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There is growing interest in metal-organic cages (MOCs) as porous materials owing to their processability in solution. The
discrete molecular character and surface features of MOCs have a direct impact on the interactions between cages, enabling
the final physical state of the materials to be tuned. In this tutorial review, we discuss how to use MOCs as core building

units, highlighting the role played by surface functionalisation of MOCs in leading to porous materials in a range of states

covering crystalline solids, soft matter, liquids and composites. We finish by providing an outlook on the opportunities for

this work to serve as a foundation for the development of increasingly complex functional porous materials structured over

various length scales.

Key learning points

1. Metal-organic cages (MOCs) are discrete molecules that
enclose a potential volume of empty space within the molecule.
The selection of inorganic building units and design of organic
ligands can be used to retain a specific cage geometry and
internal pore, while varying the functionality and possible
reactivity of the MOC surface.

2. The surface functionality of MOCs regulates the intercage
interactions, enabling the formation of crystalline and
amorphous solids, liquids, composites and soft matter based on
MOCs.

3. The porosity of MOC-based materials arises from the
combination of the intrinsic porosity of the cage and the
extrinsic porosity generated by spatial organisation of the cages
in the final assembled state.

1. Introduction

To fulfil industrial applications, advanced materials must be
processable. While functional materials can show superb
performance in as-synthesised phases like powders, practical
applications often require specific morphologies such as films,
monoliths, tablets, colloids, fibres, foams, etc. or positioning on
substrates.! Controlled assembly over specific length scales may
also be necessary, either at the nanoscale (submicron) for
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electronic or biological applications or over much longer scales
for mass-fabrication or mechanical applications.

These requirements apply to porous materials, which are
used in a myriad of applications such as sensing, optics, fine
catalysis, energy storage and
conversion.24 As well as classical porous materials including
zeolites and activated carbons, metal-organic frameworks
(MOFs) are of great importance. The pore size and shape found
in the two- or three-dimensional extended structures of MOFs
are tunable through the use of modular building blocks (metal
clusters and organic linkers).3 Because crystallisation occurs at
the same time as the building blocks assemble, MOFs are often
processed in situ during synthesis. For instance, the fabrication
of MOF-based membranes or superstructures can be achieved
by direct crystallisation in target environments. In this case, the
focus is on how solutions of precursor organic ligands and metal

molecular separations,

sources are mixed to control the crystallisation, or how
heterogeneous nucleation may be induced by locally changing
reaction conditions. An exception to these approaches is
chemical vapour deposition, in which vapours of the organic
components are reacted with metal oxides that have been
deposited on a substrate.>

One method to achieve solution processability in MOFs is to
develop “soluble” MOF nanocolloids,® which can be further
processed to form composite materials.” However, there are
still processability challenges for MOF-based colloids in size
control, monodispersity and colloidal stability. The nature of
extended network structures only allows MOFs to be stable as
dispersible nanocrystals measuring tens of nanometers in size.6
The extreme case of downsizing a MOF would lead to a single
pore unit. This single pore unit corresponds to the intrinsic
cavity found in metal-organic cages (MOCs).3 Since the seminal
work of Saalfrank, Fujita, Stang, and others, most of the
chemistry of MOCs has been developed in the solution phase.?
11 For use as porous materials in the solid-state, MOCs must be
thermally and chemically stable, such that the intrinsic pore of
the cage is retained even after the removal of solvents from the
structure.12 The stability of the individual cage can be regulated
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Fig. 1 (top) The synthetically tuneable features of metal-organic cages (MOCs): geometry-driven design, permanent porosity, and surface functionalisation (de novo and post-

synthetic). (bottom) Assembly routes to synthesise MOC-based porous materials.

by the appropriate choice of metal ions and organic ligands.
Chemical functionalisation of MOC surfaces can modulate their
solubility and intermolecular interactions.3 Here, MOCs offer
an advantage over MOFs: the weak, reversible intermolecular
interactions in MOCs favour their solubility, and from solution
phases the individual cages can be processed into a wide range
of porous materials. For example, this approach can be used to
direct the assembly of MOCs into hierarchically porous
structures, combining the intrinsic microporosity of the cage
with the intermolecular extrinsic porosity generated by
arrangement of the MOCs in the solid state. Because the MOC
provides a microporous unit, there is no requirement for MOC-
based materials to display long-range order for accessible
porosity. This structural freedom enables the synthesis of soft
or amorphous materials with well-defined porosities.

During the preparation of this manuscript, detailed reviews
on specific aspects of MOCs were published reflecting the

growing interest in these cage molecules.1> 1416 With this
tutorial review, we provide a more general point of entry to this
expanding area of research through a perspective on the
fundamental approaches to assembling porous MOC-based
materials. We identify the key design features of MOCs and
their role in the porosity of the materials. We describe how the
surface functionality of MOCs is the basis for using these cages
as processable molecular building blocks in the synthesis of
porous materials in forms including powders, liquids, thin films,
and shapeable soft matter. Throughout, we highlight where a
more specialist review is available, for example on the
challenges in determining the surface areas of the cages,'? or
their role in the fabrication of soft matter.l” Throughout the text,
we refer to these molecules as MOCs, although readers may
find that in the original reports they are referred to as metal-
organic polyhedra (MOPs) or MOCs or porous coordination
cages.
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2. Why are MOCs suitable building blocks for
porous materials?

The porosity, and mechanical and chemical stability of MOC-
based materials are strongly correlated to both the
characteristics of the cage and the assembly process of the
material. Thus, they can be tuned by design. In the following
subsections, we describe the design principles for individual
MOC synthesis and their assembly protocols.

Synthetically tuneable aspects of MOCs

Similar to the design of porosity in MOFs, in which the network
topology defines the pore shape, the inner cavity of MOCs can
be designed by choosing the cage geometry. The combination
of organic linkers of appropriate symmetry with metal
ions/clusters drives the desired cage geometry and thus
potential connectivity of the cage.3 14 18 A review by Lee and co-
workers describes the range of polyhedra that are accessible
through considering these possible combinations.* An example
of this is the formation of ML, Pd-based cages — their shape
can be controlled almost precisely by the angle between the
two bonding vectors of the two terminal pyridyl moieties of the
ligand L. This control spans M;Ls lantern-type cages when the
terminal pyridyl rings coordinate in a parallel fashion (0°) to the
Goldberg polyhedron Masles (152°) (Figure 1).1° Similar linker-
guided geometry is possible in ML, cages with carboxylate-type
linkers.2° Carboxylate ligands are used to obtain neutral cages,
often with higher stability in the solid-state than cationic cages
containing neutral ligands. This stability is needed for
permanent porosity, as MOCs should undergo activation — the
procedure through which solvent molecules are removed from
the structure of the MOCs — without their structural
decomposition (Figure 1).

An important consideration in designing MOCs that can be
fabricated into porous materials is to incorporate moieties that
can be used as reactive nodes for post-synthetic modification.
In this sense, MOCs have been described as hollow
nanoparticles, where the exterior of the MOC corresponds to
the nanoparticle surface. Albalad and co-workers have
highlighted the opportunities for post-synthetic modification
that are made possible by the “latent reactivity” of discrete
MOCs.2! The installation of functional groups in the ligand
backbone is a general strategy to change the surface
functionality of the cage. Such modifications can be performed
by de novo synthesis of the linker or by post-synthetic
modification of the cage (Figure 1). This reactive functional
group is expected to form new covalent bonds. Another
strategy is to use additional coordination sites on the metal
ions/clusters while maintaining the coordination bonds that
hold the MOC together. These coordination sites can be
occupied initially by a terminal solvent molecule, which can be
further replaced with a reactive linker to connect MOCs.13: 22 A
notable example of this surface modification of MOCs was
demonstrated using cuboctahedral [Rh4(bdc).4] cages based on
dirhodium paddlewheel nodes as a platform for both covalent-
based and coordination-based post-synthetic modification (bdc
= 1,3-benzenedicarboxylate).l® A variety of monotopic N-donor

ligands were substituted into the axial position of the
paddlewheels. This strategy was used to induce the solubility of
cages that were otherwise in suspension, or even introduce
chiral functionality in the case of coordination of L-proline.
Through the combination of coordination and covalent
functionalisation, the hydrophobicity of the cages was tuned,
which would enable the MOCs to be used as building blocks in

a wide variety of assembly conditions.

Assembly routes for porous materials based on MOCs

The synthetically tuneable aspects of MOCs highlighted above
lend themselves to three principal approaches to the synthesis
of MOC-based porous materials (Figure 1). The first is the
synthesis of bulk phase materials, in which the intermolecular
interactions between MOCs lead to the formation of crystalline
or amorphous solids. As we will discuss in Section 3, the
activation of the cages is challenging because the removal of
solvent molecules from the MOC solids often drives the collapse
of the MOCs into non-porous phases. Recent years have seen
an increase in the description of approaches to attaining
permanent porosity in these cages, which Gosselin and co-
workers have observed through a greater number of reported
surface areas for MOCs, as well as new record high surface areas
being set.12 We will highlight how solvent treatment plays a role
in controlling the MOC packing and thus the resulting porosity
of the cages. The synthetic tunability of the intercage
interactions allows a full spectrum of materials to be obtained,
running from crystalline phases through soft matter to, most
recently, liquids.

The second approach is to embed the cages into a matrix to
form a composite (Section 4). In this case, the cages can be
dissolved and mixed with the matrix to achieve molecular-level
dispersion, or particles of cage aggregates can be dispersed in a
solvent and then mixed with a solution of the matrix prior to
evaporation of the solvent to vyield the composite. The
challenges of this approach arise from the relative
compatibilities of the MOCs and the matrix, solvents, and the
potential for phase separation (aggregation of the cages or their
particles within the matrix), leading to materials with
compromised mechanical properties or poorer performance
due to the formation of defects. Additionally, accessing the cage
cavity is an ever-present challenge at the interface between
cage and matrix. Often, the matrix can penetrate or block the
cage windows and lead to loss of accessible porosity.

The third approach, covered in Section 5, is to connect pre-
formed MOCs to form extended networks. Such cross-linking
can be achieved by exploiting one or both of the different
connection points that MOCs may offer: (1) coordinatively
unsaturated metal sites and (2) reactive organic functional
groups. Here, MOCs can be designed to present specific binding
points and additionally, be combined with auxiliary
linkers/metal ions. As highlighted by Khobotov-Bakishev and co-
workers, cross-linking is emerging as one of the most versatile
methods of using MOCs to access a range of porous matter,
from crystalline networks to gels.2? Further, the resulting
extended structures can be tuned, for instance, by using rigid or
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flexible additional linkers to attain highly regular or less well-
defined extrinsic porosity, respectively.

3. Assembly of discrete MOCs in bulk phases

The synthesis of MOCs is commonly carried out in solution and
the product may remain in solution or precipitate as crystalline
or amorphous solids. The most common aim of the synthetic
procedure is to obtain single crystals of the MOC that enable its
chemical formula and geometry to be determined. In 2005,
Yaghi and co-workers demonstrated gas uptake in MOCs for the
first time in a series of Fe-based MOCs through gas sorption
measurements.?* This report also noted that two types of
potential pore could be envisaged for these structures: the
intrinsic porosity arising from the cavity of the MOC; and the
extrinsic porosity from the space generated between cages.
Although the design of the cages is used to control the intrinsic
cage porosity, it is challenging to control the extrinsic porosity
of these materials. The interactions between MOCs are
exclusively non-covalent, consisting of combinations of van der
Waals, nt-it stacking, and hydrogen-bonding interactions, which
are weaker than the coordination bonds that maintain the
integrity of MOFs. The weak nature of these interactions has
two consequences: (1) the removal of the solvent molecules
that occupy the space between MOCs induces the modification
of the cage packing, occasionally leading to amorphous phases;
and (2) the cage can be recrystallised from different solvent
media leading to many different solvent-driven packing
arrangements of the MOC, which can lead to a single cage
showing more than one type of gas uptake.

Crystalline structures

Considering each polyhedral cage as a tiling unit, the crystal
structures of MOCs could be anticipated to be permutations of
face-, edge-, or node-sharing polyhedra. Packing convex
polyhedra is an optimisation problem for tiling 3D space, in
which the cube and truncated octahedron are the only Platonic
and Archimedean solids that can tile the space.?5 26 |nefficient
packing is therefore common to cage molecules, with solvent
and/or counter-ions filling the intercage voids. In most cases,
there is a lack of strongly directional intermolecular interactions
to direct the crystal packing.

Surface modification of MOCs with functional groups can
provide directional interactions to induce a denser and more
stable packing (Figure 2). The broadest illustration of how the
synthetic modification of the MOC surface affects crystal
packing is provided by the family of cuboctahedral cages with
the general formula [Cua4(L)24], where the metal nodes are
based on copper(ll) paddlewheel units and L is a derivative of
isophthalate. Cages with small substituent groups (such as -Br,
-OH, -OEt or -tBu)?2z 27-23 exhibit body-centred cubic packing,
interacting with eight adjacent cages through van der Waals
interactions. Bulkier substituents can increase the distance
between cages and/or alter the packing of the molecules. For a
series of alkoxy substituents, the intercage distance was found
to increase upon increasing the chain length from ethoxy- to
butoxy-functionalised ligands, while retaining bcc packing.?® In
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Fig. 2 (top) Surface functionalisation of metal-organic cages as means to modify
their intermolecular interactions. Strongly directional interactions are more likely
to induce the formation of highly ordered phases. (bottom) Examples of MOC-
based materials in the bulk phase: SEM image from vanadium-based MOC, scale
bar 100 um (adapted with permission from ref. 26, Copyright 2018, John Wiley and
Sons); a self-standing thin film of [Cuys(th-bdc),,] (reprinted from ref. 36 with
permission from the Royal Society of Chemistry); the neat-liquid PEG-decorated Zn-
based MOC (reprinted with permission from ref. 38, Copyright 2020, Springer
Nature).

contrast, hexagonal close packing was observed for the
pentoxy-functionalised cage.?® Appending an even bulkier
group such as dodecoxy- chain induced an adamantanoid-like
packing.3? The long alkyl chains reduce the contact between
neighbouring cages, leading to only four adjacent cages. In most
cases, achieving this control over inter-cage interactions is not
trivial. Nevertheless, individual MOCs can be regarded as
tectons with specifically tailored surfaces.

Alternatively, inter-cage interactions in crystalline phases of
MOCs can be tuned using post-synthetic modification. W. M.
Bloch and co-workers described the reaction of the primary
amines o-toluidine and 9-ethyl-9H-carbazol-3-amine with the
aldehyde groups of the lantern-type MOC [Cus(CHO-L)4] (L =
3,3’-((1,3-phenylene)bis(ethyne-2,1-diyl))dibenzoate).3! As
observed in the crystal structures, the main effect of these
modifications was to increase the distance between the cages.
The authors also suggested that through the judicious
introduction of functional groups it is possible to control the
rigidity of the structures and to decrease the influence of
solvent molecules on the cage packing.

Crystalline phases of MOCs usually present solvatomorphs,
obtained by different synthetic conditions or post-synthetic
solvent processing. Polar solvents can interfere in hydrogen
bond formation between MOCs, determining the interactions
between cages.32 D. Yan and co-workers reported a family of
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Fig. 3 Solvent processable metal-organic cages with tunable porosity. Solvatomorph A corresponds to the “open phase” and B the “closed phase”. (right) Nitrogen sotpyion
isotherms at 77 K measured for the solvatomorphs of [Cus(COH-L);] showing on/off porosity. Inset PXRD patterns for activated (green) and solvated (blue) phases. Adapted

from ref. 31 with permission from the Royal Society of Chemistry.

zirconocene-based tetrahedral MOCs which form extended
arrays of hydrogen bonds.33 The MOC [(Cp3Zr3:O(OH)s)a(btc)4]Cls
(ZrT-2), could be synthesised as two solvatomorphs, ZrT-2-a and
ZrT-2-B, containing DMF or DMA, respectively (Cp =
cyclopentadienyl; btc = 1,3,5-benzenetricarboxylate).3* The
difference in the ability of DMF and DMA to form hydrogen
bonds induced two different solid-state packing arrangements
of the chemically identical cages. As a result of a higher degree
of intermolecular interactions, ZrT-2- displayed a more robust
packing arrangement that was retained upon thermal activation.
The consequence was that the N, uptake at 77 K for ZrT-2-3 was
twice that observed for ZrT-2-a, ~300 and ~160 cm3/g,
respectively. This difference is due to the retention of the
extrinsic porosity by ZrT-2-B, while the adsorption observed for
ZrT-2-a is associated with the cage porosity.

These solvent effects can also be induced by post-synthetic
solvent processing (Figure 3). This was found to be the case for
an ethoxy-functionalised lantern-type cage [Cus(EtO-L)4] (L =
3,3’-((1,3-phenylene)bis(ethyne-2,1-diyl))dibenzoate).3> The
MOC was initially obtained from synthesis in DMF, and
subsequent to solvent exchange with MeOH the activated
lantern-type cage showed gate-opening behaviour in the CO;
sorption isotherms recorded at 195 K. Recrystallisation of the
activated phase from THF induced a distinct crystal packing,
which under activation led to a rigid phase that presented Type
| uptake of CO,. The MeOH-exchanged sample exhibits a flexible
packing which allows a higher CO, uptake compared to the rigid
THF-exchanged sample, 12 and 7 moles of CO, per mole of MOC,
respectively. Solvent processing could be used to cycle between
these flexible and rigid phases. Furthermore, W. M. Bloch and
co-workers reported that the porosity of an aldehyde-
functionalised lantern MOC [Cu4(CHO-L);] was switched
completely “on” and “off” through solvent processing (Figure
3).31The Initial solvatomorph, closed phase (1B), exhibited a low
N, uptake at 77 K (~19 cm3/g) while submerging it in MeOH

prior to activation triggered a packing rearrangement resulting
in the open phase (1A) with a higher N, uptake (~139 cm3/g).

Soft matter

The introduction of long alkyl chains on the surface of MOCs is
a widely-used strategy to increase the solubility of cages.3°
While the incorporation of bulky or long substituent groups on
the surface of MOCs leads to loss of directional intercage
interactions, causing a decrease in the crystallinity of the
materials, it can open routes to soft matter. Some of the specific
potential applications of this research direction include uses in
batteries and soft robots, as summarised by Jahovi¢ and co-
workers.’7” Omoto et al. described the use of bulky paraffinic
substituents in the cuboctahedral cage [Cuas(th-bdc).4], which
could form a self-standing thin film (th-bdc = 3'.4'5'-
Tris(hexadecyloxy)-[1,1'-biphenyl]-3,5-dicarboxylate)  (Figure
2).36 Diffraction experiments showed that the film was not
completely amorphous, but that the MOCs were arranged in a
body-centred cubic packing arrangement forming a liquid
crystal. Although the core of this MOC is the archetypal
cuboctahedral MOC, the authors did not report gas sorption
measurements: the distance between the cages suggests that
the paraffinic groups may be intertwined thus hindering access
to the pore of the cage. Reconciling the use of bulky linkers and
the accessibility of the pores is a current challenge in the
synthesis of porous soft matter based on MOCs.

Soluble MOCs might present opportunities to be processed
directly into porous membranes. For this, Langmuir-Schaeffer
(LS) or Langmuir Blodgett (LB) techniques were used to form
dense monolayers of [Rha(Ciz-bdc)aa] (Ciz-bdc = 5-
dodecoxybenzene-1,3-dicarboxylate).3” The hydrophobicity of
the aliphatic chains aided the dispersion of the MOCs on the
surface of water, leading to the formation of monolayers of ca.
2.5 nm in thickness. Neat MOC membranes were obtained by
layer-by-layer deposition on a poly(1-trimethylsilyl-1-propyne)
(PTSMP) substrate. The deposition of MOC thin films improved
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the selectivity by two-fold (from approximately 4 to 8) for the
separation of 10/90 CO,/N> mixtures when compared to neat
PTMSP membranes. These results showed the potential for the
fabrication of neat MOC thin films, using a technique (LB) that
can be scaled to obtain large-area membranes.

Liquids

With the appropriate design of the ligands, the synthetic
tunability of MOCs could enable the synthesis of porous liquids,
particularly Type 1 porous liquids — neat materials where no
solvent is required to keep the porous entity in the liquid state.
The challenge associated with these materials is to balance the
weaker intermolecular interactions required for the cage to
form a liquid at room temperature while preventing bulky
functional groups or counter-ions from blocking the entry of gas
molecules into the cavity of the cage. Other techniques can be
used to probe the porosity of soft matter and liquids, such as
NMR or positron annihilation lifetime spectroscopy (PALS). T.D.
Bennett, J.R. Nitschke and co-workers designed a series of
poly(ethylene) glycol-decorated tetrahedral MOCs assembled
with Zn(ll) nodes.3® The poly(ethylene) glycol (PEG) units were
terminated with imidazolium rings to prevent the extended
chains from entering the cage. A longer PEG-based derivative,
containing 20 repeating units, was obtained as a dark yellow
viscous liquid (Figure 2). The diffusion of gaseous
chlorofluorocarbon molecules (CFCl;, CF,Cl,, and CF3Cl) was
tracked using 1°F NMR spectroscopy as a way of determining the
porosity of the cages. This was supported by the use of PALS,
which probes the free volume within materials. The pore
diameter estimated by this technique for the porous liquid
(6.29 +0.08 A) was consistent with the expected pore diameter
of an analogous crystalline cage (6.28 A).

4. MOC-based composites

MOC-based composites consist of a continuous host matrix in
which the cages are physically dispersed. The assembly routes
available for composites depend on the relative solubilities
ofthe components, but can also depend on the pore structure
of the host material. The matrix is classified as ordered or soft
amorphous materials.

Dispersion of MOCs in ordered porous materials

The nanometric size of MOCs is ideal for them to be dispersed
inside porous materials, such as silica or MOFs. Two main
dispersion strategies are used: wet impregnation, and ship-in-a-
bottle (Figure 4a). For wet impregnation, the MOC is assembled
and then dissolved in a solvent, in which the host material is
insoluble. The host porous matrix is then soaked in the MOC-
containing solution, the solvent is evaporated, and the MOC
becomes embedded in the pores. Using impregnation
approaches, Sun and co-workers were able to disperse
cuboctahedral MOCs [Cuas(X-bdc)aa] (X = NaSOs, ™Bu) in
mesoporous silica (SBA-15; pore size = 9.7 nm).3° Loadings of up
to 60 wt% were achieved for [Cu,s(NaSOs-bdc).4]. The presence
of the MOCs in the pores of the silica caused a decrease in the
nitrogen uptake of the composites when compared to the

pristine silica, as well as a decrease in the observed pore size.
Low loadings of the cage afforded well-dispersed MOCs in the
pores, thus presenting good accessibility to their Cu-sites.
Therefore the H; uptake was enhanced from < 1 to ~20 moles
of H, per mole of MOC for neat MOC and 10 wt% composite,
respectively. An alternative method to track the incorporation
of the MOCs in a host material is UV-Vis spectroscopy. H. Deng
and co-workers measured the decrease in the absorbance of
[Cuz4(C12-bdc)24] in a chloroform solution as the cage was
embedded in IRMOF-74-V (pore size = 4 nm).*% In contrast, the
absorbance of the cage remained nearly constant in the
presence of IRMOF-74-IV (pore size = 3 nm), which has a slightly
smaller pore size than IRMOF-74-V, indicating that the wet
impregnation method is limited by the relative sizes of the pore
aperture of the host and the diameter of the cage molecule.
The incompatibility of large cages with small pore apertures
can be overcome by a ship-in-a-bottle strategy. Here, the host
matrix is soaked in a solution that contains the MOC precursors,
to assemble the MOC inside the pores of the host. Wang and
co-workers compared both methods by dispersing NH,-ZrT-1
[(Cp3Zr3O(OH)s3)a(NH2-tpa)s]Cls in the mesoporous MOF DUT-64
(Cp = cyclopentadienyl; NH,-tpa = 2-aminoterephthalate).?! The
cavities of the MOF (~2.8 nm) are large enough to
accommodate the assembled MOC (~2 nm) without the cage
leaching through the narrow windows of the framework (=1.4
nm). Using the ship-in-a-bottle strategy led to higher loading of
the MOC (28.2%) than found for wet impregnation (10.3%).
Although lower, the apparent loading observed by wet
impregnation was not negligible and might arise from cage
molecules physically attached to the particles and windows of
the framework. The ship-in-a-bottle strategy physically traps
the cage inside the host framework, providing a platform for
confined-space catalysts. X. Qiu and co-workers confined the
octahedral cage [Pde(TPT)4] in the mesopores of MIL-101(Fe)
(TPT = 1,3,5-Tris(4-pyridyl)-2,4,6-triazine) (Figure 4b).*2 The
authors reported an enhanced performance of the MOC@MOF
composite for the selective oxidation of benzyl alcohol to
benzaldehyde, compared to the pristine MOC (Figure 4c).

Mixed-matrix membranes

Mixed matrix membranes (MMMs) typically consist of an
organic polymer (the continuous phase) into which another
species (called a filler) is doped to improve upon the
performance of the neat membrane, for example improving the
selectivity of gas separation.” MMMs containing MOCs are
usually prepared by mixing solutions of the continuous phase
and the MOC under controlled evaporation of the solvent
medium (Figure 4d). An alternative method known as “priming”
coats particles of the MOC with the polymer before the addition
of the remainder of the polymer solution and evaporation. This
process can lead to the particles of the filler aggregating,
particularly at higher weight loadings. Therefore, many studies
of MOCs in MMMs have evaluated the performance of
membranes containing a range of weight loadings of the cage,
expressed as wt%. In early work using [Cua4(C12-bdc)24] as a filler
in Matrimid, the excellent solubility of the cage in chloroform
enabled weight loadings of as high as 80 wt% to be achieved.*3
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As the weight loading was increased from 23 wt% to 80 wt%,
the aggregation of the MOC particles worsened, and at 80 wt%
defects in the form of cracks were observed in the membrane
(Figure 4e). These defects are detrimental to selective gas
separation. Smoother composites were obtained at lower
weight loadings. At a loading of 23 wt%, the gas sorption
capacity of the MMMs was superior to both the neat
membranes and the neat MOC. From these data, it was inferred
that the molecular level dispersity of the MOCs was important

because it prevented the long alkyl chains of neighbouring
molecules from blocking access to the pores.

Due to the tendency of MOCs to aggregate in the mixing
solutions used to fabricate MMMs, their use as fillers often
focuses on lower loadings. However, the rate at which the
solvent medium is evaporated also induces defects in the
obtained MMMs. This was highlighted in work by Liu and co-
workers  with [Cu24(NH;-bdc)z4] (NHy-bde = 5-
aminoisophthalate).** They dispersed the cage in the polymer
4,4'-(hexafluoroisopropylidene)diphthalic anhydride-
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diaminomesitylene (6FDA-DAM) using DMSO as a solvent
medium. When lower temperatures and slower drying rates
were used to drive off the solvent, the result was that the MOCs
agglomerated. When higher temperatures were used, defects
were induced in the continuous phase. Finally, an optimum
temperature of 373 K was determined for the fabrication
procedure. Most notably, the best performing MMM described
in this work had a loading of just 1.6 wt% (Figure 4f).

Because the polymer phase in MMMs is flexible, it can
encapsulate MOCs in a much tighter fashion than when MOCs
are embedded in more rigid hosts. The interaction between the
MOC and the polymer is, therefore, more important, and the
external functionality of the cage is not the only determinant for
solubility. A systematic study of various MOCs embedded in the
glassy polymer poly(1-trimethylsilyl-1)propyne (PTMSP) used
viscometry to determine the interactions between the cages
and the polymer.#> The viscosity of pre-casting solutions of
PTMSP and the cages [Cuz4(Ciz2-bdc)aa], [Cuaa(*Bu-bdc)aal,
[Cuz4(DEG-bdc),4], and [Cu4(TEG-bdc),4] was measured (DEG =
diethylene glycol; TEG = triethylene glycol). MOCs with the
shorter functional groups 'Bu- and DEG- yielded pre-casting
solutions with decreased viscosity, which was attributed to
intercalation of the PTMSP polymer into the cages reducing the
interaction between the polymer backbones. This work
addressed one of the drawbacks of membranes that cages
might be able to remediate. The ageing of the polymers causes
the backbones to relax and close the pores, leading to a
decrease in their permeability, which causes a drop in their gas
separation performance. Over the course of one year, all four
systems with a weight loading of the MOC of 20 wt% showed a
less pronounced loss in the CO; permeability than that found
for the neat PTMSP membranes. However, the MOCs with
shorter chains aged more favourably than TEG-MOC and
[Cu24(C12-bdc)24]. The worst performing composite was that
containing [Cu24(C12-bdc),4], where the long alkyl chains of the
cage reduced the free volume of the freshly cast membranes
and therefore reduce the permeability by nearly 66%.

5. Cross-linked MOCs

The functionality on MOC surfaces can be used to form chemical
bonds that connect the MOCs into extended networks of cross-
linked cages. Cross-linking can be implemented at specific
points on the backbone of MOCs either through the formation
of covalent bonds on the skeleton of the cage or the formation
of coordination bonds at labile coordination sites (Figure 5). In
both strategies, the MOCs can be considered as a “porous
monomer” used to form a polymer. The structural
dimensionality of cross-linked MOC materials can be tuned by
the structural geometry of MOCs. For instance,
dimensional polymeric structure is obtained when only two
connection points are used on the surface of MOC, such ason a
lantern-type MOC connected through the external axial metal
sites. MOCs with polyhedral geometries enable the design of
two- or three-dimensional extended networks, in which the
cages feature as multiply cross-linked nodes.*® The branch
functionality (f) of the resulting network can be tuned

a one-

depending on how many covalent and/or coordination sites on
the MOC surface participate in the connection. The strategies
used to cross-link MOCs can be used to target highly ordered
materials or soft matter.

Highly ordered, cross-linked MOCs

Self-polymerisation is the simplest strategy to obtain cross-
linked ordered networks. This approach requires cages
containing both complementary coordination donor and
acceptor moieties.?8 47 J.-D. Ma, S. Ma and coworkers showed
the control over the intercage connectivity by solvent and
thermal processing of a MeOH-soluble cuboctahedral cage
[Cu24(OH-bdc)24], in which the hydroxy group can coordinate to
the axial sites of Cu, paddlewheel of neighbouring cages (OH-
bdc = 5-hydroxyisophthalate). They reported two coordination
polymers: 2D (f=4) and 3D (f = 6) assemblies.28 The change from
2D to 3D structures was achieved by the removal of
coordination solvents at the axial sites, which triggers further
the cross-link of cages between 2D structures. This increase in
the dimensionality of the network was reflected by an
enhanced CO; uptake at 195 K, from ~73 to 130 cm3/g for the
2D and 3D structures, respectively.

Cross-linking of MOCs with additional, rigid linkers provides
crystalline materials, which can be recognised as MOFs. There
are two protocols to synthesise such MOFs from discrete MOC
units. The simple method is to mix the solution of MOCs with
that of additional linkers. For instance, lantern-type MOCs of
[Cua(L)4] (H,L = 3,3’-((2-amino-5-methoxy-1,3-
phenylene)bis(ethyne-2,1-diyl)dibenzoic acid) with two copper
paddlewheel nodes arranged in an approximately collinear
fashion on either side of the MOC cavity were linked by 4,4’-
bipyridine to form linear coordination polymers, with branch
functionality f = 2.4 Strictly speaking, although this approach
cross-links the MOCs, the one-dimensional polymers
themselves are not cross-linked. The synthesis was carried out
by adding 4,4’-bipyridine to DMF solutions of the pre-formed
MOC. The rigidity of the linker presumably contributed to the
formation of a relatively well-ordered polymer, and the
structure  was determined by single-crystal  X-ray
crystallography.

Octahedral MOCs based on carbazole-type ligands and
copper paddlewheel nodes, [Cuia(cdc)iz] (cdc = 9H-carbazole-
3,6-dicarboxylate), have been used as building blocks (f = 6) in
the formation of two-fold interpenetrated MOFs through the
reaction of the cage with 4,4’-bipyridine (bpy).*® Note that the
excess addition of pyridine to DEF solutions of [Cuiz(cdc)iz]
caused the MOC to be deconstructed and form a helical one-
coordination polymer. Finally, the
cuboctahedral MOCs leads to polymers with f = 12, as
demonstrated through the use of [Cuz4(H2N-bdc)24] to build the
MOF ([Cuz4(NHz-bdc)u(bpy)s(H20)12],,).50

The example with octahedral MOC illustrates one of the
complications of the coordination bond approach with copper
paddlewheels because the MOCs can be prone to disassemble
upon variations in pH or in the presence of specific solvents. To
overcome the instability of copper paddlewheel nodes, Carné-
Sanchez, Maspoch and coworkers used a more stable rhodium

dimensional use of
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based cuboctahedral MOC as a building block.>! Instead of
directly connecting them by additional linkers, first the MOC
surface was post-synthetically  functionalised with
polycarboxylates either by introducing carboxylate functionality
on isophtalate to form [Rhz(COOH-bdc),(H.0)(DMF)]12 with a
potential branch functionality f = 24 or by anchoring isonicotinic
acid (HINA) via coordination on the rhodium paddlewheel
moieties to form [Rhy(OH-bdc),(H20)(HINA)]1> with f=12. Then,
further reacting these polycarboxylate MOCs with copper ions,
mixed metal MOFs were synthesised. The carboxylates from the
former f = 24 MOC formed trinuclear CuszO(COO)s; nodes,
leading to the formation of a MOF with rht topology. However,
due to the charge compensation, the Rh/Cu ratio was identified
to be 1:0.75, which implies only 18 carboxylate groups. Thus,
the rht topology contains charge-induced defects, reducing f to
18. The f = 12 MOCs were connected by copper paddlewheels
to form a MOF with ftw topology. In both cases, the activation
process drove them to be amorphous but with permanent
porosity originating from the stable rhodium-based MOCs. This

was reflected in their maximum N3 uptake at 77 K, 135 and 250
cm3/g for rht and ftw topologies, respectively; whereas for the
neat MOC the uptake was ~160 cm3/g.13

While these assembly processes take place in solution,
crystal-to-crystal transformations have also been used to link
MOCs. Choe and co-workers described a covalent cross-linking
that was achieved together with retention of crystalline order,
at least in the solvated phase of the materials. The Zr-based
MOC ([Cp3Zr30(OH)3]4[NH2-tpa]6[(C2H5)2NHZ]ZCIG; Cp =
cyclopentadienyl; NH,-tpa = 2-aminoterephthalate), was cross-
linked through condensation reactions of the pendant amine
groups on the MOC with ditopic acyl chloride linkers.>2 They
impregnated MOC crystals in a solution of the ditopic linkers,
with the reaction occurring in a near single crystal-to-single
crystal fashion. The crystalline order of the cross-linked MOCs
was confirmed by powder X-ray diffraction measurements,
which then showed that order was lost upon activation of the
materials. While the pores of the cage molecules were
accessible to N, at 77 K, the overall uptake of the three cross-
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linked materials was inferior (ranging from 75 to 140 cm3/g) to
that of the neat MOC (215 cm3/g). This is consistent with
reduced accessibility to the pores, but the presence of the alkyl
chains improved the CO; enthalpy of adsorption from ~26
kJ/mol for the neat MOC to a range of 32.2 to 36.3 kJ/mol for
the cross-linked MOCs.

Soft matter based on cross-linked MOCs

A straightforward approach to reduce the order of cross-linked
MOCs is to connect the cages using cross-linkers with high
degrees of freedom. For instance, Shimizu and co-workers
covalently cross-linked the MOC [Cua4(Cio-bdc)i2(Cs-bdc)iz]
through self-polymerisation at the olefinic groups (Cio-bdcH; =
5-(dec-9-en-1-yloxy)-isophthalic acid; Cs-bdcH, = 5-(octyloxy)-
isophthalic acid).53 The MOC was dissolved in the presence of
Grubb’s catalyst to drive the olefinic metathesis reaction,
yielding insoluble  cross-linked polymers. Rheology
measurements showed that higher degrees of cross-linking
caused increased strain-hardening of the materials. Both the
neat MOC and 40% cross-linked MOC were non-porous to N, at
77 K. However, the cross-linked MOC displayed improved CO,
uptake at 195 K (2.18 mmol/g) when compared to the neat MOC
(1.16 mmol/g). This increase in porosity is associated with the
intercage voids generated by the cross-linking process. An
advantage of olefin-functionalised MOCs is that they can
undergo both self-polymerisation or cross-linking with another
olefin. This is exemplified by the cuboctahedral MOC [Cu34(Cs-
bdc),4] (Ca-bdcH; = 5-(3-buten-1-yloxy)-isophthalic acid), which
can undergo self-polymerisation or copolymerisation with
styrene.>* This copolymer gave shapeable materials and
increased their chemical stability, by increasing the
hydrophobicity compared to the neat, hydrophilic MOC, and so
protected the MOC paddlewheel from decomposition in humid
conditions. Additionally, the self-polymerisation process
generated an increased extrinsic porosity proved by enhanced
CO; uptake (from 21 to 40 cm3/g) and CO,/CHjy selectivity (from
23.3to0 48.8) at 273 K.

The use of coordination bonds to incorporate flexible cross-
linkers between MOCs has proven to be a useful strategy to
form soft materials. In this case, the self-assembly strategy was
demonstrated with MOCs based on rhodium paddlewheels.
Rhodium paddlewheels are especially good for tracking self-
assembly processes as they are relatively stable in solution and
show very fine spectroscopic responses to changes in their
coordination environment.>®> The MOC [Rh4(C12-bdc)24] was
assembled into two macroscopic cross-linked forms through
reaction with the ditopic imidazole linker 1,4-bis(imidazol-1-
ylmethyl)benzene (bix): one, a gel; the other coordination
polymer particles.>® The extrinsic porosity generated by this
approach was observed in the CO; adsorption experiments for
[Rh24(C12-bdc)24] materials at 195 K, which showed an increase
from 46.01 cm3/g for the neat MOC to values between 57.53 to
70.4 cm3/g for the MOC-based supramolecular polymers. This
method was extended to the MOC [Rha4(bdc)24]%7 but this cage
required the development of an additional step to solubilise the
cage prior to polymerisation.>® The presence of the dodecoxy
chain on the MOC [Rh24(C12-bdc)24] was advantageous for the
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solubility of the cages, but was less desirable for the gas
sorption properties of the soft materials. The microporosity of
the polymers based on the MOC [Rhas(bdc)s] was more
accessible, resulting in improved gas sorption properties of the
materials. This was observed in the N; uptake at 77 K of
[Rha4(C12-bdc)24] and [Rhas(bdc)zs] supramolecular aerogels,
increasing from 8 to 38.9 moles of N, per mole of MOP,
respectively.

6. Conclusion and Outlook

In this tutorial review, we have outlined the currently dominant
strategies to synthesise MOC-based porous materials. As
molecular porous units, MOCs can be designed and modified to
present desired geometries, sizes, and surface functionalities.
Once formed, their assembly is determined by intermolecular
interactions, in which solvent, ions, organic linkers or polymeric
matrices can all play a role. Consequently, control of these
interactions allows MOCs to be processed into a wide variety of
porous materials, ranging from crystalline solids to liquids.
Many opportunities present themselves in the field of MOCs to
understand their porous functionality and use them as building
blocks for increasingly complex materials where the assembly is
controlled over different length scales (Figure 6).

While MOCs can be designed to yield discrete-MOC
assemblies with different porous properties, it remains difficult
to predict molecular packing in the as-synthesised solid state. In
this sense, the field of MOCs lacks the extensive computational
work that has been applied to porous organic cages, which
would enable targeted synthesis.5® 60 Nonetheless, there are
some approaches to computer-aided cage design and host-
guest binding predictions.®? 62 The development of structure-
property relationships in MOCs is also hindered by a lack of
structural information for solvent-exchanged polycrystalline
phases and activated phases, which is still mostly limited to use
of powder X-ray diffraction to illustrate changes in packing.53
Amorphous, cross-linked MOCs present a greater challenge for
their structural characterisation. Here, X-ray scattering
techniques including pair distribution function analysis and
small-angle X-ray scattering combined with computational
simulation should be applied to correlate synthetic conditions
and resulting structures.

The molecular nature of MOCs means that there are many
ways to increase the complexity of their assemblies, with a
simple scheme being to co-assemble at least two different
MOCs into one material. Some initial studies have shown that
this can be achieved by designing mutual coordination bonds
between two different cages;®® using ionic interactions based
on charged MOCs to form MOC-based salts;®® and mixture of
charged MOCs with other molecular species such as
polyoxometallates.®” The possibility of forming molecular salts
suggests this approach could be applied to other functional
ionic components. Additionally, complexity can be integrated
into the same cage by using a multivariate linker strategy,
where a controlled ligand diversity leads to different
photophysical properties.®® Tuning the surface functionality of
MOCs and interactions between cages in this way would be
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relevant not only to molecular assemblies but would also
directly impact their miscibility in polymers, enabling improved
MMMs (Section 4).%° We anticipate that this approach would
extend to porous liquids. Controlling the miscibility of MOCs in
liquids is key to obtaining Type 2 porous liquids (solution-type
porous liquid) with high MOC loading. Cross-linked MOCs
colloids can be also used as porous fillers to form type 3 porous
liquids (suspension-type porous liquids). Fine-tuning the
interactions between MOCs and matrices would allow for
bespoke composites containing combinations of MOCs with
high chemical complexities. For instance, the weak interactions
between MOCs lead to multiple metastable phases of packing
in the solid-state, which directly influence extrinsic porosity.
Solvent processing has been shown to switch gate-opening
behaviour on and off by causing the formation of one phase
over another. Could mechanical stress be used to trigger a
phase transition from a metastable packing phase to a more
thermodynamically stable phase?7? This could open the way to
mechanotransduction as a means of tuning the gas separation
performance in MOC-containing composites such as MMMs.
However, we envisage that the greatest opportunity to
increase the complexity of MOC-based materials is to exploit
their assembly over different length scales. Considering that
MOCs can form cross-linked, mesoscale colloidal particles,
chemical heterogeneity can be induced at longer length scales
by mixing colloids of distinct cages.”! Because the individual
colloids can be tuned in terms of MOC, intrinsic and extrinsic
pore size, degree of cross-linking, porosity, particle size, etc., a
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huge range of bespoke materials become accessible in which
multiple properties may be integrated. Apparently
contradictory properties could be integrated into the materials
such as hydrophobicity/hydrophilicity, while synergistic effects
arising from different MOCs can be anticipated, such as tandem
catalysis, selective sensing, controlled release, with similar
outcomes expected from composite materials. This allows for
the processing of MOCs into multifunctional porous
membranes or porous liquids. Increasing length scales also
provides the opportunity to investigate the effects of physically
induced asymmetry, anisotropy or gradients within the
materials, which may enable highly directional functional
properties.’2”74 We anticipate that more detailed investigations
of assembly mechanisms will enable unusual, out-of-
equilibrium phases to be accessed.
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