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ABSTRACT: Self-assembly of ZnCl, and the ligand 2,4,6-
tris(4-pyridyl)pyridine (pytpy) in solution yields [(ZnCl,);,-
(pytpy)s],*®*CHCls, a polycatenane consisting of a strand
of mechanically interlockin% icosahedral cages with an inner
volume of more than 2700 A’. This can be used to encapsulate
guest molecules of appropriate size and polarity, forming a
precisely defined three-dimensional array of solvent nano-
droplets within the crystalline framework. The dynamic
composition of these droplets was studied using quantitative
solid-state NMR spectroscopy.

he study of coordination cages, as part of the flourishing field

of supramolecular chemistry, has attracted significant scien-
tific attention. Known coordination cages feature many different
polyhedral and prismatic geometries' ranging from small molec-
ular boxes” to nanometer-sized Archimedean solids.® These supra-
molecular assemblies can be employed in molecular recognition
and catalysis* and have been shown to act as templates for the
synthesis of core—shell nanoparticles.” The related area of catenanes
and rotaxanes, the perceived supramolecular building blocks of
nanoscopic machines, has seen a similar amount of interest.®
Nevertheless, despite substantial advances in both fields, only a
few examples of catenated coordination cages are known. In 1999,
Fujita’s group showed that a [2]catenane can be generated from
two different trigonal ligands and [M(ethylenediamine)]** (M =
Pd, Pt) units.” Nearly a decade later, Hardie et al. provided a
second example, a triply interlocked [2]catenane based on a
cyclotriveratrylene-type ligand and Zn** or Co®" ions.® Lu and
co-workers recently succeeded in synthesizing the first three-
dimensional (3D) polycatenated framework constructed from
adamantane-like coordination cages hosting Keggin polyoxome-
talate anions as templates.”

It had been our intention to gauge the reactivity of the currently
very little used ligand 2,4,6-tris(4-pyridyl)pyridine (pytpy). The
pytpy ligand is very closely related to the much more commonly
employed tris(4-pyridyl)-1,3,5-triazine ligand (tpt), the only
difference being the use of pyridine instead of triazine as the
core (Chart 1).

Layering a chloroform solution of pytpy with a methanolic
solution of ZnCl, yielded colorless hexagonal plates. Single-
crystal X-ray diffraction (XRD) analysis showed the molecular
formula to be [(ZnCl,) ,(pytpy)s],* *CHCl; (1).'° This com-

pound represents a new kind of polycatenane consisting of a
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linear chain of interlocking icosahedral coordination cages based
on the trigonal ligand and ZnCl, units. The structure of each cage
has a ZnCl, unit at each of the 12 vertexes and eight pytpy ligands
occupying the minimum number of trigonal planes necessary to
connect all 12 ZnCl, units (Figure 1). The inner diameter of these
cages is ~20 A

Compound 1 represents the second reported example of an
icosahedral coordination cage.'>'* The asymmetric unit is com-
posed of two ZnCl, units, a pytpy ligand and one-third of a
second pytpy ligand [Figure S3 in the Supporting Information
(SI)]. The result is that the ligands situated perpendicular to the
crystallographic ¢ axis are disordered because of the crystal-
lographic symmetry. The position of the nitrogen atom in the
core of the complete pytpy ligand may also be disordered, but
this could not accurately be concluded from the diffraction data
(see the SI for details).

The cages are connected not by any direct bonding interac-
tions. Instead, they are interlaced, with a ligand-decorated plane
of one coordination cage threaded through another, allowing for
face-to-face 71— interactions of the ligand cores (Figure 2).
Each cage is connected in this way to two adjacent ones, forming
a straight, infinite strand of cages along the crystallographic ¢ axis.
However, despite the additional space requirement of the inter-
lacing neighbors, each cage still has a disk-shaped inner volume of
more than 2700 A? according to void calculations. While inorganic
[n]catenanes of interlocking rings are rare but known,'” 1 represents
a step up in complexity as the first [n]catenane composed of cages.

These strands are closely packed within the rhombohedral
unit cell; each strand is surrounded by six others, three shifted by
[00'/5] and three shifted by [0 0 —' /3] with respect to the first
one (Figure 3 top). The centers of the cages form a distorted cubic
close packing (ccp) motif (Figure 3 bottom)."® The distortion is
reflected by different center-to-center distances of 37.84 A within
one hexagonal layer and 22.47 A between adjacent hexagonal
layers. A significant compression along the crystallographic ¢ axis
leads to the closest center-to-center distance of 15.80 A between
two equivalent hexagonal layers, which is clearly different from
the undistorted ccp structure. As a result of this packing, the
empty planes of each icosahedral cage are either occupied by
interlacing neighbors or ZnCl, units of adjacent strands.

XRD indicated a mobile content of the cages through the
featureless form of the Fourier map. We therefore decided to
perform a detailed solid-state NMR study, since NMR spectroscopy
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Chart 1. Polypyridyl Ligands: (left) 2,4,6-Tris(4-pyridyl)-
pyridine (pytpy); (right) Tris(4-pyridyl)-1,3,5-triazine (tpt)
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Figure 1. Icosahedral structure of the cage units in 1. (left) Stick
representation. Color code: Zn, blue; Cl, red; C and N, green. H atoms
have been omitted for clarity. (right) Schematic drawing highlighting the
icosahedral cage topology and the ligand decorated-triangular planes.
Blue triangles represent the positions of the pytpy ligands.

Figure 2. Structural fragment containing three interlaced icosahedral
cages in 1. (top) Stick representation of all atoms. (bottom) Schematic
drawing highlighting the icosahedral cage topology and the ligand-
decorated triangular planes. Two planes of each cage are involved in the
catenation as a consequence of pytpy ligand 77— interactions.

would be able to distinguish between the solvent and the frame-
work molecules. The strategy was to use homonuclear and hetero-
nuclear 2D correlation experiments to assign the peaks of the 1D
'"H NMR spectrum to H atoms of the solid framework and the
molecules inside the voids. A washing procedure using another
solvent allowed us to distinguish solvent molecules in the cages
from solvent molecules that merely covered the particle surface.
To simultaneously explore the inclusion capabilities of the cages,
we conducted these experiments on a sample of 1 to which
bromobenzene had been added as a potential guest during the

Figure 3. (top) Packing of the strands of interlaced coordination
icosahedra in the crystal structure of 1, viewed along the crystallographic
a axis (left) and c axis (right). Yellow spheres represent the cavity volume
of 2700 A>. It should be noted that the actual cavity shape is slightly
oblate (see Figure S4 in the SI for a graphical representation). (bottom)
Ilustration of the distorted ccp topology of the icosahedral centers.
Three unit cells are shown, with the A (yellow), B (green), and C (blue)
positions distinguished by different colors.

crystallization process to provide the inclusion compound [ (ZnCL,) 1,-
(pytpy)s], xCHCly-yCqHsBr (1a) (see the SI for details). A 1D
magic-angle-spinning (MAS) "H NMR spectrum of 1a at a spinning
frequency where spinning sidebands became negligible showed a
number of peaks that had to be assigned to EtOH (washing agent),
CHCl;, bromobenzene, and the pytpy ligands.

Framework hydrogen atoms hardly moved on the NMR time
scale. Therefore, the homonuclear dipolar "H—"H interactions
were strong and could be used to highlight the 'H atoms in the
backbone stemming from the pytpy ligand. This was achieved with a
double-quantum-filtered 2D correlation experiment (Figure 4).
In good agreement with literature data for the pure ligand,"
broad peaks with a chemical shift of >6.5 ppm were assigned
to pytpy.

Peak assignments were achieved using a 2D "*C{'H} cross-
polarization (CP) heteronuclear correlation (HETCOR) experi-
ment (Figure 4), wherein we observed peaks from both the
backbone and the included solvent molecules. At the chosen
contact time of 10 ms, solvent molecules also showed cross-peaks
because of the nonzero "H—">C ] coupling. The relatively sharp
"H NMR peaks of CHCl; (0;s = 6.7 ppm) and bromobenzene
(0o = 5.7 ppm) were assigned with the help of the *C—'H
cross-peaks. Comparison of samples exposed to different wash-
ing agents (MeOH, EtOH) indicated that peaks with chemical
shift values of <4 ppm were related to EtOH and MeOH, which
were located at the particle surface. Worthy of note is the
shielding difference relative to CHCl; (0y, = 7.6 ppm in CDCl3)
and C¢HsBr (J, = 7.22, 7.18, 7.44 ppm) in ordinary organic
solutions, which is in line with the increased shielding caused by
the metal—organic framework structure.

This demonstrates the specific inclusion capability of 1.
Accordingly, CHN analysis and IR spectroscopy indicated that
upon crystallization without any additions, several equivalents of
chloroform solvent were confined in the crystal structure (see the SI).
Moreover, the absence of any strong OH bands was in per-
fect agreement with the NMR observation that neither methanol
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Figure 4. 2D solid-state MAS NMR spectra of 1a. (a) 'H 2D double-
quantum (DQ)—single-quantum (SQ) correlation spectrum of 1a at a
spinning frequency of S0 kHz obtained using the BABA pulse se-
quence.” Because of the short excitation time of two rotor periods,
only the nonmobile hydrogen atoms in the backbone of the pytpy ligand
gave rise to sizable peaks in the DQ-filtered spectrum. The 1D spectrum
shown at the top is a sum projection. (b) ">C{'H} 2D CP HETCOR
MAS NMR spectrum of 1a recorded with a contact time of 10 ms. Shown at
the right is a 1D "H NMR spectrum with direct excitation, and the top
spectrum is a sum projection over the full 2D spectrum. (c) Quantitative
"H MAS NMR spectrum obtained with direct excitation.

nor ethanol was contained in the voids of the title compound.
The high mobility of the encapsulated solvent molecules within
the partially filled voids shows that there is only limited interac-
tion between the cage and its contents. This also explains why we
were unable to locate any reasonable positions for solvent molecules
on the difference Fourier map during structure refinement. Thus,
the structure corresponds to an ordered array of solvent-filled
nanocapsules or an array of nanodroplets. This phenomenon is
not without precedent: Robson and co-workers have reported that
in a coordination polymer possessing a network structure with large,
enclosed cavities, the confined solvent was in a quasi-liquid state.”

After assigning the peaks in the 'H NMR spectrum, we used
quantitative "H NMR spectroscopy”’ to study the uptake of
solvent molecules. The "H NMR peak areas, observed on an as-
made sample of 1a washed with ethanol, were 110, 15.0, and 13.3
for pytpy, CHCls, and C¢H;Br, respectively, meaning that the
cages were filled with 15 CHCI; and 2.7 CsHsBr molecules on
average. On the basis of the densities of pure CHCl; and CsHBrs;,
the volume occupied by the liquid phase was estimated to be
2490 A3, comparison to the volume of 2700 A® estimated from
the crystal structure indicates that the cages were almost com-
pletely filled. When this sample was dried in vacuum, however,
the peak areas of the organic solvent and the framework molecules
changed to 100, 1.1, and 7.1 for pytpy, CHCl;, and C4HsBr,
respectively, meaning that the cages contained only 1.2 CHCl,
and 1.6 CsHsBr molecules on average.

On the basis of the peak assignments, we conclude that the
small CHCl; molecules managed to escape from the (ZnCl,) ,-
(pytpy)s cages but the only slightly bigger CsHsBr molecules
were efficiently hindered by the framework structure, and as a
result, a majority of them remained inside upon exposure of the
sample to vacuum. The different volatilities of CHCl; and CsHsBr
may also have contributed to this effect. Powder XRD patterns of
the as-made and dried samples showed that the framework re-
mained stable upon solvent removal (see the SI).

In contrast to the remarkable formation of 1, the analogous
reaction of tpt with zinc chloride under identical conditions yielded
[(ZnCL,);(tpt),], (2) (see the SI), an extended network struc-
ture composed of twofold-interpenetrating 10°-ths nets (with
the tpt ligand as the 3-c nodes and the Zn as the spacer) of class
Ila related by a center of inversion.” As the isostructural compounds
[(ZnX,)5(tpt),] (X = Br, I) were reported previously*® and
Robson and co-workers mentioned [(ZnCl,);(tpt),] earlier,”*
we would just like to add the crystallographic data for 2 to these
findings. Additionally, reaction of ZnCl, and pytpy under sol-
vothermal conditions yielded the 1D coordination polymer [Zn-
(pytpy)CL,],, wherein the ZnCl, units are connected via bridging
pytpy ligands, leaving one pyridyl unit noncoordinating.>* We
observed the formation of a similar but not isostructural com-
pound, [Zn(pytpy)L,], (3), when Znl, instead of ZnCl, was
employed in the reaction with pytpy (see the SI).

This poses the following question: Why did 1 form, if other
seemingly more favorable structural motifs were available? From
the employed reaction conditions, it is clear that the ligand core
was the tipping point, and the use of pytpy shifted the formation
process toward 1 as opposed to a structure analogous to [(ZnCl,)-
(tpt),]). The pyridyl core enables direct face-to-face 7— inter-
actions, in contrast to the offset face-to-face interactions pre-
ferred by the more electron-deficient triazine core in interlocked
Pd and Pt cages. The nature of the solvent within the cages was
crucial to the formation of 1 as well. In the absence of a solvent of
appropriate size and polarity, other structural motifs such as
[Zn(pytpy)Cl,] become favored. Apparently the balance of
interactions required to form 1 is so subtle that changing X in
the ZnX, unit from Cl to I made 3 the favored motif. Naturally,
we also attempted to employ ZnBr, as a building unit, but in that
case we were unable to isolate any single-crystalline material.

An additional question also arises: Why was it possible to
generate a polycatenane in our case, as opposed to the examples
of [2]catenanes provided by Fujita and Hardie? We believe that
the main factor was the charge neutrality of the [(ZnClL);,-
(pytpy)s] cage. Both of the literature examples featured cages
with a highly positive charge. This charge should effectively prevent
further association of additional interlocking cages as a result of
electrostatic repulsion and its neutralization by a protective hull
of counterions. Another factor was the substantial inner volume
of the icosahedral cages in 1. While they require guests of a certain
polarity and size, they are large and noninteracting enough to
allow quasi-liquid behavior of their contents, reducing the
“entropic penalty” paid for guest inclusion and demanding a less
perfect fit than a similar cage of lesser volume. Additionally, the
spacious arrangement of the cage framework easily allowed for
the double catenation that led to the formation of 1.

In summary, we have shown that through a minor variation of
the employed ligand, vastly different structures may be obtained
in the reaction of zinc halogenides with trigonal polypyridyl ligands,
including an unprecedented strand of interlocking icosahedral
cages. We have investigated the contents of these cages using
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quantitative solid-state NMR spectroscopy, elucidating the se-
lective nature of the guest uptake and quantifying the cage con-
tent under different conditions. Additionally, we have discussed
the factors contributing to the formation of 1, giving insight into
design principles for other new, infinitely interlocked 3D assem-
blies. Future work will explore the inclusion of particular guest
species such as radicals or fluorescent molecules as nanodroplets,
enabling us to study confinement effects in these systems.
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