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Abstract: Chemistry of porous organic cages has developed in the past decade as an alternative to the well-
known nanoporous materials based on extended networks, such as metal organic frameworks (MOFs) or co-
valent organic frameworks (COFs). Unlike these extended polymeric materials, the molecular nature of organic
cages offers important advantages, such as solubility of the material in common organic solvents. However, a
simultaneous combination of porosity and additional optoelectronic properties, common in MOFs and COFs,
is still quite rare. Therefore, porous organic cages are relatively underdeveloped when compared to MOFs and
COFs. Here, we highlight the rich possibilities the porous organic cages offer and discuss the recent development
where interesting photophysical properties augment the porosity, including our own work.
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Introduction

Connecting the nanoscale voids into a network of pores in a
material leads to material nanoporosity, which is typically sup-
ported by a regular inorganic or organic framework. A large num-
ber of such pores endows nanoporous materials with large surface
areas that are available for adsorption or chemical reactions that
are crucial in a number of industrial applications. Chemists de-
veloped ingenious methods to construct porous frameworks using
reticular chemistry,lll where molecular building blocks, known as
struts, are linked via nodes leading to extended, polymeric struc-
tures. The chemical nature of the struts and nodes can be tuned
by synthesis, which opened immense possibilities and led to the
blossoming of chemistry of metal-organic frameworks?! (MOFs)
and covalent organic frameworksB! (COFs) to highlight the best-
known examples. The porous nature of MOFs and COFs can be
complemented by redox- or photochemical properties that permit
new applications of such materials that go beyond just porosity.
For example, the optoelectronic properties of individual build-
ing blocks can be utilized to create conductive thin films/ that
could be used in applications including photovoltaics, sensors,
and electronic materials. However, both MOFs and COFs repre-
sent extended polymeric structures with limited solubility, which
hampers processing these materials at low cost into large-area thin
films or membranes.
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The challenges associated with limited solubility could be
circumvented if the regular structure of the nanoporous material
was supported by a framework consisting of individual molecules
coupled in the solid state only via weak non-bonding interactions.
The ideal molecules for such a task are organic cages that possess
amolecular void and windows that allow for an exchange of mate-
rial between the cage cavity and its surroundings.! Connecting
the voids via these cage windows creates an intrinsic network of
channels leading to materials called porous organic cages (POCs).
The porosity of POCs, moreover, can be augmented by extrinsic
voids created via the packing of cage molecules in the solid-state.
A genuine interest in POCs was sparked roughly a decade ago
and their synthesis developed rapidly due to their attractive fea-
tures that combine the properties typical for organic compounds
and those inherent to materials based on extended frameworks.
Despite our ability to synthesize molecules with very complex
architectures, embedding a multivariate functionality into POCs
is still in its infancy. Here, we briefly highlight the general ad-
vantages of POCs using imine cages as an example and discuss
the recent development of POCs that incorporate porphyrins and
rylene diimides as chromophores. The photoactive POCs could, in
principle, be incorporated into processable nanoporous materials
that integrate porosity and photochemistry, a combination useful
in applications such as photocatalysis. We hope that this perspec-
tive will represent an incentive for such development involving
chemists in Switzerland.

Synthesis, Structure, and Porosity of Organic Cages

In 2009, Cooper and co-workers used dynamic covalent chem-
istryl®l (DCC, Fig. 1) to synthesize the first tetrahedral POCs 1.17]
DCC relies on reversible covalent bond formation that involves
rapid error correction to create the thermodynamically most sta-
ble product. This approach circumvents the challenges of long
multi-step synthesis that relies on kinetically controlled reactions,
which often lead to side-products in each synthetic step and to
low overall yields. Suitable choice of reaction partners in DCC,

Department of Chemistry, University of Basel, St. Johanns-Ring 19, CH-4056 Basel, Switzerland



286

CHIMIA 2021, 75, No. 4

LaureaTtes: JuNior Prizes oF THE SCS FaLL MeeTing 2020

in particular their geometry, can then provide complex struc-
tures in good yields and purity in a single synthetic step. For
example, POCs 1 were obtained by reacting tritopic benzene-
1,3,5-tricarbaldehyde and ditopic amines in a [4 + 6]imine con-
densation process (Fig. 1). After the successful synthesis, the
obtained crystalline material contains solvent molecules in its
pores. Therefore, the solvent molecules must be first removed
to vacate them. Desolvation of 1 provided porous samples with
Brunauer-Emmett-Teller (BET) surface areas (SA,.,) of up to
624 m? per 1 g of the material. The steric bulk in the used amines
affected the pore structure and the packing in the crystal. For
instance, cage la made from the small 1,2-ethylenediamine
and crystallized from ethyl acetate displayed window-to-arene
stacks blocking the intercage window—window connectivity,
which made 1a a non-porous material, although the cage itself
has an intrinsic void. Cage 1b with an extra methyl group in the
amine linker packs less efficiently, reducing the crystallographic
density. As a result, one-dimensional pores exist between indi-
vidual cages providing the extrinsic porosity of the material. Yet,
the inner voids remain isolated. Unlike in 1a and 1b made from
sterically unhindered amines, 1c¢ is formed from bulky trans-1,2-
cyclohexanediamine that forces 1c¢ to pack in a window-to-win-
dow manner creating a diamondoid three-dimensional system
of channels (Fig. 1). However, all cages 1 were able to adsorb
gases such as N, H,, CH,, or CO, with different selectivity after
desolvation, and exhibited type I sorption isotherms, although
1a showed diminished uptake of N, at 77K (SA,.. = 24 m*> g').
This suggests that the internal voids can be accessed by the guest
molecules at higher temperature even in the absence of a perma-
nent pore structure. In addition, gas uptake selectivity promises
that POCs could be used to separate different gases. POC 1a
could be recrystallized from a mixture of dichloromethane and
o-xylene to obtain a permanently porous polymorph that showed
SA,.. =550 m* g”', which is comparable to those determined for

1b and 1c (Fig. 1).

Synthesis of imine POCs 1 via DCC
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Fig. 1. Structure and synthesis (top) of imine POCs 1 via dynamic cova-
lent chemistry and the single crystal X-ray (XRD) structure of 1¢ showing
the individual cage structure (bottom, left) and its window-to-window
packing (bottom, right). Brunauer-Emmett-Teller surface area (in m? g-)
measured for adsorption of N, at 77 K is given. Hydrogen atoms in the
crystal structures are omitted for clarity.

Besides adsorption of gases, POCs 1 can be used to separate
aromatic feedstock molecules that are difficult and costly to sep-
arate by distillation due to similar boiling points. For example,
triangular mesitylene has a similar molecular volume as its con-
stitutional isomer, linear 4-ethyltoluene. However, the shape and
not the size of the aromatic guest molecule together with the cage
flexibility are decisive factors controlling their separation.8! Low
flexibility of cage 1c¢ limits the rate of the guest exchange between
the cage inner void and its surrounding. For instance, when 1c
with physisorbed CO, was dissolved in mesitylene, CO, in the
cage was not replaced by the solvent molecules unlike in 4-eth-
yltoluene, where the CO, was released immediately. Similarly,
dissolving a crystal of 1¢ crystallized with mesitylene in the cav-
ity of 1¢ in CDCI, allowed to observe a slow release (7,, = 2.5
days) of mesitylene from the void in 1¢ by NMR spectroscopy.
4-Ethyltoluene, however, escaped in an instant upon dissolution.
The observed kinetic differences translate into a different diffus-
ibility through crystalline 1¢ for mesitylene and 4-ethyltoluene.
These principles also apply in gas or liquid chromatographic
methods where POCs were used as a stationary phase.l] For ex-
ample, chiral 1c was utilized to separate krypton, xenon, and ra-
don at concentrations of only a few parts per million from air,%!
or to separate racemates by gas chromatography.[>-dl

This seminal series of works highlights the rich possibilities
of POCs, such as: a) synthesis using DCC, b) the processability of
POC:s as organic molecules due to their solubility, the possibility
to ¢) obtain single crystalline material and to d) alter the porosity
either by crystal structure engineering or by accessing different
polymorphs, and the ability to e) adsorb various gases with dif-
ferent selectivity and to f) efficiently separate aromatic feedstock
molecules.

Beyond the Porosity of Porous Organic Cages

The sufficient condition for the exciting applications that we
very briefly discussed above was the presence of a permanent or
a dynamic channel in the material to allow for the mass trans-
port. However, applications such as sensing or catalysis go be-
yond porosity. In MOFs or COFs, porosity helps chemical species
to access specific sites where sensing or catalysis take place.[10]
However, an extra functionality in POCs is required to enable
these processes. POCs that are both porous and possess useful
optoelectronic properties are rare. Below, we discuss the few
examples of POCs synthesized by DCC that incorporate useful
chromophores. In some cases, integration of these chromophores
into POCs has already delivered the first examples of POC het-
erogeneous photocatalysts.

Porphyrin Chromophores

One of the best-known chromophores with excellent light-
harvesting properties is porphyrin.l'!l To explore the effect of
multiple porphyrin units in an organic cage, Kim and co-work-
ers synthesized cages 2 (Fig. 2) called, according to their shape,
porphyrin boxes. The structure of a porphyrin box relies on the
fourfold rotational symmetry of the porphyrin unit. Therefore, tet-
ratopic porphyrin tetracarbaldehyde and a tritopic amine provided
the large porphyrin boxes in a [6 + 8] dynamic imine condensation
process (Fig. 2). The diameter of the internal cavity in the larger
2a is nearly 2 nm and the cage has twelve accessible windows.[12]
The structures of both porphyrin boxes 2 did not collapse upon
desolvation. Gas sorption isotherms showed high surface areas
SA,.. = 1370 m* g™ and SA = 935 m* g' for the larger 2a and
smaller 2b, respectively. While the larger 2a exhibited a moder-
ate CO, uptake and selectivity over N,, the smaller 2b showed a
superb performance with CO,/N, uptake selectivity >200. This is
in accord with previous literature reports(!3l that smaller chan-
nels and the presence of amino substituents enhance the sorption
of CO, because it has a smaller kinetic diameter than N, CO, or
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Fig. 2. (top) Single crystal X-ray
structures of porous organic
cages with porphyrin units and
(bottom) photocatalytic reac-
tions with porphyrin POCs as
heterogeneous photocatalysts.
The aldehydes and amines used
in the synthesis of porphyrin
POCs are shown. 2Porphyrins
are different porphyrin deriva-
tives — cages 2 (5,10,15,20-tetra-
4-formylphenylporphyrin), cage 3
(5,10,15,20-tetra-4-aminophenyl-
porphyrin), cage 4 (5,15-di-4'-for-
mylbiphenylporphyrin). Hydrogen
atoms and alkyl chains (Rs) in the
crystal structures are omitted for
clarity.
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.- These results clearly demonstrate that porphyrin boxes are
highly porous and could be appealing for applications to sepa-
rate CO, from industrial sources such as flue gas.

Kim’s group envisaged that charge-transfer interactions be-
tween porphyrin and a suitable electron acceptor, such as fuller-
ene, could lead to a hierarchical porphyrin—fullerene superstruc-
ture. Indeed, co-crystallization of fullerenes with a porphyrin
box created supramolecular fullerene tetramers concocted with
the porphyrin boxes, assemblies that are not possible to achieve
with a monomeric porphyrin.['4 Due to the unique three-dimen-
sional spatial arrangement, long-lived charge-separated (CS)
states were formed by irradiation of the assembly and led to a
high measured photocurrent. Formation of long-lived CS states
in such donor—acceptor architectures could be utilized in pho-
toredox catalysis or in artificial photosynthesis. Recently, Kim
and co-workers reported!3] a one-pot synthesis of a [12 + 24]
porphyrin organic cage 3 (Fig. 2), in which twelve porphyrin
units and twenty-four rigid 5-alkoxy-2-hydroxyisophthalalde-
hyde linkers assemble into one of the largest purely organic
cages synthesized so far. The size of 3 is ~5.3 nm and the in-
ner cavity diameter ~4.3 nm. Photoredox activity of POC 3 was
tested. It showed much faster photocatalytic oxidation of dihy-
droxynaphthalene (DHN, Fig. 2) derivatives than a monomeric
reference compound or a smaller porphyrin box 2. Compound
3 displayed even better performance when the size of the DHN
derivatives increased. This observation can be ascribed to the
larger pore size in 3 that allows DHNs to diffuse in the pores,
while the larger derivatives get blocked progressively with their
size in porphyrin POCs with narrower channels.

Another tubular [3 + 6]metal-free porphyrin organic cage 4
(Fig. 2) was recently investigated by Jiang and co-workers.[!°]
It shows a type I N, sorption isotherm with SA_ =112 m* g".
The authors attributed the lower fluorescence quantum yield
and shorter excited state lifetime of the cage when compared
to the monomeric reference to an increased rate of intersystem
crossing. However, the triplet quantum yields could not be de-
termined. Nevertheless, the triplet lifetime could be obtained by
transient absorption spectroscopy and the data showed that the
triplet state lifetime in 4 is longer (102 us) relative to the mono-
mer porphyrin (54 us). Consequently, the cage exhibited a high

NH,

o]
R
R

OH O

cage 4

formation of reactive oxygen species (ROS) when compared to
a monomeric porphyrin. It was, therefore, expected that ROS
produced by the cage may play a key role in the photooxida-
tion reactions. Indeed, complete photooxidation of benzylamine
(>99%) into N-benzylidenebenzylamine (Fig. 2) with the por-
phyrin cage as a heterogeneous catalyst was observed within
an hour of irradiation. Longer irradiation times were necessary
for other tested monomeric porphyrin photocatalysts. Control
experiments revealed that 'O, and not O,* was responsible for
the observed photooxidation. The photooxidation performance
was retained after five cycles, which demonstrates that the POC
photocatalyst can be recycled. Despite only a few recent reports
in the literature, results of porphyrin POCs as photocatalysts are
encouraging and suggest that they exhibit a great potential as
supramolecular heterogeneous electro- or photocatalysts.

Rylene Diimide Chromophores

Instead of electron-rich porphyrins, we turned our atten-
tion to electron-deficient rylene diimides. Rylene diimides are
well-known as (photo)chemically stable chromophores and as
great electron acceptors.!'7! Properties of rylene diimides, such
as strong absorption/emission or favorable redox potentials in
naphthalene diimide (NDI) or perylenediimide (PDI), can be
easily modified by synthesis, which enabled these compounds
to find a broad range of applications.[!7l Such tunability could
endow organic cages that would incorporate rylene diimide units
with a range of optoelectronic properties.

Therefore, we have explored the possibility to integrate them
into organic cages.[!8] The design and synthesis of the chiral
rylene cages 5 is shown in Scheme 1 and involves a [3 + 2]
condensation of a chiral rylene diamine with benzene-1,3,5-tri-
carbaldehyde. The rylene diimine cages 5 can be formed in high
chemical yields and we developed an HPLC protocol to achieve
samples of very high purity necessary for photochemical experi-
ments (see below). The formation of the cages is highly stereo-
selective because only homochiral cages are observed when
their synthesis starts with a racemic mixture of the diamines.
This is in accord with DFT calculations that show that the ener-
gies of heterochiral cages incorporating both enantiomers of the
diamines are very high.
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Scheme 1. The synthesis of POCs incorporating rylene diimides 5a—c.

We determined the crystal structures of S by single crystal
X-ray diffraction analysis (Fig. 3). We discovered that the packing
of the cages can be controlled by the nature of the crystallization
solvent or by co-crystallization of cages with different chirality.
When the cages are crystallized from electron-rich toluene, sol-
vent molecules in the cage void create donor—acceptor pairs with
individual rylene diimide units and are highly ordered. Thus, tolu-
ene fills the inner void of the cage and prevents the rylene diimide
units from edge-to-face packing that requires partial penetration
of a rylene diimide unit into the void of a neighboring cage.
However, electron-poor nitrobenzene, a solvent with a similar size
as toluene, allows the edge-to-face packing creating herringbone
patterns transforming the crystal structure to a higher symmetry.
Consequently, internal voids of the cages are interconnected and
form two types of one-dimensional channels in the crystal (Fig.
3). In addition, PDI cage 5S¢ benefits from additional PDI-PDI
interactions because it has a higher aspect ratio than 5a or 5b. As a
result, new hexagonal extrinsic voids open in the crystal structure.
Nitrobenzene has, however, a high boiling point and we could
not successfully desolvate the crystals. Crystallization of the cag-
es from THE, a low-boiling solvent that is also not expected to
show any specific solvent-rylene diimide interactions, provided
samples that, upon activation by dynamic vacuum or with super-
critical CO,, showed permanent porosity and type I adsorption
isotherm for 5a (SA .. = 522 m* g''). Cage 5b with three built-in
pyromellitic diimides (PMDIs), on the other hand, showed ini-
tially a negligible uptake of N, at 77K. However, as the partial
pressure of N, increased, a fast uptake of N, suddenly occurred.
We observed a non-closed desorption isotherm, which points to
a gate-opening phenomenon related to kinetic gas trapping in Sb.
Thus, at low pressures, the empty channels in the activated mate-
rial are blocked and a sudden structural rearrangement opening
the voids takes place by increasing the external pressure. Such
behavior is generally observed for flexible porous cages or soft
porous crystals.[!%1 POCs § showed a very promising selectivity
and capacity of CO, uptake compared to N,. Note that no specific
nitrogen functionality is present in the structures of 5 but it can be
easily installed by modifying either the rylene unit or the bridge.

Rylene diimides are useful chromophores,[!71 which motivated
us to explore the photochemical behavior of Sal!82.20l and Scl!8b]
in solution. For example, NDI is a very powerful oxidant in its
excited state with a rapid intersystem crossing,/2!! while PDI with
a lower excited state energy is, on the other hand, a well-known
fluorophore with high fluorescence quantum yield. In cage Sa,
an oxidation of the trisimine bridge by the excited NDI unit takes
place creating singlet and triplet charge-separated (CS) states
(Fig. 4, left). Thus, the electron transfer follows the rapid equili-
bration of the NDI singlet and triplet excited states known to the
NDI chromophore.[212] The singlet 'CS state decays rapidly back
to the ground state, while the triplet *CS state displays a lifetime
longer than nanoseconds. Solvent polarity controls the yield of
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Fig. 3. (left) POCs incorporating rylene diimides, (middle) the sideview
and (right) the topview of their solid-state superstructure determined by
single crystal XRD. Hydrogen atoms and nitrobenzene solvent molecules
are omitted for clarity. Figure adapted from ref. [18b].

the *CS state in 5a and it is markedly higher than what is found
for analogous NDI monomers in the same solvents.[20] We dis-
covered that excitation of S¢ in CH,CI, or benzonitrile leads to
an efficient delayed fluorescence (Fig. 4, right) that we investi-
gated by time-correlated single-photon counting and fluorescence
quantum yields measurements. The delayed fluorescence does not
originate from a reversible formation of an intracage PDI-PDI
excimer in Sc¢ because the absorption and emission spectra of Sc
and a reference PDI monomer are nearly identical in all studied
solvents. We observed identical behavior at different concentra-
tions, which ruled out an involvement of any bimolecular pro-
cesses. Finally, transient absorption spectroscopy showed that the
delayed fluorescence is a consequence of a reversible intracage
charge-separation event. Here, one PDI unit in Sc is reduced,
while a second is oxidized. The formation of such CS state is
feasible according to our electrochemical data, although our ki-
netic analysis revealed that the process must be considerably less
exergonic than the PDI redox potentials and excited state energy
indicate. The excited state dynamics in both cages thus suggest
that the excited states in rylene diimide cages likely experience
a different solvation than single rylene diimide chromophores.
We assume that the aromatic surface of a rylene diimide exposed
to the cage interior experiences a reduced adjustment of the sol-
vent reaction field on the timescale of the observed photoexcited
processes. This can be a consequence of a restricted rotation of
the solvent guests in the cage cavities. Additional experiments
and molecular simulations are necessary to support or disprove
such an hypothesis. Nevertheless, our results demonstrate that CS
states with sufficiently long lifetimes can be achieved in cages
5, which shall be tested in photoredox catalytic processes. Such
work is in progress in our laboratory.
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Conclusion

We presented the synthesis of porous organic cages via dy-
namic covalent chemistry and the impact the structures of indi-
vidual cages may have on their porosity. We discussed the selec-
tivity of porous organic cages to adsorb different gases and their
ability to separate aromatic feedstock molecules, which highlights
the great potential of porous organic cages with a variety of pos-
sible architectures in applications that require mass transport. In
addition, we reviewed the recent development of porous organic
cages that integrate an additional functionality, namely, photoac-
tive molecules and we showed that these can lead to interesting
photophysical properties and new applications, such as photoca-
talysis.
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