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ABSTRACT: Kinetic control in the presence of six aromatic solvents has been successfully applied in the synthesis of a poly-[n]-
catenane composed of interlocked Mi2Ls icosahedral nanometric cages (i.e., internal voids of 2500 A3%). Using the exo-tridentate tris-
pyridyl benzene ligand and ZnCl, with appropriate templating molecules, due to good ligand aromatic interactions, the metal-organic
cages can be synthesized very fast, homogeneously and in large quantities as microcrystalline materials. Synchrotron single crystal
X-ray data (100 K) allowed the resolution of nitrobenzene guest molecules at the internal walls of the M12Ls nanocages while in the
central part of the cages the solvent is highly disordered. The guest release occurs in two steps with the disordered nitrobenzene
guests released in the first step (lower temperatures) due to the absence of strong cage-guest interactions. Density Functional Theory
calculations provided a rationalization of these outcome and in particular, solid state approaches, showed theoretical evidence of the
kinetic nature in the formation of the poly-[n]-catenane by the analysis of the packing energy in terms of monomeric and dimeric

cages.

Introduction

Metal-organic cages self-assembled of metal ions and or-
ganic ligands by means of coordination bonds are attracting
much attention as they form structures with cavities where guest
molecules can be included.>?3# Discrete monomeric cages are
host-guest systems that can be seen as nanoreactors allowing
catalysis®, molecular separation® or unique reactivity” within
their internal space. Two monomeric cages self-assembled by
metal directed coordination bonds can be interlocked by me-
chanical bonds to form a catenane.®® The labile nature of the
coordination bond is crucial to understand the formation of the
catenanes, as cleavage and formation of coordination bonds are
needed to form the supramolecular structure.® However, cate-
nation remains difficult to predict because there are many fac-
tors controlling the interpenetration process.®® For successful
catenation an important role is played by the ligand-ligand and
ligand-solvent electrostatic interactions that allows the assem-
bling components to pre-assemble by templating effect by con-
sidering enthalpic and entropic effects.

While there are many examples of double interpenetrated
cages,>'%1112 reports of infinite interlocked nanocages are still
rare.® The first infinite array of 1D strand of interlocked large
Mi2Ls nanocages (i.e., poly-[n]-catenane) as single crystals was
reported by slow self-assembly of 2,4,6-tris(4-pyridyl)pyridine
(pytpy) and ZnCl,** which was followed by the Znl; isostruc-
tural material.*® The formation of the interlocked nanocages is
explained by the authors due to the electrostatic nature of the
ligand core.’® The m-m interactions arising from the aromatic
central part of the ligand are crucial in the formation of the in-
terlocked nanocages, together with the templating solvent.!*
However, in the Znl, system, if pytpy is functionalized with a

Cl group, under the same crystallization conditions, a 1D coor-
dination polymer is obtained instead of the Mi2Ls nanocages.®
These results, clearly show that “small” ligand modifications
can drastically switch the assembling process.'® Therefore, one
should expect that the same poly-[n]-catenane is also formed if
the aromaticity of the central ring is enhanced by substituting
the pyridine by a benzene in pytpy.

Here using ZnCl, and the exo-tridentate tris-pyridyl benzene
(TPB) ligand with a richer electron core than that of pytpy, the
selective formation of the neutral poly-[n]-catenate
[(ZNnCl2)12(TPB)g]n-o(CsHsNO2) (1) is reported (Scheme 1).
Synchrotron single crystal X-ray data reveals that 1 is consti-
tuted of icosahedral interlocked M12Ls cages with 6 ordered and
3 disordered nitrobenzene guests. While slow crystallization
gives a mixture of products including 1 and a coordination pol-
ymer, kinetically controlled fast synthesis selectively yields 1
in short times, homogeneously and in large quantities. The ki-
netically controlled synthesis does not allow the “error-check-
ing” process for the cages’ locking-unlocking process, yielding
the formation of the interlocked nanocages as the only product.
1 can be prepared with six aromatic templating solvents
(Scheme 1). TG and powder XRD shows that upon heating 1 to
160 °C, there is partial guest release whilst keeping the M12Ls
cages that can uptake nitrobenzene. 1 changes into an unknown
phase upon full guest release ca. 210 °C. Solid-state Density
Functional Theory (DFT) showed that catenation aided by lig-
and aromatic-aromatic interactions is favored over isolated
monomer units as Kinetic products according to the energy val-
ues.
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Scheme 1. Ligand TPB used in this work self-assembled with
ZnCl to form a supramolecular Mi2Ls nanocage poly-[n]-catenane
with different templating aromatic solvents.

Results and Discussion

Synchrotron Single crystal structure of poly-[n]-catenane
with TPB and ZnCl.. Ligand TPB offers the opportunity to
explore its coordination chemistry® and to be compared to the
related MOFs and coordination complexes obtained using other
tridentate ligands like the well-known tris-(4-pyridyl)-triazine
(TPT)Y and pytpy. Thus, we started crystallization experi-
ments with TPB and ZnCl; using a slow layering crystallization
method (Supporting Information). After ca. 5 days block-like
(hexagonal habit, Figure 1c) colorless crystals appeared in the
walls of the tube mixed with other smaller brownish crystals.*®
A suitable colorless single crystal was mounted in a loop for X-
ray crystallographic analysis conducted using synchrotron radi-
ation (Supporting Information).

The ZnCl, complex crystallizes in the highly symmetric trig-
onal system in the R-3 space group with the following lattice
parameters: a = 37.380(10) A; b = 37.380(10) A, ¢ =
16.0971(10) A, V = 19478.6 A%, Z = 3.2° From the X-ray data,
the molecular formula is [(ZnCl2)12(TPB)s]a-9(CsHsNO,), (from
X-ray data n = 6, and TGA n = 9) giving rise to a 0D Ma2Ls
nanocage (1). In the asymmetric unit there are two ZnCl; units,
one TPB ligand, 1/3 of a second ligand and one CgHsNO, guest
molecule. Two thirds of the guest molecules have been deter-
mined crystallographically while one third remain disordered
within the large cavity.

An isolated M12Ls nanocage can be described as an icosahe-
dron (i.e., a Platonic solid) with 8 faces occupied by TPB and
the remaining triangular 12 faces opened.?’ The open windows
have apertures of 22 A x 13 A considering the Zn atoms in the
opposite sides of the windows (Figure 1). The distance among
the two benzene rings in the TPB ligands from the top to the
bottom of the cage is 20.548 A. One nitrobenzene guest mole-
cule in the asymmetric unit is ordered and can be resolved by
X-ray crystallography. The guest molecule interacts with one
TPB in the cage due to a good electrostatic interaction among
the pyridine group and the electron rich aromatic ring in the ni-
trobenzene molecule (3.974 A) (Figure 2). Additionally, one
aromatic Zn—Cl---H—Cuomaic (2.876 A; 139°) interaction in-
volving a non-interlacing neighboring M12Lg nanocage and the
nitrobenzene contributes to the ordering of the guest molecules.

Pyridine-nitrobenzene
aromatic interactions.

Figure 1. Synchrotron X-ray structure of a discrete MizLs
nanocage in 1 including the ordered guest molecules. (a) View
along one of the openings of the cage. The nanocage has large ap-
ertures 22 A x 13 A along which the interlocking takes place. (b)
View of the nanocage along the [001] crystallographic direction.
(c) Single crystal of 1 showing the hexagonal habit.

In the M12Ls nanocage the ordered solvent molecules are ar-
ranged in an hexagonal symmetry while the top and bottom part
of the nanocage is free of solvent because it is the area where
the nanocages are concatenated (Figure 2b). The central part of
the cage is filled with disordered tumbling nitrobenzene mole-
cules not possible to resolve by X-ray data but determined by
TGA analysis (see later). The void space occupied by the dis-
ordered guests is ca. 21 % (ca. 4153 A3 of the total unit cell
volume. The whole metal-organic framework shows no disor-
der and can be refined with good thermal parameters. The tem-
plating effect of large aromatic molecules (i.e., nitrobenzene)
seems crucial to maintain the large voids stable even at room
temperature.
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Figure 2. (a) Side-view of three catenated Mi2Ls nanocages dis-
tinguished by color (blue, orange and white). (b) Zoomed view of
two Mi2Ls nanocages around the area in which the TPB core ben-
zene-benzene stacking takes place. The electrostatic interactions
are highlighted with an arrow (c). Solvent molecules have been
omitted for clarity.

The M12Lg nanocages are not isolated. Each cage is interpen-
etrated by two adjacent ones via face-to-face aromatic interac-
tions among electron-rich benzene rings (d = 3.742 A) of



neighboring Mu2Ls units (Figure 2b and 2c). Additional inter-
actions among the Cl and the H atoms of surrounding TPB lig-
and contribute to the overall stabilization of the interlaced ico-
sahedral cages. The complex structure can be described as a
poly-[n]-catenane.

The chains of interlocked icosahedral coordination
nanocages expand along the [001] crystallographic direction
(Figure 3a). Interestingly, the space left in the cages after the
interlocking of the neighboring nanocages is ca. 39 % (ca. 7558
A3 of the total unit cell volume by virtually removing the sol-
vents.?! Each nanocage (i.e., three per unit cell) has an internal
volume of =~ 2500 A® (Figure 3b). It is important to notice that
the volume occupied by the entropically disordered molecules
correspond to 55 % of the total void volume which is consider-
able compared to the 21 % of the 6 ordered guests.

Therefore, 1 can be regarded as a nanocage filled with liquid-
like guest molecules highly disordered only in the central part
of the cage. It is important to note that in 1 there are no contin-
uous channels but only isolated voids belonging to each
nanocage with included solvent (Figure 3). It might have a di-
rect influence in the solid-state stability but also in the dynamic
behavior, for instance in the release/inclusion of guest mole-
cules. To the best of our knowledge, this structure is the first
reported of poly-[n]-catenane composed of interlocked Mi2Ls
cages using the TPB ligand and ZnCl..

Figure 3. (a) Crystal packing of 1 viewed along the [001] crystal-
lographic direction (i.e., the interlacing direction) with one cage
filled with the ordered nitrobenzene molecules (space filling
model). (b) Void space shown after removing all the guest mole-
cules in 1. Green: internal surface; yellow: external surface.

Kinetically controlled synthesis of poly-[n]-catenane un-
der templating aromatic solvent. An important aspect in the
synthesis of this class of materials to study them in the bulk and
for their potential industrial applications is the possibility to re-
produce selectively the same structure but as microcrystalline
materials, homogeneously, in large quantities (multigram scale)
and easily in very short times (i.e., 30 secs). However, such
selective synthesis has been used in few cases in MOFs?22324
and to the best of our knowledge unknown in poly-[n]-

catenanes. Therefore, a fast crystallization method was used,
where ligand TPB (120 mg/0.388 mmol) is dissolved in a mix-
ture of nitrobenzene and methanol (14:4 mL). Then a meth-
anolic solution of ZnCl; (79.33 mg/0.528 mmol in 2 mL of
MeOH) was added instantaneously into the vigorously stirring
TPB solution at room temperature. An immediate microcrys-
talline white powder precipitated upon the addition of the ZnCl,
(Figure S6). Upon filtration the powder was wet and sticky,
therefore it was dried flowing N and left to dry in air for five
days. The yield of the reaction is 58 % based on TPB.

Powder XRD analysis of the microcrystalline sample shows
that the product was crystalline and revealed that the pattern
corresponds to 1 (Figure 4a and 4b). Importantly, the poly-[n]-
catenane structure is formed incredibly fast (i.e., immediately
upon ZnCl, addition), thus it can be considered a kinetic product
where the mechanical bonds (i.e., catenation) occurs selec-
tively. Compared to charged nanocages, the neutrality of the
material allows the poly-[n]catenation due to good face-to-face
aromatic stacking interactions among TPB ligands, while the
presence of many counterions in ionic cages might difficult
poly-catenation due to repulsive forces among charged parti-
cles.®

Since the role played by the guest molecules is important in
the templating effect for the formation of the large Mi2Ls
nanocages (i.e., entropic contribution), different aromatic and
non-aromatic solvents were screened. All the experiments were
carried out using the fast crystallization method at room tem-
perature. The additional tested guest molecules that promote
the formation of the nanocages are aromatic: nitrotoluene, p-
chlorotoluene, toluene, chlorobenzene and 1-bromo-4-fluoro-
benzene. However, if chloroform is used in the fast synthesis
the nanocages are not formed (Figure S13). This suggests that
most likely large templating molecules are needed for the for-
mation of the nanocages under kinetic control.

The products of each fast synthesis were analyzed by powder
XRD analysis by comparing the diffraction pattern with the
simulated from single crystal of 1 as depicted in Figure 4. As
shown, all the products (Figure 4c-g), correspond to poly-[n]-
catenanes of M12Ls nanocages. There is a small peak shifting
due to small variations in the unit cell depending on the included
templating solvent. The changes in the intensities for the two
reflections at angles 4.7° and 6.1° in 20 correspond to the
planes with Miller indices (2-10) and (101) respectively,
which are affected by disordered solvent such as in the 1-
bromo-4-fluorobenzene template (Supporting Information).

In order to check the purity of the crystalline phases, LeBail
refinements® were carried out for all the microcrystalline prod-
ucts. Because there is a very good agreement in the diffraction
patterns from the simulated and experimental powder XRD pat-
terns including nitrobenzene, we used the lattice parameters of
1 as starting unit cell to start out the LeBail refinement. The
good fitting of the experimental data corroborates that the mi-
crocrystalline product is pure, and no other by-products are ob-
tained (Figure S15). The same procedure was carried out for all
the powder XRD patterns obtained by fast synthesis with all the
templating guests, also showing pure crystalline phases (Table
S1, Supporting Information).

In all the crystallization experiments the products are ob-
tained immediately within 30 seconds and 5 minutes of stirring
conditions after the addition of ZnCl,. It is important to high-
light that the screening and preparation of the different solvents



can be done within one morning avoiding the time-consuming
and difficult growth of single crystals.

Templating Yield % 7|

Guest (101}

Product (powder-XRD)

MJ'LLJLLMMWM
M_Jﬁ,ﬂmwrw.w
31% (%Aw&md UhﬂwaAJLAAkAWMwwﬂﬂm
“’Mw o M

©) A MM\M’\'WW

20% i rimmapsrssapnetn
4 ] 8 8 10 12 14 16 18 20 22 24 26 28 30
268/° 20/°

(a) | 5

® 58 % mUmemm
=
_NO;
56% (C)WWI\WW

49 % (dm\www

o
I

2N\ 7

=~
\ / "N\ /4

k)

Figure 4. Plot showing the various aromatic molecules tried using
the instant synthesis method for the formation of the Mai2Lg poly-
[n]-catenanes. For the sake of clarity, the powder XRD patterns are
plotted from 4-8 in 20 ° to show the weak diffraction peaks with
Miller indices (2-10) and (101), and from 8 to 30 in 20 ° the rest of
the diffractogram. (a) Simulated powder XRD of 1 (including ni-
trobenzene (100 K)). Experimental powder XRD patterns obtained
with the following solvents (300 K): (b) nitrobenzene; (c) nitrotol-
uene; (d) chlorotoluene; (e) toluene; (f) p-chlorotoluene (g) 1-
bromo-4-fluorobenzene.

Thermal stability of microcrystalline poly-[n]-catenane 1.
It is worth to mention the type of interpenetration of the
nanocages, which has a direct influence on one of the important
features of poly-[n]-catenanes: the conformational mobility of
the cages. While a catenane made of rings can have full rota-
tion, but limited rocking and elongational displacement, in the
present case the locking of nanocages results in a restricted ro-
tation and limited elongational and rocking motion.? Thus,
such constrained mobility of the interlocked nanocages might
have a significant role in the dynamic behavior of the overall
solid-material. Clearly, such restricted degree of rotation is dic-
tated in part by the opening of the windows where the interlock-
ing takes place.

To quantify the contents in the nanocages thermogravimet-
rical (TG) analysis was carried out. TG data on the as synthe-
sized powders of 1 (dried with N, and left to equilibrate with
the atmosphere for 5 days) evidences that the weight loss is ca.
35.5 % of the total weight (Figure 5). The TG curve shows that
there are two different weight loss events. The first one (from
60 °C-140 °C) corresponds to a ca. 12 % of the total weight loss
which fits with 3 solvent guest molecules (i.e., disordered ones).
The second process (from 140 °C-250 °C), amounting 23 % of
the weight loss corresponds to the 6 ordered nitrobenzene guest
molecules. The good host-guest interactions result in higher
temperatures needed to release the ordered guests in the second
thermal event. All the solvent appears to be completely released
at 250 °C.

To gain more insights on the dynamic behavior of 1, a micro-
crystalline sample was heated in the oven (3h) at 160 °C and
monitored its crystallinity by ex situ powder X-ray analysis.

The diffraction pattern corresponds to the structure of 1 but with
significant peak shifting denoting a partial guest release. TG
analysis of the heated sample shows that the nanocages still
contain guests and the weight loss corresponds to 15.5 % (i.e.,
4 nitrobenzene molecules left in the cage). In this case the re-
lease of nitrobenzene starts at 150 °C and not at 60 °C as in the
synthesized sample (Figure S16), suggesting that the molecules
that are being released in the heated sample are tightly bound to
the nanocages.
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Figure 5. TG experiment of 1. The first guest release corresponds
to the disordered nitrobenzene molecules (weight loss: 12 %)
shown as three red dots (a); whereas the second thermal event be-
longs to the release of the tightly bound ordered molecules (weight
loss: 23.5 %) (b). Further heating results in the disruption of 1 and
formation of a new phase as corroborated by powder XRD analysis
(c). Powder XRD of 1 (d) and the new phase obtained upon heating
up to 230 °C (e).

Further, this sample was immersed in nitrobenzene over-
night, filtered and dried. From the X-ray data the original struc-
ture was re-stablished by comparing the powder XRD patterns
the original phase 1 confirming that the Mi2Ls nanocages are
still formed (Figure S17). However, if 1 is heated up to 230 °C
a new phase is formed resulting in a completely different pow-
der diffraction pattern (Figure 5e). This fact is supported from
the TG experiment: at 200 °C almost all the guest molecules are
released from the cages rendering the structure unstable (Figure
5). Importantly, dipping the new phase obtained at 230 °C in
nitrobenzene for two days does not transform into the original
structure of 1, indicating that the structural reorganization is
major and the solvent do not reconstruct (i.e., cannot template)
the original poly-[n]-catenanes in 1. Due to the close packing
structure of 1, in our opinion to allow guest molecules to leave
the cages, it must be necessary a distortion on the packing of 1D
rods since there is no continuous channel structure.



Density Functional Theory (DFT) solid-state QM calcula-
tions. Finally, in order to better understand the stability of the
poly-[n]-catenane 1, DFT calculations (PBE/DNP level, see
Supporting Information), including calculation specific for
crystalline solid states, have been carried out. Explicit van der
Waals contribution, according to the approach proposed by
Grimme.? The strategy here adopted showed good results in a
number of recent studies of crystalline systems (molecules, pol-
ymers and hybrid metal-organic materials).282930. 3t

As observed experimentally, the structure of 1 is quite stable
and forms readily. If we consider the interaction energies (E)
of the dimers in the structure, we find two kind of “closest” di-
mers which are both stable. The first dimer unit expands along
the crystallographic c-axis and is a concatenated structure (i.e.,
interlocked cages), with an interaction energy ca. 150 kcal/mol
(Figure 6a). The second dimer unit is a non-concatenated struc-
ture (i.e., non-interlocked cages) and has a lower interaction en-
ergy of ca. 50 kcal/mol (Figure 6a). This variation in the rela-
tive interaction energies can be understood by the different type
of interactions established among the kinetically produced
Mi2Ls nanocages. In the first studied dimer case (i.e., inter-
locked nanocages) there are very good benzene-benzene inter-
actions among the central benzene rings in each concatenated
TPB ligands (Figure 6a). Such interactions have a strong influ-
ence in the formation and stabilization of the poly-[n]-catenanes
(distances among benzene cores ca. 3.742 A) that can be seen
also along the [001] crystallographic direction. In the second
studied case, without interlocking among the Mz12Ls nanocages,
the Van der Waals interactions between the cages are less in-
tense as they are short electrostatic contacts. The stabilization
energy is ca. 1/3 of the energy calculated for the concatenated
structure.

The lattice energy (E*) for a monomer unit shown in Figure
6b (i.e., the average energy required to extract a single Mi2Lsg
nanocage immersed into the crystalline structure) is very high
(436 kcal/mol) compared to a structural unit composed of two
interlaced M12Ls nanocages (i.e., “dimers” units; MasLig). |If
we consider one strand of interlocked Mi2Ls nanocages along
the crystallographic c-axis and calculate the energy required to
extract a single infinite chain from the crystalline structure, we
obtain a quite high energy (365 kcal/mol) (Figure 6b). This in-
dicates that a simple model of an infinite chain of interlocked
Mi2Ls nanocages immersed in the structure is a good represen-
tation that helps to explain the good stability of 1 easily obtained
under kinetic control. That is, the rods are very stable and ac-
count for most of the lattice energy in the crystal. The weak
interactions among the interlocked Mi2Ls nanocages (among
the 1D chains), are a minimal part of the total energy. With
respect to the total lattice energy we miss about 70 kcal/mol that
is the average stabilization energy of the spheres in the isolated
chain.

Regarding the host-guest interactions it is important to con-
sider the electrostatic potential of the nitrobenzene molecule.
The negative region on the nitrobenzene is located at the -NO;
group which interacts with the benzene ring of TPB with an
energy of ca. 34 kcal/mol. Whereas a nitrobenzene molecule at
the center of the nanocage has a much lower interaction with
the cage is ca. 16 kcal/mol which explains its disordered nature
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Figure 6. Energy plot showing the relative interaction energies (E)
among interlocked and non-interlocked dimers (a); and lattice en-
ergies (E*) of a monomer and of an infinite 1D chain of poly-[n]-
catenane (b).

Conclusions

In conclusion we have reported for the first time the high res-
olution synchrotron X-ray structure of a poly-[n]-catenane that
forms by the interlocking of M12Ls nanocages having large in-
ternal voids filled with partially ordered nitrobenzene. The
poly-[n]-catenane 1 can be selectively crystallized homogene-
ously under kinetic control by fast crystallization, in large
amounts, in short times in the presence of six different aromatic
solvents. Thermogravimetric analysis shows that in two events
the disordered molecules in the center of the nanocages are re-
leased first, while the ordered nitrobenzene needs higher tem-
peratures to be removed. The Mi2Ls nanocages in absence of
templating solvent collapse into another thermodynamic struc-
ture but partially emptied nanocages reabsorb nitrobenzene.
Solid-state DFT calculations give insight in the stability of the
poly-[n]-catenane chains and the included solvent molecules.
Gaining insights in the formation of [n]-catenanes such as the
one described herein is important for a better understanding on
the factors that contribute to the formation of mechanically in-
terlocked structures. The combination of experimental data and
theoretical DFT calculations can be of great help in this under-
standing. Further work using ZnBr, and Znl, and TPB is being
carried out to expand the chemistry of this poly-[n]-catenanes
with the aim of obtaining isostructural materials.
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