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Abstract. We have prepared a photoresponsive metal-organic framework by using an amide-based
[2]rotaxane as linker and copper(Il) ions as metal nodes. The interlocked linker was obtained by the
hydrogen bond-directed approach employing a fumaramide thread as template of the macrocyclic
component, this latter incorporating two carboxyl groups. Single crystal X-ray diffraction analysis of the
metal-organic framework, prepared under solvothermal conditions, showed the formation of stacked 2D
rhombohedral grids forming channels decorated with the interlocked alkenyl threads. A series of metal-
organic frameworks differing in the £/Z olefin ratio were prepared either by the previous isomerization of
the linker or by post-irradiation of the reticulated materials. By dynamic solid state H NMR
measurements, using deuterium-labelled materials, we proved that the geometry of the olefinic axis of the
interlocked struts determined the obtention of materials with different independent local dynamics as a
result of the strength of the intercomponent non-covalent interactions. Moreover, the usefulness of these
novel copper-rotaxane materials as molecular dosing containers has also been assayed by the diffusion

and photorelease of p-benzoquinone, evaluated in different solvents and temperatures.



Introduction

One of the main strategies for conducting novel investigations on metal organic frameworks (MOFs),'”
crystalline materials consisting in organic ligands connected by metal nodes, is focused on the
incorporation of advanced level of complexity as an approach to find materials with improved
functionalities.'!"* During the last decades this purpose ran parallel to the development of mechanically

14-29

interlocked compound-based molecular machines and to the inherent need in the field of achieving

ordered arrangements in the solid state.'**°* The merging of both topics gave birth to metal organic

34-41

materials integrating a variety of mechanically interlocked compounds, mainly rotaxanes.’”*!' Since

the pioneering contributions by using these latter species due to Kim,***

important advances have been
made related to the structure and organization of the interlocked ligands into three-dimensional
arrays.'>!'® Thus, relevant breakthroughs by Loeb’s group focused on the characterization of large
amplitude motions, both rotational*** and translational,*’*® of the crown-ether ring of the rotaxanes by
using variable temperature and *H solid state NMR spectroscopy.*’ The number of contributions studying
the control of the ring motion in the solid state is scarce. Although some stimulating examples have been

reported, including temperature variation,*® phase change™ or the application of a redox stimuli,’'-? the

use of light as the source of control remains unexplored.

In this work, we describe the building of photoresponsive MOFs™ using benzylic amide

[2]rotaxanes’*®°

as organic linkers and copper(Il) ions as metal nodes. In addition, their behaviour in the
uptake and release of an small guest was also explored.®®™ In contrast with most of the described
coordinating polymers incorporating rotaxanes as linkers, in which the linear interlocked component acts
as connector of the metal units, herein we have employed a different approach.” In this case we used
threaded benzyl amide macrocycles bearing a carboxylic acid group at each isophthalamide unit as

connectors of the metal nodes. Although the former approach, consisting in linking threads, somehow

guarantees materials with a permanent porosity,’*"* this second strategy could render alternative MOFs’*
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77 probably showing lesser usual properties and with novel applications that might result complementary

to those reported previously.

Results and Discussion

As an initial point we tackled the synthesis of Leigh-type rotaxanes 2 bearing a carboxyl group at each
isophthalamide unit of its structure and with an olefin-based thread (Fig. la). The interlocked
dicarboxylic acid (E)-2 was obtained by base hydrolysis of the corresponding interlocked diester (S1),
which was previously prepared by a five-component clipping reaction using p-xylylenediamine, 5-
(methoxycarbonyl)isophthaloyl chloride and N,N,N’, N -tetrabenzylfumaramide (1)’*”’ as the hydrogen-
bonding template (Scheme S1). The interlocked dicarboxylic acid (Z)-2 was obtained in three
straightforward synthetic steps from (£)-2, involving the protection of the carboxylic acid functions as 4-
methoxybenzyl esters, olefin photoisomerization and acid hydrolysis of the ester groups. Both
mechanically interlocked compounds 2 were fully characterized both in solution and the solid state (see
Supp. Info). The molecular structure of (£)-2 was also determined by X-ray crystallography (Figures 1b
and S20, Tables S5 and S6), revealing the entangled relationship between the fumaramide thread and the
benzylic amide macrocycle displaying the common double bifurcated H-bond pattern observed in other

Leigh-type rotaxanes.®’
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Figure 1. a) Preparation of the interlocked diacids (£) and (Z)-2 and their corresponding metal-organic
materials 3. Reaction conditions: i) p-xylylenediamine, methyl 3,5-bis(chlorocarbonyl)benzoate, Et;N,
CHCl;, 25 °C, 4 h (R =H, 36%; R =D, 30%); ii) LiIOH, THF-H,O, reflux, 72 h; then neutralization with
HCI 6M (R = H, 79%; R = D, 72%)); iii) p-methoxybenzyl bromide, Nal, Cs,COs;, DMF, 25 °C, 24 h (R
= H, 91%; R = D, 95%); iv) 254 nm, CH,Cl,, 25 °C, 60 min (R = H, 56%; R = D, 64%); v) TFA,
CH,Cl, overnight (R = H, 92%; R = D, 94%). Full experimental procedures can be found in the
Supporting Information. b) Stick representation of the single-crystal structure of (£)-2 showing the polar
hydrogen bonds involving thread donor atoms. Intramolecular hydrogen-bond lengths [A] (and

angles[°]): OSHN1/OSAHNIA 2.075 (168.2) and OSHN2/O5SAHN2A 2.243 (170.0).

The hydrogen bonded rotaxane (E)-2 was used as ditopic organic linker to synthesize the Cu(II)-based
MOF, that we designated as UMUMOF-(E)-3, by reaction with Cu(NO;), in a mixture of
DMEF/EtOH/H,0 at 80 °C for 48 h. Afterward, the reaction was slowly cooled to room temperature at a
rate of 0.05 °C/min (see Fig. S1), reproducibly providing a blue crystalline material in 61% yield (Fig.
la). Elemental analysis, infrared spectroscopy, scanning electron microscopy, thermogravimetric analysis,
and powder X-ray diffraction were employed for fully characterising the material after solvent exchange
with chloroform and evacuation at 50 °C under vacuum (10 torr) for 5 hours. FTIR analysis confirmed
the incorporation of the copper ions into the material showing a medium-intensity band at 481 cm’!
corresponding to the vibrational mode of the Cu-O bond (Fig. S2b). Thermal gravimetric analysis
showed a good thermal stability up to 340 °C, whereas at that temperature a significant weight loss due
to the ligand decomposition is produced (Fig. S4a). SEM micrographs of the obtained crystals regularly
display a prismatic morphology with edge lengths mainly spanning in the 80-100 pm range (Image S3a).
Comparison of the calculated and experimental XPRD patterns provided further evidences of the phase
purity of the obtained material (Fig. S7). Also, XPRD of the desolvated material (Fig. S8) revealed that

the crystallinity is retained after thermal activation under vacuum. The slight shifting and the intensity



increase of some peaks at low theta angles seems to point out the closing of the pores as one may

expected from a flexible MOF.”

The analysis of UMUMOF-(E)-3 by single-crystal X-ray diffraction (Fig. 2) showed the material to
have an overall formula of [Cuy(2),(DMF), (H,0),] crystallizing in the monoclinic P2;/n space group
(Tables S1 and S2). The crystalline topology® is based on the 2-periodic sg/ net®' of non-interpenetrated
rhombohedral 4* grids in which the dimeric Cu(II) paddlewheel clusters of the vertices are connected
through the interlocked linkers and having two water molecules coordinated at the axial positions of each
dinuclear cluster. The dimensions of each rhombohedral grid is 20.7 x 20.7 A%, and the angle between
two rotaxane linkers is 68.5° (Fig. 2c). These metallogrids are stacked in corrugated layers (Fig. 3 and
S16) every 10.8 A, stabilised by strong hydrogen bond interactions (CuOH: - O=Cyr: 1.931 A) between
one oxygen atom of the macrocycle of one layer and the hydrogen atom of one of the apical water
molecules at the Cu(Il) paddlewheel cluster of the neighbouring layer (Fig. S17). The incorporation of
these interlocked units in this MOF brings a noticeable effect on the chair conformation of the
macrocycle, causing the 33° dislocation of the plane of one isophthalamide moiety with respect to that
containing the four methylene groups, as compared with the free ligand (£)-2 (Fig. S20). Despite of this
structural distortion, the interlocked components interact via the usual double bifurcated H-bond pattern
(Fig. 2a). Interestingly, this particular arrangement of the layers forms channels along the a-axis partially
occupied by the interlocked olefins, with an estimated solvent-accessible volume of 20% of the total

volume (Fig. S18).
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Figure 2. Structure of UMUMOF-(E)-3, [Cux(2).(H,0),(DMF),-nH,0], determined by single-crystal X-

d)

ray diffraction (solvent molecules such as DMF and hydrogen atoms are omitted for clarity). (a) Stick
representation of a single unit of the rotaxane linker coordinated to two Cu(Il) paddlewheel clusters
showing the polar hydrogen bonds between thread and ring. Intramolecular hydrogen-bond lengths [A]
(and angles[°]): O21HN1 2.458 (153.0); O21HN4 2.192 (168.9); O23HN2 2.264 (173.7) and O23HN3
2.354 (169.2). (b) CPK model of the same unit. (c) 2D Rhombohedral framework comprising four
paddlewheel units having dimensions of 20.7 x 20.7 A? (68.5°) with threads omitted. (d) The same

framework showing threads.



Figure 3. (a) Linked frameworks structured in a 2-periodic sq/ net showing the channels in UMUMOF-
(E)-3. These 2D rhombohedral grids are stacked in a staggered manner by strong hydrogen bonds
between one oxygen atom of the macrocycle of one layer and the hydrogen atom of one of the apical
water molecules at the Cu(II) paddlewheel cluster of the neighboring layer (CuOH---O=C; 1.931 A) (Fig.

S17). (b) As in (a), but omitting the threads of the (£)-2 coordinated rotaxane ligands for clarity.

Analogously, the rotaxane (£)-2 was used as linker to prepare the maleamide-based UMUMOF-(2)-3
by reaction with Cu(NOs),, affording a blue crystalline material in a notably lower 22% yield (see Fig.
la). Although we also obtained regular prismatic crystals, their X-ray reflections were too weak even
using a synchrotron source, thus precluding a complete crystallographic analysis. The higher flexibility of
(2)-2, which stablishes only two polar H-bonds between the mechanically entangled components®’
instead of the four bifurcated H-bonds of (£)-2, probably precludes the acquisition of better X-ray data.
Nevertheless, a partially solved structure of (Z)-2 clearly showed a 2D-periodic sg/ net of non-
interpenetrated rhombohedral 4* grids in which dimeric Cu(IT) paddlewheel clusters, similar to those of

(E)-2, are connected through the carboxylic acid groups of the macrocycles (Fig. S21). As in the case of



the fumaramide-based material, the phase uniformity of UMUMOF-(Z)-3 was studied using the same

techniques (FTIR: Fig S2¢, SEM: Image S3b and XPRD: Fig S9).

At this point we rationalized that the limited room defined by the stacked rhombohedral grids might
still be of enough volume to allow the configurational switch of the olefins threaded through the
macrocyclic linkers. Consequently, a change of the internal dynamics of the material due to the decrease
of the number H-bonds between the interlocked components would then happen.’” Aimed to probe this
hypothesis, we decided to study the dynamics' induced by the internal rotation of the deuterated
interlocked olefin threads at the metal-organic materials by solid state 2H NMR experiments. For that
purpose, the corresponding UMUMOF-(E)-3-d; and UMUMOF-(Z)-3-d, were prepared from the doubly
deuterated amides (FE)-2-d, and (Z£)-2-d, respectively by the same synthetic protocol described above
(Fig. 1a). The formation of these materials was confirmed by elemental analyses and FTIR (Figs. S3a and
S3b) and their stabilities were evaluated by thermogravimetric experiments (Figs. S4f and S4g) showing

to be similar to those of their unlabelled surrogates.

Variable-temperature (212-373 K) solid state “H NMR experiments of both materials showed only
slight variations in the broadness of the common Pake patterns* (Fig. S12), indicating a minimal rotation
of the threads in the interlocked struts. However, during these experiments, a decrease of the signal
intensities of the spectrum at 373 K in the case of UMUMOF-(E)-3-d>, and at 333 K for UMUMOF-(Z)-
3-d, (Fig. S12a and S12b) was noted indicating the onset of intermediate rotational regime motions.®**?
These observations qualitatively allow to attribute a lower rotational energy barrier®*¢ to UMUMOF-
(£)-3-d; compared to that of UMUMOF-(E)-3-d,. We reasoned that the larger barrier of UMUMOF-(E)-
3-d, is due to the slower motion of the fumaramide rods, which establish four N-H---O=C hydrogen
bonds with their respective macrocyclic linkers in comparison with the maleamide rods of UMUMOF-
(£)-3-d,, which only form two (Fig. 4). As we expected, the relationship between the rotational energy

barriers of the rods in these materials is in full agreement with that described for the pirouetting motions

in simple tetrasubstituted fumaramide and maleamide rotaxanes.’” We remark that the internal dynamics

9



of these materials is much slower than that observed in materials having crown-ether based rotaxanes as
linkers described by Loeb,* in which the intercomponent interaction strength is smaller than that of the

amide-based ones shown here.
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Figure 4. Relationship between the rotational motions of the deuterium labelled metal-organic materials
UMUMOF-(E)-3-d, and UMUMOF-(Z)-3-d; resulting from variable-temperature solid state “H NMR

experiments.

The synthesized metal-organic materials could be structurally modified, with a change of the thread
geometry of the interlocked struts, by applying a light stimulus (Fig. 5). We established that the
photoisomerization of a suspension of pristine UMUMOF-(E)-3 in dichloromethane using a 312 nm light
source led to a material composed by 80% of (£)-2 and 20% of (£)-2 as confirmed by an acid digestion
of the irradiated material UMUMOF-(E5Z59)-3 (Fig. 5a and Image S2). On the other hand, the
irradiation of pristine UMUMOF-(Z)-3 under the same conditions afforded the complementary metal-
organic framework UMUMOF-(E,Zs9)-3, having the inverse isomeric ratio of threads than the previous
one, 20% of fumaramide and 80% of maleamide (Fig. 5b). In contrast with the isomerization experiments
in solution, a common photoestationary state was unreachable at the solid state, probably, due to a
different interaction mode of the light™® with both metal organic materials. Aimed to gain further

knowledge on this phenomenon, we studied the photoisomerization process by means different
10



wavelengths and irradiation periods using materials of varied crystal sizes (Tables S1 and S2). The use of
254 nm light or extended irradiation times (24 h) did not afford higher isomerization ratios, causing a
notable level of decomposition of the organic linkers. When finely milled materials were irradiated (312
nm, 8 h), no effect of the crystal size was observed in the isomerization process of UMUMOF-(E)-3. In
contrast, the microcrystalline UMUMOF-(Z)-3 underwent a higher level of Z to E isomerization (to
40:60, E:Z) under the same irradiation conditions. We also proved that the thermal treatment at 140 °C

of all the maleamide-containing materials returns the trans configuration to all interlocked olefins.
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Figure 5. Irradiation processes at 312 nm of pristine (a) UMUMOF-(E)-3 and (b) UMUMOF-(2)-3 and
the selected fragments of '"H NMR spectra (DMSO-d;s, 400 MHz, 298 K; range: 4.8-5.3 and 5.7-6.2
ppm) resulting from the acid digestion of the E/Z-mixed materials showing the ratio of (E£)-2 and (Z£)-2
linkers. Cartoons of UMUMOF-(E5,Z29)-3 and UMUMOF-(E,Zs;)-3 only disclose an illustrative ratio of

the £/Z rotaxanes linkers.

An important consequence of the E/Z configurational changes at the interlocked olefins lies on the
variation of the available free volume into the channels of the respective UMUMOFs. In order to explore

this structural alteration and the potential use of these materials as molecular dispensers, we decided to
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carry out a study of load and photorelease of p-benzoquinone (Q) as a model cargo (Fig. 6a). The light
blue coloured UMUMOF-(E)-3 was loaded with p-benzoquinone by suspending the material in a 1.2 M
solution of the cargo in chloroform for 8 h. After filtering and exhaustively washing, a greenish blue
material Q@UMUMOF-(E)-3 (Image S1) was isolated, which contained a 9.82% w/w of the quinone
(see Supporting Information for further details). The release of this cargo from the loaded MOF material
was explored under different conditions, varying the solvent and temperature. This exploration revealed
that the presence of highly competitive H-bonding solvents promotes a quicker liberation of the quinone.
In DMF the cargo is fully liberated in less than 1 h, the same operation requires 8 h in MeOH and the
discharge takes more than 1.5 days in THF (Fig. S5). Interestingly, p-benzoquinone is reasonably
retained inside the MOF when the loaded material is suspended in dichloromethane at 25 °C only
observing a minimal leaking (less than 5%) (Fig. 6b, blue line). As we expected, this cargo release can be
speeded up by warming the solution to 40 °C to get out 20% of the quinone (Fig. 6b, red line).
Interestingly, by irradiating Q@UMUMOF-(E)-3 at 312 nm, we were able to promote a controlled
release of the cargo during 8 hours at 25 °C (Fig. 6b, green line) as consequence of the isomerization of
the interlocked linkers. Note that the quinone loaded Q@UMUMOF-(2)-3 (12.34% w/w) is fully
discharged in only 2 hours at room temperature in darkness when suspended in dichloromethane (Fig. 6b,
purple line). To explain this result, we hypothesized that the photoisomerization could promote some
kind of MOF breathing®’* that triggers the cargo release as result of the variation of the pore size of the
metal organic material. In fact, we analysed the porosity of these materials by nitrogen adsorption
experiments founding that the porosity grows as the percentage of maleamide threads in the interlocked

linkers increases (see Table S7).

Finally, the efficiency of one of these materials as dispenser was evaluated by an iterability study by
doing repeated cycles in which UMUMOF-(E)-3 was loaded with p-benzoquinone, discharged by

irradiation at 312 nm and thermally re-isomerized, before starting the next cycle (Figs. S10 and S11).
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This evaluation showed a good reusability, the material retaining a cargo capacity close to 80%

three cycles (Fig 6c¢).
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Figure 6. (a) Cyclic working of the UMUMOF-(E)-3 as metal organic dispenser of p-benzoquinone (Q).

This operation consists of three steps: cargo loading (filtering, washing and drying), photorelease and

thermal recovery. (b) Cargo release plots from Q@UMUMOF-(E)-3 in DCM at 25 °C (blue line), at 40

°C (red line) and irradiating at a wavelength of 312 nm (green line), for a period of 8 hours in all cases.

For comparison, the release plot of p-benzoquinone from Q@UMUMOF-(Z)-3 in DCM at 25 °C (purple

line) has been also included. In these studies, the amount of the released quinone was monitored by gas

chromatography using 1,4-dibromobenzene as internal standard. (c) Iterability analysis showing three

working cycles and the corresponding quinone loading capacity after each cycle supported by XPRD

measurements after each step (Fig. S11). Cartoon of UMUMOF-(EsZ59)-3 only discloses an illustrative

ratio of the £/Z rotaxanes linkers.

Conclusions
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In summary, we have prepared a photoresponsive metal organic material in a reproducible manner
using a benzylic amide [2]rotaxane as linker and copper(Il) ions as metal nodes. Single crystal X-ray
diffraction analysis unveiled the formation of a robust structure consisting of stacked 2D rhombohedral
grids which form channels integrating interlocked alkenyl threads. By dynamic solid state H NMR
measurements using deuterium-labelled materials we proved that changes in the geometry of the olefinic
axis of the interlocked struts induced different independent local dynamics as a direct consequence of the
variation in the strength of the intercomponent non-covalent interactions. A photoisomerization process
of the interlocked unsaturated threads granted the access to two rotaxane-based materials having linkers
with variable E/Z olefin ratios. One of these materials, UMUMOF-(E)-3. has been profitably employed as
a photocontrollable nanodispenser of p-benzoquinone as a model molecular cargo. The novel alternative
approach shown here for arraying molecular machine constituents into MOFs should be added to the

current toolbox of protocols for building novel functional rotaxane-based materials.
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