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In situ X-ray study of breathing-like effect in
interlocked metal—organic nanocagest

Javier Marti-Rujas, (& * Stefano Elli 2/ and Antonino Famulari

Using in situ-variable temperature single-crystal X-ray diffraction (VT-SCXRD) and solid-state quantum
mechanical (QM) molecular modelling, the structural adaptability of mechanically interlocked Mi;Lg
metal-organic cages (MOCs) including different guests is reported. Upon heating, the interlocked
material shows a different response as a function of the guest’s templating behavior, including a swelling
and breathing-like effect of the Mj,Lg nanocages. The X-ray structures and solid-state QM calculations
were used to analyse the energetic aspects related to the stability of the overall architectures. The energy
of the 1D chains of interlocked Mj,Lg cages is investigated together with the stabilisation energy of My,Lg
cages and Mj,Lg chains immersed in the crystalline phases. The role of the N-Zn—N coordination angles
and the mechanical bonds in the breathing-like effect and the stability of the interlocked material is

rsc.li/dalton discussed.

Poly-[n]-catenanes (PCs) self-assembled from metal-organic
cages (MOCs) linked by mechanical bonds (hereafter PCs-
MOCs)" are a relatively new class of supramolecular materials.
PCs-MOCs combine the characteristics of MOCs” and the pro-
perties of mechanically interlocked materials (MIMs).* Such
polymeric MIMs have attracted scientific attention as their
high densities of mechanical bonds are expected to unlock
new mechanical, thermal and stimuli-responsive properties.'**
PCs-MOCs are currently studied not only for their aesthetic
aspects, but also because of their potential applications in gas
adsorption,” electron conductivity, X-ray attenuation® and
molecular recognition.” In such supramolecular structures,
mechanical bonds play a crucial functional role, ranging from
precise spatial organization to enhanced structural stability.
Depending on the direction in which the mechanical bonds
extend, PCs-MOCs can be one-dimensional (1D), two-dimen-
sional (2D) or three-dimensional (3D) structures containing a
high density of mechanical bonds. So far the reported PCs-
MOCs are 1D or 3D" while 2D PCs-MOCs are yet to be discov-
ered, although recently a mechanically interlocked 2D poly-
mer’# not self-assembled from MOCs has been reported.

One class of PCs-MOCs is those self-assembled from large
M,Lg 810 The structures are formed from

nanocages.
mechanically interlocked icosahedral M;,Lgy MOCs with
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internal volumes of ca. 2700 A® (Scheme 1). Eight of the twenty
triangular faces of the icosahedra are occupied by rigid tri-
angular ligands, while the remaining twelve faces are free,
giving rise to large windows. Due to the open surface of the
Mj,Lg nanocages, they have been defined as open icosahedra."*
Mechanical bonds are formed through the M;,Lg windows and
extend along the crystallographic c-axis forming 1D chains of
connected MOCs. In the crystal lattice, after the packing of the
1D chains of M;,Ls nanocages, the structure does not form
channels but forms isolated voids, and some of the included
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Scheme 1 Synthesis of 1 and 2 yielding Mj,Lg nanocages filled with
ordered p-xy guests acting as templating agents in 1, and in 2 where
guest molecules are partially ordered with a poor templating effect. The
inset shows the interlocking of three Mj,Lg nanocages propagating
along the c-axis in which solvent molecules have been omitted for
clarity purposes.
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solvents (i.e., aromatic) are retained over 15 days whilst preser-
ving the structural features.'> Because of the notable structural
stability of M;,Lg PCs-MOCs, guest exchange reactions can be
carried out via multiple single-crystal-to-single-crystal (SCSC)
reactions’ which furnish aspects such as aromatic molecular
recognition. However, if the guests are non-aromatic and
small, they interact less efficiently with the walls of the M;,Lg
cages and are severely disordered. This lack of host-guest
interactions can facilitate the guest’s release from the cages as
an entropically favoured process.'*®"® Despite the host-guest
chemistry carried out on M;,Lg PCs-MOCs, additional struc-
tural and X-ray crystallographic analyses are needed to better
understand aspects related to the guest templating effect,
guest exchange, and evolution of the host sub-structure during
the molecular replacement or release. Such information is
crucial to obtain insights into whether certain chemical reac-
tions and/or solid-state processes can be carried out in the
interior of the nanostructured M,;,Lg cages, for instance, to
understand if small gases like CO,, CH4 or N, can be trapped
and/or stabilized in the M;,Lg cavities by electrostatic inter-
actions. Moreover, those aspects can furnish information
regarding molecular transport/diffusion among interlocked
M,;,Lg nanocages, as has been done in other organic 1D tunnel
structures'*** and metal-organic frameworks.***¥

Here, using in situ VI-SCXRD and density functional theory
(DFT) calculations, we have studied the structural evolution of
the host and guest sub-structures at different temperatures in
two crystals of Mj,Lg poly-[n]-catenanes including different
guests. One crystal has M;,Lg filled with ordered paraxylene
(pxy) (1) that is also subjected to a single-crystal-to-single-
crystal (SCSC)'® guest exchange. Meanwhile the second crystal
(2) contains ordered methanol (only below 300 K) and dis-
ordered chloroform and/or methanol (Scheme 1). The current
results help in understanding how the interlocked M;,Lg cages
change their void volume as a function of the guests at
different temperatures. The M;,Lg host structure shows a
breathing-like effect that depends on the temperature and
included guest molecules. The combined experimental XRD
and DFT analyses provide insights into the structural infor-
mation involved in the mechanisms behind the guest
inclusion/exclusion in nanostructured interlocked MOCs. In
particular, DFT calculations, specifically for the solid state
(i.e., to simplify the outcomes, solvent molecules have been
removed), focusing on the interchain and the intrachain ener-
gies, are performed. The DFT results allow the rationalization
of the stabilities correlated with M;,Lg cages and the 1D
chains of interlocked M;,Lg cages in the crystalline architec-
ture of poly-{n]-catenanes. The stabilities of 1 and 2 are
strongly correlated with their unit cell volume (V.) densities,
with the smaller V. being more stable. This work highlights
the importance of the extended mechanical bonds in the stabi-
lity of the 1D interlocked material, and the role of the N-Zn-N
coordination bond angles in the breathing-like effect. PCs-
MOCs'® have great potential due to the high density of
mechanical bonds in polymeric structures and the structural
voids that can be used as porous functional materials in the

10762 | Dalton Trans., 2025, 54,10761-10768

View Article Online

Dalton Transactions

field of sensors, gas adsorption or actuators. As observed in
other MIMs, a high density of mechanical bonds can give rise
to unknown thermal,'® mechanical,’” and stimuli-responsive
properties.'® This is the first in situ structural analysis monitor-
ing the M;,Lg structural evolution as a function of temperature
and guest content in this type of MIM.

Results and discussion

VT-SCXRD experiments were carried out using two single crys-
tals self-assembled from interlocked icosahedral M;,Lg nano-
cages. The first experiment was performed on a poly-[n]-cate-
nane with M;,Lg nanocages filled with p-xy guests (1) while the
second crystal (2) contains methanol, partially filling the
M;,Lg cages (Scheme 1). In the in situ VT-SCXRD experiments,
the temperature was gradually increased from 100 K to 300 K.
Single crystals of 1 and 2 were grown using a triple-layering
approach (Fig. S1 and S271).'°“? Single crystals 1 and 2 were
taken from the crystallization tube, immersed in mineral oil
and, within 30 seconds, mounted on a loop and placed under
a liquid N, flow. For the in situ VI-SCXRD experiments on 1
(Fig. 1) and 2, five data sets were measured from 100 K to
300 K at intervals of 50 K, the lattice parameters monitored
and their structures solved.

Structural evolution as a function of temperature of poly-[n]-
catenane 1

The templating effect on the dynamic behavior of the M;,Lg
nanocages in 1 and 2 is evidenced by their different unit cell
evolutions (Fig. 2). In 1, the a/b lattice parameters increase

1@100K

1@300K

Fig. 1 SC-XRD guest-substructures in 1 at 100 K and 300 K. The Mj,Lg
host sub-structure is not shown for clarity purposes. The efficient tem-
plating effect shown by the two p-xy molecules is evident as viewed
along the [001] direction (a and b). View along the [100] direction (c and
d). Guest A in red salmon color; guest B in dark green color for the
structure at 100 K. Guest A in red color; guest B in green color for the
structure at 300 K.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Lattice parameter evolution from 100 K to 300 K in two single
crystals containing p-xy (black dots) (1), and crystallized using nonaro-
matic solvents (chloroform and methanol) (red dots) (2). The green
circle shows the lattice parameters of 1’ obtained after a guest exchange
reaction via SCSC where p-xy is replaced by nitrobenzene (NB) in 1. (a)
Lattice a- and b-axes; (b) c-axis; (c) unit cell volume (V.) and (d) TPB
benzene—benzene distances.

from 100 K to 300 K, and the c-axis increases from 100 K to
250 K but experiences a small decrease upon reaching 300 K.
The overall V, variation in 1 in the 250-300 K interval is a
decrease of ~50 A® (Fig. 2¢). The small compression is not
because of solvent loss, as the SC-XRD data show that A and B
p-xy molecules are in the asymmetric unit (Fig. S31). The
interpretation of this lattice evolution is that the shape of the
M,,Ls cages did not suffer a significant change. This is
explained by the templating p-xy guests not allowing much
compression of the M;,Lg nanocages due to the good inter-
actions with the M;,Lg host structure (i.e., - contacts in a
tight environment). The guest clusters in the cages in the X-ray
structures at 100 K (1@100 K) and at 300 K (1@300 K) are
shown in Fig. 1 to visualize the structural evolution of the host
and guest sub-structures.

SC-XRD analysis of 1@100 K resulted in the formula
[(Zn1,),2(TPB)glia(p-xy), with two Znl,, one TPB ligand, one-
third of a second TPB in the host sub-structure and two inde-
pendent (A and B) p-xy guest molecules in the guest sub-struc-
ture per asymmetric unit. The twelve p-xy guests included in
one Mj,Lg nanocage can be observed along the c-axis (Fig. 1a
and b). Viewed along the a-axis direction, guest A occupies the
upper and lower poles of the M;,Lg nanocages, while guest B
is in the central area of the cage. In 1@300 K, guests A and B
remain in the cages with minor structural variations with
respect to 1@100 K. Fig. 1 depicts the two guest clusters
showing that guests A and B occupy slightly different posi-
tions. In particular, Fig. 1c and d shows that guest B is a little
more flattened or “squeezed” along the c-axis. However, the
main information is that the structure is stable and the guest’s
templating effect is very important to fill the M;,Lg voids.

This journal is © The Royal Society of Chemistry 2025
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Structural evolution as a function of temperature of poly-[n]-
catenane 2

It is worth mentioning that large single crystals of M;,Lg poly-
[n]-catenanes have been grown for the first time using a mixture
of small guest molecules, like chloroform and methanol, that
are poor templating agents, as no host-guest aromatic-aro-
matic interactions are established.”'**?1'2 o far, all grown
single crystals of M;,Lg poly-[n]-catenanes have been obtained
using aromatic guests to dissolve TPB and self-assemble it into
MIMs. Therefore, in this case, there must be an important
entropic/enthalpic contribution of the guest sub-structure in
the self-assembly of 2 to form such large single crystals.
SC-XRD analysis of 2@100 K resulted in the formula
[(Zn1,);,(TPB)gls(MeOH), with two Znl,, one TPB ligand, and
one-third of a second TPB as host sub-structure in the asym-
metric unit. Only one methanol guest in the asymmetric unit
(six per M;,Lg cage) could be determined crystallographically
in the 100-250 K range, whereas at 300 K, methanol was not
localized. In 2, the void space considering the methanol guest
is 29% of the total unit cell volume.

In 2, while from 100 K to 250 K, the behavior is similar to
that of 1, with an increase in the a/b/c lattice parameters, there is
a significant decrease in the lattice vectors a and b (i.e., 0.4 A)
from 250 K to 300 K. In this thermal range, the c-axis behaves as
it does in the crystal containing p-xy (1) with a slight decrease.
Contextualizing the current structural change in different inter-
locked cage systems, a more pronounced shrinkage was described
by Clever and co-workers.'® The dynamic behavior was in a [2]-
catenane of interlocked two pseudo-spherical M,L, MOCs upon
Cl” uptake. In that case, the Pd---Pd cage axis changed from
24.4 A to 23.6 A (i.e., 0.8 A) in an allosteric fashion. Compared to
1, in 2, V, undergoes a notable variation by decreasing by 600 A®.
We note that in a SCSC guest exchange reaction starting with the
same type of M;,Lg PCs-MOCs, V. was reduced by ~1350 A% when
pxy was replaced by o-dichlorobenzene (0-DCB).” In such cases,
the main lattice change is in the c-axis which is decreased by
~0.64 A, but maintaining the interlocking n-n distance of
3.926 A7

SCSC and lattice evolution in poly-[n]-catenane 1: replacing
p-xy with nitrobenzene (NB) in a gas-solid reaction

One way to gain more information about the dynamic behavior
of 1@300 K host’s sub-structure upon external stimuli is by
comparing the structural evolution after a gas-solid guest
exchange reaction. The host-guest energy interaction
(Enost-guest) determined by DFT shows that NB interacts more
strongly with TPB (~44 kcal mol™") against the Ehost-guest Of
~35 kcal mol™" determined for p-xy.” After 1 was measured at
300 K, the same crystal was exposed in a closed chamber to
vapours of NB at room temperature for 2 days. The NB exposed
crystal (hereafter 1') was then mounted on a nylon loop for
SC-XRD at 173 K.” The structural solution showed the guest
exchange of p-xy by NB but only one NB guest ( per asymmetric
unit) could be localized by X-ray crystallography.” The NB inter-
acts not with the pyridine but with the benzene rings of the

Dalton Trans., 2025, 54,10761-10768 | 10763
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TPB. The new lattice parameters after the SCSC reaction are
shown in Fig. 2d and in the ESLf All distances, including the
mechanical bond (n—r interactions, Table S4t), decreased with
respect to 1. Thus, the guest exchange process induces a
change in the host sub-structure by strengthening the
benzene-benzene interactions in the mechanical bonds. The
guest exchange also demonstrates the stability of the poly-[xn]-
catenane structure by adapting the M;,Lg void’s volume to the
presence of the new guests. The crystallinity of 1’ is very good
as the guest inclusion happens in a system without channels
over two days via a gas-solid interface.

Discussion of the dynamic host-guest behavior and high
density of mechanical bonds

The structural response of 1 to heating can be explained by the
presence of the two pxy molecules with a high boiling point
(411 K) at 300 K templating the structure without guest release.
The main variation in the V,, in the range 250-300 K, is that it
decreases by ~50 A®. On the other hand, 2, in the same tempera-
ture interval, behaves differently with a significant change in the
ab lattice parameters, the direction orthogonal to the propagation
of the mechanical bonds. This is due to the solvent release in 2 at
300 K that resulted in the overall V, decrease of ~600 A®.

That is explained by the absence of host-guest aromatic-
aromatic interactions within the M;,Lg nanocages, resulting in
a poor templating effect from the guest sub-structure. Thus,
chloroform/methanol molecules leave the M;,Lg nanocages at
~300 K. Additionally, considering the small molecular dimen-
sions of methanol/chloroform, they can escape the cages
through the large M;,Lg windows. This is also corroborated in
the powders of M;,Lg poly-[n]-catenane (crystal size ~1-10 pm)
that keep methanol for only a short time (10 min) at 300 K, fol-
lowing a crystalline-to-amorphous transformation under
ambient conditions (Fig. S51)."> Moreover, the low boiling
points of the guests (334 K and 338 K for chloroform and
methanol, respectively) also contribute to the release from the
cages at 300 K, and for this reason, the V. decreased from
21197 A® to 20608 A®. However, it is notable that in 2 the
structure does not collapse at 300 K as it is maintained as a
large single crystal during the X-ray measurement.

The presence of a high density of mechanical bonds propa-
gating along the c-axis direction makes these crystallographic
areas energetically stronger compared to regions dominated by
weaker electrostatic contacts (with respect to ab lattice para-
meters). It has been calculated that for a crystal with a thick-
ness of 0.2 mm, along the c-axis there are ca. 87 400 mechanical
bonds.'¢ Therefore, it is crucial to monitor the evolution of the
benzene-benzene interactions in the mechanical bond direc-
tion upon heating (Fig. 2d). In 1, the distance between
benzene rings is fairly constant during the heating (Fig. 2d). In
2, the mechanical bond interactions differ from those in 1,
with a shortening of n-rn interactions from 100 K to 250 K, and
a minimal ring separation at 300 K (~0.1 A). Hence, along the
mechanical bond direction, both crystals, despite exhibiting
slightly different behaviors, always maintain efficient aro-
matic-aromatic interactions.”

10764 | Dalton Trans., 2025, 54, 10761-10768
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Structural analysis of M;,Lg unit cell void volume variation
upon temperature increase

Further understanding of the dynamic behavior of the isolated
M;,Ls nanocages was obtained by considering the variation in
the unit cell void volume."® The calculated void volume corres-
ponds to the M;,Lg internal space occupied by the guests, and
it is important to describe their templating effect. In 1, the
efficient templating of the p-xy guest sub-structure means that
it is able to maintain the increasing trend of the cage’s void. It
is worth noting that with heating 1, the solvent does not leave
the cages (for the two molecules at 300 K by SC-XRD, see the
ESI). As shown in Fig. 3c, in general, the V. variation
increases until 300 K. This M;,Lg V. change is like a swelling
process. Thermodynamically, in this case, the evolution of the
voids is favoured from an enthalpic point of view as no release
of the guest takes place and the electrostatic interactions are
still good (in 1@300 K py-centroid to p-xy-centroid is 4.152 A,
Table S6t). In this regard, DFT calculations have also revealed
that the host-guest interactions for molecules such as NB and
p-Xy are important with values from 44 to 25 kcal mol™", thus
explaining the observed stability.”

Conversely, 2, upon heating, shows a different trend in the
cage volume. It starts with a sharp increase in the void volume,
as the guests increase their dynamic behavior, but at ca. 250 K,
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Fig. 3 Plot showing the evolution of the unit cell voids as a function of
temperature. (a) Evolution of 1 including ordered p-xy without guest
release following a “swelling” effect. (b) Plot showing the evolution of 2
upon heating. The poor templating effect of disordered and nonaro-
matic solvents (i.e., methanol/chloroform) results in a “breathing effect”
of the interlocked Mj,Lg cages. For clarity purposes, the cages are
shown as interlocked tetrahedra.

This journal is © The Royal Society of Chemistry 2025
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the void volume shows an abrupt decrease and returns to a
similar volume to that observed at 100 K. Our interpretation is
that after 2 is frozen (100 K), and the included guests interact
with each other more, the disorder is reduced. However, upon
heating, the solvents move more, increasing the M;,Lg cage
volume (i.e., the fraction of the cell volume occupied by the
solvent is higher). Upon reaching 250 K, the disorder increases
and the cages swell to a maximum, and then the solvent leaves
the M;,Lg cages, inducing a decrease in the cage’s void volume
at 300 K, as shown in Fig. 3b. This void decrease is mainly due
to the a/b contraction. This process is like a breathing effect
and is entropically favoured, which is also corroborated by
SC-XRD data, as the crystallographic analysis does not resolve
the methanol guest in the M;,Lg nanocages as methanol has
escaped the cages (Fig. 3b).>°

Combined X-ray data and DFT calculations

The V. decrease in 2 is mainly due to the shortening of the a/b
lattice parameters, and the -crystallographic directions along
which the 1D chains of interlocked M;,Lg MOCg interact via C-
H---I contacts (weaker electrostatic interactions). Along the c-axis,
there are mechanical bonds which are energetically stronger.
Thus, from an electrostatic point of view, in 1 and 2, some crystal-
lographic directions are stronger than others and explain the
observed anisotropic dynamic response to external stimuli.
Hence, in part, the dynamic behavior of the interlocked M;,Lg
nanocages depends on the templating guests and whether they
interact efficiently with the host framework or not.

In this regard, QM calculations specific to solid-state
systems are very important to gain host-host and host-guest
structure-energy correlations.’® DFT calculations on the iso-
structural TPB-ZnBr, poly-[n]-catenane demonstrated that the
interactions among neighbouring chains are one order of mag-
nitude weaker than the mechanical bond interactions.'” The
interactions among interlocked M;,Lg cages in 1D porous rods
are ~145 kcal mol™. On the “weaker” part of the MIM, the
electrostatic interactions among non-interlocked M;,Lg cages
in the 1D chains are ~45 kcal mol™, which is comparable to
the host-guest electrostatic interactions. In the present case,
the DFT interaction energies among cages and among 1D
chains, together with lattice energies, have been investigated
for 2@300 K and 1@300 K. The DFT calculations, as in pre-
vious studies, have been performed at the PBE/DNP level
(where PBE is the Perdew-Burke-Ernzerhof functional while
DNP indicates the standard numerical basis set implemented
in the Dmol® package*! and roughly comparable to the 6-
31G** Gaussian set). The adopted strategy showed good per-
formances in some studies on crystalline systems (including
molecules, polymers, and hybrid metal-organic materials).>>
An explicit van der Waals contribution, according to the
approach proposed by Grimme, was determined.*® We con-
sidered the “interaction energies” (E) among interlocked and
noninterlocked nanocages, and the “lattice energy” (E*) corres-
ponding to the stabilisation of one single M;,Lg cage or a 1D
chain of interlocked cages immersed in the crystalline lattices.

This journal is © The Royal Society of Chemistry 2025
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E can be approximated by the interaction energies of two
closely interacting dimers: two interlocked cages or two first
non-mechanically linked neighbouring cages. The interaction
energies considering the interlocked cages are 94.5 keal mol ™"
(that is almost 189 kcal mol™" per 2 cages) and 64.7 kcal mol™*
(that is almost 129 kcal mol ™" per 2 cages) in the case of com-
pounds 2@300 K and 1@300 K respectively. These interactions
are quite high as they are influenced by the aromatic rings (1-n
interactions) due to the mechanical bonds. The interaction
energies among the non-interlocked cages are lower (ie.,
46.8 kcal mol™" and 33.6 kcal mol™*) for 2@300 K and 1@300
K, respectively. These lower E values are explained by the
electrostatic van der Waals interactions among the neighbour-
ing M;,Lg cages.

The average lattice energies E* required to extract a single
M;,Ls cage immersed in the crystalline structure are very high,
reflecting the great stability of the structures: about 503 kcal
mol™" and 357 kcal mol™* for compounds 2@300 K and
1@300 K, respectively. The good stability is confirmed by the
energy required to ideally remove a single infinite chain of
interlocked cages from the crystalline structures: 400 kcal
mol™" and 306 kcal mol™" for compounds 2@300 K and
1@300 K, respectively. These values are consistent with the
energy interactions determined in the ZnCl, isostructural
M;,Lg poly-[n]-catenane.'

The calculation results demonstrate three main con-
clusions: (i) the model of an infinite 1D chain packed into the
crystalline architecture is a good model to explain the high
stability of the materials under study; (ii) the stabilities are
strongly correlated to densities of the materials being 2@300 K
denser (smaller V) with respect to 1@300 K (larger V); and
(iii) the structures remain stable while breathing (shrinking or
swelling) under thermal treatments because the stabilization
is preserved under variation of the V. by the presence of the
mechanical bonds.

From a host-guest electrostatic potential point of view, the
mapped electrostatic potential (MEP) surfaces of TPB and p-xy
guest molecules show that both can orient in such a way that
the more positive surface of TPB can interact with the more
negative area of the guest (Fig. 4). This complementary electro-
static potential surface allows good packing in 1 and increases
the stability of the host-guest system. The centroid-centroid
distances among p-xy and pyridine of the TPB ligand show
only a small decrease upon heating, indicating (ie., from
100 K to 300 K) the good stability between the host and guest
sub-structures (Fig. 4c).

Breathing-like effect, N-Zn-N coordination bond variations
upon heating and guest inclusion in interlocked M;,Ls
nanocages

Hiraoka and co-workers demonstrated, through detailed geo-
metric analyses of MOCs involving the N-Pd-N coordination
bond angles in TPB, the cis-protected Pd(u) end-capping
groups, and the ligand’s pyridine and benzene ring dihedral
angle control, that small angle variations are crucial for con-
trolling their self-assembly.>* Also remote geometric communi-
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Fig. 4 (a) Plot of the MEPs of TPB and p-xy. (b) SC-XRD structure of
1@100 K showing the distances among host and p-xy guest (guest A).
(c) Graph with the evolution of the host—guest distances as a function of
temperature.

cations among neighbouring TPB ligands can give certain
dynamic motion in [M;,Lg]**" icosahedral cages.** In the
search for large spherical MOCs, Fujita and co-workers
reported that the bend angle of arc-shaped ligands dictates the
outcome product in the self-assembly of very large M;oLego
cages, and very small changes (~3°) in such angles can yield
markedly different products.

In MOCs with internal voids of 2700 A®* formed of open ico-
sahedra using flat TPB ligands and Zn(u) metals (1 and 2), the
dynamic motion in coordination bonds and ligand torsional
angles are necessary to allow guest exchange. In 2, at ca. 250 K,
the non-aromatic guests are released via the large windows of
the Mj,Lg cages, and the a/b-axis shrinks because those are
the weaker interactions among neighbouring 1D chains of
interlocked MOCs. The packing of 1D chains of interlocked
M;,Ls MOCs yields a structure that does not have continuous
channels but has isolated voids. Knowing that the TPB pyri-
dine rings possess a discrete range of almost free rotation (i.e.,
3 kecal mol™" at 7 = 90°; with 7 being the dihedral angle
between the pyridine and benzene rings), behaving like a
rotor, with 7z = 36°,” we hypothesize that at 250 K, the local
dynamic behavior of the pyridines (i.e., rotation) in the M;,Lg
cages can create gates. Therefore, if many cages are connected
by gates, transient channels can be formed allowing guests to
diffuse to neighbouring cages until they reach the crystal
surface. The transient channels are formed due to the local
dynamic behavior of the pyridines and the structural strength
of the mechanical bonds, that in a concerted manner with
many pyridines rotating, allow the diffusion of guests within
the structure as determined by multiple SCSC guest exchange
reactions.” Thus, when the guest M;,Lg content is low, the
cages reduce the volume but still remain stable as determined
by QM calculations. This is an entropically favoured process.
We recall this process as a “breathing” effect by the M;,Lg
nanocages as shown in Fig. 3b.
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Fig. 5 (a) Plot showing the evolution of the two different coordination

angles N-Zn—-N as a function of temperature in the Mj,Lg cages for
1@100 K and 2@100 K. The measured 0; and 6, angles in the Mj,Lg
nanocages are shown on the right side.

The geometrical analysis of the icosahedron’s N-Zn-N
coordination bonds in 1 and 2 (i.e., the icosahedron’s vertices)
upon heating is shown in Fig. 5. The plot demonstrates that
the M;,Lg cages of 2, without aromatic solvents, show the
breathing effect as the 6; angle increases up to 250 K but then
decreases at 300 K as a result of the cage compression. The
change in 6, is from 99.57° (100 K) to a maximum value of
101.7° (250 K), which changes to 99.10° (300 K) (Fig. 5). Thus,
6, and 0, increase by 1.03° and 2.13° respectively in the
100-250 K interval. Moreover, from 100 K to 300 K both #; and
0, have decreased (Fig. 5). On the other hand, 1 shows a small
increase in the N-Zn-N coordination bond angles from 100 K
to 300 K, reflecting that the swelling effect is also influenced
by the presence of p-xy guest molecules (Fig. 5).

Clearly, the N-Zn-N coordination angles play a crucial role
in the M;,Lg swelling and breathing effects. Considering that
the Zn atoms are at the vertices of the icosahedron and that
TPB ligands are rigid panels filling the eight icosahedral tri-
angular faces, the open M;,Lg icosahedra can respond in a
dynamic manner to external stimuli, such as temperature and/
or molecules by varying the coordination bond angles. Thus,
in 1 and 2, both the mechanical bonds (mechanical strength)
and the N-Zn-N coordination bond angles (dynamic response
to external stimuli) are crucial to explain the observed M;,Lg
breathing and swelling behavior. We believe that the above-
mentioned aspects are relevant factors, acting in a concerted
manner, and these contribute to understanding the guest
uptake/exchange in M;,Ls interlocked nanocages with large
isolated voids, and not connected channels.>®

Conclusions

Topologically 1D interlocked M;,Lg MOCs, 1 and 2, hosting
different guests, have been studied by means of VI-SCXRD to
monitor the dynamic behavior of the M;,Lg host and guest
sub-structures upon heating (100 K-300 K). Without aromatic
guests (1), the M;,Lg show a breathing-like effect due to the
adaptable behavior of the host sub-structure upon heating and
guest release. In both crystals (1 and 2), the mechanical bonds

This journal is © The Royal Society of Chemistry 2025
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remain stable through the external stimuli. The experimental
results, supported by QM calculations specific for solid-state
systems, demonstrate that energetically, the mechanical bond
interactions are one order of magnitude higher than the inter-
chain interactions and, in part, explain the different behavior
of the M;,Ls nanocages with the guest templating effect.
Moreover, even if thermal treatments affect the V., the high
stability is preserved due to the structural topology of the
materials. The geometrical changes at the icosahedral vertices
(N-Zn-N coordination angles) showed a higher variation in
the absence of efficient templating guests. The angular vari-
ations in the coordination bonds, with concerted dynamic
rotations of the TPB ligands, help rationalize the breathing
effect and the guest inclusion/exchange reactions in structures
not having connected channels but voids. The discovery of
new materials with intriguing topologies and dynamic behav-
ior upon external stimuli can serve well-characterized model
systems for studying molecular transport/diffusion in nano-
structured materials like actuators®” in a controlled guest
release.® Scientific progress in Mj,Lg poly-[n]-catenanes
depends on the degree of knowledge of their chemical, physi-
cal and structural properties, which are crucial for their appli-
cation in various fields of nanotechnology.
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Data for 2@300 K are available upon request from the
author.
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