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Abstract: A flexible benzylic amide macrocycle, functionalized with 

two carboxylic acid groups, was employed as the organic ligand for 

the preparation of robust copper(II)- and zinc(II)-based metal-organic 

frameworks. These polymers crystallized in the C2/m space group of 

the monoclinic crystal system, creating non-interpenetrated channels 

in one direction with an extraordinary solvent-accessible volume of 

46%. Unlike metal-organic rotaxane frameworks having benzylic 

amide macrocycles as linkers, the absence of the thread in these 

novel reticular materials causes a decrease of dimensionality and an 

improvement of pore size and dynamic guest adaptability. We studied 

the incorporation of fullerene C60 inside the adjustable pocket 

generated between two macrocycles connected to the same dinuclear 

clusters, occupying a remarkable 98% of the cavities inside the 

network. The use of these materials as hosts for the selective 

recognition of different fullerenes was evaluated, mainly 

encapsulating the smaller size fullerene derivative in several mixtures 

of C60 and C70. 

Over the last decades, the design of innovative porous materials 
for relevant applications such as gas storage, analyte separation, 
or catalysis is a research field of substantial activity.1 Metal-
organic frameworks (MOFs) are a fascinating family of crystalline 
porous materials constituted by metal clusters and organic 
ligands.2 Boosting complexity of MOFs is one of the key strategies 
to prepare materials with upgraded functionalities. The number of 
possible combinations of the metal sources3 with the organic 
ligands, plus their particular geometries, is nearly unlimited,4 
leading to a variety of materials with different morphologies, pore 
size distributions and functionalities.5 
The most common organic ligands used in the preparation of 
MOFs are small and rigid multidentate molecules bearing 
carboxylic acid linkers. Under solvothermal conditions, the 
deprotonation of the acidic protons and the subsequent 
coordination of the carboxylate groups to a metal core easily 
happened, forming robust and stable architectures.6 In contrast, 
the use of large and flexible ligands is less established, likely due 
to a lower thermal stability of the networks and to a less 
reproducible assembly.7 In spite of these shortcomings, large 
macrocycles,8 including crown ethers,9 ethynylene-derived 

macrocycles,10 cyclic polyamines,11 cyclodextrins,12 
calixarenes,13 cucurbiturils,14 or pillarenes,15 between others, 
have been successfully incorporated in the widespread ligand 
tool-box. One advantage in the use of these ligands is the 
presence of large and well-ordered recognition cavities, highly 
valuable for the establishment of noncovalent interactions with 
suitable guests.16 
The wide range of structural motifs found in MOFs makes them 
excellent candidates for host-guest chemistry, being used as 
selective receptors for small molecules including gases, 
hydrocarbons and alcohols among others.17 The recognition of 
relatively large molecules is still underexplored in this field due to 
the difficulty of the bulky guests to diffuse into the network pores. 
For instance, the selective recognition of fullerenes18 has been 
widely studied in solution by using supramolecular cages and 
nanocapsules,19 molecular tweezers,20 macrocycles21 or small 
polymers22 as receptors. However, only a scarce number of 
examples in the use of MOFs for this particular purpose have 
been disclosed.23 
Herein, we describe the building of copper(II)- and zinc (II)-
organic frameworks that incorporate a benzylic amide macrocycle 
bearing two carboxylic acid linkers as a ditopic ligand. We have 
previously reported the preparation of metal-organic frameworks 
by using similar but interlocked macrocycles in the form of 
[2]rotaxanes.24 Thus, the results of the present work will allow to 
compare how the absence or presence  of the mechanical bond 
affects the molecular arrangement of nearly identical constituents 
(macrocycle vs rotaxane) in the crystalline network. The novel 
metal-organic structures were elucidated by X-ray diffraction, 
showing 1D networks that form channels along the c axis. The 
void between two concave macrocycles offers a complementary 
volume for the accommodation of fullerene derivatives, allowing 
the application of these materials as selective hosts of C60 in 
mixtures with other fullerenes. 
En route to metal-organic frameworks having large pores we 
decided to employ a benzylic amide-based macrocycle as organic 
ligand. First, we synthesized the polyamide macrocycle 4, with a 
carboxylic acid group at each isophthalamide unit (Scheme 1). 
Benzylic amide macrocycles of this type are usually obtained in  

This is the peer reviewed version of the following article: A. Saura-Sanmartin, A. Martinez-Cuezva, M. 

Marin-Luna, D. Bautista, J. Berna, Angew. Chem. Int. Ed. 2021, 60, 10814, which has been published in final 

form at https://onlinelibrary.wiley.com/doi/10.1002/anie.202100996. This article may be used for non-

commercial purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived Versions. 



COMMUNICATION          

2 

 

 

Scheme 1. Synthesis of the benzylic amide macrocycle 4. Reaction conditions: 
i) p-xylylenediamine, methyl 3,5-bis(chlorocarbonyl)benzoate, Et3N, CHCl3, 25 
ºC, 4 h, 34%; ii) DMSO, 100 ºC, 12 h, 99%; iii) LiOH·H2O, THF, reflux, 48 h, 
99%. 

low yields through a (2+2) condensation of p-xylylenediamine and 
an aroyl dichloride, together with the corresponding catenanes 
(main reaction products) and a complex mixture of oligomers of 
different size.25 Moreover, these tetralactams are very insoluble 
in halogenated solvents (less than 1 mg/L in CHCl3),25c making 
their purification highly problematic. To avoid these issues, we 
followed an amenable three-step synthetic protocol for the 
obtention of 4 (Scheme 1). Initially, the five-component coupling 
reaction26 between a tetraalkylfumaramide thread 1, p-
xylylenediamine and methyl 3,5-bis(chlorocarbonyl)benzoate led 
to the kinetically stable [2]pseudorotaxane 2 in 34% yield (see 
section 2 of the Supporting Information for the complete synthetic 
procedure).27 The thermal treatment of rotaxane 2 in a highly polar 
solvent, such as DMSO, efficiently promoted the dethreading 
process28 thus affording the macrocycle 3 in a practically 

quantitative manner. Finally, the saponification reaction of the 
ester groups of 3 in basic media gave the macrocycle 4 in 99% 
yield, having two carboxylic acid groups at both C5 positions of 
the isophthalamide units.29 
The metal-organic frameworks UMUMOFs 5 were readily 
prepared by following a solvothermal protocol (Figure 1, see 
section 3 of the Supporting Information for further details).30 The 
Cu(II)-based polymer, named UMUMOF 5a, was obtained by 
reaction of Cu(NO3)2·H2O with the macrocyclic ligand 4 in a 3:3:2 
DMF/EtOH/H2O mixture. After heating at 80 ºC in a temperature-
controlled oven for 48 h, followed by slow cooling to room 
temperature at a rate of 0.05 ºC·min-1 (Figure S1), light blue 
discorectangle-shaped crystals were collected in 72% yield 
(Figure 1c and Image S1). The polymeric structure was 
successfully elucidated by single-crystal X-ray diffraction31 
revealing that UMUMOF 5a crystallizes in the C2/m space group 
of the monoclinic crystal system with an overall formula of 
[Cu2(4)2(H2O)2]·nH2O. The crystalline topology revealed 1D-
periodic linear polymers32 having bent macrocyclic ligands 
connected through the carboxylate groups to the dimeric Cu(II) 
paddlewheel clusters (Figure 1a,b). Each cluster is coordinated to 
four different macrocycles having two water molecules at its axial 
positions. The angle between two macrocyclic units linked to the 
same cluster is 77.5º. The dimension of the channel created 
between two copper clusters and two macrocycles is defined by 
the distance between the Cu(II) paddlewheels (19.47 Å) and the 
distance of the centroids of the p-xylylene rings of each 
macrocycle (10.96 Å). Interestingly, we have previously reported 
the building of 2D-periodic Cu-based metal-organic frameworks 
by using rotaxane ligands bearing similar tetralactam 

macrocycles.24 In those materials the presence of an interlocked 
thread inside the macrocyclic cavity precluded the formation of 1D 
polymers such as in 5a. The absence of the thread in the novel 
UMUMOF 5a is shown to cause an increase in flexibility and a 
larger pore size, probably due to the larger conformational space 
of the non-interlocked macrocyclic ligand and the lesser steric 
demand in comparison to that of a rotaxane24,33 having the same 
macrocycle. 
A similar synthetic procedure was followed for the preparation of 
the Zn (II)-based framework 5b, by using Zn(OAc)2·2H2O as the 
metal source and DMF as the sole solvent, obtaining colourless 
prismatic crystals (Image S2) in 62% yield (see Supporting 
Information for further experimental details). UMUMOF 5b 

presents an X-ray structure31 similar to that of 5a, consisting of a 
Zn(II) paddlewheel (two zinc atoms) coordinated to four different 
macrocycles through their carboxylate groups. Similarly, two 
water molecules are placed at the axial positions of the dinuclear 
metallic cluster (Figure S12). The angle between the two 
macrocycles is 77.7º. The void generated by two macrocycles and 
two metal clusters is slightly larger than that of 5a, with 
dimensions of 19.50 x 11.21 Å.  
The macrocycles in UMUMOFs 5 are organized in stacked 
corrugated layers along the b-axis (Figure 2 for 5a), stabilized by 
hydrogen bonding interactions between the CO moieties of a 
group of interconnected macrocycles and the NH groups of the 
neighbour (Figures S10-11 and S13-14). Stabilizing π-π stacking 
interactions between the aromatic ring of the p-xylylene motif of a 
strand of macrocycles with the bordering one along the c-axis are 
also established. In the case of 5a (Figure 2), this arrangement 
forms well-defined and ordered channels along the c-axis, with a 
total cell volume of 4869 Å3 and a calculated solvent-accessible 
volume of 2246 Å3 (46% of the total volume).34,35  

 

Figure 1. Preparation of UMUMOF 5a. a) capped-sticks representation of the 
unit cell of 5a; b) spacefill representation of the pocket of two connected 
macrocycles of UMUMOF 5a along the a axis and the c axis; c) scanning 
electron microscopy image of one crystal of 5a; Reaction conditions: i) 
Cu(NO3)2·H2O, HNO3 (cat), DMF:EtOH:H2O (3:3:2), 80 ºC. 
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Figure 2. Linked frameworks of 5a forming channels along the c-axis (hydrogen 
atoms are omitted for clarity). 

Furthermore, UMUMOFs 5 were fully characterized by means of 
elemental analysis, infrared spectroscopy, thermogravimetric 
analysis, and powder X-ray diffraction analysis. The IR analyses 
(Figures S4-6) of 5a showed the asymmetric and symmetric 
stretching vibrations between the carboxylate functionalities and 
the copper ions, with the respective values of 1643.28 and 
1305.42 cm-1.36 In the case of the zinc analogue 5b, the 
corresponding carboxylate-zinc bands were also observed 
(asymmetric stretching 1667.95 cm-1 and symmetric stretching 
1302.79 cm-1).36 The powder diffraction patterns confirmed that 
the as-synthesized structures are crystalline, maintaining their 
well-ordered network after thermal activation (Figures S7-8). The 
stabilities of 5a,b were examined by TG analyses under nitrogen 
stream between 20-1000 ºC at a heating rate of 5 ºC/min (Figure 
S16) pleasantly showing a robust thermal stability. For both 
materials, there are small weight losses under 220 ºC related to 
residual solvents in the interstices of the polymeric network, as 
well as solvents hydrogen-bonded to the NH groups of the 
macrocycle. Above 300 ºC, main weight losses were observed 
due to the collapse of the frameworks. 

The boat conformation of the benzylic amide macrocycles37 in 
these materials generates concave curvatures towards the inner 
of the channels, building well-ordered cavities with relatively large 
dimensions. The magnitude of these voids made us to consider 
the incorporation of fullerene derivatives inside the polymeric 
array. The reported van der Waals diameter of fullerene C60 (ca 
10.4 Å)38 is slightly smaller than that of the pocket (10.96 Å for 5a; 
11.21 Å for 5b), and thus it could reasonably fit inside the 
channels. Furthermore, eight aromatic rings facing the interior of 
the cavity could probably establish π-π stacking interactions with 
the fullerene derivatives.39 With this aim, we soaked crystals of 
5a,b in a C60 saturated toluene solution40 at room temperature for 
seven days. Disappointingly, no incorporation of C60 inside the 
polymeric materials was detected under these conditions. We 
repeated the loading process at 60 ºC observing that the crystals 
gradually turned black over time. The dark crystals were filtered, 
washed exhaustively with toluene until fullerene was not detected 
in the washings by TLC,41 and dried under vacuum for several 
hours (Image S3). Elemental analyses revealed that the 
incorporation of fullerene inside the frameworks certainly 
happened under these conditions, measuring a significant 
increase in the carbon percentage of the loaded materials C60@5 
if compared with the empty MOFs: 56.25% for 5a versus 68.75% 
for C60@5a, and 57.96% for 5b versus 64.25% for C60@5b. 
Thermogravimetric analyses also confirmed the successful 
fullerene encapsulation by using UMUMOFs 5 (Figure S16). 

Carbon dioxide adsorption experiments42 also supported this 
conclusion, showing a decrease in the adsorbed gas volume for 
the loaded materials C60@5 compared to UMUMOFs 5 (Figure 
S28). Apparently, in the warm toluene solution at 60 ºC a 
breathing of the MOF occurs, enlarging the pore dimensions of 
the material and, consequently, allowing the diffusion of the 
fullerene inside the cavities.43 
Next, the reversible releasing of the fullerene from the metallic 
networks was investigated. We immersed the C60 loaded 

UMUMOFs C60@5 in carbon disulfide (method A) or o-
dichlorobenzene (method B), solvents with high affinity for 
fullerene derivatives (see section 7 of the Supporting Information 
for further details).44 Method A allowed a quick and complete 
release of C60 from inside the frameworks but caused a partial 
collapse of the polymeric network. Method B was slower, although 
retaining the structural integrity of the coordination polymer as 
further proved by an XPRD analysis (Figure S29).45 Using Beer–
Lambert’s law, we determined a loading of 33.6 wt% of C60 in 5a 
and 14.4 wt% in the case of 5b. These data revealed an 
impressive calculated occupation of 98% of the UMUMOF 5 
cavities in C60@5a and of 42% in C60@5b. The higher occupation 
determined for 5a could be attributed to the smaller dimensions of 
the pockets between macrocycles compared to 5b, thus 
precluding the rapid diffusion of C60 from the material, once 
loaded, to the solution during the loading process. UMUMOF 5a 
is one of the MOFs with the highest C60 loading efficiency reported 
so far.23 

We next evaluated the ability of these systems as containers for 
the selective recognition of fullerene derivatives (C60 vs C70), 
having in mind the restricted pore dimensions and the difference 
in the van der Waals radii of the guests (10.4 Å for C60 and 10.9 
Å for the shorter length in C70).38 Table 1 summarizes the data 
obtained from the competitive loading experiments. As an initial 
point, we soaked crystals of 5a,b in a solution of pure C70 in 
toluene at 60 ºC for seven days, not detecting its incorporation 
into the coordination polymer (Table 1, entries 1-2). In contrast, 
when crystals of 5a,b were loaded with solutions of different 
C60:C70 ratios, we observed minor incorporation of C70. Starting 
from a 75:25 C60:C70 mixture, UMUMOF 5a preferentially 
encapsulated the smaller fullerene with a 96:4 C60:C70 ratio (Table 
1, entry 3). Similarly, material 5b also incorporated C60 as the 
main guest, although with slightly lower selectivity (91:9 C60:C70 
ratio, Table 1, entry 4). When using a 50:50 mixture of C60:C70, 
the smaller C60 partner was again selectively incorporated inside 
the networks (Table 1, entries 5-6) in 88:12 ratio with UMUMOF 
5a, and in 81:19 ratio with UMUMOF 5b. Finally, from a C70-
enriched mixture (20:80 C60:C70 ratio), the reversed 80:20 C60:C70 
ratio was incorporated in both loaded materials (Table 1, entries 
7-8). The lower selectivity generally shown by 5b is reasonably 
attributed to its larger pore when compared to that of 5a. 
We were intrigued by the fact that in our hands UMUMOFs 5 were 
not able to incorporate pure C70 whereas, in sharp contrast, a 
minor amount of this fullerene was loaded into the network from 
C60:C70 mixtures. In order to rationalize these results, we 
hypothesized that, after the initial incorporation of C60 inside the 
cavities of these MOFs, a slight distortion of the framework could 
occur, resulting in an expansion of its initial pore size. Under this 
scenario, the bulkier C70 could be then incorporated. To evaluate 
this idea, we performed the following experiment: we exhaustively 
released C60 from the loaded material C60@5a by treatment with 
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o-dichlorobenzene (method B) and then immersed the resulting 
porous material (presumably with already distorted pores44) in a  

Table 1. C60 and C70 competitive loading experiments with UMUMOFs 5. 

 

entry UMUMOF C60:C70 ratio Incorporated C60:C70 [a] 

1 5a 0:100 -:- 

2 5b 0:100 -:- 

3 5a 75:25 96:4 

4 5b 75:25 91:9 

5 5a 50:50 88:12 

6 5b 50:50 81:19 

7 5a 20:80 80:20 

8 5b 20:80 80:20 

9 5a[b] 0:100 0:100 

[a] Determined by HPLC after cargo delivery. [b] UMUMOF-5a recovered from 
a C60 loading and releasing experiment. 

saturated solution of pure C70 (Table 1, entry 9). We determined a 
loading of 3.2 wt% of C70 inside the such reused MOF 5a, which 
seems to confirm this hypothesis. Delightfully, the sequential 
purification of a solution of C60:C70 (40:60) by using the UMUMOF 
5a provided a pure C70 solution after three cycles of uptake and 
release (see section 14.2 in the Supporting Information). 
Aiming to visualize the incorporation of C60 into MOFs 5a,b we 
computed the simplified models C60@[Cu2O4-4]2 and 
C60@[Zn2O4-4]2 by using the GFN2-xtb method, recently 
developed by S. Grimme and coworkers.46 These theoretical 
models consider two macrocycles connected to two dinuclear 
metal dimers and a C60 unit placed in the concave curved pocket 
between both macrocyclic linkers. These calculations predict that 
the presence of the fullerene induces a structural distortion in the 
crystalline array. The four p-xylylene rings of both macrocycles 
adopt a twisted disposition in order to maximize the π-π stacking 
interactions with the fullerene. Furthermore, the angle between 
both macrocycles increases in relation to that measured in 5a,b 
(C60@[Cu2O4-4]2 = 96.3º; C60@[Zn2O4-4]2  = 97.5º) whereas the 
distance between the two clusters is around 3 Å shorter. As a 
result, the distance between the centroids of the p-xylylene rings 
of each macrocycle slightly increases when compared with that 
distance in the pristine materials, thus assisting the effective 
encapsulation of fullerene derivatives by these metallopolymers 
(Figures 1a and 3). 

 

Figure 3. Computed model of C60@[Cu2O4-4]2 (nonpolar hydrogen atoms have 
been omitted for clarity). 

In summary, we have shown that structurally stable periodic 1D 
metal-organic frameworks can be prepared by coordination of 
copper(II) or zinc(II) clusters with a flexible benzylic amide 
macrocyclic diacid as a linker. These polymers were fully 
characterized by a range of spectroscopic and analytical 
techniques, including their structure elucidation by single-crystal 
X-ray diffraction. We successfully performed host-guest 
experiments in the solid state based on the fact that the concave 
pockets generated between two boat-like macrocycles show a 
size slightly larger than the van der Waals radii of the fullerene 
C60. Computational studies were also carried out, confirming that 
the establishment of π-π stacking interactions between the 
aromatic rings of the p-xylylenediamine moieties of the 
macrocycles and the fullerene surface stabilized its inclusion into 
the polymeric network. These polymers can absorb up to an 
impressive 34 wt% of C60 guest molecules. We employed two 
methods for the releasing of the encapsulated guest, one that 
partially collapsed the framework and another that allowed the 
material to be reused. These systems are shown to be notably 
selective for the uptaking of C60 from mixtures with the larger C70 
fullerene. We foresee that the concave pocket generated between 
benzylic amide macrocycles in these MOFs could play an 
important role in the encapsulation of other large molecules that 
could interact with the cavity through aromatic-aromatic or 
hydrogen bonding interactions. 
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A ditopic flexible benzylic amide macrocycle was employed as organic ligand for the assembly of metal-organic frameworks. These 
reticular materials form non-interpenetrated channels with a remarkable 46% of solvent-accessible volume. The incorporation of 
fullerene C60 inside their adjustable pockets was studied, being able to occupy an impressive 98% of them. These materials were 
selective for the recognition of C60 in the presence of the larger C70. 
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