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ABSTRACT

Studies on periodic porosity and related properties and functions have been limited to insoluble solid-state

materials. Self-assembly provides a straightforward and efficient strategy for the construction of soluble

periodic porous supramolecular organic frameworks (SOFs) in water from rationally designed molecular
building blocks. From rigid tri- and tetra-armed building blocks and cucurbitu[8]ril (CB[8]), a number of
two-dimensional (2D) honeycomb, square and rhombic SOFs can be generated, which is driven by
CB[8]-encapsulation-enhanced dimerization of two aromatic units on the periphery of the multi-armed

molecules. By utilizing the same three-component host—guest motif as the driving force, three-dimensional
(3D) diamondoid and cubic SOFs can be obtained from tetrahedral and [Ru(bipy); ]**-derived octahedral
monomers and CB[8]. All of the 2D and 3D periodic frameworks are soluble in water, and are able to

maintain the periodicity as well as the pore sizes in the solid state. 3D SOFs are highly efficient
homogeneous polycationic frameworks for reversible adsorption of anionic species including organic dyes,
peptides, nucleic acids, drugs, dendrimers and Wells-Dawson-typed polyoxametallates (WD-POM:s).
WD-POM molecules adsorbed in the [Ru(bipy);]*"-based SOF can catalyse the reduction of proton to H,
upon visible-light sensitization of [Ru(bipy); ]*", which allows multiple electron transfer from

[Ru(bipy);]*" to WD-POM. This review summarizes the design, formation and characterization of this
new family of self-assembled frameworks, highlights their applications as homogeneous porous materials

and finally outlines some future research directions.
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INTRODUCTION

Porous structures are important in many research
fields of chemical science, such as molecular recog-
nition, sensing, transport, separation and catalysis.
Zeolite has been studied for more than 100 years,
and still remains an active research target for both
fundamental and practical purposes. In nature,
protein channels for transmembrane transport of
ions and molecules are the basis for metabolism in
life. Molecular porosity is structurally very diverse.
The simplest form of porosity is a unimolecular
macrocycle which can produce a cavity. Macro-
cycles and molecules with related topologies play
central roles in molecular recognition because they
can realize high selectivity and stability through
multivalency and cooperativity. Pioneering work
on the molecular-recognition properties of crown

ethers, cryptands and spherands were carried out by
Pedersen, Lehn and Cram, respectively, who
had been awarded Nobel Prize in Chemistry
in 1987 [1-3].

The cavity of a simple macrocycle can be ex-
panded in different ways. In a minimal three-
dimensional (3D) space, it can grow into a cage
as a single molecule prepared by step-by-step ap-
proaches or one-pot synthesis using the strategy
of dynamic covalent chemistry [4-7], which may
be dynamically open or closed to the outside envi-
ronment for guest encapsulation and exchange. A
cage can also be obtained through the self-assembly
of two or more molecular components driven by
discrete non-covalent forces [8,9]. Both kinds of
cage systems may be regarded as a family of zero
dimensional (0D) materials that have found wide
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applications, such as in molecular recognition, re-
action promotion and catalysis, and entrapment of
reactive intermediates and radioactive isotopes. In
particular, studies on self-assembled cages or cap-
sules have become a very active area of supramolec-
ular chemistry as a result of addressing challenges
in creating unprecedented structural complexity for
exploitation of new physical and chemical phenom-
ena [10-12]. An aligned macrocyclic cavity in an
one-dimensional (1D) space can produce a tubular
structure. One prominent kind of example is carbon
nanotubes, which, over the years, have been vigor-
ously investigated for nearly all subfields of materials
sciences. However, self-assembly has been demon-
strated to provide the most useful approach to build
diverse 1D tubular structures. One early example in-
volves the face-to-face aggregation of cyclic peptides
in the 1D direction in membranes, which is driven by
intermolecular hydrogen bonding and hydrophobic-
ity [13,14]. Recently, more rigid aromatic urea and
phenylethynyl macrocycles have also found appli-
cations for generating stable supramolecular hollow
tubes that can be used as microreactors [15,16]. Hol-
low tubular structures can also be formed by hold-
ing linear molecules into bundles through zipper-
styled molecular binding [17] and helical polymers
can form single-polymer tubes [18,19].

When a macrocycle ‘grows’ repeatedly within
a plane, two-dimensional (2D) networks can be
formed. Currently, two major kinds of covalently
bonded 2D networks have been synthetically avail-
able: covalent organic frameworks (COFs) [20-22]
and 2D polymers [23-25], although the boundary
between the two systems remains vaguely defined
[26]. 2D COFs are regularly porous polymers gen-
erated from preorganized rigid planar monomers
through the formation of dynamic covalent bonds
such as imine, hydrazone or borate bonds. However,
its rigidity and insolubility categorize it as a separate
family of porous solid-state materials. For many
years, 2D polymers with internal pores had been ‘just
a dream of synthetic chemists’ due to the synthetic
challenge [27]. Photo-induced polymerization of
monomers in crystals, followed by exfoliation of
monolayers, afforded the first example of 2D poly-
mers. Later, direct formation of soluble monolayer
2D polymers with predictable pore size has also
been reported using different synthetic approaches
[23]. However, the function of such structurally
amazing polymers remains to be addressed. Stack-
ing of 2D COFs or polymers can give rise to 3D
structures. Actually, as there have been only limited
success in exfoliating 2D COFs into monolayers, all
reported 2D COFs, as well as the above-mentioned
photo-initiated polymerized crystals, may be treated
as ‘supramolecular’ 3D architectures considering
the non-covalent nature between the stacked 2D

layers. There are many reports that describe the
so-called 3D polymers [28] or supramolecular
networks [29]. Covalently and non-covalently
bonded networks formed by flexible molecules
or macromolecules may expand to accommodate
discrete guests, but typically they exist in a collapsed
form and lack regularity. When rigid conjugated
units are used as the backbone, the resulting poly-
mers may spontaneously form permanent pores
of varying sizes or be perforated by using various
chemical or physical methods. 3D COFs and
organic porous polymers [30] represent a body of
more ordered conjugated polymers with defined
pores.

Similarly to COFs, the metal-organic frameworks
(MOFs), formed by coordination of preorganized
multi-armed ligands (linkers) to metal ions, are an-
other well-known class of porous solid-state materi-
als [31-33]. As a subclass of coordination polymers
[34], typically MOFs have a higher regularity than
COFs, but both materials feature porosity. As MOFs
possess a higher diversity of backbones and a large
number of metal nodes, they can exhibit more abun-
dant functions or applications.

Although, in the past two decades, both MOFs
and COFs have been among the hot topics of porous
framework materials, chemists had started exploring
the construction of porous molecular crystals dat-
ing back to the 1990s [35] and, since then, inves-
tigations of guest encapsulation by molecular cages
have been continually flourishing [ 10-12]. More re-
cently, it was established that molecular crystals can
also give rise to porous channels capable of guest ex-
change [36]. Within this category, several examples
of hydrogen bonded organic frameworks (HOFs)
have been reported, which are able to selectively sep-
arate one gas from another [37]. Interests in the
studies of porous materials mainly come from the
fact that they possess large surfaces. For conven-
tional zeolites, a large surface is probably the most
important feature for their wide application in in-
dustrial catalysis. MOFs and COFs are more regu-
lar porous architectures with large surfaces and con-
sequently sizes. The organic ligand components of
MOFs also allow the incorporation of additional
functional groups as well as post-modifications. Ac-
tually, in recent years, studies on the functions of
MOFs have expanded to nearly all aspects of ma-
terials science [38]. Nevertheless, all the above-
mentioned porous architectures display their poros-
ity in the solid state and, in a book published in 1998,
‘porous materials’ has been defined as ‘solids con-
taining pores’ [39].

Tremendous advances in solid-state porous
materials nurtured the possibility of construct-
ing extended, well-defined porous systems from
molecular building blocks in solution. As covalently
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bonded and metal-coordination-driven regular
porous structures are all found to exist only in solids,
self-assembly logically provides another ‘soft’ route
for addressing this challenge. Since 2013, a variety
of 2D and 3D well-defined self-assembled porous
systems of this family, termed supramolecular or-
ganic frameworks (SOFs), have been constructed in
water [40]. In most cases, cucurbitu[8]ril (CB[8])-
promoted, hydrophobically driven dimerization
of aromatic units has been used as the driving
force. In several other examples, conjugated radical
cation dimerization, donor—acceptor interaction
and electrostatic attraction can also drive the frame-
work formation. Conceptually, SOFs represent
a special kind of supramolecular polymers that
possess substantially increased structural regularity,
which allows enhanced capacity of encapsulation.
Although the library of SOFs is still relatively
small and in need of expansion, more examples of
SOFs have begun to emerge to bring about unique
functions. This review summarizes advances in
the construction of the new structures and their
functions.

SUPRAMOLECULAR POLYMERS
AND GELS

Since the first report of supramolecular polymers
that are generated from linear monomers driven
by non-covalent forces [41,42], this family of soft
matter has received increasing attention [43,44].
The reversibility of non-covalent forces endows
supramolecular polymers with many more promi-
nent characters, including increased processability
and stimuli-responsiveness, better recycling and self-
healing capability, which are all potentially useful
for the design of advanced smart materials [45-49].
Following the approaches for the preparation of co-
valent polymers, various monomers have been de-
signed for generating supramolecular polymers with
main-chain, (co)block and cross-linked backbones
[43,44]. Given the flexibility of the backbones,
at high enough concentrations, all supramolecular
polymers are expected to generate 3D networks. The
networks may be strong enough to suppress the flow
of solvent molecules to give rise to discrete organo-
or hydrogels [ 50-52]. Many supramolecular hydro-
gels can also entrap drugs and thus have been widely
studied as drug-delivery carriers [53,54]. As for the
characterization of these supramolecular networks,
typically, different electron microscopic techniques
are applied to investigate their morphologies after
being dried [55,56]. In most cases, fibers or fibrous
networks are observed, but neither of them reflects
the fine structures of the solvent-contained networks
in the gels. In principle, more regular or defined net-

works may favor enhanced and/or more selective
encapsulation of guests. For many years, this possi-
bility had not been explored systematically.

SELF-ASSEMBLY FROM FLEXIBLE
MULTI-ARMED BUILDING BLOCKS

Star polymers represent a large class of branched
macromolecular architectures with linear ‘arms’ ra-
diating from a central branching core to pro-
duce higher-order 3D architectures [$7]. From
the point of self-assembly, star-shaped multi-armed
monomers may undergo intermolecular binding to
form similar supramolecular polymers [58,59]. To
improve the regularity of the supramolecular net-
works, two straightforward approaches can be pro-
posed: shortening the length of the branched arms
and/or increasing the rigidity of the arms. It can be
expected that preorganized multi-armed monomers
should exhibit considerable multivalency [60,61],
leading to increased stability and ordering of the cor-
responding supramolecular networks. One early in-
spiring example reported by Richert and co-workers
involved the self-assembly of compounds la-1c
(Fig. 1), whose rigid core bears four or six G-C nu-
cleic acid chains, respectively [62]. The short G-C
chain alone could not dimerize in highly competi-
tive water, but it was found that the G-C chains of
la-1¢ all underwent strong intermolecular dimeriza-
tion in dilute aqueous solution (10 tM) through the
hydrogen bonding of G-C base pairs. The solution of
la and 1b turned into turbidity at 10 and 25°C, indi-
cating the formation of large particles. Remarkably,
I¢ started precipitating at 95°C and the precipitate
did not fully re-dissolve upon reheating at 95°C, dis-
playing the highest multivalence.
Hydrophobicity-driven encapsulation of cu-
curbitu[8]ril (CB[8]) for aromatic dimers is
the most useful binding motif for the formation
of supramolecular networks from multi-armed
building blocks [63-65]. In this category, Zhang
and co-workers demonstrated that the appended
naphthalene (NP) units of tri- and four-armed
compounds 2 and 3 (Fig. 1) underwent intermolec-
ular dimerization that was remarkably enhanced
through the encapsulation by CB[8] [66,67]. Both
mixtures produced stable supramolecular polymers
in water and, for 3, the supramolecular polymeric
structures inhibited the aggregation of its porphyrin
unit, leading to enhancement of its efficiency in
generating 'O,. The backbone of compound 3
is quite rigid. Thus, the supramolecular polymer
formed by 3 and CB[8] should possess well-defined
pores, even though this character was not explored.
Due to the existence of the methylene units, the
appended NP units of 2 and 3 have the freedom
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Figure 1. The structures of compounds 1-7.

to rotate. Therefore, neither molecules stacks se-
lectively in the 1D or 2D space. Fully rigid conju-
gated molecules tend to stack in the 1D space, which
maximizes the face-to-face contact of two molecules
and incurs cooperativity between different stacking
units. For example, Iyoda and co-workers reported
that, when the peripheral tetrathiafulvalene (TTF)
units of planar 4a-c (Fig. 1) were oxidized to TTF® *
in dichloromethane and acetonitrile (2:1 v/v), the
molecules aggregated in the 1D space to give rise to
long fibrils [68]. The driving force mainly came from
the face-to-face stacking of the TIF® T units [69].
We prepared tetrahedral compounds Sa-d (Fig. 1),
which bear four TI'F units connected with different
linkers [70,71]. The TTF units in all four compounds
can be readily oxidized by Fe(ClO,); to TIE"*,
In organic solvents, such as dichloromethane and
chloroform, and water (for 5b), their TTF®" units
underwent strong intermolecular stacking to gener-
ate 3D supramolecular polymers. Notably, the back-
bones of 5¢ and 5d were more rigid than these of
5a and 5b, but their TTF®™" dimerization in chlo-
roform was weaker, implying that intermolecular

TR =l
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TIF™t stacking of the two more rigid molecules
might produce tension due to conformational tor-
sion. We further prepared tetrahedral 6 and reduced
its four bipyridinium (BIPY) units to radical cation
BIPY®™" in water with sodium dithionate [72]. The
BIPY™" units also stacked strongly in water to pro-
duce supramolecular polymers that should be struc-
turally similar to those formed by Sa-d. Trabolsi
and co-workers prepared phosphazene derivative 7,
which contains six BIPY units, and reduced them
to BIPY®" [73]. It was found that these BIPY®™"
units exclusively underwent intramolecular stacking.
Clearly, for ‘crowded’ molecules bearing multiple
binding arms, rational design of rigid backbones as
well as linkers is necessary for selective intermolecu-
lar binding.

The self-assembly of compounds 1-6 into dif-
ferent supramolecular polymeric networks effec-
tively demonstrates the efficiency of multi-armed
monomers in generating multivalency and cooper-
ativity, which can remarkably enhance inherently
weak intermolecular bindings. The possibility of gen-
erating regular pores by supramolecular polymers
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Figure 2. The structures of compounds 8-15.

formed by Sa-d and 6 in solution has been investi-
gated. No evidence was found to support the for-
mation of regular frameworks by all these systems.
These results suggest that, for the generation of reg-
ular networks, despite the high stability incurred
from supramolecular polymerization, the motion of
molecular building blocks, such as backbone vibra-
tion and group swinging and rotation, has to be
suppressed considerably. Our and other groups’ re-
search showed that, for the formation of 2D regular
pores, the 1D stacking of planar building blocks also
has to be inhibited.

2D SOFs

The formation of SOFs is mainly based on two im-
portant concepts: preorganization and multivalence,
both of which are expected to enable stable bind-
ing and ordering of the resulting supramolecular
architectures. The first homogeneous 2D SOF was
reported in 2013 [74]. For the formation of periodic
pores in the 2D space, we prepared compound 8,
which has a fully rigid triangular backbone (Fig. 2).
The three cationic N-phenyl-4,4'-bipyridinium
(PBP) units and the three hydrophilic side chains
provided good solubility in water. The three glycol
chains also forced the three neighboring benzene
rings to twist nearly perpendicularly from the

®

N
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X ° X
®
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5 xmx

O.O.o 13: X =
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central benzene ring, which efficiently suppressed
any face-to-face stacking. 'H NMR and dynamic
light-scattering (DLS) experiments in water sup-
ported that 8 and CB[8] (2:3) formed stable
supramolecular entities. DLS experiments gave an
average hydrodynamic diameter (Dy) of 69 nm
at [8] = 2.1 mM. The value increased to about
200 nm at [8] = 5.2 mM. Upon evaporation of
the solvent, the mixture could turn into a hydrogel.
Solution-phase small-angle X-ray scattering (SAXS)
experiments in water revealed a scattering peak with
a d-spacing of 3.6 nm, which was consistent with the
pore diameter (3.7 nm) calculated for a honeycomb
supramolecular framework (SOF) formed from 8
and CB([8] through the encapsulation of the PBP
dimer by CB[8] (Fig. 3). Powder X-ray diffraction
(PXRD) experiments for the solid sample revealed
abroad (100) peak with a d-spacing of 3.7 nm, while
synchrotron X-ray scattering profile of the solid
sample showed a scattering peak with a d-spacing
of 3.8 nm, supporting that the periodicity of this
SOF was maintained in the solid state. Atom force
microscopy (AFM) imaging showed planar aggre-
gates of large sizes with a height around 1.72 nm,
which matched the diameter of CB[8] (1.75 nm),
supporting the monolayer nature of the 2D
framework.

Trimethylation of 8 with iodomethane afforded,
after ion exchange, highly water-soluble 9 in
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Figure 3. Modeled structures of (left) 2D honeycomb SOF formed by triangular molecule 8 and CBI[8], reprinted with permission from [74]. Copyright
2014 American Chemical Society; (middle) 3D diamondoid SOF formed by tetrahedral 16 and CB[8]; and (right) 3D cubic metal ion-cored SOF formed by
octahedral 17 and CB[8].

quantitative yield [75]. After the BIPY*" units of 9
were reduced with sodium dithionate to BIPY® ™,
the molecule could also form 2D SOF through
the intermolecular dimerization of the BIPY®*
units [69]. CB[8] further stabilized the SOF by
encapsulating the (BIPY® *), units.

Zhao and co-workers prepared triphenylamine
(TPA) derivatives 10a-c [76,77]. It was revealed
that the 2:3 mixtures of 10a and 10b with CB[8]
can form highly thermally stable hydrogels by form-
ing monolayer 2D supramolecular polymers, which
did not undergo phase change even at 175°C in a
sealed tube. Although TPA has a cone-shaped con-
formation, the SAXS profile of the hydrogels still
exhibited two scattering peaks corresponding to d-
spacings of 3.6 nm (100) and 1.8 nm (200), sup-
porting the periodicity of the 2D honeycomb struc-
tures. The 2:3 mixture of 10c and CB[8] also formed
similar 2D SOF in water [77]. Zhao and co-workers
further prepared tetraphenylethene (TPE) deriva-
tive 11 (Fig. 3) and found that its 1:2 mixture with
CB[8] in water formed a 2D SOF with unique paral-
lelogram pores [78].

Feng and co-workers reported that CB[8]
encapsulation-enhanced donor-acceptor interac-
tion between the electron-rich NP units of 12 and
the electron-deficient BIPY units of 13 could drive
the three components to form another 2D SOF in
water [79]. This framework has been transferred to
surface as monolayers with a thickness of 1.8 nm,
homogeneously covering areas up to 0.25 cm?. The
film was also found to be free-standing over holes
of 10 um?. This CB[8] encapsulation-enhanced
donor-acceptor interaction has also been utilized
for constructing other 2D SOFs. For example,
Zhao and co-authors prepared NP-derived linear
monomers 14a and 14b and porphyrin-based
square monomer 15 [80]. The intermolecular
NP/BIPY>" donor-acceptor interaction alone was
very weak, but was remarkably enhanced by CB[8].

Solution-phase SAXS profiling in water revealed a
broad, but clear, scattering peak for both mixtures,
corresponding to the d-spacing centered at 5.5 and
7.7 nm, even though both 14a and 14b contain a
flexible linker. We found that 2D honeycomb SOFs
were formed from the mixture solutions of 14b and
14c with 9, as was confirmed by solution-phase
SAXS experiments from which a spacing of 7.7 nm
was revealed for both systems [81].

3D SOFs

The success of utilizing CB[8]-encapsulation-
enhanced aromatic dimerization as the driving
force for constructing 2D SOFs prompted us to
prepare tetrahedral molecule 16 [82] and octahe-
dral [Ru(BPY);]** 17 (Fig. 4) [83]. A study on
model molecule 4-(4-methoxyphenyl)-N-methyl-
pyridinium revealed that its dimerization in water
was substantially promoted by CB[8] through
encapsulation. This three-component host—guest
motif has been used for constructinga 2D SOF [77].
The methylene units endowed the backbone with
certain flexibility, because a fully rigid backbone
lacking this methylene unit was found to interact
with CB[8] too strongly such that they formed
insoluble solids.

As expected, the 1:2 mixture of 16 and CB[8]
in water did form 3D diamondoid SOF. At [16]
= 1.5 mM, DLS showed that the SOF had a
Dy of 91 nm, which increased to 100 nm at
[16] = 2 mM. The solution was found to turn
into hydrogel upon evaporation of water. This 3D
SOF adopted a diamondoid topology. Simulation
of such a network (Fig. 3, middle) revealed peri-
odic porous aperture of 2.1 nm, as defined by the
six CB[8] units in one self-assembled macrocycle
that adopts a cyclohexane-like chair conformation.
SAXS experiments in water revealed a broad peak,
corresponding to a d-spacing of around 5.1 nm,
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Figure 4. The structures of compounds 16 and 17.

which matched with the calculated {100} spacing
(4.9 nm) of the modeled network. Synchrotron ra-
diation X-ray scattering reproduced this scattering
peak but as a much stronger one, together with an-
other peak assignable to the {200} spacing (2.5 nm).
Synchrotron X-ray diffraction (XRD) profiling of
the same solution exhibited peaks around 1.7 and
1.0 nm, which matched with the expected {220}
spacing (1.7 nm) and {422} spacing (1.0 nm).
The aqueous solution of this 3D SOF could turn
into a hydrogel after slow evaporation, which would
slowly solidify to afford microcrystals upon further
evaporation. The XRD profile of the microcrys-
tals exhibited three peaks at 5.0, 1.7 and 1.0 nm,
which matched the {100}, {220} and {422} spac-
ings, respectively, while the synchrotron SAXS pro-
file displayed a much stronger peak centered at
4.9 nm, consistently with the {100} spacing. 2D
synchrotron X-ray scattering could reveal two peaks
(2.5 and 1.7 nm), matching the {200} and {220}
spacings, respectively. High-resolution transmission
electron microscopy (TEM) imaging could resolve
the periodic porosity with 1.7 nm spacing, more di-
rectly pointing to the {220} face. All these observa-
tions supported that the 3D SOF maintained its pe-
riodicity in the solid state.

To construct cubic SOF, preorganized octahe-
dral building blocks have to be designed. We chose
to use the stable [Ru(bpy);]*" complex as the core
to prepare such monomers. To increase the rigidity
of the molecule, we used amide as the linker to intro-
duce six N-methyl-4-phenylpyridinium units. The
resulting octacationic complex 17 exhibited modest
solubility in water. Its 1:3 mixture with CB[8] gave
rise to the first supramolecular metal-organic frame-
work (SMOF) in water. Synchrotron SAXS profile
at [17] = 3.0 mM exhibited a strong peak related to
the d-spacing around 3.1 nm, which matched with
the {100} spacing (3.0 nm) of the modeled net-
work. This peak could be observed even at a low
concentration of 0.6 mM (17). The synchrotron

XRD profile of the same solution displayed two
peaks at around 3.0 nm and 2.1 nm, which can be
assigned to the spacing of the {100} and {110}
(2.1 nm) faces. Upon evaporation, the solution of
SMOF slowly solidified and finally formed micro-
crystals. The XRD profile of the microcrystals exhib-
ited three peaks at 3.0, 2.1 and 1.7 nm, matching the
{100}, {110} and {111} (1.7 nm) spacings of the
modeled 3D framework. The SAXS profile displayed
a sharp peak at 3.0 nm relating to the {100} spac-
ing. These results supported that the periodicity of
SMOF could also be maintained in solid. On the ba-
sis of the modeled structure, the void volume of cu-
bic SMOF was estimated to be 80% and the pore
aperture, defined by the four CB[8] units in one self-
assembled macrocycle adopting a square-like con-
formation, was calculated to be about 1.5 nm.

FUNCTIONS OF 2D AND 3D SOFs

The exploration of the functions of homogeneous
SOFs is still at the early stage. Nevertheless, a num-
ber of SOFs already exhibit unique properties and
functions. For example, Zhao and co-workers found
that the formation of SOFs remarkably reduced the
motion of molecular building blocks and the rota-
tion and vibration of subunits. For 2D SOF formed
by 10c and CB[8], the fluorescence of 10c in the
framework was enhanced by 35 times compared to
that of 10c [76]. The low emissive property of 10c
was attributed to intramolecular charge transfer be-
tween the electron-rich TPA unit and the connected
electron-deficient pyridinium unit. This process was
blocked by the encapsulation of the pyridinium unit
by CB[8] and hence restored the emission of TPA.
This 2D SOF was also revealed to be an efficient fluo-
rescent chemosensor for the detection of picric acid
with high selectivity and sensitivity, which was at-
tributed to the donor-acceptor interaction between
TPA and picricacid. Tetracationic 11 alone was non-
emissive in water. Upon formation of 2D SOF with
CB[8], 11 exhibited strong fluorescence, which has
been attributed to CB[8]-encapsulation-induced in-
hibition of the rotation of the TPE core—a mech-
anism for aggregation-induced emission that is ob-
served in a large number of TPE derivatives [84].
2D SOFs formed by CB[8], 9 and 14b or 14c¢
have a flexible framework. As monolayer cationic
supramolecular polyelectrolytes, these two SOFs
were found to exhibit modest antimicrobial activ-
ity against methicillin-resistant Staphylococcus aureus
(MRSA) in a dose-dependent manner [81], while
the individual components at the identical concen-
tration did not show any detectable activity. The ac-
tivity exhibited by the two SOFs has been tentatively
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Figure 5. The structure of dye-1-6, drug-1-3, peptide-1-4, sDNA-1-4, DNA-1,2 and PAMAM-1-3.

attributed to their increased cation concentration in
the 2D space on the surface of MRSA.

The capacity of 3D diamondoid and cubic
SOFs for the adsorption of nitrogen was found
to be very weak, which may be attributed to the
polycationic nature of these frameworks. The
void volume of the above diamondoid 3D SOF
formed by 16 and CB[8] was estimated to be 77%
[82]. As a 3D supramolecular polyelectrolyte with
regular porosity, this SOF exhibited extremely
strong capacity of adsorbing anionic organic guests,
including dye 1-6, drug 1-3, peptide 1-4, SDNA-
1-4, DNA-1,2 and dendrimer 1-3 (Fig. 5), which
can be rationalized on the basis of ‘hard and soft
acids and bases’ theory. Adsorption of the anionic
guests, as soft bases, led to the formation of soft
acid (pyridinium)-soft base ion pairs and hard acid
(Na™)-hard base (Br™) ion pairs. Figure 6 shows the
concentration-dependent fluorescence quenching
of the 4-(N-methylpyridyl)anisole unit by the three
drugs in water. As the fluorescence of control was
not affected by excessive amounts of the drugs, the
efficient fluorescence quenching reveals that, even
at very low concentrations, the adsorption of the
framework for anionic drugs is still of high efficiency,
implying the potential application of the 3D SOF as
homogeneous drug carriers. Diamondoid 3D SOF
microcrystals formed after slow evaporation of the
solvent were found to be extremely stable and insol-
uble in water even at 100°C. Thus, the microcrystals
(1.0 mg) were found to be able to extract the an-
ionic guests, with [anion] = [cation], from solution.
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0.75
c
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Q
N
©
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Figure 6. Fluorescence quenching of the 4-(N-

methylpyridyl)anisole unit (0.02 mM) of diamondoid
3D SOF at 450 nm in water by drug-1-3. [anion] represents
the total concentration of the anionic unit of the guests.

After 60 hours, extraction reached equilibrium
except for DNA-2 and the extracting percentage
of eight guests exceeded 75%, and was nearly
quantitative for dye-5 and dye-6. When the
guest-loaded microcrystals were immersed in a
MeCO,H/MeCO,Na buffer (pH = 4.9) on a
shaking orbital shaker, most of the guests could be
released to solution after 60 hours.

In water, the 3D cubic SMOF could accom-
modate bulky functional anionic species, such as
redox-active Wells—Dawson-type polyoxoanions
[P,W 1306, 1°~ (WD-POM) [83], which has a width
of about 1.1 nm. Remarkably, this encapsulation
occurred in a one-cage-one-POM manner, which
meant that every Ru(bpy);*T or encapsulated

220z 1snBny 9| uo Jasn sonsnp Jo uswyedad "S'N Aq £02Z20€/9Z/S/y/8191./1su/woo dnooiwapeoe//:sdiy woll papeojumod



WD-POM cluster was mutually surrounded by
eight counterparts at the vertices of a cubic cage.
SAXS and XRD experiments supported that POM-
loaded SMOF maintained its periodicity in both
solution and the solid state. The one-cage-one-POM
encapsulation pattern is ideal for photo-initiated
electron transfer from excited Ru(bpy);*™ to
redox-active WD-POM [85]. Thus, visible-light
(500-nm)-initiated sensitization of [Ru(bpy);]*"
for the catalytic reduction of proton into hydrogen
gas by WD-POM was studied in acidic aqueous
solution (pH = 1.8) using methanol as the sacri-
ficial electron donor. It was found that, at [Ru?*]
= 0.3 mM and [POM] = 0.002 mM, the turnover
number (TON), defined as n(0.5H,)/nPOM, for
H, production reached 392, which corresponded to
a H, evolving rate, i.e. turnover frequency (TOF),
of 3553 pmol/g/h (based on POM). This level of
H, production is about four times higher than that
of a heterogeneous WD-POM@|[Ru(bpy);]*"-
MOF system containing the identical amounts of
WD-POM and [Ru(bpy);]** units [85]. The high
efficiency of the WD-POM@SMOF system has
been attributed to its unique one-cage-one-POM
arrangement and homogeneity, which allowed
quick diffusion and close contact of hydronium and
methanol molecules, and facilitated the electron
transfer from excited [Ru(bpy);]*" to WD-POM.
Heterogeneous H, production was also realized
using WD-POM@SMOF  microcrystals (molar
ratio: 1:15) as catalysts in acetonitrile and DMF
(3:7), in which the microcrystals were insoluble.
With methanol and triethanolamine as the sacrificial
electron donors, TON reached 48 and 1820 after
irradiation for 14 hours. The latter value is about
five times higher than that of the heterogeneous
WD-POM@[Ru(bpy)]3>T-MOF hybrid [85].

CONCLUSION AND OUTLOOK

Generally, we may consider homogeneous periodic
2D and 3D SOFs as a family of soft porous mate-
rials that can exist in both solution and the solid
state. The self-assembly conditions for the forma-
tion of these new organic porous materials are ex-
tremely mild—just dissolve the components of the
required ratio in water! Such assembly has been only
demonstrated in water but should not be limited to
just water and could be extended to other solvents.
This is in sharp contrast to the harsh solvothermal,
mainly hydrothermal, conditions for the generation
of MOFs and COFs. 2D SOFs are more structurally
diverse and have been revealed to exhibit interest-
ing functions in tuning the fluorescence of conju-
gated segments and antimicrobial activity, while the

functions of 3D SOFs are closely related to their
porosity to adsorb anionic guests with a remarkably
high efficiency. The 3D SMOF represents the first
example of soluble MOFs that are generated through
non-covalent force, which allows the investigation
of MOF-like functions in a homogeneous way. As a
family of homogeneous water-soluble porous archi-
tectures, SOFs may also be expected to find applica-
tions as biomedical materials in the future.

The adsorption of anionic organic guests into the
internal of 3D SOFs opens the door for exploiting
new functions. For example, the adsorption of di-
amondoid SOFs for drugs may be utilized for cre-
ating new delivery systems with controlled release
profiles. The one-cage-one-guest encapsulation pat-
tern of cubic SOFs may be applied for construct-
ing new 3D light-harvesting systems. The cages of
3D diamondoid and cubic SOFs are large enough
to accommodate two or more molecules and thus
may also be used to impose control on the selectiv-
ity of multi-component reactions, particularly those
through dynamic covalent chemistry. We envision
that all these possibilities could be addressed by
modifications of the monomers and expansion of the
pores of the framework.
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