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ABSTRACT: We describe the incorporation of a bistable
mechanically interlocked molecule (MIM) into a robust
Zr-based metal—organic framework (MOF), NU-1000, by
employing a post-synthetic functionalization protocol. On
average, close to two bistable [2]catenanes can be
incorporated per repeating unit of the hexagonal channels
of NU-1000. The reversible redox-switching of the bistable
[2]catenanes is retained inside the MOF, as evidenced by
solid-state UV-vis-NIR reflectance spectroscopy and cyclic
voltammetry. This research demonstrates that bistable
MIMs are capable of exhibiting robust dynamics inside the
nanopores of a MOF.

he emergence of mechanically interlocked molecules’

(MIMs) during the past few decades has progressed from
degenerate molecular shuttles” to artificial molecular switches®
(AMSs) and machines* (AMMs). Bistable MIMs™® have been
designed and synthesized with component parts that can be
induced to move mechanically with respect to each other under
the influence of external stimuli, resulting in the operation of
two-state (on/off) switches that have found application in
molecular electronic devices” (MEDs) and drug delivery
systems.” By contrast with AMSs and AMMs devoid’ of
mechanical bonds, bistable MIMs™® involve induced relative
mechanical motions of component parts within molecules—for
example, the circumrotation of one ring with respect to another
in a bistable [2]catenane’ and the translation of a ring along a
dumbbell in a bistable [2]rotaxane.’ Switching between the two
states in these bistable MIMs™° can be controlled by light'® or
by changes in pH'" or redox properties.'” The modulation of
weak noncovalent bonding interactions such as hydrogen-
bonding,"" donor-acceptor,” and radical-pairing'” in the two
states allows us to alter the chemical and physical properties of
bistable MIMs. These mechanically activated molecules,
however, are plagued by incoherence because of their random
motions in solution. Consequently, they have been located at
interfaces as Langmuir—Blodgett films'* as well as in the form
of self-assembled monolayers on flat gold surfaces'® and on
metal nanoparticles.'® A challenge of introducing bistable
MIMs into MEDs’ is to create a rigid scaffolding in which their
solution-state switching is maintained, but occurs in unison, and
their on/off states can be interrogated in a collective manner.
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Figure 1. (a) Structure of NU-1000 (red, oxygen; blue, zirconium;
gray, carbon). (b) Schematic of the functionalized bistable [2]catenane
FC* organized into NU-1000 by the SALI approach.

The concept of robust dynamics'”~ envisages the mounting of
bistable MIMs inside metal—organic frameworks (MOFs) as a
means of enhancing significantly the order, coherence, and
performance of the MIMs while, at the same time, protecting
their component parts from degradation during the switchin%
process. While our attempts to incorporate crown ethers,"
capable of binding substrates, and [2]catenanes,"’ proficient in
displaying ring circumrotations, into the struts of MOFs have
met with only limited success, Loeb’® has shown that large-
amplitude motions by rings encircling struts can undergo
degenerate switching and rotation within the lattices of MOFs
at high temperatures.

Recently, we reportedm the organized insertion of electro-
chemically addressable tricationic trisradical rotaxanes within
the channels of a Zr-based MOF (NU-1000) post-synthetically
using a solvent-assisted ligand incorporation (SALI) protocol.””
In this Communication, we describe the incorporation (Figure
1) of a functionalized bistable redox-switchable [2]catenane,
FC*, into NU-1000 using the SALI protocol. The donor-
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acceptor [2]catenane® is comprised of a tetracationic cyclo-
phane, cyclo(bisparaquat-p-phenylene) (CBPQT*"), mechan-
ically interlocked by a macrocyclic polyether containing
electron-rich tetrathiafulvalene (TTF) and 1,5-dioxy-
naphthalene (DNP) recognition sites.” We report (i)
qualitative evidence, with quantitative backing, for the
incorporation of a suitably functionalized [2]catenane FC*'
into NU-1000, along with (i) adsorption isotherms and
calculated pore size distributions, (iii) cyclic voltammetry (CV)
performed on FC* in solution and NU-1000-FC"* embedded
in thin films, and (iv) chemical redox of NU-1000-FC"*
monitored by solid-state UV-vis-NIR reflectance spectroscopy,
showing that FC*" can be switched reversibly inside NU-1000.

Figure 1 outlines the strategy for attaching FC*' inside NU-
1000, which consists of octahedral Zrs nodes with bridging
1,3,6,8-tetrakis(p-benzoic acid)pyrene (H,TBAPy) linkers.”
Each metal cluster is capped by eight bridging hydroxyl and oxo
ligands, while the remaining coordination sites are occupied by
terminal OH and OH, ligands. They provide a platform for
SALI-style post-synthetic modification between carboxylic acid
functions and the terminal hydroxyl groups that point into the
wide mesoporous channels. At the outset, we functionalized the
bistable [2]catenane with a benzoic acid linker using Cu(I)-
catalyzed azide-alkyne cycloaddition to prepare the precursor,
FC*, for SALIL The carboxylic acid functionality was
introduced by reacting 4-(propargyloxy)benzoic acid with an
azide-functionalized CBPQT*" derivative.”* This acid-function-
alized CBPQT*" precursor, when reacted with the appropriate
macrocyclic polyether in a thermodynamically controlled
reaction” in the presence of tetrabutylammonium iodide,
afforded the bistable [2]catenane FC*' (see Supporting
Information (SI)). Compared with the analogous rotaxane
featuring the same recognition sites, the bistable catenane
molecules are much more compact, making them ideal for
SALL They can also be assembled prior to SALI to ensure that
all the incorporated molecules are mechanically interlocked.

SALI was carried out by heating a microcrystalline yellow
powder of activated NU-1000 in an MeCN solution of FC*" at
60 °C for 48 h to afford NU-1000-FC"* as a green powder (see
SI). The degree of incorporation was characterized by '"H NMR
spectroscopy of the digested NU-1000-FC** (SI, Figure S4).
The proton resonances of the [2]catenane were integrated
against the TBAPy ligand, showing that ~0.46—0.67 equiv of
FC* is incorporated onto each Zr¢ node within NU-1000. We
employed inductively coupled plasma—atomic emission spec-
troscopy (ICP-AES) to obtain a more accurate degree of
functionalization, where the loading of FC*" was determined by
comparing the S:Zr ratio in the sample. Elemental analysis
revealed the incorporation of 0.65 equiv of FC* per node.
Finally, we used scanning electron microscopy—energy
dispersive X-ray spectroscopy (SEM-EDX) to investigate (SI,
Figure S8) the distribution of FC*" within individual NU-1000
microcrystals. Both Zr and S were detected throughout the
entire crystal, and their distribution was found to be
homogeneous.

The density functional theory (DFT) pore size distributions
and N, adsorption isotherms for NU-1000 and NU-1000-FC"*
are shown in Figure 2. The N, adsorption isotherms retain the
type IV shape of the parent NU-1000. Brunauer—Emmett—
Teller analyses indicate a decrease in surface area from 2200 to
2020 m*/g following SALL The DFT pore size distributions,
extracted from the isotherms, indicate that the second peak,
corresponding to the mesopore—namely, the hexagonal one—
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Figure 2. (a) N, adsorption isotherms and (b) DFT pore size
distributions for NU-1000 and NU-1000-FC"*. (c) Solid-state UV-vis-
NIR reflectance of NU-1000 and NU-1000-FC"*. (d) Molecular
mechanics model of the spatial distribution of FC* within the
hexagonal pore of NU-1000.

shows a decrease in pore diameter from 28 to 23 A, as well as in
differential pore volume from 13 to 10 cm®/(g-A). Meanwhile,
the pore volume and size for the triangular channel remain the
same. These data suggest that FC*" is located primarily in the
hexagonal channels. Combined with the information relating to
the degree of functionalization, it gives, on average, nearly two
bistable [2]catenanes functionalized per hexagonal pore.

The successful formation of NU-1000-FC™ has been
confirmed by solid-state UV-vis-NIR reflectance measurements.
The parent NU-1000 shows (Figure 2c) a reflectance peak
centered around 400 nm, arising from the pyrene ligands.
Following SALI, a new peak emerges, spanning 800—1200 nm,
indicative of charge transfer between CBPQT*" and TTF. This
observation is consistent with solution studies carried out (SI,
Figure S6) on FC*, where the CBPQT*" ring encircles the
TTF recognition unit. Molecular mechanics modeling of a
short section of the hexagonal pore containing two bistable
[2]catenanes indicates (Figure 2d) that there is sufficient free
volume for the components to pack without significant
distortions. Comparison of the energies of NU-1000-FC"*
versus the isolated analogues also indicates that there is only
a small increase in the destabilization due to steric interactions
on going from incorporation of one catenane (+56 kcal/mol)
to two catenanes (+84 kcal/mol). Although the effects of
solvents and counterions are not taken into account in the
model, the difference in energies supports the experimental
observation of incorporating up to two bistable [2]catenanes
per hexagonal pore. See SI for computational details.

The redox properties of FC* in solution were investigated
(Figure 3a, top) by CV. In the positive region, the
voltammogram displays one 2e” oxidation at +878 mV,
which represents both the le” oxidation of the encircled
TTF unit (TTE—>TTE®") and the le~ oxidation of the free
TTF*")—TTF*. The initial TTF oxidation is shifted to a more
anodic potential as a result of the stabilization of the CBPQT*"
ring surrounding the TTF unit.”® Upon oxidation to the radical
cationic TTF(**), CBPQT** encircles the DNP unit as a result
of Coulombic repulsions. The negative region of the
voltammogram displays reversible reduction peaks of the
pyridinium units in CBPQT*". These findings are consistent
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Figure 3. (a) Cyclic voltammograms of FC* (1 mM in MeCN, 0.1 M
TBAPF,, 200 mV/s, top) and thin film of NU-1000-FC"* on FTO
(0.1 M TBAPF4 in MeCN, 200 mV/s, bottom). (b) Reversible
switching of NU-1000-FC"" by chemical oxidation/reduction. UV-vis-
NIR spectra show the disappearance (red) and subsequent re-
emergence (blue) of the characteristic charge-transfer band between
TTF and CBPQT*. (c) Schematic of the reversible switching of NU-
1000-FC"".

with previous reports on TTF- and CBPQT*'-containing
catenanes.””°

It is well known that, in redox-active MOF-based thin films,
electrochemical charge transport is achieved by a relatively
slow, diftusive redox hopping mechanism, following an
energetically symmetric electron self-exchange from one
redox-active unit to another.’” Thus, when measuring the
electrochemical activity of NU-1000-FC"* thin films (Figure 3a,
bottom), we were able to detect two reversible peaks at —338
and —830 mV, corresponding to the reduction of the
bipyridinium units, consistent with solution studies of FC*".
When the potential was scanned in the positive direction, an
oxidation peak for TTF appeared around +753 mV. Notably, a
broad TTF reduction peak appeared at a more anodic
(positive) potential compared to its corresponding oxidation
potential. To understand this behavior, we ran additional
control CV experiments, in which we scanned (SI, Figure SS)
to different anodic potentials to monitor the contribution of
pyrene oxidation to the system’s electrochemical response.”® At
more anodic scans, a large oxidation peak appears, correspond-
ing to the pyrene-based linker oxidation. In addition, the
intensity of the TTF reduction peak diminishes dramatically
when scanning to lower potentials, where no pyrene oxidation
is detected. This behavior could possibly be attributed to the
pyrene radical cation reduction, mediated by the redox-active
TTF unit attached to the MOF node.” Similar effects were
observed previously”*” with NU-1000 tethered with a ferrocene
redox shuttle, mediating the redox activity of Fe and Co
bipyridine couples in solution.

To examine whether the circumrotational motion of the
macrocyclic polyether in FC* is retained in the solid state, we
analyzed the switching behavior of NU-1000-FC"* by a
chemical oxidation/reduction cycle. The choice of oxidizing
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and reducing agents, 2,3-dichloro-$,6-dicyano-1,4-benzo-
quinone (DDQ) and ascorbic acid, respectively, is based on
the potential window from electrochemical studies, where they
are only active toward the TTF unit as opposed to the TBAPy
ligands in NU-1000 or the CBPQT*" ring. This selection
ensures that the MOF behaves as an inert substrate and its
structure remains intact throughout the switching process (SI,
Figure S9). The UV-vis-NIR spectra of powder samples of NU-
1000-FC** (green) upon oxidation (red) and subsequent
reduction (blue) are shown in Figure 3b. Upon oxidation with
DDQ, the characteristic TTFCCBPQT*" charge-transfer band
around 800—1200 nm disappears, indicating that the macro-
cyclic polyether has undergone circumrotation such that the
DNP unit resides within the CBPQT*" ring. Treatment of the
oxidized sample with ascorbic acid recovers the original
spectrum, demonstrating that FC*' can be switched reversibly
inside NU-1000, thus achieving dynamic behavior within an
ordered, robust material. Previous examples of dynamic systems
in MOFs have featured molecular rotors**® and shuttles,20b
where the motion of the individual components cannot be
controlled. By utilizing a bistable MIM with redox-active
recognition sites, we have demonstrated a system where the
motion of the macrocyclic polyether between two recognition
sites can be switched reversibly and predictably inside a highly
organized framework.

This investigation describes the implantation of a bistable
molecular switch within a crystalline MOF. The post-synthetic
modification employed to attach the bistable [2]catenane
molecules inside NU-1000 not only eliminates the need for
multiple-step syntheses of organic struts containing bistable
MIMs but also positions them inside the mesoporous channels
which provide the free volume that is essential for them to
retain their switching dynamics. On average, nearly two bistable
catenanes can be incorporated into each hexagonal pore of NU-
1000, achieving a highly organized and densely packed material
of up to 8.8 X 10" units/cm> Moreover, the redox-switching
properties of the bistable catenane are retained in the solid-state
material. We believe this technological advance represents an
important step toward incorporating bistable MIMs into robust,
highly porous frameworks as prototypes for molecular
electronic devices.
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