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Imparting structural robustness of metal—organic
cages based on oxo-dimolybdenum clustersf
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A family of robust and stable molybdenum-based metal-organic cages have been obtained based on the
IM0,05(p»-0),]%" secondary building unit. The resulting cages are decorated with different pyrdine
derivatives that impart structural stability, resulting in the structural elucidation of the activated cage with
single-crystal diffraction. The chemical robustness of the cage is also demonstrated by the post-synthetic
modification of the cage, which allows the exchange of the pyridine derivatives without rupture of the

rsc.li/dalton cage.

Introduction

Metal-Organic Cages (MOCs) are a subclass of hybrid com-
pounds composed of metal ions or clusters linked by organic
ligands forming discrete porous molecular structures.
Although MOCs have been known for over two decades,’ they
have attracted recent interest due to their solubility, surpassing
the processability of Metal-Organic Frameworks (MOFs), their
higher dimensional equivalents. In fact, MOCs have shown
promising applicability for gas storage,>* catalysis,* molecular
separation® or biomedicine,® among others. Efforts have been
devoted to designing crystalline MOCs with permanent poro-
sity,” which can arise both from their inherent molecular pore
space or from the packing of MOC molecules. Nevertheless,
the study of MOCs remains challenging due to their poor
thermal and hydrolytic stability that arises from the lack of
extended connectivity.® Thus, crystals of MOCs often degrade
upon activation preventing the structural determination by
single crystal X-ray diffraction. This lack of structural data of
activated structures hinders precise analysis and understand-
ing of their porosity. In this context, two different scenarios
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are generally found upon MOCs’ activation: (i) sample amor-
phization;® and (ii) changes on crystallinity envisioned in
PXRD patterns® but unable to provide structural information.
The retention of the crystal packing upon desolvation is extre-
mely rare.”

In most cases, the absence of structural data is substituted
by Mass Spectrometry measurements, although this technique
does not ensure the structural integrity of the material or the
maintained packing. In some cases, this has been resolved
with adsorption measurements, proving the inherent mole-
cular pore space. Nevertheless, new approaches to obtain
direct structural visualisation of the activated MOCs is needed
for the development of the field.

Aiming to circumvent the lack of structural evidence of the
activated samples, two alternative approaches have been devel-
oped. One of these is the assembly of MOCs via bidentate
ligands,"" ™" such as dabco ligands that coordinate to the
exterior of the MOCs, connecting them in a 3D manner,'® ana-
logous to dabco-pillared MOFs. Another approach is the post-
synthetic assembly of MOCs into extended networks'’ using
secondary building units (clusters) to form analogous MOFs
through rigid bridges.’®>° However, although these methods
provide meaningful information, direct structural visualisation
of the activated MOCs would be the ultimate tool to under-
stand their porosity and gas adsorption properties.

Herein, we report the synthesis of a novel family of pyridine
capped Mo,-benzene tricarboxylate MOCs, MUV-27 (MUV =
Material of the University of Valencia), which can be obtained
through a simple self-assembly synthetic route. Contrary to the
previous Mo-MOCs,>' > the MUV-27 family exhibit an original
geometry that is not based on a paddlewheel unit, unstable in
the case of Mo(u), but on a [M0,0,(,-0),]** core. In addition,
this family of MOCs can be functionalized through the use of

This journal is © The Royal Society of Chemistry 2023
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different auxiliary ligands (based on pyridine) which results, in
one specific case, in an enhancement of the MOC structural
stability, allowing the structural elucidation of the activated
samples using single crystal X-ray diffraction. Thus, we unequi-
vocally determine the retention of the cage structure upon
removal of all solvents.

Results and discussion
Synthesis and structural study

The solvothermal reaction in dimethylformamide (DMF) of
molybdenum acetate [Mo,(OAc),] and trimesic acid (H;BTC) in
the presence of pyridine (py) results in a mixture of orange
crystals and red gel from which single crystals could be iso-
lated and purified. The hexagonal crystals crystallized in the
monoclinic P2,/c space group (see details in section S2 in the
ESIt). Structure solution from single crystal diffraction data
revealed a MOC, namely MUV-27-py. The secondary-building
unit of this cage is formed by a dimolybdenum-oxo cluster
[M0,0,(11,-0),]**, denoted [M0,04]*", in which two bonded
molybdenum atoms bearing oxo-ligands are connected by a
non-planar double oxygen bridge (Fig. 1a). Six bimetallic Mo,-
units are located at the vertices of an irregular octahedron of
approximately 10-11 A diameter (see Fig. 1b), and form two
antiparallel equilateral triangles, which are approximately
6.5 A apart (see Fig. 1c). The six remaining isosceles triangles
faces are occupied by the BTC®™ linkers that connect the Mo,-
units together, with the overall structure displaying a triangu-
lar antiprismatic geometry.

The bimetallic [M0,04]*" fragment is a structural unit that
has been commonly observed in Mo(v) chemistry. Indeed,
numerous complexes containing [M0,04]*" centres have been
investigated,®® with bond-distances that are comparable with
those obtained from SXRD data of MUV-27-py.”” The Mo-Mo
distances (Table S31) are in the range of 2.547(1)-2.555(1) A,
suggesting a single-bond between the two Mo(v) atoms. The
Mo=0 linkages exhibit distances in the range of 1.679(8)-

a)
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1.690(8) A and the oxo-bridges have the Mo-O distance
between 1.917(6) and 1.941(7) A, which are also in the typical
range for other reported [M0,04]*" clusters.”” To complete the
distorted octahedral environment of the Mo centres, one pyri-
dine is coordinated to each metal, with Mo-N bond lengths in
the range 2.230(1)-2.248(9) A. Three BTC®~ are coordinated to
the [Mo0,04]*" unit, two of them having an equatorial mono-
dentate coordination mode to each metal, and the third linker
is bridging both Mo atoms, in an axial syn,syn bidentate
manner.

Therefore, MUV-27-py contains one BTC®” linker per
[M0,0,]*" unit and, as indicated by the structural measure-
ments, the presence of dimethylammonium (DMA") cation
balances the charge. This countercation is located in the per-
iphery of the cavity, with the NH," group forming N-H---O
hydrogen bonds with the two non-coordinated oxygen atoms
of the BTC®~ linker (Fig. 1a). '"H NMR studies confirm the
presence of 6 DMA" per cage, suggesting that MUV-27-py
is a —6 negatively charged MOC of general formula
(DMA)[M0Y,04,(115-0)12(BTC)s( py)12], which is further con-
firmed with additional characterization including PXRD,
FT-IR, acid-digested "H NMR, TGA and UV-vis studies (see sec-
tions S3-S8 in the ESI{).

Functionalization of MUV-27

As commonly found in MOCs, activation of MUV-27-py causes
a change in the crystal packing, as evidenced by X-ray powder
diffraction (Fig. S16%1). In fact, structural changes are also
observed simply upon drying the materials (Fig. S8t). In order
to circumvent these issues, the supramolecular packing struc-
ture was reinforced by introducing functionalised capping
ligands during the synthesis. Thus, following the same syn-
thetic procedure as for MUV-27-py, three functionalized MOCs
have been synthesized using 4-picoline (py-CHj), 1,2-bis(4-
pyridyl)ethane (bpy-C,) and 1,3-bis(4-pyridyl)propane (bpy-Cs),
resulting in three new MOCs denoted MUV-27-py-CHj,
MUV-27-bpy-C, and MUV-27-bpy-C;, respectively. These MOCs
were also obtained as single-crystals, thus allowing their struc-

Fig. 1 (a) Single-building unit of MUV-27-py containing the [Mo,O4]%* cluster and one DMA* cation; (b) and (c) orthogonal views of the structure of
the octahedral [Mo;,0;(u,-0)12(BTC)s(py)121®~ cage, MUV-27-py. Colour code: Mo = pink, O = red, C = black, N = blue. Hydrogen atoms have been

omitted for clarity except those of the DMA* cation in a.

This journal is © The Royal Society of Chemistry 2023
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MUV-27-py MUV-27-py-CH,
(a) (b)

MUV-27-bpy-C, MUV-27-bpy-C,
(c) (d)

Fig. 2 Structures of MUV-27 with different capping ligands (shown in different colours): (a) MUV-27-py; (b) MUV-27-py-CH3; (c) MUV-27-bpy-C,;

(d) MUV-27-bpy-Cs.

tural elucidation revealing, in the three cases, “Mo;,” MOCs
analogous to MUV-27-py (Fig. 2), with molecular formulas
(DMA)6[MO07;015(12-0)12(BTC)s( Py-CHs)12], (DMA)s[MOY, 015 (h-
0)15(BTC)s(bpy-C:)s] and (DMA)s[Mo},0:5(112-0)12(BTC)s(bpy-
Cs3)s]- Remarkably, the cages with bipyridine ligands (bpy-C,
and bpy-C;) were not assembled together forming MOFs
or amorphous supramolecular soft polymers as previously
reported with other MOCs and similar bidentate
ligands,">">?° but instead each ditopic ligand bridged two
molybdenum atoms from neighbouring [Mo,0,]*" fragments
of the same cage (Fig. 2c and d). Importantly, activation of
these three MOCs is accompanied by retention of crystallinity
(Fig. S16t1), but the crystal packing is not maintained likely
caused from a re-organization of the MOCs, which unfortu-
nately could not be followed by single crystal diffraction.

In order to overcome the structural arrangement observed
in the previous MUV-27 materials upon activation, a ligand
with potentially increased supramolecular interactions was
used, namely 4-aminopyridine (py-NH,). Following a similar
synthetic protocol results in homogeneous red rhombohedral
crystals of MUV-27-py-NH,-DMF, which also forms Mo;, MOCs
analogous to the previous compounds. However, in this case a
DMF molecule is coordinated to a Mo atom substituting a py-
NH, ligand (Fig. S6%), leading to the molecular formula
(DMA)s[Mo0Y,015(12-0)12(BTC)s( py-NH,)11(DMF)]. Close inspec-
tion of the crystal packing reveals the presence of N-H---O
hydrogen bonds (2.073-2.694 A range) between the amino-
groups and oxygen atoms from surrounding cages (Fig. 3).
Activation of MUV-27-py-NH,-DMF crystals was successfully
achieved in a two-step process: (1) DMF solvent molecules were
replaced by DCM via washing, direct soaking for 2 days and
further washing, leading to single crystals that were analysed
by X-ray single crystal diffraction. We could observe a signifi-
cant decrease in the a and b unit cell parameters, although
minor changes in the crystal packing had occurred (see
Table 1 and Fig. 4). (2) Then, these crystals containing DCM

15684 | Dalton Trans., 2023, 52, 15682-15687
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Fig. 3 (top) Structure of MUV-27-py-NH,; (bottom) H-bonds between
the [M0,04]* subunit of one MOC and 4-aminopyridine ligands of a
different MOC.

Table 1 Parameters extracted from X-ray single crystal diffraction of
MUV-27-py-NH,

Parameter DMF DCM act

alA 19.7115(3) 19.3279(4) 19.0877(7)
b/A 20.0909(2) 19.6862(3) 18.2843(6)
c/A 27.2180(4) 27.2810(10) 26.7480(7)
Bl° 110.345(2) 109.113(3) 108.715(3)
Space group P24/n P2,/n P2,/n

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Evolution of MUV-27-py-NH, unit cell along the a-axis upon solvent exchange and activation; (b) calculated and experimental PXRD pat-

terns of MUV-27-py-NH, in DMF and after desolvation; (c) CO, adsorption (filled circles) desorption (empty circles) isotherms at 273 K of activated

MUV-27-py-NH,.

molecules were dried at air for 24 hours, obtaining the acti-
vated compound, denoted MUV-27-py-NH,-act. Despite of the
two-step transformation, suitable single crystals for X-ray diffr-
action of the activated product were isolated, allowing to
obtain unequivocal evidence of the structural changes suffered
in the activation process of MUV-27-py-NH,-DMF. Thus, while
the cage’s molecular structure is maintained with minor defor-
mations, the crystal packing is affected significantly (see
section S2.7 in the ESIf), with a shortening in the inter-
molecular distances as shown in Fig. 4a, which is translated
in a reduction of the unit cell parameters (a, » and c).
Nevertheless, the typical crystal collapse that is normally
observed upon activation has been avoided, likely due to the
presence of N-H---O hydrogen bonds between MOCs, that have
reinforced the overall crystal stability.

Subsequently, the porosity of the activated MUV-27-py-NH,-
act (activation procedure as for the SCXRD measurements) was
investigated through N, and CO, isotherms, at 77 K and 273 K
respectively. While N, adsorption was almost negligible
(Fig. S281), moderate CO, sorption was observed (Fig. 4c), with
ca. 4 molecules of CO, per cage, demonstrating the retention
of porosity upon activation. Interestingly, the other MOCs also
show some CO, sorption capacity (Fig. S29t), indicating that
the intrinsic porosity of the cages is accessible upon activation.

This journal is © The Royal Society of Chemistry 2023

Finally, an important aspect for the use of MOCs is their
robustness upon application of chemical stimuli. In this
sense, despite the ample number of cages that has been
reported, there is only one example of a Rh-based cage has
been shown to be robust enough to make composites.>® Thus,
we examined the robustness of these Mo-based cages in order
to enhance the chemical variety of stable MOCs. For this, we
evaluated the robustness and effects of post-synthetic modifi-
cation (PSM)**7? in the MUV-27 family of cages, by preparing
a suspension of the insoluble cages in DMF with the solubil-
ized pyridine capping ligands and heating at 50 °C upon stir-
ring overnight. In particular, the transformation of MUV-27-py
and MUV-27-py-CH; to all the aforementioned materials was
successful, leading to crystalline materials with a complete
exchange of the pyridine capping ligands confirmed by 'H
NMR, PXRD and FT-IR (section S11 in the ESI{). However,
when using other MUV-27 cages as synthetic platforms (i.e.
MUV-27-bpy-C,, MUV-27-bpy-C; and MUV-27-NH,), only a
partial exchange of the ligands was observed, possibly due to
the bis-coordination mode of the capping ligands in MUV-27-
bpy-C,, MUV-27-bpy-C; and to the H-bonding of the NH,
group in MUV-27-py-NH,. This successful PSMs prove the
chemical robustness of the cages and could also be used as a
platform multi-functionalised MOCs.

Dalton Trans., 2023, 52,15682-15687 | 15685
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Conclusions

A novel family of metal-organic cages composed of 12 Mo(v)
centres, denoted MUV-27, has been prepared bearing a novel
secondary building unit in MOC chemistry, [M0,0,(p,-0),]*".
The general synthetic approach is demonstrated with the
preparation of five different compounds possessing different
functional groups. Pure and crystalline cages can be easily
obtained through a self-assembly synthesis and functionalized
with pyridine derivatives. Importantly, the introduction of
-NH, groups enhances the structural stability of the resultant
MOC through hydrogen bonding between cages, resulting in
crystals suitable for structural determination after activation.
This important aspect has been elusive despite the large inter-
est in this type of compounds. Specifically, we unequivocally
demonstrate that the Mo,, MUV-27-py-NH, MOC is structurally
robust upon activation, despite the effective shrinkage of the
crystal packing. We have also confirmed the possibility to conduct
post-synthetic modifications on MUV-27 cages, which is encoura-
ging in the prospect of future experiments to tune the functional-
ities of MUV-27 and highlights the robustness of the cages.

These results evidence the plausible retainment of struc-
tural integrity in MOCs which enables direct determination of
the crystal structure. Therefore, we believe that the methods
here reported -enhancing stability through inter-cages inter-
actions between functionalised ligands- could have applica-
bility in other MOC systems.
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