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As arising type of precisely molecular nanoobjects, porous molecular cages, including covalent organic cages (COCs) and metal
organic cages (MOCs), have attracted much more attention. It is fascinating to construct well-defined cage hybrids combining
COCs and MOC:s to further rich their types, properties, and applications. However, it is a big challenge due to the isotropy of the
porous molecular cages. In this article, an anisotropic COC ligand based on aryl ether bonds and bearing one isophthalate moiety
has been designed and synthesized. Then planet-satellite cage hybrids (PSCHs), MOC@COCs, have been constructed through
the coordination of the anisotropic COC ligand and copper ions with or without the help of extra dicarboxylic ligands in an
almost quantitative manner for the first time. Three PSCHs with one different topological MOC (heteroleptic bipolar, distorted
cuboctahedral or homoleptic cuboctahedral) as the planet and different numbers of COCs (6, 12 or 24) as satellites are obtained.
The structural and thermal properties of these PSCHs have also been studied. The obtained PSCHs exhibit discrete, uniform and
stable structures, good solubility and strong film-forming property.
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There are vast precise objects with different scales and
functions in nature, from atoms, molecules, biomacromole-
cules, viruses, bacteria, cells, organs to lives. Atomically
precise nanoobjects will help us to understand the evolution
from basic atomic or molecular scale to macroscopic world.
The construction of atomically precise nanoobjects with
well-defined chemical and spatial structures is a fundamental
and important topic in chemical science. After the strenuous
efforts by numerous scientists, a variety of well-defined
nanoobjects have been synthesized and their properties and
applications have also been deeply studied, such as nano-
carbons [1,2], dendrimers [3,4], atomic clusters [5—7], and
porous molecular cages. These manmade precise na-
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noobjects have promoted the deep interpretations of basic
scientific processes and principles and then affected our lives
in many aspects.

As a rising type of atomically precise nanoobject, porous
molecular cages have attracted more and more attention
during the last two decades. Porous molecular cages are ty-
pical polyhedra constructed from building blocks through
reversibly chemical bonds. Based on the interactions be-
tween building blocks, porous molecular cages are mainly
divided into covalent/porous organic cages (COCs or POCs)
[8-10] and metal organic cages/polyhedrons (MOCs or
MOPs) [11-13]. Due to the diverse building blocks and in-
teraction modes, the porosities, properties and functions of
porous molecular cages can be adjusted to meet the different
needs of various applications, such as adsorption, separation,
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catalysis, biomedicine, energy storage and conversion. To
further expand their research scopes, the structural com-
plexity of porous molecular cages is continuously improved,
such as giant cages [14,15], interlocked cages [16], cage
oligomers [17,18], cage frameworks (covalent organic fra-
meworks, COFs [19-22] and metal organic frameworks,
MOFs [23-25]), porous polymers [26,27] and gels [28,29].

Due to the fascinating structures, properties and applica-
tions of these porous molecular cages, the giant cage hybrids
with well-defined chemical and spatial structures combining
these two kinds of porous molecular cages will give full play
to their respective advantages [30-33]. Due to the structural
isotropy of most of the porous molecular cages, it is a
challenge to construct giant cage hybrids in an effective way.
In this article, we constructed planet-satellite cage hybrids
(PSCHs) through the coordination between anisotropic
COCs with copper ions for the first time. We designed and
synthesized a stable and soluble COC ligand based on aryl
ether bonds and bearing one isophthalate moiety. Then,
through the coordination-driven self-assembly of the aniso-
tropic COC ligand and copper ions with or without the help
of extra dicarboxylic ligands, three PSCHs with one different
topological MOC (heteroleptic bipolar, distorted cubocta-
hedral or homoleptic cuboctahedral) as the planet and dif-
ferent numbers of COCs (6, 12 or 24) as satellites were
obtained in an almost quantitative manner, donated as
PSCH-A, PSCH-B and PSCH-C, respectively (Figure 1).
The COC satellites are flexibly but robustly attached to the
MOC planet. The structural and thermal properties of these
PSCHs were studied. These PSCHs exhibited discrete, uni-
form and stable structures, excellent solubility in common
solvents and film-forming properties.

The anisotropic COC ligand was synthesized via functio-
nalization of shape-persistent bis(tetraoxacalix[2]arene [2]-
triazine) cage with D3, symmetry and three evenly distributed
reactive sites (details in the Experimental section, Scheme
S1, Supporting Information online) [18,34,35]. All the syn-
thesized compounds were structurally confirmed by nuclear
magnetic resonance (NMR) and mass spectroscopy (Figures
S1-S6, Supporting Information online). The obtained COC
ligand bearing one isophthalate moiety is stable and soluble
due to the aryl ether bonds within the COC skeleton and the
multiple alkyl chains on the COC surface. The isophthalate
moiety within the COC ligand can construct various cu-
boctahedral MOCs through coordination with diverse
M,(COO ), paddlewheel units (M = copper, molybdenum,
rhodium, ruthenium, chromium) and much more topological
MOCs with the help of extra dicarboxylic ligands [36-39].
Here, two dicarboxylic ligands with bridging angles of 60°
for biphenyl-3,3'-dicarboxylic (L) and 120° for naphthalene-
2,7-dicarboxylic (L"), were utilized as extra ligands to con-
struct different interior MOC planets. After mixing the COC
ligand with or without the extra ligands and an equimolar
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Figure 1 The construction of PSCHs through coordination between an-
isotropic COC ligand bearing one isophthalate moiety and copper ions with
or without the help of extra dicarboxylic ligands. These PSCHs contain one
different topological MOC as the planet and 6, 12 or 24 COCs as satellites
for PSCH-A, PSCH-B and PSCH-C, respectively (color online).

amount of copper(Il) acetate monohydrate in tetrahydrofuran
(THF), the PSCHs with one different topological MOC as the
planet and 6, 12 or 24 COCs as satellites were constructed
effectively through the coordination-driven self-assembly.
Through self-sorting procession [39-41], the heteroleptic
bipolar PSCH-A with the formula of Cu;,COC¢Lg, the dis-
torted cuboctahedral PSCH-B with the formula of Cu,,-
COC,,L'}, and the homoleptic cuboctahedral PSCH-C with
the formula of Cu,,COC,, were obtained through forming
the paddlewheel Cu,(COO ), connected units. These PSCHs
can be isolated as blue powders in also a quantitative manner
(yields > 92%) through precipitation in methanol, cen-
trifugation and dry. The obtained PSCHs powders can be re-
dissolved in many common solvents due to a large number of
alkyl chains on the periphery, such as THF, chloroform, di-
chloromethane, diethyl ether, toluene, n-hexane, acetone,
and dimethylformamide (Figure S7).

The Fourier transform infrared (FTIR) spectroscopy was
used to confirm the structures of the COC ligand and as-
sembled PSCHs (Figure S8). Using PSCH-C as an example,
the spectrum of PSCH-C is almost the same with that of COC
ligand. However, the characteristic bands of triazine ring
within COC ligand at 810, 1,590 and 1,614 cm ' shift to 809,
1,594 and 1,641 cm ' within PSCH-C. The characteristic
band of isophthalate within COC ligand at 1,728 cm ' dis-
appeared after the formation of PSCH-C indicating the co-
ordination between isophthalate and copper ions. Both
PSCH-A and PSCH-B show the characteristic bands within
the related ligands. There are also band shifts of triazine ring
and band disappearances of carboxylic within COC ligand
and L or L' for PSCH-A and PSCH-B, respectively.

Due to the multicomponent features of PSCH-A and
PSCH-B, the PSCH-C was chosen to run NMR to study the
coordination behaviors. From the 'H nuclear magnetic re-
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sonance (NMR) spectra of the COC ligand and PSCH-C in
deuterated chloroform (Figure S9), the aromatic peaks
around 6.56 ppm corresponding to the cage moiety within
the COC ligand are maintained and broaden in the assembled
PSCH-C. However, the aromatic peaks of 8.40 and 7.82 ppm
corresponding to the isophthalate moiety within COC ligand
shift to the lower field and broaden in the assembled PSCH-C
due to the coordination of isophthalate with copper. The peak
of methylene group close to isophthalate moiety at 4.06 ppm
also shifts to lower field and broadens due to the coordina-
tion. The NMR spectra also confirm the coordination be-
tween the anisotropic COC ligand and copper ions.

A small aliquot of the coordination reaction solution was
taken and diluted with THF to run the size exclusion chro-
matography (SEC) analysis. All the SEC plots of the COC
ligand and PSCHs in THF showed a single sharp peak at ¢ =
19.1, 17.8, 17.1 and 17.0 min, respectively (Figure 2a). The
disappearance of COC ligand signal in SEC plots of the
PSCHs also indicates the high efficiency during the co-
ordination assembly. The shorter elution times for the formed
PSCHs than the pristine COC ligand imply the larger hy-
drodynamic volumes of the assembled PSCHs than the COC
ligand. The molecular weights of the COC ligand and PSCHs
calculated from SEC plots were about 2,800, 13,200, 25,500
and 29,500 g/mol with the exceptionally narrow poly-
dispersity of 1.06, 1.08, 1.02 and 1.02, respectively (relative
to polymethyl methacrylate standards) (Table 1). The in-
creased molecular weights indicate the increased hydro-
dynamic volumes from PSCH-A to PSCH-C consistent with
the size changes of the envisaged structures. The difference
of the obtained molecular weights from SEC between PSCH-B
and PSCH-C is much smaller than the theoretical values due
to their similar sizes. This indicates the formation of discrete,
uniform and stable PSCHs in an effective way.

The matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometry was used to estimate
the molecular weights of the obtained PSCHs. Using trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]mal-
ononitrile (DCTB) as the matrix, the obtained PSCHs exhibit
prominent peaks at m/z = 10,538, 21,024 and 34,565 corre-
sponding to the molecular weights of ionized PSCHs species
(theoretical molecular weights of these PSCHs: 10,468.46,
20,624.73 and 34,602.51 Da; Figures 2b and S10, Table 1).
The MALDI-TOF results further indicate that the expected
PSCHs with one different topological MOC as the planet and
different numbers of COCs as satellites were formed.

The transmission electron microscopy (TEM) and atomic
force microscopy (AFM) were applied to observe the
morphologies and sizes of the obtained PSCHs. A drop of the
PSCHs solution in THF (about 0.2 mg/mL) was placed on a
copper grid to run TEM experiments. The observed PSCHs
are discretely and compactly spherical nanoobjects with
uniform diameters about 2.5, 5.4 and 5.5 nm for PSCH-A,
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Figure 2 (a) The SEC plots of the COC ligand and the PSCHs in THF
inserted with the schematic structures. (b) The MALDI-TOF mass spectra
of the PSCHs with DCTB as the matrix (color online).

PSCH-B and PSCH-C, respectively (Figure S11). The quite
close sizes of PSCH-B and PSCH-C are consistent with the
SEC results. For AFM experiments, we prepared thin-film
samples by spin-casting a highly diluted chloroform solution
of PSCHs (10 ng/mL) on a mica substrate (Figure 3). The
observed PSCH-A and PSCH-C also show uniformly, dis-
cretely and compactly spherical morphologies on the sub-
strate, indicating the structural rigidness of these two PSCH
systems. The PSCH-B shows so-called “sunny-side up egg”
morphology due to the lower density of the peripheral COC
satellites [42,43]. The heights of these PSCHs were about
2.2, 5.0 and 6.3 nm for PSCH-A, PSCH-B and PSCH-C,
respectively. Considering the sizes of the cuboctahedral
MOC core about 3.4 nm [44] and of the COC about 1.0 nm
[34], the COC satellites should slightly tightly surround on
the cuboctahedral MOC planet for PSCH-C. That is why the
height of PSCH-C is slightly larger than that of PSCH-B and
these two PSCH systems exhibit different morphologies in
AFM images. It was observed that the diameters of each
PSCHs are quite uniform, fitting well with the narrow
polydispersity as determined by SEC and the single promi-
nent peak from MALDI-TOF result.

The sizes of the COC ligand and PSCHs were also esti-
mated by dynamic light scattering (DLS) in THF (Table 1 and
Figure S12). The average sizes of the COC ligand and PSCHs
are about 1.0, 5.1, 9.1 and 12.8 nm with narrow polydispersity
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Table 1 The molecular weights and sizes of the COC ligand and the PSCHs
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Entry M, heoretical (&/mol) M, sec (g/mol) Dspe M, vaai (g/mol) Sizeps (nm) Dpis
COC ligand 1380.86 2800 1.06 1381.85 1.0 0.23
PSCH-A 10468.46 13200 1.08 10538 5.1 0.19
PSCH-B 20624.73 25500 1.02 21024 9.1 0.21
PSCH-C 34602.51 29500 1.02 34565 12.8 0.21
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Figure 3 The AFM images and height analysis along the red line of the PSCHs. (a) PSCH-A, (b) PSCH-B and (c) PSCH-C with scale bars of 400 nm,

300 nm and 1 pm, respectively (color online).

around 0.20, which are slightly larger than the diameters from
TEM and AFM maybe due to the solvation effect and per-
ipheral alkyl chains. The tendency of the hydrodynamic sizes
is consistent with the results from SEC.

Thermogravimetric analysis (TGA) was applied to assess
the general thermal properties of the obtained PSCHs. From
TGA plots of the COC ligand and PSCHs (Figure S13) under
air flow at a heating rate of 10 °C/min, the COC ligand will
completely decompose at 700 °C with two stages corre-
sponding to the flexible alkyl chains and rigid COC core. The
PSCHs are thermally stable up to 300 °C and then decom-
pose gradually with stable mass residues of 11.5 wt%, 10.4
wt% and 6.4 wt%, respectively. The mass residues of these
PSCHs should be cupric oxide with theoretical values of 9.1
wt%, 9.2 wt% and 5.5 wt% which is well matched with the
tested values. This further indicated the formation of the
expected cage hybrid structures.

The small angle X-ray scattering (SAXS) measurements
were conducted to gain insight into the nanostructures of the
PSCHs. The as-prepared PSCHs, which were isolated as blue
crystalline materials by precipitation from methanol and
vacuum dry (Figure S7), formed a very short-range order as
indicated by the appearance of one sharp peak and one or two
weak peaks (Figure 4a). The distances between stacking
PSCHs and COCs are donated as d; and d,, respectively
(Figure 4b). The heteroleptic bipolar PSCH-A has two peaks
around O = 0.148 and 0.385 A, corresponding to the d; of
4.25nm and d, of 1.63 nm. The distorted cuboctahedral
PSCH-B has two peaks around Q = 0.140 and 0.364 A,
corresponding to the d; of 4.48 nm and d, of 1.73 nm. The
homoleptic cuboctahedral PSCH-C has two peaks around O
=0.135 and 0.398 A", corresponding to the d; of 4.65 nm

and d, of 1.58 nm. The COC-COC distance in PSCH-C is
smaller than that in PSCH-B, indicating the closer stacking
of COCs on PSCH-C consistent with their morphology dif-
ferences in AFM images. The distances between PSCHs are
much smaller than their sizes in solution, which indicates an
interpenetration of the COC ligands within the isolated
PSCHs powders.

Due to the porosity of the COCs and MOCs within PSCHs,
the porous characters of these PSCHs were evaluated by the
N, gas sorption-desorption isotherm at 77 K. These PSCHs
are almost nonporous. The exact COC is nonporous, proved
by many literatures [19]. Most copper-isophthalate MOCs
are nonporous especially when large groups on the periphery.
On the other hand, both the closely stacked structures and the
filling of extensive flexible alkyl chains will further decrease
the porosity of these PSCHs, consistent with the inter-
penetration behavior of these PSCHs from the SAXS test.

The solution-processable nature and good solubility of
these PSCHs prompted us to prepare uniform self-standing
films with well-organized arrangements via a solution-based
procedure. The THF solution of PSCH-C was layered on
dimethylacetamide. A blue-colored film that was robust
enough to be picked up with tweezers (Figure S14) was
obtained after the slow evaporation of THF at room tem-
perature.

In summary, an anisotropic COC ligand based on aryl ether
bonds and bearing one isophthalate moiety was designed and
synthesized. Then planet-satellite cage hybrids combining
MOC and COC were fabricated through the coordination
between the anisotropic COC ligand and copper ions with or
without the help of extra dicarboxylic ligands in high effi-
ciency for the first time. Three planet-satellite cage hybrids
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Figure 4 (a) The SAXS plots of the PSCHs and (b) the schematic dia-
gram of PSCH stacking structure and related distances (color online).

with one different topological MOC as the planet and dif-
ferent numbers of COCs as satellites were constructed and
structurally confirmed. These planet-satellite cage hybrids
exhibit discrete, uniform and stable structures. The high
solubility and stability of these cage hybrids promote the
film-forming properties through solution procession. The
cage hybrids build a bridge between MOC and COC and a
bridge between molecular cages and frameworks (MOFs,
COFs). The developed effective strategy to construct cage
hybrids can further expand the types of cage-based na-
noobjects with different metals, connection modes and
morphologies and then broaden related properties and ap-
plications.
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