topology, derived by the
eclipsed corner-sharing packing of supertetrahedra (ST) as
SBBs,19 Feŕey et al. proposed a series of hypothetical,
computationally designed frameworks.20 While in the case of
MIL-100, the STs are constructed by 6-connected trigonal
prismatic, trinuclear [Cr3(μ3-O)(−COO)6]+ carboxylate-based
clusters as vertices and 1,3,5 benzene tricarboxylate (BTC) as
faces, it has been suggested that these inorganic metal-oxo
trimers (M3O) can also be connected with 1,4 benzene
dicarboxylate (BDC) to form either supertetrahedra or
supercubes (SC), as SBBs.20 In both configurations, the
corners of the SBBs are occupied by the trimeric MBBs, while
the ditopic linkers are placed at the edges. Shortly after, the

computationally generated ST was experimentally realized
through the synthesis of MIL-101, which features the mtn-e-a
topology-displaying the same ST packing as observed in MIL-
100.21 In addition to the computational design of SCs and STs
as novel SBBs, Feŕey also proposed their subsequent assembly
into three-dimensional (3D) frameworks, inspired by pre-
viously reported architectures, derived from the space filling
packing of polyhedra. In particular, O′Keeffe described a
packing arrangement of polyhedra including rhombicubocta-
hedra and cubes, in a way that a continuous 3D tilling is
achieved (Figures 1a and S19).22 Importantly, in this
configuration, cubic polyhedra are directly connected at their
corners, enabling the conceptual development of a hypothetical
network, namely MIL-hypo-1, in which the cubic polyhedra
are replaced by the computationally generated SCs and
rhombicuboctahedra are considered as voids (Figure 1b).
The resulting 3D framework, generated by the corner sharing
arrangement of cubic SBBs can also by simplified as the reo
edge net (reo-e), displaying an impressive hierarchical pore

Figure 1. (a) The reo-e network shown at the left as a primitive cell of face-shared large rhombicuboctahedra (yellow) and at the right, as a packing
of corner-shared cubes. In both cases, the different polyhedral cavities that are formed are shown with different colors (green: cuboctahedra, blue:
cubes). (b) The hypothetical structure of MIL-hypo-1 proposed by Feŕey et al., in which the cubes are made by 6-c trigonal prismatic [Cr3(μ3-
O)(−COO)6]+ MBBs occupying the corners, bridged by ditopic 1,4 benzene dicarboxylate (BDC) linkers lying at the edges. (c) The hypothetical
structure hypo-red-MOF proposed by Eddaoudi et al., where the faces of the cubes are occupied by a porphyrin-derived, 4-c square carboxylate
linker. (d) The use of 4-c H4TCEPT linker in combination with 6-c [Fe3(μ3-O)(−COO)6]+ MBBs resulted in face-decorated cuboidal cages. (e)
The cubic structure of Fe-red-MOF-1 looking down the a-axis. (f) The unique trinodal, (4,4, 6)-c, augmented red-a net derived from the
topological analysis of Fe-red-MOF-1. Note the two crystallographically distinct 4-c linkers, represented with green and blue (at the center) colors.
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system, composed of cuboctahedral and rhombicuboctahedral
cages, while it is important to highlight that the cubic SBBs
function as porous cages as well (Figures 1a and S20).
Likewise, derived from a space filling packing of cubes,
tetrahedra and rhombicuboactahedra, MIL-hypo-2 was in-
troduced as hypothetical net with a novel network topology,
emerged by the corner-sharing alternating arrangement of the
previously mentioned SC and ST SBBs, identical to the
arrangement found in flu-e net. Although the long-anticipated
structure of MIL-hypo-2 was materialized with the discovery
of MCF-35, to the best of our knowledge, MIL-hypo-1 (reo-e)
remains unreported for more than 20 years.23 The reported
multicomponent MOF with a chemical formula (Ni3O)2Ni-
(H2O)2(BDC)6(na)4 (na: nicotinic acid) is not a reo-e type
structure, but a merged 3p-0p network, according to the recent
work by Eddaoudi and co-workers, resulting from the
coordinative encapsulation of zero-periodic (0p) Ni12(na)24
cuboctahedra into the rhombicuboctahedral cages of a three-
periodic (3p) (Ni3O)(BDC)3 reo-e net (Figure S21).8,24 To
an extent, the absence of MIL-hypo-1 type structures so far
can be attributed to the versatility in the possible outcome nets
from the combination of the 6-c, trimeric MBBs and ditopic
ligands, including the well-known acs- and mtn-e-
MOFs.21,25,26 Even if the reaction conditions that drive the
formation of specific SBBs could have been identified, it is still
challenging to dictate their assembly into a 3D framework.
More recently, Eddaoudi and co-workers proposed a face
decoration strategy on a series of edge nets, including reo-e
net.10 More specifically, a hypothetical MIL-hypo-1 type
structure was introduced, where the cubic SBBs are formed by
inorganic metal-oxo trimers as corners and 4-connected,
square-like ligands as faces (Figure 1c).10 It is important to
emphasize that the generated (4, 4, 6)-c net displaying the red-
a topology is differentiated from the (4, 6)-c soc-a net on the
way that the cubic SBBs are assembled. In particular, both
network topologies emerge from the corner sharing arrange-
ment of cubic SBBs. While in soc-a net a staggered motif is
identified,27 the formation of the hypothetical red-a topology
demands an eclipsed corner sharing packing of cubes, which
has only been observed in the case of Fe-tbb-MOFs, previously
reported by our group.28

In our continuous efforts to apply reticular chemistry for the
construction of ultraporous MOFs and considering the
important gas storage properties of soc and tbb-based
MOFs, including H2 and CH4, we initiated an exploratory
synthesis using expanded 4-c carboxylate-based organic linkers
such as the 4,4′,4″,4‴-([1,1′:4′,1″-terphenyl]-3,3′′,5,5′′-
tetrayltetrakis(ethyne-2,1-diyl))tetrabenzoic acid, denoted as
H4TCEPT. Remarkably, the solvothermal reaction of
H4TCEPT with FeCl3·6H2O afforded cubic-like single crystals,
denoted as Fe-red-MOF-1, exhibiting the awaited (4, 4, 6)-c
red-a topology. The fact that H4TCEPT did not afford a MOF
with the soc-a topology, as has been considered and
constructed computationally27 but never reported experimen-
tally, prompted us to examine carefully the soc-a and red-a
nets and understand why in this case the red-a structure is
formed. As we explain in detail in the next section, the
particular geometric characteristics of the 4-c H4TCEPT
ligand, being nearly square but with an off-diagonal displace-
ment of the carboxylate groups, described as a rectangular 4-c
connectivity, play an important role in stabilizing the red-a
topology, providing key design principles for the reticular
synthesis of MOFs with this unique topology. Argon sorption

measurements at 87 K on supercritical CO2-activated Fe-red-
MOF-1 revealed a unique three-step sorption isotherm,
consistent with the hierarchical nature of the red-a net, and
yielded an ultrahigh total pore volume of 3.56 cm3·g−1 and a
BET area of 5081 m2·g−1, placing this material among the top
ultraporous MOFs.15,29−32 Because of the exceptional porosity,
Fe-red-MOF-1 was investigated for H2 storage at cryogenic
conditions, revealing a remarkable performance. Finally,
following a topotactic metal cation exchange reaction, we
obtained the Cr-analogue, denoted as Cr-red-MOF-1 which is
found stable in open air for at least a month. Notably, Cr-red-
MOF-1 demonstrates a record high water adsorption at 298 K
reaching an astonishing uptake of 2.81 g g−1 at 95% RH, which
is significantly higher compared to the currently top-ranking
Cr-soc-MOF-1 (1.95 g g−1).33 To further enrich the family of
these important MOFs, we applied reticular chemistry and
successfully synthesized Fe-red-MOF-2 using the anthracene-
based linker 4,4′,4″,4‴-((anthracene-9,10-diylbis(benzene-
5,1,3-triyl))tetrakis(ethyne-2,1-diyl))tetrabenzoic acid, de-
noted as H4TEBDA. The isostructural Cr-red-MOF-2 was
also prepared via topotactic transmetalation from the parent
Fe-red-MOF-2.

■ RESULTS AND DISCUSSION
In the quest for highly porous MOFs for gas storage
applications, the reticular synthesis of Al-soc-MOF-1 based
on the 4-c 3,3″,5,5″-tetrakis(4-carboxyphenyl)-p-terphenyl
(H4TCPT) rectangular linker and related materials by the
Eddaoudi group, represents an important milestone, as they
offer very high uptakes with balanced gravimetric and
volumetric working capacities.27 This important family of
MOFs offers great opportunities for further development of
materials with optimized properties through linker expansion
and decoration. Accordingly, different expanded variants of
H4TCPT linkers, including H4TCEPT which is formed by
replacing the benzoic acid groups with 4-ethynylbenzoic acid
moieties, were used computationally to construct in-silico Al-
based soc-type MOFs and evaluate their performance in CH4
storage.27 In our group, we targeted the synthesis of soc-type
MOFs based on expanded linker analogues and within this
context we initiated an exploratory synthesis using the
H4TCEPT linker. Interestingly, the isolation of a crystalline
product was not straightforward, and the synthesis protocol of
Al-soc-MOF-1 resulted in an amorphous solid. Based on our
long-standing experience with MOFs constructed from
trinuclear oxo-centered clusters, we focused on Fe3+ instead
of Al3+ because the former is more kinetically labile and has
reduced metal−carboxylate bond strength due to its softer
Lewis acidity, which increases bond reversibility and facilitates
error correction during self-assembly, thereby promoting the
formation of crystalline products with the H4TCEPT linker.
Indeed, after extensive synthetic work, the reaction of FeCl3·
6H2O with H4TCEPT in diethylformamide (DEF) in the
presence of tetrafluoroboric acid acting as modulator afforded
orange, cubic crystals, denoted as Fe-red-MOF-1. Attempts to
collect single crystal data using an in-house single crystal X-ray
diffraction (SCXRD) instrument resulted in a very weak
diffraction allowing only unit cell determination, revealing a
cubic lattice with a cell parameter of 52.24 Å (Figure S29).
This was surprising because the expected unit cell size for a
soc-type structure based on the H4TCEPT linker was expected
to be significantly smaller. This is confirmed by constructing
in-silico the expanded soc MOF, denoted as Fe-soc-TCEPT,
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where the optimized unit cell has an edge length of 43.32 Å
(Figure S22a). Importantly, the powder X-ray diffraction
(PXRD) pattern of the as-synthesized Fe-red-MOF-1 revealed
multiple Bragg reflections in the low angle region (<10 deg
2theta), which are not expected for a soc-type structure
(Figure S33). This is because the reported experimental PXRD
pattern of Fe-soc-MOF-1, based on the H4TCPT linker, shows
only a few reflections in this low-angle region, and for an
isoreticular expanded analogue, a very similar pattern would be
expected, with the Bragg peaks shifted toward lower 2θ angles.
A comparison of the calculated PXRD pattern of the in-silico
constructed Fe-soc-TCEPT with the experimental pattern of
Fe-red-MOF-1, shown in Figure S33, reveals that these are
very different, strongly suggesting that the latter corresponds to
a distinct structure. It is noted that in Fe-soc-TCEPT, the
linker is distorted (Figure S22b), with the angle between
adjacent benzoate groups deviating noticeably from the ideal
120° to 111°, implying that this linker does not fit well and
therefore, may not be suitable for the construction of a soc-a
net. As we discuss below, the soc-a net requires a rectangular
rather than a square linker (Figure S25a). The H4TCEPT
linker has a nearly square shape and therefore in Fe-soc-

TCEPT is forced to adopt a rectangular geometry. In turn,
because the linker distortion is associated with an energy
penalty, it is natural to consider this as the reason why Fe-soc-
TCEPT is not formed under the particular reaction conditions.

To unambiguously determine the crystal structure of Fe-red-
MOF-1, we submitted as-made samples for SCXRD measure-
ments using synchrotron radiation as well as in state-of-the-art
electron diffractometers, but with no success in all cases. We
decided to prepare a solvent free Fe-red-MOF-1 to
significantly increase the electron density contrast and enhance
the intensity of the diffracted Bragg peaks. To receive the best
quality activated material, we used supercritical CO2 (scCO2)
under flow conditions in an ethanol exchanged sample, using a
custom-made apparatus (Figure S61). Indeed, the intensity of
the low angle Bragg peaks in the PXRD pattern of activated Fe-
red-MOF-1 was significantly increased compared to the as-
made (solvent containing) solid, as shown in Figures 2a,c and
S34. This good quality PXRD pattern was successfully indexed
to a primitive cubic unit cell with a refined parameter of
52.22(3) Å, in full agreement with the unit cell obtained
experimentally from the SCXRD measurements, indicating the
formation of a phase pure solid (Figures S35 and S36, Table

Figure 2. (a) Experimental PXRD pattern (red line) and calculated profile from the Le Bail refinement (blue line) for Fe-red-MOF-1 in the space
group Pm-3m. (b) Representative TEM image of activated Fe-red-MOF-1 1 revealing a square-like periodicity of mesopores. Top-right inset shows
the intensity profile of the yellow rectangular box from which the mesopore-to-mesopore distance, averaged over 10 peaks, is 40 Å. Shown in the
bottom-left inset are the primitive cubic packing of the large rhombicuboctahedral mesoporous cages (yellow) and the corresponding unit cells of
Fe-red-MOF-1, superimposed on the observed square-like periodicity. (c) High resolution PXRD pattern of activated Fe-red-MOF-1 recorded
using synchrotron radiation (blue line) as compared to the corresponding pattern obtain by an in-house instrument (red line). (d) Representative
SEM image of a single cuboidal particle of activated Fe-red-MOF-1 showing the curved faces.
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S3). In parallel, we performed an argon sorption measurement
at 87 K to evaluate the porosity of this material. Remarkably, a
unique multistep isotherm was recorded, with an ultrahigh
adsorption uptake of 2798 cm3(STP) g−1 at 0.99 p/p0 which
corresponds to a total pore volume of 3.56 cm3 g−1 (Figure
4c). In particular, three distinct S-type steps are observed in
the isotherm, associated with three different pore sizes (Figure
4c). The first step is completed around 0.15 p/p0, the second at
0.25 p/p0 and the third sharp, capillary condensation step
slightly above 0.4 p/p0, associated with the presence of
relatively large mesopores. In fact, the desorption curve
revealed a small but clear hysteresis for this high relative
pressure step, which is consistent with the presence of
mesopores close to 40 Å associated with a delayed
condensation during adsorption. The calculated BET area,
following the consistency criteria (selected relative pressure
range: 0.12−0.18 p/p0), was found to be 5081 m2 g−1 (Figure
S45).34 Attempts to perform pore size distribution (PSD)
analysis using available DFT models applied on the whole
isotherm did not result in acceptable fits (Figure S48).
Interestingly, an excellent fit was obtained by excluding the
low-pressure region up to 0.1 p/p0 (Figure S47). The
corresponding PSD curve shows two peaks centered at 41.2
and 29.6 Å which as we describe below are consistent with the
crystal structure (Figure 4c). The fact that it was unable to find
a suitable model to fit the low-pressure region (<0.1 p/p0),
where pores up to approximately 20 Å are filled, could be
associated with the unusual shape of the isotherm until the first
knee observed at around 0.1 p/p0. More specifically, for rigid
pores in the range 4−20 Å, the isotherm is typically concave
with respect to the p/p0 axis, where in our case a convex shape
is observed.35 For example, in PCN-333(Fe, Al), which
possesses a rigid hierarchical pore system with cages of 11,
34, and 55 Å, the corresponding Ar adsorption isotherms at 87
K displayed the expected concave shape at low relative
pressures.36 The highly unusual adsorption behavior of Fe-red-
MOF-1 could be associated with framework flexibility in this
ultraporous material. A strong indication supporting this
plausible proposition comes from scanning electron micros-
copy images (SEM) of activated Fe-red-MOF-1 cubic crystals.
As shown in Figure 2d, the faces of the cubes are curved
inward, making this a concave polyhedron, while the crystals
maintain their integrity with sharp edges (Figure S11).
Therefore, it is entirely possible that in the activated material
initially the pores are shrunk to an extent and progressively
open as adsorption occurs. This behavior could explain the
observed convex isotherm shape in the low-pressure region,
and we are currently designing important experiments to shed
light on the observed phenomenon.

It is evident that Fe-red-MOF-1 is a hierarchically porous
material with ultrahigh porosity, which to an extent could
explain the weak SCXRD and PXRD diffraction using in-house
instruments and the fact that most of the diffracted intensity is
funneled through the low angle Bragg peaks (<10 deg 2theta).
Notably, attempts to collect SCXRD diffraction data on the
activated Fe-red-MOF-1, using synchrotron facilities as well as
state-of-the-art electron diffractometers were unsuccessful.
Furthermore, we collected high resolution PXRD (HR-
PXRD) data using synchrotron radiation resulting in an
identical pattern as compared to that obtained with an in-
house instrument (Figure 2c). Notably, in the high resolution
PXRD pattern sharp Bragg reflections are observed up to
approximately 1.2 Å−1 (d-spacing, 5.2 Å) followed by a diffuse

scattering, indicating the absence of long-range periodicity in
activated Fe-red-MOF-1. These results are quite surprising and
could be related to the concave nature of the cubic particles
observed by SEM imaging (Figure 2d). In other words, the
absence of long-range periodicity in activated Fe-red-MOF-1 is
associated with the curved faces of the cubic particles that
place the atoms in noncrystallographic positions. This inherent
nonperiodic arrangement of atoms in activated Fe-red-MOF-1
prohibits its direct structural determination by SCXRD using
synchrotron radiation or dedicated electron diffraction instru-
ments. Therefore, we looked at the RCSR database as well as
in the literature to find candidate structures in which trinuclear
[Fe3(μ3-O)(−COO)6] cluster can be combined with the 4-c
H4TCEPT linker to afford a cubic structure with a hierarchical
pore network.37

We hypothesized that Fe-red-MOF-1 is based on [Fe3(μ3-
O)(−COO)6]+ MBBs because these clusters are easily formed
under the applied solvothermal reaction conditions. A
candidate (4, 6)-c network with large mesopores could be
that with the stp-a topology and for this reason was
constructed in silico, denoted as Fe-stp-TCEPT (Figure
S23). However, Fe-stp-TCEPT is based on a hexagonal rather
than a cubic system and features large 1D mesopores (40 Å),
lacking a hierarchical pore network. Furthermore, the
calculated PXRD pattern of Fe-stp-TCEPT is very different
compared to the experimental pattern of activated Fe-red-
MOF-1 (Figure S37). For these reasons the stp-a type
structure is excluded. The next candidate structure that was
identified, relying also on 4-c linkers and 6-c trimers, is the
computationally constructed hypo-red-MOF based on the red-
a net.10 In hypo-red-MOF the tetra-biphenyl carboxylate
porphyrin was used as an ideal 4-c square linker with planar
carboxylate arms to decorate the faces of the cubic cages
(Figure 1c). Notably, it was proposed that hypo-red-MOF can
potentially be synthesized using rectangular ligands as these are
also suitable for the construction of cubic cages, observed in
soc-a MOFs. Accordingly, based on the structural information
on red-a net provided by the RCSR database and using the
[Fe3(μ3-O)(−COO)6]+ and [TCEPT]4− as 6-c and 4-c nodes,
we successfully constructed and optimized the corresponding
crystallographic file (Figure 1d,e). Importantly, during
optimization, the unit cell parameter of the cubic lattice was
fixed to the experimental value of 52.24 Å. Careful inspection
of the optimized structure did not reveal unusual bond lengths
and angles or ligand deformation. In other words, the 6-c
trimer combined with the 4-c TCEPT linker fits very well into
the structure based on the red-a net. Interestingly, this is not
the case for hypo-red-MOF where a significant deformation of
the porphyrin ligand is observed in two opposite faces of the
cuboidal cages (Figure S24). However, as we explain in detail
below this is not an optimization problem in hypo-red-MOF
but originates from the fact that a 4-c square ligand cannot fit
into a red-a net due to connectivity constraints implied by this
topology.

The calculated PXRD pattern from the constructed red-a
structure matches perfectly with the experimental pattern of
Fe-red-MOF-1 (Figure S38). Moreover, the experimental
PXRD pattern was successfully fitted using a full-profile Le Bail
refinement in the space group Pm-3m (Figure 2a). The refined
lattice parameters, a = 52.311(10) Å, agree very well with the
corresponding value determined from SCXRD data, confirm-
ing phase purity. The weighted profile R-factor (Rwp = 4.28%)
indicates an excellent match between calculated and observed
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patterns, with no extra reflections detected. Furthermore,
transmission electron microscopy images revealed the presence
of a square-like periodicity of approximately 40 Å, as expected
from the primitive cubic arrangement of the large mesopores in
the crystal structure based on the red-a net (Figures 2b and
S18). Notably, the observed ΤΕΜ periodicity length is smaller
than the expected mesopore-to-mesopore distance in the ideal
cubic structure which is equal to the unit cell edge of 52.31 Å.

Considering that the cubic faces, along which the square
mesopore periodicity is observed (Figure 1e), are not flat but
curved inward (Figure 2d), their 2D projection in the TEM
images will cause the mesopore-to-mesopore distance to
appear smaller. The combined important experimental results
from SCXRD, PXRD, SEM, TEM and Ar sorption isotherm
coupled with in-silico materials construction, leave no doubts
that Fe-red-MOF-1 displays the awaited red-a topology. Table
S4 summarizes the experimental and calculated data derived
from the in-silico constructed MOF structures, based on which
the red-a topology matches perfectly with Fe-red-MOF-1,
while both soc-a and stp-a are excluded.

At this point it is important to address the fundamental
question, why the H4TCEPT linker promotes the formation of
the red-a net instead of the soc-a net. To answer this question,
we need to look carefully at the ideal red-a structure provided
in the RCSR database and, in particular, at the different
polyhedral cages that exist in this unique 3D network. As
shown in Figure 3a,b, a cuboidal cage is formed by two
crystallographically distinct, face decorating 4-c square nodes
(La: dark blue Lb: light blue) that link 6-c trigonal prismatic
nodes and this is the reason why red-a is a (4, 4, 6)-c network
and not a (4, 6)-c net as the soc-a. Each cage accommodates
two Lb nodes decorating opposite faces and four La nodes
(Figure 3b). Notably, the two Lb decorated faces are perfect
squares (Figure 3e) while those based on La nodes are in fact
rectangular faces (Figure 3f). This is because in a La decorated
face, the four points of extension from the four 6-c nodes
occupying the corners do not align with the face diagonals and
therefore match with a 4-c rectangular node (black shape in
Figure 3f), rather than a 4-c square node. In other words, a 4-c
square node needs to become distorted to decorate this face.

Figure 3. Augmented (4, 4, 6)-c red-a net constructed from the data provided in the RCSR database. (a) The distinct nodes that construct the red-
a net. (b) The cuboidal cage in red-a net. (c) The distorted 6-c node in red-a net as compared with the regular 6-c node in soc-a. (d) The corner-
shared cuboidal cages in red-a are arranged in an eclipsed conformation. Note the square (light blue) and rectangular faces (dark blue) of the
cuboidal cages. The corresponding distinct 4-c nodes form distinct polyhedral cages. In particular, the 4-c node that forms square faces, forms
explicitly the cuboctahedral cages in red-a (green sphere) (e), while the 4-c node in the rectangular faces, forms the large rhombicuboctahedral
cages (yellow sphere) (f). Note in (f) that the four points of extension from the four 6-c nodes occupying the corners do not align with the face
diagonals and therefore match with a 4-c rectangular node (black shape).
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Therefore, the ideal cuboidal cage in red-a consists of two
square (Lb) and four rectangular faces (La) (Figure 3b) and
each 6-c trigonal prismatic node is in fact a distorted node,
connected to four La and two Lb, in contrast to the regular
connectivity observed in soc-a or edq-a nets (Figure 3c).27,38

This distortion originates from the fact that the corner-shared
cuboidal cages in red-a net are in an eclipsed conformation, in
contrast to the staggered corner-shared cubes in soc-a or edq-a
nets (Figures 3d, S25 and S26). This is also evident in the
simplified parent reo-e net, where the corner-shared cubes are
rotated by 60° relative to each other (eclipsed form). (Figure
1a).10 Therefore, the ideal red-a net inherently requires two
geometrically distinct 4-c linkers, one square and one
rectangular, to match the points of extension of the 6-c
trigonal prismatic nodes, thereby forming face-decorated,
corner-shared cuboidal cages in an eclipsed form. Interestingly,
in red-a the cuboctahedral and rhombicuboctahedral cages are
formed exclusively by Lb and La 4-c nodes, respectively (Figure
3e,f).

For a given 4-c carboxylate-based organic linker, the
geometric requirements to fit into a red-a net, when combined
with 6-c trigonal prismatic M3O clusters, is to exhibit square
(or near-square) metrics�measured between the carbon
atoms of the carboxylate groups�while maintaining a
rectangular linking topology (Figure S27a). In that case,
minimum linker distortions are expected to form both the
square and the rectangular faces of the cuboidal cages. At the
same time, this kind of 4-c linker is not suitable to form the
soc-a net, as in this case a rectangular shape, rather than a
square, is required (Figure S25a). This is exactly the case for
the H4TCEPT linker, which has a nearly square shape with a
rectangular linking topology (Figure S27b). As expected, the
cuboidal cages in Fe-red-MOF-1 consist of two crystallo-
graphically distinct TCEPT linkers, denoted as TCEPT-a and
TCEPT-b, decorating rectangular and square faces respec-
tively, with minimum distortions (Figure S27c,d). Considering
the absence of Cl− anions as confirmed by EDS analysis
(Figure S8), the overall charge balanced chemical formula of

Figure 4. (a) The distinct polyhedral cages with hierarchical porosity in Fe-red-MOF-1. (b) View along the c-axis, highlighting the primitive
packing of the large, face-shared mesoporous cages (yellow spheres) in Fe-red-MOF-1. The smaller cuboctahedral and cuboidal cages are located at
the center, in an alternating arrangement. (c) Argon sorption isotherm of scCO2 activated Fe-red-MOF-1 recorded at 87 K, displaying three
distinct steps associated with the three different polyhedral cages of the red-a net. Inset shows the PSD curve obtained by fitting the isotherm in the
range 0.1−0.99 p/p0 with an appropriate NLDFT kernel.
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Fe-red-MOF-1 is (Fe3O)2(TCEPT-a)2(TCEPT-b)-
(OH)2(H2O)4. This formula is confirmed by thermogravi-
metric analysis (TGA) of activated Fe-red-MOF-1, recorded
under air flow. Accordingly, the TGA trace shows a major
weight loss between 300 and 400 °C, corresponding to 82.2%,
which is very close to the expected value of 83.4% based on the
chemical formula, considering the formation of a-Fe2O3 as
confirmed by the PXRD analysis of the remaining red solid
after the TGA experiment (Figure S59a,c). The stability of Fe-
red-MOF-1 in various organic solvents was evaluated and the
material was found to be stable in ethanol, methanol,
acetonitrile and dichloromethane as revealed by PXRD
measurements (Figure S41).

The distinct polyhedral cages formed by the 3D packing of
the corner-shared cuboidal cages in Fe-red-MOF-1 are shown
in Figure 4a,b. Geometric analysis using the Zeo++ software
revealed a largest cavity diameter of 43.2 Å (Table S1), which
is very close to the mesoporous size of 41.2 Å obtained from
the Ar adsorption isotherm of Fe-red-MOF-1 (Figure 4c).39

The remarkable hierarchical porosity of Fe-red-MOF-1 is
considered very important for gas storage applications and in
particular for hydrogen.40 Accordingly, we investigated in
detail the corresponding H2 storage properties at cryogenic

conditions and high pressures, which are relevant for real-
world applications, with highly promising results, as we
describe below. High-pressure adsorption experiments were
conducted volumetrically at 77, 120 and 160 K on scCO2
activated Fe-red-MOF-1. For these measurements, special
attention has been given to volume calibrations, which were
carried out in a way to completely avoid errors related to
helium adsorption. The corresponding adsorption isotherms
are presented in Figure 5a,b. It is noted that although the
actual experimentally measured quantity is always the Gibbsian
surface excess, the results are presented as total amounts
adsorbed since this approach is more relevant for gas storage
applications. Notably the total H2 uptake at 77 K upon
charging with 100 bar is 13.9 wt % (161.5 mg H2 per g of
MOF), while the working capacities for isothermal pressure
swing (100 to 5 bar at 77 K) and pressure−temperature swing
(77 K-100 bar to 160 K-5 bar) are calculated to be 10.7 and
13.5 wt %, respectively (Figure 5a). Taking into account the
bulk density of Fe-red-MOF-1, the latter corresponds to a
working volumetric capacity of 39.5 g L−1 (Figure 5b) These
well balanced high gravimetric and volumetric deliverable
capacities, place Fe-red-MOF-1 in the list of top performing
materials for cryo-adsorptive hydrogen storage, including NU-

Figure 5. Hydrogen sorption isotherms of Fe-red-MOF-1 at cryogenic conditions, indicating the corresponding (a) gravimetric and (b) volumetric
working capacities, under isothermal pressure swing (gray area) and pressure−temperature swing (gray and orange area). (b) PXRD pattern of
freshly scCO2 activated Cr-red-MOF-1 (blue line) and after 1 month exposed to air (green line). For comparison, the PXRD pattern of activated
Fe-red-MOF-1 (red line) is also shown. (d) Water sorption isotherm of Cr-red-MOF-1 recorded at 298 K.
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1501-Al (14 wt %/46.2 g L−1), NU-100/PCN-610 (13.9 wt
%/47.6 g L−1), Fe-tbb-MOF-2 (11.6 wt %/41.4 g L−1), SNU-
70 (10.6 wt %/47.9 g L−1) and NOT-112 (9.1 wt %/41 g L−1)
(see Table S6 and Figure S57).40 The H2 isosteric heat of
adsorption (Qst) was calculated as a function of coverage by
simultaneous fitting of the adsorption isotherms by the virial
equation revealing a relatively weak H2-MOF interaction (2−4
kJ mol−1), which is moreover decreasing upon loading, as
expected (Figures S55 and S56). It should be emphasized that
such low heats of adsorption are highly desirable for cryogenic
hydrogen storage, for two main reasons: (a) they minimize the
amount of hydrogen retained at the release pressure (5 bar),
and (b) they reduce temperature fluctuations during
adsorption/desorption, thereby simplifying heat management
at the storage tank level.

The discovery of Fe-red-MOF-1 provides great opportu-
nities to access isostructural MOFs through postsynthetic
metal-exchange strategies.33,41−44 Accordingly, we successfully
synthesized Cr-red-MOF-1 by reacting Fe-red-MOF-1 with
CrCl2 in DMF under inert conditions. A facile topotactic
exchange reaction of Fe3+ by Cr3+ is due to favorable redox
thermodynamics, coupled with ligand field stabilization energy
(LFSE) effects and M−O bond strength following the Hard−
soft acid−base (HSAB) principle.42,44 Accordingly, the M3+/
M2+ redox potentials for Fe and Cr (+0.77 V for Fe and −0.42
V for Cr in aqueous solutions) strongly favors the reduction of
Fe3+ within the Fe3O-trimer by Cr2+ which is oxidized to Cr3+.
This results in the formation of labile Fe2+ which is replaced by
Cr3+ because the latter has higher LFSE and in addition, forms
stronger M-O bonds due to its smaller ionic radius (octahedral,
0.615 Å) as compared to Fe3+ (octahedral 0.645 Å) making it a
harder Lewis acid. The presence of Cr3+ in Cr-red-MOF-1 was
confirmed by XPS. Accordingly, the Cr 2p XPS spectrum
containing two main peaks centered at 576.72 and 586.24 eV,
corresponding to Cr 3+(2p3/2) and Cr3+(2p1/2) respectively, in
full agreement with literature data (Figure S60).45

Complete metal exchange was confirmed by EDS spectros-
copy and SEM images demonstrate the Cr-red-MOF-1
maintains the crystallinity and the cuboidal particle shape of
the parent Fe-red-MOF-1 (Figures S9 and S10). In this case
the [Cr3(μ3-O)(−COO)6]+ trimers are charge balanced by Cl−
anions (Figure S10). Thermogravimetric analysis is consistent
with the chemical formula of (Cr3O)2(TCEPT-a)2(TCEPT-
b)(Cl)2(H2O)4 (Figure S59b). Cr-red-MOF-1 is found stable
in common organic solvents and water, as confirmed by PXRD
measurements (Figure S42).

The in-house PXRD pattern of scCO2 activated Cr-red-
MOF-1 is identical to that of Fe-red-MOF-1 demonstrating
that both MOFs are isostructural compounds (Figure 5c). This
is also confirmed by HR-PXRD data recorded at synchrotron
facilities (Figures S39 and S40). The porosity of Cr-red-MOF-
1 was confirmed by Ar sorption at 87 K where a multistep
isotherm, almost identical to that of Fe-red-MOF-1 is recorded
with a slightly lower total pore volume of 3.39 cm3 g−1 and a
BET surface area of 5190 m2 g−1 (Figures S46 and S49).
Notably, after one month exposure in air the scCO2 activated
Cr-red-MOF-1 shows no reduction in crystallinity as
confirmed by PXRD (Figure 5c). The enhanced hydrolytic
stability of Cr-red-MOF-1 coupled with its ultrahigh
hierarchical porosity, prompted us to investigate the water
sorption property at room temperature. Accordingly, using a
state-of-the-art volumetric vapor sorption instrument, a water
isotherm was recorded at 298 K up to saturation, revealing an

S-type curve with a sharp adsorption step between 80−90%
RH, followed by a plateau (Figure 5d). Remarkably, the water
uptake at 95% RH reaches 3500 cm3 (STP) g−1, corresponding
to an exceptional capacity of 281 wt % (2.81 g g−1). To the
best of our knowledge, this remarkable uptake substantially
exceeds that of the top-performing MOFs, including Cr-soc-
MOF-1 (195 wt %) and Cr-Spiro-5 (176 wt %) (Table S7 and
Figure S58).33,46,47 The calculated total pore volume from the
water isotherm at 99% RH is 2.85 cm3 g−1 which is close to the
corresponding value obtained from the Argon isotherm at 87
K. The desorption curve shows a small gradual decrease in
uptake with a relatively narrow hysteresis up to 81% RH where
a remarkably steep step is observed, approximating a straight
line, down to 1000 cm3 g−1, indicating an unrestricted water
vapor release (71%) up to this point (Figure 5d). This
extremely steep desorption step is followed by a gradual,
multistep water vapor release down to low RH levels, where
the adsorption and desorption branches coincide. Notably, the
PXRD of the Cr-red-MOF-1 after this complete water
adsorption−desorption cycle, shows only a broad Bragg peak
at low diffraction angles, followed by diffuse scattering,
indicating loss of periodicity (Figure S44). Considering that
the activated Cr-red-MOF-1 maintains its crystallinity upon
exposure to air for at least a month (Figure 5c), the observed
loss of crystallinity after a single water adsorption−desorption
cycle is attributed to the strong capillary forces during water
desorption in combination with the plausible flexible nature of
the framework, described previously. We are currently
investigating in detail the associated water sorption mechanism
and in addition, we explore reticular chemistry approaches to
stabilize the Cr-red-MOF-1 framework.

Finally, to demonstrate the generalization of the proposed
design strategy that a 4-c organic linker with nearly square
metrics and rectangular connectivity leads to MOFs with red-a
topology, we have successfully synthesized and characterized
new isoreticular members, denoted as M-red-MOF-2 (M = Fe,
Cr), based on the anthracene derived analogue 4,4′,4″,4‴-
((anthracene-9,10-diylbis(benzene-5,1,3-triyl))tetrakis(ethyne-
2,1-diyl))tetrabenzoic acid, denoted as H4TEBDA (Figure
S28). This is confirmed by SCXRD measurements for unit cell
determination (Figures S31, S32 and Table S2), PXRD (Figure
S43), SEM imaging (Figure S12) and Ar sorption measure-
ments at 87 K where the expected hierarchical porosity is
confirmed (Figure S51 and Table S5). Notably, in these cases,
the convex shape of the first adsorption step is less pronounced
compared to M-red-MOF-1, and a very good NLDFT fit was
obtained, revealing all three pore sizes, 16.2, 28.5, and 38.2 Å,
of the hierarchical cages (Figure S53). This may reflect a
reduced linker flexibility associated with the anthracene core.
Interestingly, SEM images of activated M-red-MOF-2 show
less curved faces of the cubic crystals. We are currently
investigating in detail this behavior.

Further proof that the proposed design strategy for the
reticular synthesis of red-a MOFs is valid comes from a very
recent report in ChemRxiv, where the authors used the linker
4,4′,4″,4‴-((ethyne-1,2-diylbis(benzene-5,1,3-triyl))tetrakis-
(ethyne-2,1-diyl))tetrabenzoic acid and synthesized CU-6-M
(M = Fe or Cr) displaying the red-a topology.48 In this case,
the linker has a diphenylethyne core (−Ph−C�C−Ph−)
instead of a terphenyl (−Ph−Ph−Ph−) in Fe-red-MOF-1, and
therefore is slightly shorter, making this an almost perfect
square while maintaining the rectangular connectivity (Figure
S28).
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■ CONCLUSIONS
This work demonstrates that it is possible to construct novel
ultraporous MOFs, denoted as M-red-MOF-x (x = 1, 2; M =
Fe, Cr), displaying the awaited red-a topology using suitable 4-
c organic linkers combined with 6-c trigonal prismatic [M3(μ3-
O)(−COO)6]+ (M: Fe3+, Cr3+) SBBs. In particular, the use of
H4TCEPT as a 4-c linker having a nearly square shape but a
rectangular connectivity (opposite carboxylate groups are not
aligned diagonally) match the geometric requirements of the
red-a net and readily afforded Fe-red-MOF-1 when reacted
solvothermally with FeCl3·6H2O. Extensive structural charac-
terization using SCXRD for unit cell determination, PXRD,
SEM, TEM imaging and detailed gas sorption isotherms,
coupled with in-silico materials construction, confirmed that
Fe-red-MOF-1 display the red-a topology. The material
displays a unique hierarchical pore system with an ultrahigh
total pore volume of 3.56 cm3 g−1 originating from the
combination of face share cuboidal, cuboctahedral (29.6 Å)
and rhombicuboctahedral (41.2 Å) cages, as revealed by
detailed Argon sorption measurements at 87 K. Interestingly,
the single cuboidal particles of activated Fe-red-MOF-1 exhibit
highly curved faces (convex polyhedra), indicative of structural
flexibility. This observation is further supported by the Ar
sorption isotherm and explains the lack of atomic periodicity.
The hierarchical ultrahigh porosity of Fe-red-MOF-1 is very
well suited for important gas storage applications. Accordingly,
hydrogen sorption measurement under cryogenic conditions
place Fe-red-MOF-1 among the top performing MOFs,
demonstrating an exceptional gravimetric deliverable capacity
of 13.5 wt %. The isostructural Cr-red-MOF-1 was successfully
synthesized by postsynthetic metal exchange reaction. The
water sorption properties of this material were studied by
recording the corresponding isotherm at 298 K up to
saturation, revealing an astonishing uptake of 2.81 g g−1,
which is significantly larger than that of the current top-ranking
MOF, Cr-soc-MOF-1 (1.95 g g−1). Finally, we validated the
proposed design strategy namely, that a 4-connected organic
linker with nearly square metrics and rectangular connectivity
leads to MOFs with the red-a topology, through the reticular
synthesis of the new members M-red-MOF-2 (M = Fe, Cr),
based on the anthracene-derived analogue H4TEBDA.

The successful synthesis of M-red-MOF-x (x = 1, 2; M = Fe,
Cr) provides key design principles for the reticular synthesis of
novel materials with the unique red-a topology, thereby
facilitating the expansion of this important family of MOFs.
The reticular design and construction of MOFs with a
hierarchical pore system associated with the red-a net open
new opportunities for the development of tailor-made porous
materials for advanced applications. Their well-defined pore
networks and tunable frameworks could be leveraged in
catalysis for selective chemical transformations, in energy
storage systems such as batteries or supercapacitors, as carriers
for controlled drug delivery, and in photonic or sensing devices
where precise framework architecture is critical. These
prospects highlight the potential of MOFs with red-a topology
to serve as multifunctional platforms for next-generation
technologies.
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