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Metal-organic frameworks (MOFs) or porous coordination
polymers (PCPs) with unprecedented diversity in terms of
composition and structure have emerged over the years. They
have attracted attention owing to their properties for several
strategic applications, such as gas storage, separation, catal-
ysis, energy storage, and more recently, biomedicine.'! MOFs
are formed through the iono-covalent association of inor-
ganic moieties and organic molecules bearing complexing
functionalities (e.g. carboxylates, azolates); often a 3D porous
network results. So far, most MOFs are based on divalent
cations (e.g. Zn*", Cu®", Ni*"). Recent studies have shown that
for a given carboxylate linker, the chemical stability, for
example, towards hydrolysis, is improved when trivalent
cations are used instead. However, the list of existing porous
M?*"-based MOFs (e.g. with A", Fe**, Cr’*, In*", V3, S¢*",
Ln*") is still short,”™ and structures based on M*" cations,
such as Ti** or Zr**, are even more scarce.[”!

Among the possible trivalent metals, iron(III) is a highly
promising candidate owing to its low toxicity, natural
abundance, and redox properties. In the presence of carbox-
ylates, iron(IIT) often leads to the formation of specific
building units, such as isolated octahedra,” corner-sharing
chains of octahedra,'" helical chains," oxo-centered trimers
of octahedra (Figure 1a),>> and sometimes tetramers of
octahedra.™ In the case of oxo-centered trimers, the highly
flexible MIL-88 solids are nice examples of tunable MOFs
(MIL refers to a family of structures named as “Materials of
Institut Lavoisier”). These structures contain spacers of
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Figure 1. a) Oxo-centered trimer of FeOg octahedra in MIL-142A (Fe
atoms: orange, O atoms: red, water molecules: blue, counteranion:
purple); b) terephthalate (bdc); c) 1,3,5-benzenetrisbenzoate (btb);
d) views of the hybrid superoctahedra along the b (left) and ¢ axis
(right); e) view of the structure of MIL-142 along the ¢ axis; f) sche-
matic representation of the interpenetrated ReO; topology.

different lengths and various functional groups; however,
they have limitations in terms of their sorption properties
owing to the contraction of their pores upon drying."
Particular attention has also been given to mesoporous iron-
trimer-based di- or tricarboxylates, such as MIL-100(Fe),"
MIL-101(Fe),'® and more recently, PCN-53."7 All of these
solids are built up from hybrid superpolyhedra (supertetra-
hedra (STs) and superoctahedra (SOs) for MIL-100/1018!
and PCN-53, respectively), in which the vertices are occupied
by iron(ITI/IT) trimers, and polycarboxylate linkers lie at the
edges or faces of the superpolyhedra. In the case of MIL-100
and MIL-101, the STs define extended hybrid analogues of
the MTN zeolite structure (MTN =ZSM-39). Such solids
exhibit mesoporous cages, which lead to very high specific
Brunauer-Emmett-Teller (BET) surface areas above
2000 m*g ! and large pore volumes.
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Despite the existence of these structures, it is still
a challenge to develop new porous iron(IIl)-based MOFs,
which are of great interest for biomedicine,'” catalysis,>?
and separation.””' In the development of such MOFs, one has
to face the difficulties related to the high chemical reactivity
of iron(III). In solution, iron(III) either favors the formation
of oxides/hydroxides, particularly when the temperature or
the pH value is increased, or complicates the necessary
control of the nucleation/growth process for the formation
of suitable single crystals, a crucial prerequisite for structure
determination.

One strategy for the development of new porous MOFs
involves the use of a mixture of two ligands. This approach
was successfully applied to the discovery of series of porous
M?*-based MOFs. The most significant examples, based on
zinc or copper, are the microporous DMOFs (related to the
original DMOF structure [Zn(bdc)(dabco),s] with a carbox-
ylate ligand (bdc=1,4-benzenedicarboxylic acid) and a di-
amine ligand (dabco = 1,4-diazabicyclo[2.2.2]octane)),?
mesoporous DUT-6 (named after the Dresden University of
Technology),?® UMCMs (named as “University of Michigan
Crystalline Materials”,***! MOF-205,"? and MOF-210 (with
dicarboxylate and tricarboxylate ligands).>"

We followed this approach and focused our attention on
the reactivity of Fe™ cations in the presence of mixtures of
1,4-benzenedicarboxylic acid (terephthalic acid or H,bdc;
Figure 1b) and 1,3,5-tris(4-carboxyphenyl)benzene (1,3,5-
benzenetrisbenzoic acid or H;btb; Figure 1c). We used
a high-throughput solvothermal synthesis methodology™”!
and isolated two new porous crystalline MOFs: MIL-142A,
a microporous interpenetrated structure, and MIL-143,
a mesoporous zeotypic solid.

The structure of MIL-142A was solved by single-crystal
diffraction with synchrotron radiation (ESRF, Grenoble,
France). MIL-142A or [Fe;O(H,0),(Cl7)(bdc)(btb),;]-nsolv
exhibits a microporous interpenetrated rhombohedral struc-
ture (R3¢ (no. 161), a=28.4655(2), ¢=95.400(4), V=
66944.7(6) A%; Figure 1), which consists of iron(III) trimers
of FeOg octahedra (Figure 1a) interconnected by two bdc and
four btb ligands to form distorted hybrid superoctahedra
(Figure 1d), in which the btb ligands occupy four faces (one
(btb,,) lies in the ab plane and three (btb,) are parallel to the
¢ axis), and the bdc ligands occupy the remaining three edges.
To the best of our knowledge, these hybrid units have not
been observed previously. They can be described as a merging
of the ST from MIL-101 and the extended ST of MIL-100, in
which the trimesate ligand (btc) is replaced with btb. An
extended ST of the latter type has been observed previously
within a porous Sc-btb MOFE.! The replacement of a trimer
from one vertix of the extended MIL-100 ST with one face of
the MIL-101 ST, which consists of three trimers linked by
three bdc ligands, leads to the SO of MIL-142A (see Figure S1
in the Supporting Information). SOs are then connected at
their corners through the trimers to give a ReO;-type net with
cubic-octahedral mesoporous interstices. These interstices
contain the SOs of a second ReO; net, which leads to the
interpenetrated structure (Figure 1e,f). The resulting short
distances between m-stacked btb ligands (dc..=3.60 and
3.86 A for btb, and btb,, respectively) may indicate the
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presence of inter-network m—m interactions.” These short
distances result in a rigid structure with tunnels running along
the a and b axes (¢~ 7 A). The thermal stability in air of MIL-
142A is close to 250°C, as shown by thermogravimetric
analysis and temperature-dependent X-ray powder diffrac-
tion (see Figures S10-S14). The nitrogen-sorption isotherm at
77 K is of type I, in agreement with the microporous character
of MIL-142A, and leads to a BET surface area of
1580(20) m*g™! (see Figure S23). This value is in agreement
with the theoretical accessible surface area (ca. 1900 m*g™")
calculated by using a geometrical method based on a Monte
Carlo approach (see Table S3 and related discussion in the
Supporting Information).” The free volume is close to
0.75cm’g”!, in agreement with the measured value
(0.70 cm®g ™).

One strategy for the functionalization of the pores of
MOFs involves the use of bdc derivatives bearing polar or
apolar groups.*'32*3U 2. Aminoterephthalic (bdc-NH,) and 2-
nitroterephthalic acid (bdc-NO,) were used to produce MIL-
142A_NH, and MIL-142A_NO,, respectively (see the Sup-
porting Information for more details). The resulting BET
surface areas and pore volumes (1390(20) m?g~", 0.69 cm*g™"
and 1340(20) m*g™!, 0.69 cm®g™" for the NH, and NO,
derivatives, respectively) are, as expected, slightly lower
than those in the pristine material, but are in fair agreement
with the theoretical values (1660 m”*g~!, 0.70 cm*g™' and
1600 m?g !, 0.68 cm®g ™", respectively). It is also well-docu-
mented that isoreticular series of MOFs can be obtained with
dicarboxylate linkers, whereby the use of longer linkers leads
to an increase in the pore size and surface area.’”! To our
knowledge, such a strategy has been applied only to the
DMOF?! and UMCMP**! series of mixed-carboxylate
systems.

Remarkably, one can produce larger analogues of MIL-
142A by using 2,6-naphthalenedicarboxylate (2,6-ndc: MIL-
142B), 4,4-biphenyldicarboxylate (bpdc: MIL-142C), 1,4-
phenylenediacrylate (pdac: MIL-142D), or 4,4'-azobenzene-
dicarboxylate (azodc: MIL-142E). The unit cells of these
structures were determined by powder X-ray diffraction (see
the Supporting Information). An increase in the length of the
linkers resulted in an increase in the unit-cell volume from
66944(1) (MIL-142A) up to 95547(3) A* (MIL-142E). The
higher volumes are associated with a significant increase in
the a parameter, from 28.4655(2) A in MIL-142A to
34.5966(7) A in MIL-142E, but a small decrease in the ¢
parameter, from 95.400(4) A to 92.176(2) A (Figure 2; see
also the Supporting Information). An analysis of the SO can
readily explain this phenomenon: the three trimers located at
the top of the SO shown in Figure 1d are connected to each
other through three dicarboxylate ligands (in blue), whereas
the three trimers at the bottom are linked by one btb,, ligand
only (in green); all of these ligands lie in the ab plane. These
trimers are then connected along the c axis through three
different btb, ligands (in pink). When the length of the linear
linker increases, the distances between the trimers in the ab
plane at the top of the SO increase, whereas those between
the trimers at the bottom remain constant. As a result, the
a parameter increases (as does the b parameter), which forces
the btb, ligands to adopt an orientation that is no longer
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Figure 2. Experimental unit-cell parameters of MIL-142 as a function of
the dicarboxylate linker (see the Supporting Information for more
details).

parallel to the c axis and thus induces the slight decrease in the
¢ parameter (Figure 1d). We used the experimental cell
parameters to simulate the crystal structures of this
isoreticular series by using a ligand-replacement
computational strategy (see the Supporting Informa-
tion).>'32"33] This approach enabled the estimation
of the theoretical accessible surface areas and free
volumes of the solids MIL-142B-E (see Table S3). As
expected, both the accessible surface area and the
pore volume increase with the length of the linker.
They reach approximately 2800m?g~' and
1.1 ecm*g !, respectively, for MIL-142E. In the same
way, the pore diameter increases from 8 in MIL-142A
to 122 A in MIL-142E (see Table S1). A second
consequence of the pore expansion is the formation
of very narrow tunnels along the ¢ axis with
coordinated water molecules from the iron(III)
trimers along their surfaces. Although not accessible
in their hydrated form (¢~ 0.7-2.8 A), these tunnels
might become accessible in their dehydrated form, as
most MOFs based on iron(III) trimers are stable
upon the departure of bound water.*"!

Besides the feasibility of mixed-ligand iron(III)
carboxylate MOFs, increasing the pore size is still
a great challenge, particularly for larger-pore struc-
tures, which are of a great interest for the controlled
release of very large bioactive molecules."”) Extend-
ing the length of the polycarboxylate ligands is
a known successful strategy for building up meso-
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porous materials, particularly with the very large btb
ligand."”>*%1 However, as for the MIL-142 series of solids,
the risk is high that ligand extension may be associated with
interpenetration of the framework.””

During our study on the ex situ crystallization of MIL-
142 A, we observed that although long reaction times (> 25 h)
led to pure MIL-142A, in the initial stage of the reaction,
another crystalline phase was formed. The structure of this
compound, denoted MIL-143, was solved from X-ray powder
diffraction synchrotron data (beamline BMO1A, ESRE,
Grenoble, France; see the Supporting Information for
details). MIL-143 or [Fe;O(Cl™)(H,0),(bdc);,(btb)]-nsolv
crystallizes in the cubic F23 (no. 196) space group (a=
40.8635(1) A).

Oxo-centered trimers of iron(I1I) octahedra constitute the
primary building unit. They assemble with the ligands to give
two types of ST: the first is similar to those of MIL-100, but
with btb instead of btc on the faces, and the second is identical
to those of MIL-101, that is, with bdc on the edges. Indeed, the
structure of MIL-143 can be considered as a succession of
extended STs of MIL-100 and STs of MIL-101 (Figure 3a).

The unit cell is thus built up from a central extended MIL-
100 ST connected to four MIL-101 STs (Figure3c). In
a similar way to the construction of MIL-100 and MIL-101,
this arrangement leads to the formation of two sets of
mesoporous cages with free diameters of 20 and 24 A. The
larger cage, capped by four faces of MIL-101 STs and six
edges of extended MIL-100 STs, are accessible through
windows of approximately 16 A. The smaller cage, delimited
by four faces of extended MIL-100 STs and six edges of
extended MIL-100 STs, are accessible through windows with
a free diameter of 18 A (Figure 3b,b").

@(c) F23

a=40.8635(1)A

Figure 3. a) Extended supertetrahedra of MIL-100 and supertetrahedra of MIL-
101; b,b’) mesoporous cages of MIL-143; c) view of the structure; d) schematic
representation of the (-cristobalite topology.
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In contrast to MIL-100 and MIL-101, which both exhibit
a zeotypic MTN architecture, MIL-143 is a rare example of an
extended hybrid form of the p-cristobalite structure (Fig-
ure 3d). Thermogravimetric analysis and temperature-depen-
dent X-ray powder diffraction indicate a thermal stability of
approximately 200°C in air (see Figures S12 and S14). As
expected, nitrogen adsorption shows a type IV isotherm, with
a substep at P/P,=0.09, characteristic of a mesoporous solid.
The resulting experimental pore volume and accessible
surface area reached 1.18 cm®g™" and 2150 m*g~', respectively
(see Figure S25), which are lower than the theoretical values
extracted from the crystal structure (2.15cm’g™’ and
3540 m*g !, respectively). This difference is probably due to
the partial activation of the solid; all attempts to improve the
activation, including the use of supercritical CO,, were
unsuccessful, probably owing to poisoning by impurities at
the Lewis acidic metal sites. Like MIL-142A, MIL-143 can
also be functionalized with the bdc ligand, for example, by the
use of bdc-NH,, which led to a pore volume of 1.10 cm’g™!
and a BET surface area above 2100 m?g ! (theoretical values:
2.08 cm*g™" and 3480 m?g~', respectively; see Table S3). The
removal of impurities, such iron oxide, the ligand, and N,N-
dimethylformamide, can be challenging, particularly from
fragile MOFs, and our efforts to purify MIL-143 were
unsuccessful (see Figures S12 and $22).5%

MIL-142 and MIL-143 are both built up from trimers of
iron octahedra and contain dicarboxylate linkers that can be
functionalized readily. To our knowledge, MOFs that com-
bine permanent porosity, Lewis acidity, and organic function-
alization are rather rare. For example, the highly flexible
MIL-88 series based on FeOg trimers possess two types of
groups but suffer from the absence of significant porosity for
light gases owing to their significant contraction upon
drying.”! Thus, as it was shown previously that both Lewis
acidity and polar organic groups (e.g. NO,, NH,) could
enhance the separation abilities of MOFs for various gaseous
mixtures, the MIL-142 and MIL-143 series can be considered
as promising candidates for separation-related applications.

In conclusion, a series of new micro-/mesoporous MOFs
based on iron(III) trimers of octahedra and mixtures of di-
and tricarboxylate linkers have been isolated and their
structures solved from a combination of X-ray diffraction
data and computational tools. The first series, MIL-142,
presents an interwoven structure whose 2D microporous
system can be tuned in size and shape and/or functionalized
through the use a variety of dicarboxylate linkers. MIL-143 is
the first example of an iron(IIT) mesoporous MOF based on
different hybrid supertetrahedra and exhibits a rare extended
[-cristobalite structure.

Experimental Section

The Supporting Information contains the synthetic procedures for the
preparation of the MIL-142 series and MIL-143, together with details
on the crystal-structure determination of MIL-142A and MIL-143
and on the simulation-assisted structure determination of MIL-142B,
MIL-142C, MIL-142D, and MIL-142E. Elemental analysis, thermo-
gravimetric analysis, temperature-dependent X-ray powder diffrac-
tion, infrared spectroscopy, and nitrogen-sorption measurements are
also described.
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