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Different mixed-ligand Zeolitic Imidazolate Frameworks (ZIFs) with sodalite topology, i.e. isoreticular to ZIF-
8, unachievable by conventional synthetic routes, have been prepared using a solvent-free methodology. In
particular, the versatility of this method is demonstrated with three different metal centres (Zn, Co and Fe)
and binary combinations of three different ligands (2-methylimidazole, 2-ethylimidazole and 2-
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results in the formation of SOD frameworks for the three metal centres despite this topology not being

DOI: 10.1039/d1sc04779% obtained for the individual ligands. Theoretical calculations confirm that this topology is the lowest in
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Introduction

Multivariate materials composed of several distinct functional
units are attracting interest due to their advanced versatility.
Metal-organic frameworks (MOFs)' offer a unique scenario for
such materials due to their intrinsic chemical tunability.*®
Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs
formed by tetracoordinated metal centres and imidazolate
linkers, resulting in extended solids with zeolitic topologies.”®
The most studied ZIF is arguably ZIF-8,”* formed by 2-methyl-
imidazolate (mim) and Zn(u), presenting a sodalite (SOD)
topology,™' i.e. interconnected porous cages by six and four
membered rings with small pore apertures. The SOD topology is
not exclusive to ZIF-8, and can be obtained through direct
synthesis with other metals, such as Co(u),"* Cd(u),"* Mg(u),*
Mn(u),* and Fe(n);** with substituted imidazole derivatives in
the 2-position, such as 2-chloroimidazole,'® 2-bromoimida-
zole,' 2-nitroimidazole,"” and 2-carbaldehydeimidazole;*® or in
the 4- and 5-positions, such as benzimidazole.”* Very recently,
this number of imidazole derivatives has been further expanded
through the use of mechanochemistry.”®

This versatility in both the metal and the ligand results in the
modulation of properties such as the network flexibility, which
has shown to be fundamental for key properties, as in catalytic
applications,*** and indicates the possibility of fine-tuning the
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properties through a combination of ligands,* as reported in
other families of MOFs.>*** However, other ligands that would
normally form different structures are challenging to be incor-
porated into the SOD structure of ZIF-8 through a direct
synthesis. In fact, the mixture of such ligands normally induces
changes in the topology.*®

In addition, the inclusion of a second ligand in the SOD
topology is of interest to enhance the stability of the framework.
In this sense, Frisc¢i¢, Navrotsky and colleagues have recently
suggested a thermodynamic approximation to enhance the ZIFs
stability, focussing on the effects of different substituents of the
linkers, contrary to the common approach of focussing on the
kinetic effects.”®*>** Thus, this idea can be extrapolated to
obtain thermodynamic stable SOD ZIFs through the combina-
tion of several ligands.

Beyond the direct synthesis, alternative synthetic method-
ologies such as post-synthetic linker-exchange (PSLE) allow
materials that are not available by common routes to be ob-
tained.*® For example, partial exchange of the 2-methyl-
imidazole by 5,6-dimethylbenzimidazole has been achieved
through a shell-ligand-exchange-reaction (SLER),** whereas
anchoring of fluorinated molecules has been possible through
thiol-ene click reaction.®® However, this approach is typically
effective only at the surface. Vapour-phase ligand exchange
(VPLE) has also been used to incorporate different imidazole
derivatives, although it is limited to certain imidazoles, result-
ing in some cases in a transformation into dense phases.*®
Nevertheless, a major limitation of post-synthetic strategies is
the incorporation of additional synthetic steps, which hinders
a scalable process and therefore a commercial use.

Herein, we report a direct green synthetic route based on
a solvent-free methodology®*”** to construct mixed-ligand SOD

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Scheme of the different achievable crystal structures by solvent-free synthesis combining M(i) and three imidazoles: 2-methylimidazole,
2-ethylimidazole and 2-methylbenzimidazole. The combination of two different imidazoles permits the formation of sodalite materials, in
contrast to the dense coordination polymers formed with the pure ligand synthesis.

ZIFs materials unapproachable by pure ligand synthesis. The
success of this approach is demonstrated with three different
combinations of ligand mixtures and three different metals
(Fig. 1). Specifically, we have used different combinations of 2-
methylimidazolate (mi), 2-methylbenzimidazolate (mb) and 2-
ethylimidazolate (ei), thus using bulkier substituents in the 2-
position or in the 4-5-positions (see Fig. 1a). As metal centres,
we have explored Zn(u), Co(u) and Fe(u), totalling eight
compounds as phase pure crystalline materials, denoted ZIF-8-
mimb, ZIF-67-mimb, MUV-3-mimb, ZIF-8-eimb, ZIF-67-eimb,
MUV-3-eimb, ZIF-8-eimi and ZIF-67-eimi, where the initial part
of the name indicates the “parent” ZIF with SOD topology (i.e.
ZIF-8 for Zn(u), ZIF-67 for Co(u) and MUV-3 for Fe(i)) and the
second part of the name indicates the mixture of ligands used
(mi = 2-methylimidazole, mb = 2-methylbenzimidazole, ei = 2-
ethylimidazole).

The pure ligand synthesis using either 2-methylimidazole or
2-ethylimidazole has been previously reported with Zn(u), Co(xu)
and Fe(u), yielding SOD frameworks in the case of the former
(the well-known ZIF-8, ZIF-67 and MUV-3); or different poly-
morphs in the case of the latter, including RHO (MAF-6),**° ANA
(MAF-5)* and qtz (MAF-32 and MUV-7)"*?>* topologies (see
Fig. 1 and Section S2.1.21). In the case of 2-methyl-
benzimidazole, only the Fe(u) analogue has been previously
reported (MUV-6),* although the Zn(u) and Co(u) analogues can
also be prepared with this solvent-free methodology (see Section
S2.1.27).

Results and discussion

A 1:1 mixture of the three possible binary combination of
ligands results in crystalline solids after 48 h upon reaction with
ZnO, cobaltocene or ferrocene at 150 °C. The phase purity and
the presence of only one polymorph was determined using X-ray
powder diffraction (XRPD), confirming the homogeneity of the
crystals obtained during the synthesis and discarding a possible
segregation of phases, a common situation when using
mixtures of ligands. In eight of the nine possible scenarios, we
managed to obtain mixed-ligand structures with a SOD topology

© 2022 The Author(s). Published by the Royal Society of Chemistry

(Fig. 2b-d). Scanning electron micrographs (SEM) show the
well-defined morphology of all of the mixed-ZIFs (see Fig. 3b
and Section 2.7). In only one situation, when using a mixture of
miH and eiH with Fe(u), a gtz framework with only one of the
ligands (eiH) was obtained (see Fig. S1t). The presence of two
ligands was confirmed by solid-state "*C NMR spectroscopy
(Fig. 3a) in the diamagnetic samples (ZIF-8-mimb, ZIF-8-eimb
and ZIF-8-eimi). In addition, all the eight mixed-ligand samples
were digested in D,O and deuterated trifluoroacetic acid, and
then evaluated by "H NMR spectroscopy (see Section S2.47). In
all cases, we observed an approximate 2 : 1 ratio in the ligands,
with a minor component of the bulkier imidazole derivative.
Interestingly, it is possible to slightly modify the final ratio by
adjusting the proportion in the synthesis. Nevertheless, we have
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Fig. 2 (a) ZIF-8, ZIF-67 and MUV-3 are constructed by 2-methyl-
imidazole (mi), which is increased in size with bulkier ligands 2-eth-
ylimidazole (ei) and 2-methylbenzimidazole (mb). (b—d) X-ray powder
diffractograms of ZIF-mimb, ZIF-eimb and ZIF-eimi (b, c and d for the
different metallic centres, Zn(i), Co(i) and Fe(u), respectively), showing
the isoreticularity between them.
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Fig.3 (a) Solid-state *C NMR spectra of ZIF-8-eimi, ZIF-8-mimb and
ZIF-8-eimb. (b) Scanning electron micrograph of typical ZIF-8 mixed-
ligand compounds. (c) N, sorption (solid symbols) and desorption
(open symbols) of ZIF-8 mixed-ligand materials at 77 K.

found an upper limit of ca. 70% and a lower limit of ca. 50% for
eiH and miH, respectively.

Importantly, large crystals suitable for X-ray single crystal
diffraction were obtained for two compounds, namely MUV-3-
mimb and MUV-3-eimb (see Fig. 4). Structural analysis reveals
that both compounds are isoreticular with MUV-3 (and ZIF-8
and ZIF-67), with similar crystal cell parameters and Fe-N
distances (see Table S2t), being slightly larger than MUV-3. In
addition, the angle # between the imidazoles and the 4MR
plane, as previously defined,*** are similar in the three struc-
tures: 74.4°, 75.9° and 77.4° for MUV-3,>* MUV-3-mimb and
MUV-3-eimb, respectively. Interestingly, despite starting with

Fig. 4 Crystal structures of MUV-3-eimb and MUV-3-mimb. Color
key: Fe, orange tetrahedra; C, black balls; N, blue balls. Hydrogen
atoms are omitted for clarity. The yellow sphere (diameter = 12 A) is
included for better visualization of the void.
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a 1:1 ratio between the two ligands, their occupancy was
included in the refinement, resulting in both cases in a 70 : 30
ratio (mi: mb or ei: mb for MUV-3-mimb and MUV-3-eimb,
respectively), as also found by "H NMR spectroscopy (see
Section S2.47). Several single crystals were analysed, with
similar results for each of them. The confirmed mixed-ligand
Fe(un) structures present higher thermal stability (Fig. S127)
compared to MUV-3" as a result of the incorporation of mb in
the structure.

The magnetic behaviour of polycrystalline bulk samples of
MUV-3-mimb, MUV-3-eimb, ZIF-67-mimb, ZIF-67-eimb and ZIF-
67-eimi was investigated by SQUID measurements in the range
2-300 K. Variable-temperature direct current (dc) magnetic
susceptibility measurements (x vs. T) show an increase upon
cooling down until a maximum is reached (Fig. S5 and S67),
indicating the presence of strong antiferromagnetic metal-
metal interactions between the M(u), as also observed in MUV-
3. The maximum in y is followed by a sharp decrease at lower
temperature, which agrees with an antiferromagnetic ordered
structure. The presence of a single maximum in the magnetic
measurements suggests a single phase transition, related to the
presence of only one crystalline phase (Fig. S5 and S67), dis-
carding the combination of two different phases or pure ligand
domains. Moreover, the Neél temperatures (Ty) for the mixed-
ligand ZIFs (13.9-17.8 K) are close to the pure ligand SOD
materials (17.2-20.6 K), in contrast to the Ty found for dia and
qtz topologies (T = 32.2 and 35.9 K, respectively, see Section
S2.31).

The porous nature of these mixed-ligand materials has been
analysed using N, sorption measurements, revealing some
differences depending on the combination of ligands. Thus,
whereas ZIF-8-mimb and ZIF-8-eimi show BET values of 875 and
845 m” g~ !, respectively (Fig. 3c), in agreement with previous
reports,* ZIF-8-eimb shows a negligible N, sorption capacity.
On the contrary, for the Co(u) compounds, only ZIF-67-eimi
presents remarkable porosity, albeit lower than the Zn(u)
analogue (BET of 402 m”® g™, Fig. $217), whereas the two mixed-
ligand Fe(u) materials present a negligible N, sorption capacity.
This seems to be the result of a smaller window caused by the
bulkier ligand combined with a different gate-opening capacity
depending on the metal, as previously hypothesized.*»** These
textural properties are also accompanied by a higher stability
towards water, improving their chemical stability and hydro-
phobicity (see Section S4 in the ESIf).

From the above results, the most counterintuitive outcome is
that the mixture of mbH and eiH leads to a material with SOD
topology in any of the three metals evaluated. As shown in
Fig. 5a, qtz is the most stable topology for the exclusive use of
eiH, whereas the most favourable topology for the use of only
mbH is the dia topology. In fact, previous attempts to combine
mbH with another ligand has resulted in the formation of JUC-
160* and Zn(2mbim), ,g(5mbim); 5, (ref. 30) with GIS and ykh
topologies, respectively. Thus, we further investigated this from
a theoretical point of view. Density functional theory calcula-
tions were performed for ZIF-8, ZIF-67 and MUV-3 in several
ligand compositions to assess phase stability (see Section S3 in
the ESIT for computational details). Minimum-energy crystal

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Phase stability diagram calculated at the PBEsol level for
mixed eim:mbim Zn-based ZIF-8 with respect to the most stable
pure-mim ZIF-8 (the corresponding diagrams for Co and Fe are shown
in Fig. S24 and S25%). Lines are drawn to guide the eye. (b) Crystal
structure calculated for pure-eim ZIF-8 (left) and ZIF-8-eimbata 2 : 1
ei : mb composition (right). Relevant H---H distances are indicated.

structures for the pure- and mixed-ligand MOFs at the PBEsol
level present cell parameters in good accord with the experi-
mental data (Tables S1, S4 and S57). Theoretical calculations
predict the most stable phases for each pure-ligand ZIF to be
SOD for mi, dia for mb, and qtz for ei (Table S4+t), in agreement
with the polymorphs found experimentally for the zeolitic
framework series.*®

Fig. 5a displays the relative phase energy as a function of the
ei : mb ligand mixing ratio in the case of ZIF-8 (see Fig. S24F for
Co-based ZIF-67 and Fig. S25t1 for Fe-based MUV-3). Upon
increasing the mb fraction, the qtz topology rapidly destabilizes
up to an energy difference of >1 eV when reaching 100% mb
with respect to pure-ei ZIF-8. This destabilization can be ratio-
nalized by the large steric hindrance promoted through the
introduction of bulkier mb ligands with respect to ei in the
relatively small qtz unit cell, which suffers a 45% cell expansion
in going from pure-ei to pure-mb (Table S47). In contrast, ligand
substitution barely affects phase stability in dia topology, which
is computed more stable than qtz for ei:mb ratios of >0.25
(Fig. 5a). Interestingly, the SOD topology, which is not the most
stable phase either in pure-ei or pure-mb ZIFs, is predicted the
lowest in energy upon ligand mixing, especiallyata2:1ei: mb
composition, in the three ZIFs (Fig. 5a, S24 and S257). A careful
inspection of the crystal structure evidences for the 33% mb
fraction an effective match of the two ei and one mb ligands at
the SOD six-membered ring gate (Fig. 5b), along with additional

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ethyl---benzene CH--- interactions between ei and mb
(Fig. S2871). On the other hand, the addition of further mb leads
to an increased steric hindrance between benzene rings that
destabilizes the SOD topology in favour of dia, for 100% mb
(Fig. 5a, S24 and S25%).

Conclusions

In summary, the solvent-free synthesis offers a platform with high
versatility and applicability, which allows the preparation of
multivariate ZIFs, enabling the incorporation of bulkier ligands
retaining the sodalite topology. We have demonstrated the
versatility of this approach with three different binary combina-
tions of ligands and three different metal centres, resulting in
eight novel ZIFs with different response towards N, sorption. In
this sense, recent studies have shown the importance of the metal
centres in lowering the pressure at which the gate opening occurs
in ZIF-8,* but we demonstrate that the use of mixed-ligand
frameworks is an alternative approach to modify the physical
properties of ZIFs. Theoretical calculations confirm the prefer-
ence of a SOD topology when using mixture of ligands, which is
rationalized by invoking inter-ligand steric hindrance effects.
This solvent-free approach allows to design multivariate ZIFs with
network complexity, thus opening the door to also combine
different metals in the same framework, and paving the way to
reach similar complexity in ZIFs as that observed in other
promising MOFs.” In addition, a further advantage that presents
this methodology concerns its facile applicability, involving
a solvent-free approach that has proven useful for its processing.*

Data availability

All experimental and crystallographic data is available in the
ESL.} Crystallographic data for MUV-3-eimb and MUV-3-mimb
has been deposited at the CCDC (codes 2095300 and 2095301)
and can be obtained from http://www.ccdc.cam.ac.uk/conts/
retrieving.html.
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