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The preparation of highly rigid cobalt(i)- and copper(i)—organic
frameworks incorporating a tetralactam [2]rotaxane as a ligand is
described. The interlocked ligand is functionalized with two pairs of
carboxylate groups placed at each counterpart, thus limiting its
dynamics within the crystal. The solid structure of the metal—
organic rotaxane frameworks showed different, unprecedented
polycatenation modes of grids, depending on the employed metal,
providing great rigidity to the structures. This rigidity has been
evaluated by using single crystal X-ray diffraction analyses of the
cobalt(i)—organic frameworks embedded in different solvents,
observing that the lattices remain unchanged. Thus, this research
demonstrates that rigid and robust materials with permanent por-
osity can be achieved using dynamic ligands.

The preparation of materials using mechanically interlocked
molecules (MIMs) is a relevant research topic nowadays.'
Indeed, this approach is postulated as a suitable strategy towards
smart materials, among other advanced applications.” Rotax-
anes, a class of MIMs having at least a macrocyclic component
threaded by a linear one, have aroused great interest due to their
higher versatility.” One of the focuses of the scientific commu-
nity working in this area is the incorporation of these inter-
twined compounds into different materials." In parallel,
research on metal-organic frameworks (MOFs) has experienced
exponential growth in the last decades,® mainly due to the wide
range of functionalities achievable through diverse structural
designs that combine metallic salts and organic ligands. Metal-
organic rotaxane frameworks (MORFs) have rapidly emerged as a
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research subfield having great potential.* Thus, several examples
of MORFs using various metals and a diversity of structurally
different interlocked ligands have been reported.” Typically,
MORFs incorporate mechanical bonds through rotaxane or
pseudorotaxane linkers with carboxylic acid or pyridyl donors
at the strut ends. By allowing the rotaxane rings to remain
uncoordinated, the desired dynamism provided by the MIMs is
imparted to the MOFs, even though the mechanical bond does
not directly extend the network. Interestingly, the inherent
dynamics of the rotaxane counterparts have been transferred
from solution to the solid state by integrating them into the
crystalline array of MORFs,® allowing advanced implementations
such as mechanisorption.® Yaghi and Stoddart coined the term
‘robust dynamics’ to refer to the coupling of the dynamics of
MIMs with the robust structures of MOFs.” Less commonly,
rotaxanes including metal coordination sites both on the macro-
cycle and on the axle of the MIM-based linker are used.® In such
cases, a rotaxane with coordination sites on both components
can lead to novel catenation modes during the formation of
extended structures through coordination with metal atoms.
Herein, the preparation of two novel MORFs having benzylic
amide macrocycle-based ligands®™" is described. In these
materials, rotaxane 1 (see the ESIf for synthetic details) is
employed as a tetratopic ligand (H4L) with metal-coordination
sites both on the macrocycle and on the axle (Fig. 1a). Due to the
significance of rigid MOFs,"” the use of a rotaxane having four
carboxylate groups, one pair placed at each interlocked counter-
part, is envisioned for the first time as an alternative approach to
alter the dimensionality of the framework material, alter the
local and global dynamics and, thereby rigidify the target
reticular materials. In contrast to the examples that seek to
integrate the mechanical bonds to take advantage of the switch-
able motion in MOF pores, rotaxane 1 is used to provide two
rigidity functions to the final crystalline array: (i) blocking the
motion of the ligand counterparts, and (ii) introducing new
network polycatenation modes. Although rotaxanes tend to be
flexible molecules, the act of threading one molecule to another
contributes to rigidifying the component molecules and, in this
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Fig. 1 (a) Chemical structure of the tetratopic rotaxane ligand 1. Stick
representation of a single unit of the rotaxane ligand coordinated to (b)
four Cu(il) paddlewheel clusters of UMUMOF-7 and (c) four Co(n) clusters
of UMUMOF-8. Metals are shown in polyhedral representation (colored in
green for copper and red for cobalt) and hydrogens are omitted.

way, they may make potentially rigid linkers®® while offering
certain conformational flexibility during the formation of the
MOF backbone.

Rotaxane 1 was employed as the ligand in a solvothermal
protocol (Fig. 1, ESIt)® which allows the preparation of the
new MORFs. The Cu(u)-based MORF, so-called UMUMOF-7,
[Cuy(H,0),L], was obtained by reacting 1 with Cu(NO;),-H,O,
while in the Co(u)-organic framework, named UMUMOF-8,
[Co,(H,0)5L], Co(NO3),-6H,O was employed as the metal
source. UMUMOF-7 was obtained as blue prismatic crystals in
64% yield (Fig. S2, ESIT), while reddish crystals of UMUMOF-8
were collected in 60% yield (Fig. S3, ESIt). The IR spectrum of
UMUMOF-7 (Fig. S9, ESIT) shows a pair of carboxylate-copper
symmetric and asymmetric stretching vibrations having values
of 1331.13, 1357.64, 1593.88 and 1650.77 cm™ ", respectively.
The corresponding carboxylate-cobalt signals of UMUMOF-8
are shown at 1343.26, 1351.01, 1596.77 and 1649.80 em ™! (Fig.
S10, ESIT). The crystallinity of both materials was confirmed by
X-ray powder diffraction measurements (Fig. S7 and S8, ESIt).
Additionally, thermogravimetric analysis indicates a high ther-
mal stability of UMUMOF-7, -8 (Fig. S5, ESIT). Scanning elec-
tron microscopy micrographs reveal different morphologies for
both materials, as well as a larger size in the case of the Co(u)-
based crystals (Fig. S4, ESIT).

The elucidation of the periodic structures was successfully
accomplished using single crystal X-ray diffraction (SCXRD),
showing the crystallization of UMUMOF-7 in the C2/c space
group of the monoclinic crystal system. The repeating unit
shows one rotaxane 1 connected to four symmetry related
copper paddlewheel clusters through four carboxylate groups,
two placed at the stoppers of the thread and two at the
isophthalamide units of the macrocycle (Fig. 1b). A double
bifurcated H-bond pattern is established between the counter-
parts of the interlocked ligand. The crystalline topology?
disclosed the formation of 2D-rhombohedral metallogrids that
connect four copper(u) paddlewheel clusters to four different
organic ligands by propagating the repeating unit (Fig. 2a). The
four-connected inorganic secondary building unit (SBU) is
coordinated with two macrocycles and two threads, forming
two-periodic square lattice (sql) layers. In these layers, the
macrocycles and threads are alternately arranged around the
square-shaped inorganic SBUs resulting in grids with
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Fig. 2 (a) Stick representation of the rhombohedral metallogrid of
UMUMOF-7 having four copper(i) paddlewheels connected to four dif-
ferent ligands with one component of each rotaxane omitted. (b) The
same grid showing all components. (c) Metallogrid of UMUMOF-8 having
four cobalt(i) nodes connected to four different ligands with one compo-
nent of each rotaxane omitted. (d) The same grid showing all components.

dimensions of 22.77 x 17.63 A% (SBU-to-SBU distance). Poly-
catenation between these coordinatively extended sql layers
through their arrangement creates a three-dimensional struc-
ture, facilitated by the rotaxane linkers. The specific arrange-
ment of macrocycles and threads around the SBUs leads to a
polythreading interaction between the coordination layers,
where each layer contributes both rings and rods to the
mechanical interlocking (Fig. 3a and c).

UMUMOEF-8 crystallizes in the Pnma space group of the
orthorhombic crystal system. The inorganic SBU is also dia-
tomic, with cobalt atoms in an octahedral environment
(Fig. 1b). This structure also includes four carboxylic groups,
contributing to a four-connected SBU configuration that facil-
itates the development of sql layers, although these layers
exhibit more pronounced distortion from the ideal square
arrangement. In this arrangement, the distances of the grid
are 23.73 x 19.27 A% Notably, the arrangement of macrocycles
and linear connecting elements around the SBU differs in this
case; two adjacent macrocycles are paired together, as are two
linear elements. This disposition of cycles and rods around the
SBU leads to a unique polycatenation pattern among the layers.
Specifically, the interlayer threading process is characterized by
an alternating contribution from each layer: one layer provides
the macrocycles, while the adjacent layer supplies the linear
elements (Fig. 3b and d).

As in the copper(n)-based material, the other components
of the ligands, which are not involved in the formation of the
2D-metallogrid, extend the dimensionality of the crystalline
array (Fig. 2d). The metallogrids of UMUMOF-7, -8 are repeat-
edly extended along the directions of threads and macrocycles,
observing parallel lines of threads and macrocycles in
UMUMOF-7 (Fig. S13a, ESIt) and a waving disposition in
UMUMOF-8 (Fig. S13b, ESIt). The 3D growth of both materials
provides highly interconnected frameworks. Compared to other

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Polyhedral and stick representation of the catenation modes in
UMUMOF-7 (a) and UMUMOF-8 (b). Catenation takes place between
layers with different colors (blue and red). Simplified views are shown in
(c) and (d), where the inorganic SBUs are simplified as solid squares, and
the linkers are simplified as cycles and rods. Polyhedral and ball and stick
display of the structure of UMUMOF-7 (e) and UMUMOF-8 (f), showing the
generated channels running along the c and b axes, respectively.

examples of MOFs using tetralactam macrocycles as ligands,
the structures reported herein offer unique structural proper-
ties. Indeed, while the employment of related macrocycles as
ligands led to 1D frameworks having big pores'® and the use of
an analogous rotaxane having only coordination groups placed
at the macrocycle component allowed the formation of 2D
networks,” these novel examples showed a 3D polycatenated
structure through the polythreading of the linkers. Thus, a new
approach to control dimensionality is established, not only by
just selecting between a non-interlocked or an interlocked
related ligand, but also by the rational positioning of the
coordination elements, either exclusively on one component
or both counterparts of the rotaxane ligand, which ensures the
presence of mechanical bonding between coordination layers.

Therefore, the analysis of the crystalline structures indicates
that the rational design of ligand 1 leads to the obtention of the
envisioned requirements, since both rotaxane counterparts are
connected to different clusters in a robust matrix and a three-
dimensional arrangement that facilitates polycatenation is
obtained. Thus, the final 3D structures having high density of
interconnected metallogrids suggest highly rigid frameworks. A
detailed analysis of the SCXRD structures considering the
rhombohedral metallogrids as repeating units revealed a con-
catenation through the mechanical bond of rotaxane 1, since
these grids are extended in all dimensions through the differ-
ent counterparts of the interlocked ligand (Fig. 3a and b). These
concatenated grids are likely responsible for the great stiffness

This journal is © The Royal Society of Chemistry 2024
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of the lattices. The impeded motion of macrocycles and threads
in the rotaxane linkers as a consequence of their full integra-
tion into the crystalline array should avoid the flexibility that
characterizes other MOFs incorporating interlocked ligands
with tetralactam macrocycles.”'! Despite this 3D arrangement
of ligands within the frameworks, which rigidify the target
materials, the disposition of the grids forms channels that
allow the uptake of small molecules. Channels along the ¢ axis
are formed within the solid structure of UMUMOF-7 (Fig. 3e),
having a calculated solvent-accessible volume of 28.9% of the
total volume (2179.0 A*).* This value decreases to 2184.2.0 A°
(27.5% of the total volume) in UMUMOF-8, forming channels
along the b axis (Fig. 3f). CO, adsorption experiments indicate a
higher pore surface area in the cobalt(u)-organic framework,
albeit with similar pore volume values (Table S1, ESIT).

With the aim of confirming experimentally the great rigidity
suggested by the solid structure of the frameworks, an experiment
using different solvents was designed. Analogous experiments
using MIL-53(Fe) have determined alterations in the framework
structure that affects the breathing phenomenom,'® even obser-
ving changes in space groups when the cell volume increases due
to the solvent employed. The test reported herein involves the
evacuation of the solvent by washing crystals of UMUMOF-8 with
ethanol, followed by drying under vacuum. The obtained crystals
were embedded in three different solvents of various polarity
(ethanol, toluene or bromobenzene) to evaluate possible struc-
tural changes in the MOFs. SCXRD measurements were subse-
quently conducted, and the main crystallographic data for each
one of the collected crystals are given in ESIT Tables S2-S4. In all
cases, no significant changes were observed in cell volumes or
crystal symmetry, demonstrating the high robustness and rigidity
of the materials. The position of the adsorbed solvent molecules
was clearly visible in the refined structures, with areas of
high electron density in the pores. The location of the solvent
molecules in the pores (Fig. S14-S17, ESIt) demonstrates their
interaction with the framework atom, and their particular
arrangement. Thus, toluene and bromobenzene molecules are
found forming van der Waals interactions with the pendant
phenyl rings of the linkers (Fig. 4), which do not show any
deviation from their original conformation. In the case of ethanol
molecules, they are found to form hydrogen bonds with the
inorganic SBUs, but the framework atoms are not altered
(see Table S4, ESIf), and the overall polycatenated structure
remains unaffected. The data obtained in this study confirm that
the use of a tetratopic rotaxane ligand and the resulting poly-
threading pattern result in a highly rigid MOF, affording a very
robust material. Interestingly, in contrast to the elasticity provided
by the tetratopic catenane ligands employed by Sato and
colleagues,'" the employment of a tetratopic rotaxane leads to
the target rigidity.

In summary, a novel synthetic approach towards rigid
metal-organic frameworks from a flexible ligand, which in this
case is a [2]rotaxane, has been developed. A rational design that
involves the increase of the number of carboxylate units of
the interlocked ligand, i.e. two pairs placed one at the macro-
cycle and the other at the thread respectively, leads to the
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Fig. 4 Representation of the van der Waals interaction between
UMUMOF-8 and adsorbed toluene atoms (represented as red balls).

augmentation of the dimensionality and concatenation of the
lattices of the framework, through a novel polycatenation
mode, which provide the materials with high rigidity and
robustness. Thus, the interlocked structure remains unchanged
even when different solvents are employed. In this way, the
morphology of the pores and, consequently, of the channels is
retained constant, which allows applications that require an
invariable pore size.
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