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Abstract

Frameworks utilizing cucurbit[n]uril-based chemistry build on the rapid developments in
the fields of metal-organic frameworks (MOFs), covalent-organic frameworks (COFs) and
supramolecular organic frameworks (SOFs), and as porous materials have found broad
applications in heterogeneous catalysis, adsorption and ion exchange as well as other fields.
Cucurbit[n]urils (Q[n]s) are suitable as the basic building blocks used for the construction of
new Q[n]-based frameworks due to their special structural characteristics including the positive
electrostatic potential of the outer surface, the negative portal carbonyl groups and the near
neutral potential of the cavity. Herein, summaries of cucurbit[n]uril-based supramolecular
frameworks assembled through outer surface interactions and cucurbit[n]uril/metal ion
complex-based frameworks are discussed, and this is followed by a review of Q[n]-based
frameworks assembled using the structural characteristics associated with the cavity of Q[n]s,
i.e. host—guest inclusion chemistry. These assembled Q[n]-based frameworks can be catalogued
as 1) simple host—guest inclusion complexes, 2) host—guest inclusion supramolecular polymers,
3) host—guest exclusion complexes or polymers and 4) coordination products of the host—guest

inclusion complexes with metal ions. The design and construction of Q[n]-based frameworks
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via host—guest inclusion chemistry will undoubtedly enrich this new research direction in Q[n]

chemistry, and will lead to multiple new applications.
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1. Introduction

Supramolecular frameworks are found in many fields, including zeolites,[*"! coordination
networks,®° metal-organic frameworks (MOFs)[**"l and coordination polymers;*8-221 organic
frameworks, including covalent-organic frameworks (COFs)i232¢1 and porous organic

polymers,[2”-3 as well as some supramolecular polymers.?-371In general, metal ions interact



with ligands to form simple complexes rather than MOF type systems, however, some of these
simple complexes can be further assembled via supramolecular interactions to form
supramolecular coordination frameworks. 4% On the other hand, different organic molecules
interact with each other via supramolecular interactions, such as interlocked and host—guest
interactions, to form supramolecular organic frameworks (SOFs). [32-3441.42]

To construct these inorganic, organic or supramolecular frameworks, it is important to select
the appropriate building blocks, which can be used to construct various frameworks with
periodicity and porous characteristics via coordination, covalent and supramolecular
interactions. These frameworks present different functions and have been applied in areas such
as adsorption, absorption, release, delivery, identification, sensing and catalysis. [43-5]

For two decades, our group has been exploring cucurbit[n]urils (Q[n]s), a kind of
macrocyclic compound formed by n glycolurils linked through 2n methylene units.>"] Based
on an in-depth understanding of the three structural characteristics of Q[n]s, namely, the neutral
cavity, the negative electrostatic potential carbonyl portals and the positive electrostatic
potential of the outer surface, as well as an increased understanding of these interactions in
QI[n]-based host-guest chemistry,58-¢1 Q[n]-based coordination chemistry!®6-¢°l and Q[n]-based
outer surface interaction chemistry (please refer to the calculation results of electrostatic
potential on the surface of the representative Q[6] in the middle column of Figure 1),[7%7
respectively, we believe that Q[n]s are ideal as basic building blocks for the construction of
Q[n]-based frameworks. Firstly, Q[n]s possesses a rigid structure, which can easily form
periodic multi-channel frameworks. Secondly, there are various kinds of Q[n]s, including Q[n]s
of different sizes (Q[4]-Q[15]),[>™! different (alkyl)-substituted Q[n]s(®-*2l and various Q[n]-
analogues.[®>¢1 These different kinds of Q[n]s can be constructed to form various Q[n]-based
frameworks. Thirdly, the three intrinsic structural properties of Q[n]s described above, /%71
allow Q[n]s to be used to construct a variety of Q[n]-based frameworks. These include various

Q[n]-based supramolecular frameworks (QSFs) formed by virtue of the electrostatic
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interactions of the outer surface of Q[n]s or the outer surface interactions of Q[n]s (OSIQ,
Figurela-1d),["®™ and various Q[n]-based coordination frameworks by virtue of the
interactions formed between the negative electrostatic potential of the carbonyl oxygen atoms
of Q[n]s and various metal cations and positively charged species.[%6-%! In addition, various
Q[n]-based SOFs are formed by virtue of the Q[n] cavity and inclusion of various guest
molecules, i.e. Q[n]-based host-guest inclusion.®®65 We have recently comprehensively
summarized Q[n]-based supramolecular frameworks driven by OSIQI®™1 Q[n]-based
coordination frameworks driven by the coordination of Q[n]s to metal ions,®"! and the
interaction of Q[n]s with guest molecules, respectively. Thus, we have summarized the Q[n]-
based frameworks related to two of the three structural characteristics of Q[n]s: the positive
electrostatic potential of the outer surface and the negative electrostatic potential of two-

carbonyl portals.
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Figure 1. (middle column) The structures of Q[n]s and electrostatic potential map (ESP)
obtained for a representative Q[6]. The ESP is mapped on the electron density isosurfaces
(0.001 e/au3) of the cucurbit[n]urils at the B3LYP/6-311G (d, p) level of theory using
GaussianQ9 software. The representative (a) self-induced OSIQs; (b) anion-induced OSIQs; (c)
aromatic-induced OSIQs; (d) 7w stacking and C—H--xt interactions.
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Since 2013, Li et al. have reported a number of novel two-dimensional (2D) and three-
dimensional (3D) water soluble supramolecular frameworks based on the interaction of Q[8]
with special guest molecules.[®®1%1 The driving force is derived from host-guest inclusion,
typically supramolecular interactions, and so these Q[n]-based frameworks are classed as
supramolecular organic frameworks (SOFs). Initially, we thought that these Q[n]-based SOFs
were restricted to Q[8] and a number of very special guest molecules, and that the scope of this
area may be relatively narrow, despite the elegant structures adopted and novel properties.
Therefore, we intended to incorporate these findings into our summary of the Q[n]-based
supramolecular frameworks driven by OSIQ. However, when we started to summarize the
relevant literature, we were somewhat surprised to find that reports describing Q[n]-based
supramolecular frameworks driven by host—guest interactions were comparable in number to
those driven by OSIQ or coordination chemistry. As a consequence, summarizing Q[n]-based
frameworks driven by Q[n]-based host—guest interactions is a meaningful exercise that will
inform and impact upon other areas.

It should be noted that, as with the other two types of Q[n]-base frameworks, the formation
of these frameworks can often be accompanied by other auxiliary driving forces, namely the

OSIQs and coordination interactions. Therefore, we will discuss such systems with this in mind.

2. Q[n]-based supramolecular organic frameworks constructed through host-guest
inclusion complexes

As mentioned above, research on Q[n]s can be divided into Q[n]-based host-guest
chemistry,[®-5 Q[n]-based coordination chemistry,%6-%%1 and Q[n]-based outer surface
interaction chemistryl’®" according to the three structural characteristics of Q[n]s, that is, the
neutral electrostatic potential cavity, the negative electrostatic potential two carbonyl portals
and the positive electrostatic potential outer surface, respectively. However, the investigation

of Q[n]-based frameworks has closely linked these three seemingly independent characteristics.
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Previous reviews have summarized work on Q[n]-based frameworks driven by the OSIQI"* and
those constructed by Q[n]-M™-based complexes,®” respectively. Herein, we will focus on
studies on Q[n]-based frameworks, which are primarily driven by host-guest inclusion
chemistry and are supplemented by other forms of interactions, such as the OSIQs, coordination
and other supramolecular interactions.

Among the three structural characteristics of Q[n]s, host—guest inclusion chemistry related
to the cavity has generated the most interest and has become a central theme of Q[n]-chemistry
[58-651 For Q[n]-based frameworks driven by host-guest inclusion, not only are host—guest
inclusion or exclusion complexes required, but also such complexes must further assemble into
frameworks. According to the type of host—guest complexes used, the construction of Q[n]-
based frameworks can be catalogued as follows: (1) simple host—guest inclusion complexes; (2)
host—guest inclusion supramolecular polymers; (3) host—guest exclusion complexes or
polymers and (4) coordination products of the host—guest inclusion complexes with metal ions.
According to the Q[n]’s cavity size, the smallest cucurbituril, namely Q[5], can only bind the
guest at the portals of the Q[5] forming so-called exclusion compounds; Q[6] can encapsulate
an aliphatic chain in the cavity; the larger cavity of Q[7] or Q[8] can bind bulkier groups other
than simple aliphatic chains, such as phenyl, naphthyl and larger aromatic rings, thus allowing

for the formation of host-guest inclusion complexes!’ (Table 1).

Table 1. Structural Parameters for uncomplexed Q[5] - Q[8] and Q[n] host-guest inclusion and

exclusion complexes.["®]

Qln] Q[5] Q6] Q[7] Q8]

A @— alA 24 3.9 5.4 6.9

fe——>

b@ A 44 5.8 7.3 8.8

S oA 134 14.4 16.0 175

hA 29 2.9 2.9 2.9

cavity volume V/ A3 82 164 279 479
guest@Q[n] | I 11, 11, VI




host- guest
R = phenyl,
inclusion or
The type of guest - R=phenyl. | naphthyl; or larger
exclusion
moieties.
compounds

R = aromatic ring c - Q
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2.1. Q[n]-based supramolecular organic frameworks constructed by simple host-guest
inclusion complexes

In 2010, we investigated the host—guest interactions of a symmetrical a,a’,6,8’-tetramethyl-
cucurbit[6]uril (TMeQI[6]) with the hydrochloride salts of three isomers: N,N’-bis(4-
pyridylmethyl)-1,6-hexanediamine (C6N4), N,N’-bis(3-pyridyl-methyl)-1,6-hexanediamine
(C6N3), and N,N’-bis(2-pyridylmethyl)-1,6-hexanediamine (C6N2) (Figure 2a). The
experimental results revealed that the cavity of the TMeQ[6] preferred to include the hexyl
moiety of C6N4 or C6N3 and form equilibrium pseudorotaxane shaped inclusion complexes
C6N4@TMeQ[6] and C6N3@TMeQI[6], as shown in Figure 2b and c), while the two
pyridylmethyl moieties of C6N2 form an equilibrium dumbbell shaped inclusion complex
C6N2@TMeQ[6], as shown in Figure 2d.[2%1 When reviewing the crystal structures assembled
by these three TMeQ[6]-based host-guest inclusion complexes, it was interesting to find that
they all had frameworks with different channels and holes (Figures 2h-j). Considering that all
the components are organic, these frameworks can be classified as SOFs. How did the
TMeQ[6]-based host—guest inclusion complexes construct these SOFs? What are the driving
forces that result in the formation of such SOFs? Figures 2e-g show the detailed interactions

for the C6N4@TMeQ[6], CEN3@TMeQ[6] and C6N2@TMeQ[6] inclusion complexes in the



three frameworks, respectively. For C6N4@TMeQ[6], the protruding pyridyl moieties of the
C6N4@TMeQ[6] inclusion complex interact with the protruding pyridyl moieties of adjacent
C6N4@TMeQJ6] inclusion complexes via 7w stacking. Moreover, typical OSIQs or dipole
interactions can be observed between two adjacent TMeQ[6] molecules. These include
electrostatic negative potential portal carbonyl oxygens of a TMeQ[6] molecule interacting with
the electrostatic positive potential outer surface of adjacent TMeQ[6] molecules. Other
interactions involve the portal carbonyl oxygen atoms of the TMeQ[6] molecule and methine
units, bridged methylene units, and the portal carbonyl carbon atoms of adjacent TMeQ[6]
molecules. In order to distinguish from the other type of OSIQs, the dipole interaction occurring
in the adjacent Q[n] molecules was defined as a self-induced OSIQ. Figure 1a shows the
representative self-induced OSIQs that exist between the adjacent Q[n] molecules, which

basically involve dipole interactions.
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Figure 2. The structures of (a) C6N4, C6N3 and C6N2; (b-d) the inclusion complexes of
C6N4A@TMeQ[6], CEN3@TMeQ[6] and C6N2@TMeQ[6]; (e-g) detailed supramolecular
interactions formed among the neighboring inclusion complexes of CE6N4@TMeQ[6],
C6N3@TMeQ[6] and C6N2@TMeQI6], respectively; (h-j) frameworks constructed by the
inclusion complexes of C6N4A@TMeQ[6], CEN3@TMeQ[6] and C6N2@TMeQI6],
respectively.

For C6N3@TMeQI6], the protruding pyridyl moieties of the C6N3@TMeQ[6] inclusion
complex interact with the outer surface of adjacent TMeQ[6] molecules via 7 interactions
formed between the pyridyl moieties with portal carbonyl units. There are also C-H-x
interactions formed between the pyridyl moieties with the waist methine, bridged methylene
and substituted methyl units, which are defined as aromatic-induced OSIQ first proposed by

Chen and coworkers in 20041 (Figure 2f). Figure 1c shows the representative aromatic-
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induced OSIQs that exist between the aromatic moiety and the outer surface of the adjacent
Q[n] molecules. Besides aromatic-induced OSIQs, self-induced OSIQs exist among the
adjacent TMeQ[6] molecules in this SOF (Figure 2f).

For C6N2@TMeQ[6], the two pyridyl moieties of a C6N2 are included by two TMeQ[6]
molecules, respectively, resulting in the formation of a dumbbell-like inclusion complex
(Figure 2d). In the framework constructed by the dumbbell-like inclusion complexes, the self-
induced OSIQ can be observed between any two adjacent TMeQ[6] molecules. Also present
are dipole interactions formed between the portal carbonyl oxygen atoms of the TMeQ[6]
molecule and the substituted methyl, bridged methylene and portal carbonyl carbon atoms of
adjacent TMeQ[6] molecules. It should be noted that generally, there are a large number of
water and protoned water molecules in Q[n]-based supramolecular frameworks, which interact
with the portal carbonyl oxygen atoms via hydrogen bonding and can form a hydrogen bonded
network. This can act as an auxiliary interaction during the formation of these Q[n]-based
frameworks and supramolecular assemblies.

We have described three TMeQ[6]-based inclusion complexes prepared using three isomers
(C6N4, C6N3 and C6N2) and their cooresponding SOFs constructed from the
C6N4A@TMeQ[6], CEN3@TMeQ[6] and C6N2@TMeQ[6], respectively. Moreover, we have
introduced two kinds of OSIQ, abbreviated as self-induced and aromatic-induced OSIQs, which
are derived from adjacent Q[n] molecules and aromatic moieties, respectively. We will use this
terminology to describe the examples that follow.

In 2012, Ramamurthy et al. utilized a cucurbit[8]Juril (Q[8]) template effect to
stereoselectively synthesize an organic olefin photodimer.[***l The symmetry of the butadiene
monomers influences the relative arrangement of the monomers in the Q[8]-based host-guest
inclusion complexes leading to the observed product selectivity. However, on analysis of the
crystal structure of the inclusion complex of Q[8] and a butadiene monomer, 4Bpbd-2HCI

(Figures 3a, b), it is evident that a chain made up of the 4Bpbd-2HCl@Q[8] complexes via 71
11



stacking between the two pyridyl moieties of two adjacent 4Bpbd-2HCI guest molecules is
present (Figure 3c). Also, hydrogen bonding interactions form between the protonated pyridyl
nitrogen and portal carbonyl oxygen atoms. A SOF was formed and furthermore, a 3D SOF
was constructed from the one-dimensional (1D) supramolecular chains (Figure 3d). What
driving forces made the 4Bpbd-2HCl@Q[8]-based supramolecular chains pile up? One can see
each supramolecular chain is surrounded by four identical supramolecular chains (Figure 3d).
In order to understand the interaction or the driving forces between the central supramolecular
chain and the four surrounding supramolecular chains, we more closely investigated these
interactions (Figure 3e). Close inspection revealed that the interaction between the central Q[8]
molecule and the four surrounding Q[8] molecules belongs to self-induced OSIQ. This includes
dipole interactions formed between the portal carbonyl oxygen atoms of the Q[8] molecule and
the bridged methylene units and portal carbonyl carbon atoms of the adjacent Q[8] molecules,

respectively.
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Figure 3. The structures of the (a) 4Bpbd-2HCI guest molecule and (b) inclusion complexes of
4Bpbd-2HCIl@Q] 8]; (c) detailed supramolecular interactions formed in the 4Bpbd-2HClI@Q| 8]
-based 1D supramolecular chain; (d) 3D SOF constructed by the 4Bpbd-2HCl@Q[8]-based 1D
supramolecular chains; (e) detailed self-induced OSIQ formed between the central chain and
four surrounding chains.
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In 2012, we investigated the host-guest interaction of cucurbit[n]urils (n=7 and 8; Q[7] and
Q[8]) and TMeQ[6] with the hydrochloride salts of 2,4-diaminoazobenzene (g-HCI, Figure 4a),
respectively, both in solution and in the solid state.[**? The *H NMR spectra and single crystal
X-ray structures of the inclusion complexes (g-HCl@Q[n]) showed that the phenyl moiety of
the guest molecule had inserted into the host cavity. Moreover, the crystal structures of
g'HCl@TMeQ[6] and g-HCI@Q[8] (Figures 4b,e) showed framework characteristics. Figure
4d shows the g-HCl@TMeQ[6]-based 3D SOF, in which -7t stacking is evident between two
protruding 2,4-diaminoazo moieties of adjacent g-HC1@TMeQ[6] inclusion complexes and the
hydrogen bonding between the amine units on the diaminoazo moieties and portal carbonyl
oxygen atoms of adjacent TMeQ[6]. These supramolecular interactions could be the driving
forces resulting in the formation of the gZHCI@TMeQ][6] inclusion complex pair. Self-induced
OSIQ is likely the main driving force resulting in the g HCl@TMeQ[6]-based 3D SOF (Figure
4d). The system includes dipole interactions between portal carbonyl oxygen atoms of the
TMeQ[6] molecule and the methine units, bridged methylene units, portal carbonyl carbon
atoms of adjacent TMeQ[6] molecules, respectively (Figure 4c right). Analysis of the SOF
constructed using the g-HCl@Q[8]-based inclusion complex (Figure 4e) reveals it is similar to
the 4Bpbd-2HCl@Q[8]-based framework shown in Figure 3. For example, the gsHCl@Q][8]-
based 3D SOF has numerous g'HCI@Q[8]-based 1D supramolecular chains and each chain is
made up of the gHCl@Q[8] complexes via C-H:-'x stacking between the two protruding 2,4-
diaminoazo moicties from the two adjacent g'HCI@Q[8] complexes. Moreover, there are
hydrogen bonds formed between the amine unit on the diaminoazo moiety and the portal
carbonyl oxygen atoms of an adjacent Q[8] molecule. Self-induced OSIQ, as shown in Figure
4q, is the main driving force resulting in the formation of the g-HCl@Q[8]-based 3D SOF

(Figure 4h).
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Figure 4. The structure of (a) the g-HCI guest molecule and (b) inclusion complexes of
g'HCl@TMeQ[6]; (c) supramolecular interactions formed in the 3D SOF; (d) 3D SOF
constructed by the g-HCl@TMeQ[6] inclusion complexes; (e) inclusion complexes of
g HCl@QI[8]; (f) supramolecular interactions formed in the g-HCl@Q[8]-based 1D
supramolecular chain; (g) self-induced OSIQ formed between the central chain and four
surrounding chains; (h) g-HCl@Q[8]-based 3D SOF.

In 2013, Stoddart et al. demonstrated the homophilic and heterophilic binding nature of the
N,N’-dimethyl-2,9-diazapero-pyrenium dication (MP?*, Figure 5a) within Q[8].1*% They
obtained solid state (MP?"),@Q[8] inclusion complexes grown from an aqueous solution of
equimolar amounts of MP-2Cl and Q[8] (MP?*, Figure 5b). Single crystal structure analysis
revealed that the 2D SOF constructed by empty Q[8] molecules co-crystallized with the 1:2
(MP#),@QI8] inclusion complexes (Figure 5c). Close inspection revealed the detailed

interactions formed among the species in the 2D SOFs included 1) n-m stacking formed
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between the two protruding pyridyl moieties of adjacent (MP?"),@QI[8] inclusion complexes
resulting in the formation of (MP?"),@Q[8]-based 1D supramolecular chains (Figure 5d) and
2) self-induced OSIQs between the empty Q[8] molecules and (MP?"),@Q[8] inclusion
complexes (Figure 5e). Each empty Q[8] interacts with four adjacent (MP?").@Q[8] inclusion
complexes and two adjacent empty Q[8] molecules, and thus the 2D SOF can be viewed as
(MP?),@Q[8]-based supramolecular chains linked by empty Q[8]-based supramolecular
chains (Figure 5c). The (MP?*).@Q[8]-Q[8]-based 2D SOFs further stack into a 3D SOF
(Figures 5g) via an anion-induced OSIQ formed between the CI™ anions and ClIO4™ anions, and

the electrostatics of the outer surface of the Q[8]s in the 2D SOFs (Figure 5f).
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(a) Mp2*

Figure 5. The structures of (a) the MP?* guest molecule and (b) MP#*@Q[8] inclusion complex;
(c) mm stacking interactions formed between the two protruding pyridyl moieties of the
adjacent (MP?"),@Q[8] inclusion complexes; (d) self-induced OSIQs formed between the
empty Q[8] molecules and (MP?*),@QI[8] inclusion complexes in the 2D SOF; (e) 2D SOF
constructed by the empty Q[8] molecules and (MP?*),@QI[8] inclusion complexes; (f) anion-
induced OSIQ; (g) 3D SOF stacked by the 2D SOFs.

In 2013, Su et al. attempted to prepared Q[6]-based self-catenated metal-organic rotaxane
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frameworks in-situ using the trans/cis-configuration (1:1) of rotaxanes by taking advantage of
a transition metal ion directed synthesis.['*4l However, we found that the two Q[6]/guest
pseudorotaxane-based precursors, which were used to synthesize the metal-organic rotaxane
frameworks, could also be used to construct SOFs. Figures 6a and b show the structures of the
two guest molecules (C6CN4 and C6CA4) and Figures 6¢ and d show the structures of the two
Q[6]-based pseudorotaxane-based inclusion complexes (C6CN4@Q[6] and C6CA4@Q[6]),
respectively. Figure 6e shows the 2D SOF constructed by the C6CN4@Q[6] inclusion
complexes. The adjacent C6CN4@QI[6] inclusion complexes are arranged perpendicular to
each other and create numerous grid holes; the 2D SOFs are stacked into a 3D SOF, in which
the Q[6] molecules in adjacent 2D SOFs (shown in orange) cover the grid holes in the 2D SOF
(shown in pink, Figure 6i). Figure 6] shows the 3D SOF constructed by the C6CA4@Q[6]
inclusion complexes. The 3D SOF can be made by stacking the C6CA4@Q[6]-based
monolayer assemblies, as shown in Figure 6f, and the adjacent layers can overlap upon rotating
by 94.549°. Each C6CA4@Q[6]-based monolayer assembly is constructed by numerous
parallel C6CA4@Q[6]-based 1D supramolecular chains. How are the two 3D SOFs constructed?
The key interactions in the two 3D SOFs are highlighted in Figures 6g and h; the interactions
basically belong to the OSIQ type. For the C6N4@Q[6]-based SOF, the key interactions include
1) m interactions formed between the C=N moieties of the included C6CN4 guest molecule and
the adjacent portal C=0 moieties of the Q[6] molecules. 2) The C—H--w interactions formed
between the protruding aromatic ring and adjacent methylene units, categorized as aromatic-
induced OSIQ and 3) dipole interactions formed between the portal carbonyl oxygen atoms of
a Q[6] molecule with the electrostatic portal carbonyl carbon atoms and methylene units of the
adjacent Q[6] molecules, categorized as self-induced OSIQ (Figure 6g). For the C6CA4@Q|[6]-
based SOF, the key interactions are more complicated and include 1) a & interaction formed
between the carboxyl C=0 moieties of the included C6CA4 guest molecule and the protruding

aromatic ring of the adjacent C6CA4@Q[6] and 2) C—H--'x interactions formed between the
16



protruding aromatic ring and the C—H units of an adjacent C6CA4@Q[6] molecule. The
remaining interactions are typical self-induced OSIQs, including the dipole interactions formed
between the portal carbonyl oxygen atoms of a Q[6] molecule and the electrostatic portal
carbonyl carbon atoms, methine units and methylene units of adjacent Q[6] molecules (Figure

6h).

Figure 6. The crystal structures of two guest molecules (a) C6CN4 and (b) C6CA4; the
inclusion complexes of Q[6] formed using the two guest molecules: (c) C6CN4@QI[6] and (d)
C6CA4@Q[6]; (e) 2D SOF constructed by the C6CN4@Q[6] inclusion complexes; (f)
C6CA4@Q[6]-based monolayer assembly; interactions formed in (g) C6CN4@Q][6]-based 3D
SOF and (h) C6CA4@Q[6]-based 3D SOF; (i) C6CN4@Q[6]-based 3D SOF formed by
stacking the 2D SOFs; (j) C6CA4@Q[6]-based 3D SOF.

In the same year, Danylyuk et al. investigated the host-guest interactions of Q[6] with the
catecholamine drug, isoprenaline (Figure7a) in the absence and presence of magnesium ions

and obtained two isoprenaline@Q[6]-based SOFs (Figure7d, f).[**% Figure 7d exhibits an Mg?*-
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free isoprenaline@Q[6]-based honeycomb-like 3D SOF, in which the isoprenaline@Q[6]
inclusion complex (Figure7b) was the basic building block, which overlap to create numerous
channels. The key interactions resulting in the formation of the 3D SOF are shown in Figure
7¢, including the & interactions formed between the portal carbonyl units of the Q[6] molecules
and the protruding aromatic ring of the adjacent host—guest inclusion complexes. Others include
the C—H--- interactions formed between the protruding aromatic ring and methylene units from
the adjacent Q[6] molecules, namely, aromatic-induced OSIQs. Moreover, dipole interactions
were formed between the portal carbonyl oxygen atom of the Q[6] and portal carbonyl carbon
atom, as well as the methylene unit of an adjacent Q[6] molecule in the same six membered
building block, i.e. self-induced OSIQs. Figure 7f exhibits an isoprenaline@Q[6]-based 3D
SOF formed in the presence of Mg?" ions (omitted for clarity). Close inspection revealed that
two types of OSIQs exist in the SOF (Figure 7e). Firstly, the self-induced OSIQ of the adjacent
Q[6] molecules, such as the dipole interaction formed between the portal carbonyl oxygen atom
and the portal carbonyl carbon atom, as well as the methine or methylene unit of an adjacent
Q[6] molecule. Secondly, aromatic-induced OSIQs, such as & interactions formed between
portal carbonyl units of the Q[6] molecules and the protruding aromatic rings of adjacent host—
guest inclusion complexes, as well as C—H-x interctions formed between the protruding

aromatic rings and adjacent methylene units of adjacent Q[6] molecules.
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Figure 7. The crystal structures of (a) isoprenaline guest molecule, (b) isoprenaline@Q[6]
inclusion complex and (d) key supramolecular interactions formed in the Mg?*-free
isoprenaline@Q[6]-based 3D SOF; (d) Mg?*-free isoprenaline@Q[6]-based 3D SOF; (e) key
supramolecular interactions formed in the isoprenaline@Q[6]-based 3D SOF with Mg?* ions;
(f) isoprenaline@Q[6]-based 3D SOF with the Mg?* ions omitted for clarity.

Lu et al. investigated the delivery of triamterene using Q[7]!*'¢! and obtained two
polymorphic single crystals constructed from triamterene@Q[7] inclusion complexes via fast
and slow cooling, respectively (Figures 8a and b). The crystal structures showed that both of
the polymorphs have similar framework characteristics, constructed from numerous diamond-
shaped assemblies (Figures 8g and h). Close inspection reveals that each diamond-shaped
assembly is formed from triamterene@Q[7] inclusion complexes constructed via self-induced
and aromatic-induced OSIQs (Figures 8e and f). Figures 8c and d show the detailed OSIQs,
including the dipole interactions formed between the portal carbonyl oxygen atom of a Q[6]
and the portal carbonyl carbon atoms and methine or methylene units of adjacent Q[6]s. Also &

interactions are formed between the portal carbonyl units of the Q[6]s and the protruding
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aromatic rings of the adjacent host-guest inclusion complexes, and C—H:-'x interactions form
between the protruding aromatic ring and methine or methylene units of the adjacent Q[6]s.
Moreover, the ©---w stacking interactions formed between two adjacent protuding aromatic rings
(3.2-3.4 A) also play an important role in the construction of the two triamterene@Q[7]-based

SOFs.

Figure 8. The crystal structures of (a) triamterene guest molecule, (b) triamterene@Q[7]
inclusion complex; (c and d) key supramolecular interactions formed in the two SOFs; (e and
f) the diamond-shaped assemblies of the two 3D SOFs, respectively; (g and h)
triamterene@Q|7]-based 3D SOFs prepared via (c) slow cooling and (d) fast cooling.

In 2014, Sindelar et al. reported a novel cucurbit[6]uril (Q[6]) with a substituent solely
attached to one methylene bridge, namely mono(2-phenylethyl)cucurbit[6]uril (mPheQ[6],
Figure 9a).[**" This was the first example of such a substituent at the methylene bridge of a
Q[6]. Although mPheQ[6] exhibited similar host-guest inclusion properties to those of the
previously reported Q[6]s, it undergoes solid-state self-assembly to form a cyclic tetramer via
host-guest interactions (Figure 9b), as well as self-induced OSIQ. Interactions include the
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dipole interaction formed between the portal carbonyl oxygen atoms of the mPheQ[6]s and the
methine and methylene units of the mPheQ[6] molecule, for the latter the substituent was
included (Figure 9c). Moreover, the tetramers can further arrange into a porous SOF (Figure
9d), in which the self-induced OSIQs formed between adjacent tetramers are the main driving

forces (Figure 9e).

(2

(a) mPheQ[G]

Figure 9. Crystal structures of (a) mPheQJ[6] and (b) mPheQ[6]-based tetramer; (c) key self-
induced OSIQs formed in the 3D SOF; (d and e) mPheQ[6]-based 3D SOF viewed from
different directions.

In 2015, we investigated the interaction of TMeQ[6] with a series of 1,m-alkyldiammonium
guest molecules and found that 1,3-propanediammonium interacted with TMeQ[6] to form an
inclusion complex (Figure 10a), which can further arrange into a 3D SOF (Figure 10c). (1281 A
three inclusion complex-based trimer appeared to be the 3D SOF building block and the self-
induced OSIQs were the main driving force. Interactions included dipole interactions between

portal carbonyl oxygen atoms of a TMeQ[6] molecule in the trimer and the portal carbonyl
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carbon atoms or methyl, methylene or methine units of adjacent TMeQ[6]s in the trimer.

Figure 10. (a) Crystal structure of the 1,3-propanediammonium@ TMeQ[6] inclusion complex;
(b) detailed self-induced OSIQs formed between the TMeQ[6] molecules in the trimer; (c) 1,3-
propanediammonium@TMeQ[6]-based 3D SOFs.

In 2016, Cao et al. reported three supramolecular organic frameworks (SOFs), which were
constructed from three cucurbit[n]uril-based [2]pseudorotaxanes by orthogonal and/or parallel
77 interactions formed between 4,4’-bipyridin-1-ium units, in addition to the self-induced
0SIQ formed between adjacent Q[n] molecules in the SOFs.[** The three guest molecules
were 4,4°-bipyridin-1-ium derivatives (1-3), as shown in Figures 11a-c, respectively. The single
crystal X-ray structure of the inclusion complex 1@Q[6] (Figure 11d) exhibited an interwoven
3D SOF (Figure 11f). The 1@Q[6] pseudorotaxane inclusion complexes interact through
orthogonal 77 stacking interactions formed between protruding 4,4’-bipyridin-1-ium units, as
well as self-induced OSIQs formed between adjacent Q[6]s (Figure 11e) to form a rectangular
helic channel (Figure 11g). The pseudorotaxane inclusion complexes 2@Q[6] (Figure 11h) can
also form a 3D framework (Figure 11j), in which 2@Q[6] complexes are linked together
through parallel @ stacking interactions between protruding 4,4’-bipyridin-1-ium units to
form supramolecular chains (Figure 11 k). Moreover, there are numerous free Q[6]s, which fall
in between the supramoleculear chains formed via the self-induced OSIQ of the adjacent bound
and unbound Q[6]s as well as the pseudo hydrogen bonds formed between the portal carbonyl
oxygen atoms and C-H bonds in the 4,4’-bipyridin-1-ium moieties (Figure 11i). Guest 3

interacts with Q[7] to form the 3@Q[7] inclusion complex, in which guest 3 is bent due to the
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larger cavity of the Q[7] (Figure 111). Interestingly, it seems that 7---w stacking interactions are
the dominent driving force resulting in the formation of the 3@Q[7]-based 3D SOF (Figure
110). In particular, parallel 77 stacking interactions result in the formation of an unbound
guest 3-based layer (Figure 11n, in pink), whilst numerous 3@Q][7] inclusion complexes are
inserted in the unbound 3-based layers via orthogonal 7w stacking interactions formed
between protruding 4,4’-bipyridin-1-ium units of the 3@Q[7] inclusion complexes and 4,4’-

bipyridin-1-ium units of the unbound guest molecules (3) to form layers.
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Figure 11. The structures of guest molecules (a) 1; (b) 2; (c) 3; crystal structures of (d) 1@Q[6]
inclusion complex and (e) the non-covalent interaction and self-induced OSIQs; (f) 1@QI6]-
based 3D SOF; (g) an isolated 1@Q[6]-based channel; (h) 2@Q[6] inclusion complex; (i) the
non-covalent interaction and self-induced OSIQs; (j) 2@QJ[6]-based 3D SOF viewed along the
c-axis; (k) 3-based layer formed via parallel -7 stacking interactions; (1) 3@Q[7] inclusion
complex; (m) the non-covalent interaction; (n) 3@Q[7]-based 3D SOF; (0) 3@Q[7]-based 3D
SOF viewed along the c-axis, in which the Q[7] molecules are omitted for clarity.

In 2017, we reported a series of host-guest inclusion complexes consisting of Q[6]s with
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different long chain guests, which have framework features. For example, the host-guest
interactions of 2,2’-(decane-1,10-diyl)-diisoquinolinium with Q[6] lead to the formation of a
[2]pseudorotaxane with the Q[6] molecule located over the decyl chain of the guest molecule
(Figure 12a).1?% The neighbouring [2]pseudorotaxane inclusion complexes can arrange into a
2D SOF as shown in Figure 12c. Close inspection revealed that each inclusion complex
interacts with six adjacent inclusion complexes via different supramolecular interactions: viz
77 stacking and C-H--& interactions with three complexes. For the self induced OSIQs of the
remaining three complexes, the interaction distances are in the range 3.034-3.402 A (Figure
12b). The 2D SOFs can further stack into a [2]pseudorotaxane-based 3D SOF (Figure 12¢e) via

self-induced OSIQs; the interaction distances are in the range 3.332-3.516 A (Figure 12d).

Figure 12. The crystal structure of (a) 2,2’-(decane-1,10-diyl)-diisoquinolinium@Q[6]
inclusion complex; (b) supramolecular interactions formed between each complex and four
adjacent complexes; (c) 2,2’-(decane-1,10-diyl)-diisoquinolinium@Q[6]-based 2D SOF; (d)
self-induced OSIQs formed in the 3D SOF; (e) the diisoquinolinium@Q[6]-based 3D SOF.

Polychloride transition-metal anions ([MuansCl4]*", Muans = Cd, Zn, Cu, Co, Ni, etc.) as the
third species can not only lead to the formation of various Q[n]-based 1D supramolecular

coordination polymers®®, but can also result in the formation of various supramolecular
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frameworks constructed from free Q[n]s or simple Q[n]-based host-guest inclusion
complexes.[”* The interaction of Q[6] with a series of 1,c-alkyldiammonium guest molecules
may be the earliest host-guest systems investigated in Q[n]-chemistry. When we re-investigated
these host-guest interaction systems in the presence of [CdCl4]*~ as a structure directing agent
(formed from CdCl. in aqueous HCI solutions), we found that the most significant framework
was formed using Q[6] with 1,6-hexyldiammonium as the guest molecule (1,6N2).*2! Before
analyzing this framework, we needed to introduce a third OSIQ, namely the anion-induced
OSIQ, which is derived from the ion—dipole interactions formed between anions and the
electrostatic (potential positive) portal carbonyl carbon atoms, methine units and methlene units
(Figure 1b).

Looking again at the structure of the previously mentioned framework,[*?! Figure 13a
reveals the basic building block, whilst Figure 13b shows two basic interactions: the self-
induced OSIQ between the adjacent 1,6N2@Q[6] and an anion-induced OSIQ of each
C6N2@Q[6] complex with eight adjacent [CdCI4]*~ anions as well as the hydrogen bonding of
anionic units of the included guests with the portal carbonyl oxygen atoms of the adjacent
1,6N2@Q[6] complexes. This creates a puckered 10-membered 1,6N2@Q[6] beaded ring
without and with [CdCI4]*" anions (Figure 13c). It is interesting that there is a space present,
and this can accommodate one 1,6N2@Q[6], whilst eight [CdCI4]*>~ anions surround this
1,6N2@Q[6] complex in the 10-membered “beaded” ring. Further fusing of this accommodated
1,6N2@Q[6] complex can result in another catenated 10-membered “beaded” ring and these
two ring systems seem to be independent (Figure 13d). Thus, the 10-membered “beaded” ring
can further fuse into a 3D QSF (Figure 13e), which is constructed by two independent
1,6N2@Q[6]-based 3D QSFs (Figures 13f and g) and a [CdCl4]*>" anion-based 3D framework

(Figure 13h).
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Figure 13. The crystal structure of (a) 1,6N2@Q[6] complex and topologic [CdCl4]* anion;
(b) the self-induced OSIQ involving a 1,6N2@Q[6] trimer and anion-induced OSIQ of each
1,6N2@Q[6] complex and eight [CdCl4]*>anions; (c) the puckered 10-membered 1,6N2@Q][6]
ring without and with adjacent [CdCl4]*anions; (d) the puckered 10-membered 1,6N2@Q[6]
ring without and with adjacent [CdCls]?>-anions; (e) the 1,6N2@Q[6]/[CdCl4]*-based
supramolecular framework constructed by two independent (f, g) 1,6N2@Q[6]/[CdCl4]*-
based and (h) [CdCl4]*-based frameworks.

If we now look at the solid-state structure of the inclusion complex (1,6N2@Q[6]) without
[CdCI4]*> anions, but prepared under the same conditions, the crystal structure analysis shows
that the interaction of Q[6] with 1,6N2 (Figure 14a) in the aqueous HCI solution also forms the
1,6N2@Q[6] inclusion complex (Figure 14b). Also, the 1,6N2@Q[6] complex stacks into a
1,6N2@Q[6]-based 3D framework (Figure 14d and e), which is made up of numerous
1,6N2@Q[6]-based chains, whereas the neighbouring 1,6N2@Q[6]s in the chain, which are
5.45 A apart, seem to be isolated (Figure 14f). Close inspection reveals that each 1,6N2@Q[6]
complex is holed by 1,6N2@Q[6]s complexes from four adjacent chains via self-induced OSIQ

(Figure 14c). Thus, a comparison of the two 1,6N2@Q[6]-based 3D frameworks revealed that

26



the presence and absence of [CdCl4]* anions can result in the formation of entirely different
QSFs. The extra anion-induced OSIQ play an important role which links two indepentent

1,6N2@Q[6]-based 3D frameworks.

(a) 1,6N2

Figure 14. (a) Structure of 1,6N2; (b) crystal structure of the 1,6N2@Q[6] inclusion complex;
(c) self-induced OSIQs formed between the central 1,6N2@Q[6] inclusion complex and the
adjacent 1,6N2@Q[6] inclusion complexes from four adjacent chains (the H atoms, free CI~
anions and free water molecules are omitted for clarity); (d and e) the 1,6N2@Q[6]-based 3D
framework constructed from numerous 1D chains; (f) the 1,6N2@Q[6]-based 1D chain.

When we investigated the interaction of an unsymmetric butyl viologen guest molecule
(BV™, Figure 15a) with Q[6], we obtained the SOF constructed from the inclusion complex of
para-dicyclohexanocucurbit[6]uril (Cy.Q[6]) with the BV* guest (BV'@Cy.Q[6]).[!?
Interestingly, the Cy2Q[6] host includes the butyl moieties of two unsymmetrical BV* guest
molecules to form a symmetrical 1:2 host—guest inclusion complex (Figure 15b). X-ray
diffraction analysis revealed that adjacent BV*@Cy2Q[6] complexes interact via 77 stacking
of the protruding viologen moieties of the included BV* guests to form supramolecular chains
and adjacent BV*@Cy2Q[6]-based chains interact via self-induced OSIQs to form a

BV*@Cy2Q[6]-based 2D framework with numerous parallelogram holes (Figure 15c). Each
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parallelogram hole in the 2D framework contains a pair of protruding 7w stacked viologen
moieties from the other vertically inserted 2D frameworks (Figure 15d) and the neighbouring
Cy2Q[6] molecules in different BV*@Cy.Q[6]-based 2D frameworks (Figure 15f) via self-
induced OSIQs (Figure 15e). Thus, the combination of all the above-mentioned supramolecular

interactions results in the formation of the BV*@Cy.Q[6]-based 3D framework (Figure 15g).

4 Cv:Ql6l

/\ —@eBr
N_- \/N

(a) BV*

Figure 15. (a) Structure of BV*; (b) crystal structure of the BV*@Cy2Q[6] inclusion complex;
(c) the non-covalent interaction and self-induced OSIQs; (d) the BV*@Cy2Q[6]-based 2D
framework with parallelogram holes; (e) interactions formed between the vertically inserted
BV*@Cy2Q[6]-based 2D frameworks; (f) the vertically inserted BV*@Cy2Q[6]-based 2D
frameworks; (g) the BV*@Cy2Q[6]-based 3D framework.

When the alkyl group is longer, such as a hexyl group, the interactions formed between the
hexyl viologen bromide guest (HV*, Figure 16a) and the Q[6] host in the presence of [CdCl4]*~
yielded an unsymmetrical HV*@Q[6] inclusion complex. Here, the hexyl moiety is included in
the cavity and the viologen moiety of the HV* guest is located at the portal of the host and every
two HV*@Q[6] complexes form a pair via parallel 7w interactions formed between protruding
viologen moieties as well as hydrogen bonds formed between protonated pyridine nitrogen

atoms and portal carbonyl oxygen atoms (Figure 16b).1*?%1 X-ray diffraction analysis revealed
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that in addition to the HV*@Q[6] complex pairs, there are free Q[6] molecules surrounded by
[CdCI4]* anions through anion-induced OSIQs (Figure 16¢ down). Meanwhile, the HV*@Q[6]
pairs and free Q[6] molecules are linked by the [CdCl4]* anions via anion-induced OSIQs.
Moreover, the Q[6] molecules in the HV*@Q[6] pairs and free Q[6] molecules can interact via
self-induced OSIQs (Figure 16c top). Thus, a combination of all these supramolecular
interactions, the HV*@Q[6] pairs, free Q[6] molecules, and [CdCl4]* anions can form a 3D

supramolecular framework with numerous different channels (Figure 16d).

Figure 16. (a) Structure of HV™, (b) crystal structure of the HV*@Q[6] inclusion complex; (c)
interactions formed among the HV*@QI6] inclusion complexes, free Q[6] molecules and
[CdCI4]* anions; (d) the 3D framework constructed by the HV*@QI[6] inclusion complexes,
free Q[6] molecules and [CACI4]*~ anions.

In 2018, we decided to investigate the use of an inverted Q[6] (iQ[6]). Such an iQ[6]
contains an inverted glycoluril unit and places two methine protons within the cavity and
therefore possesses a smaller cavity than does Q[6]. Investigation of the interaction of iQ[6]
with a series of symmetrical viologens bearing aliphatic substituents, [*?4l found that in the case
of the dibutyl viologen guest (DBV?*, Figure 17a) a dumbbell-like DBV?*@iQ[6] inclusion
complex formed in the presence of [CdCl4]*  anions (Figure 17b). Single crystal X-ray

diffraction analysis revealed that a 3D framework was constructed by DBV?*@iQ[6] inclusion
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complexes and [CdCl4]*> anions via supramolecular interactions (Figure 17g). It is interesting
that this DBV?*@iQ[6]-[CdCl4]*> -based 3D framework can be fully expressed in horticultural
language. Firstly, the 3D framework can be regarded as a 3D multi-layered flower wall (Figure
17g right). Secondly, each DBV @iQ[6]-[CdCl4]* -based 2D honeycomb-like framework
layer along the c-axis (Figure 17e) resembles honeycombed flowerpots aligned in neat rows,
with each flowerpot containing a brown iQ[6] “soil” through anion-induced OSIQs. One end
of the DBV?* “limb” inserts into the iQ[6] “soil” via host-guest inclusion and the other end of
the DBV?* “limb” holds a red iQ[6] “flower” via host—guest inclusion (referring to Figure 17d).
The layer-to-layer interactions are mainly anion-induced OSIQs formed between the [CdCl4]*~
anions and red iQ[6] "flowers" and self-induced OSIQs formed between the brown iQ[6] "soil"

and red iQ[6] "flowers".

Figure 17. Crystal structures of (a) DBV* guest; (b) the DBV*@iQ[6] inclusion complex; (c)

anion- induced OSIQs formed in the framework; (d) the DBV?* “limb” inserts into the iQ[6]

“s0il” via host-guest inclusion (left) and (right) a real single pot flower; (¢) the 2D framework

constructed by the DBV*@iQI[6] inclusion complexes and [CdCl4]*" anions (top) and (down)
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the honeycombed flowerpots aligned in neat rows; (f) anion- and self-induced OSIQs formed
in the framework; (g) (left) the 3D framework constructed by the DBV*@iQ[6] inclusion
complexes and [CdCl4]* anions and (right) the 3D multi-layer flower wall.

Since 2013, Li et al. have investigated a series of novel Q[8]-based host-guest
supramolecular assemblies and proposed SOFs. [107:108.125-128] Thay prepared the long rod-like
polyaromatic guest molecules G1 and G2 (Figure 18 a and b) and exploited the high affinity of
these motifs and their impact on binding stability and selectivity with Q[8]. For comparison,
they also prepared three control compounds G3-G5 (Figure 19 a-c). [*2% X-ray crystal structure
analysis revealed that the Q[8] host interacted with guests G1 or G2 to form 2:2 host—guest
inclusion complexes, and with guests G3-G5 to form 1:2 host-guest inclusion complexes.

The solid-state structures of all these inclusion complexes have characteristic 2D or 3D
frameworks. For example, the interaction of Q[8] with G1 (Figure 18a) resulted in the formation
of a 2:2 G1@Q[8] host—guest inclusion complex (Figure 18c). Figure 18f shows the G1@QI[8]-
based 2D framework, in which adjacent G1@Q][8] inclusion complexes interact with each other
via self-induced OSIQ (Figure 18e). The 2D framework can further arrange into a G1@Q[8]-
based 3D framework via self-induced OSIQs. Two different types of single crystals of the
products formed between Q[8] and G2 (Figure 18b), which were obtained from 1:1 solutions
containing Cd(NO3), and [CdCl4]*>" anions. Although prepared under different synthetic
conditions, the interaction of Q[8] with G2 resulted in the formation of similar 2:2 G2@Q[8]
host-guest inclusion complex (Figures 18d), and both can form 2D frameworks (Figures 18i
and ). In the Cd(NO3)2 case, the NO3z™ anions can not be observed in the framework (Figure
18i), whereas for [CdCl4]*, the [CdCI4]* anions are observed in the framework (Figure 18l).
Self-induced OSIQs formed between adjacent Q[8] molecules are the main driving force
resulting in the formation of these 2D framework (Figure 18h). Anion-induced OSIQs formed
between Q[8] molecules and adjacent [CdCl4]*>" anions and self-induced OSIQs formed

between adjacent Q[8]s are the main driving force resulting in the formation of the other 2D
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framework (Figure 18k). Figures 18j and m exhibit two 3D frameworks involving stacking of
G2@Q[8]/NOs -based 2D  frameworks via mainly self-induced OSIQ, and

G2@Q[8]/[CdCl4]* -based 2D frameworks via mainly anion-induced OSIQ, respectively.

(k)

Figure 18. The chemicial structure of (a) G1 guest and (b) G2 guest; (c) Crystal structure of the
2:2 G1@QI[8] host—guest inclusion complex; (d) the 2:2 G2@Q[8] host—guest inclusion
complex formed in the presence of Cd(NO3)2 or [CdCl4]* anions; (e) self-induced OSIQs; (f)
the G1@Q[8]-based 2D framework; (g) the 3D framework constructed by the G1@Q[8]-based
2D frameworks; (h) self-induced OSIQs;(i) the G2@Q[8]-based 2D framework; (j) the 3D
framework constructed by the G2@Q[8]-based 2D frameworks; (k) anion- and self-induced
0SIQs; (1) the G2@Q[8]/[CdCl4]* -based 2D framework; (m) the 3D framework constructed
by the G2@Q[8]/[CdCl4]* -based 2D frameworks.

The interaction of Q[8] individually with G3-G5 (Figure 19a-c) resulted in the formation of
1:2 host-guest inclusion complexes, in which each Q[8] molecule included two guest molecules,

with the PhPy* moiety of these guest molecules prefering to stack in an antiparallel manner in
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the Q[8] cavity. Figure 19d shows the 1:2 G3@Q[8] inclusion complex, which further arranged
into a 2D supramolecular organic framework (Figure 19f) via self-induced OSIQ (Figure 19e).
The 2D frameworks can further stack into a 3D framework (Figure 19h) via anion-induced
0SIQs formed between the [CdCIl4]*~ anions and Q[8]s (Figure 19g). For the inclusion
complexes of G4@Q[8] and G5@QI[8], the picolinic acid moieties of the included guests
protrude from the portals of the Q[8] host due to the longer guest molecules not being entirely
included in the host cavity (Figures 19i and n). The G4@Q[8] complexes arrange into 2D SOFs
via self-induced OSIQs (Figure 19j). As can be seen from the 3D framework shown in Figure
19m, the protruding picolinic acid moieties do not interact with the Q[8]s via aromatic-induced
0OSIQs, and so do not contribute to the construction of the 3D framework. The 3D framework
is mainly formed via self-induced OSIQs (Figure 191). G5@Q[8] can also arrange into 2D SOF
(Figure 19p). In addition to the self-induced OSIQs, the driving forces also include interactions
formed between the protruding picolinic acid moieties from four adjacent G5@Q[8] complexes
perpendicular to each other via two orthogonal and one parallel -7 interaction(s) (Figure 190).
However, a G5@Q[8]-based 3D framework (Figure 19r) was constructed from the 2D
framework mainly via anion-induced OSIQs formed between the [Cdl4]*~ anions and Q[8]

molecules (Figure 19q).
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Figure 19. The chemical structure of (a) G1 guest, (b) G2 guest and (c) G3 guest; (d) Crystal
structure of the G3@Q[8] host—guest inclusion complex; (e) self-induced OSIQs; () the
G3@QI[8]/[CdCl4]* -based 2D framework; (g) inorganic anion-induced OSIQs; (h) the 3D
framework constructed from the G3@QI[8]/[CdCIl3(H20)] -based 2D frameworks; (i) the
G4@Q[8] host—guest inclusion complex; (j) self-induced OSIQs; (k) the G4@Q[8]-based 2D
framework; (I) self-induced OSIQs; (m) the 3D framework constructed from the G4@Q[8]-
based 2D frameworks; (n) the G5@Q[8] host—guest inclusion complex; (0) supramolecular
interactions and self-induced OSIQs; (p) the G5@Q[8]-based 2D framework; (q) anion-induced
0OSIQs; (r) the 3D framework constructed from the G5@Q[8]-based 2D frameworks.

We have summarized the frameworks constructed using simple Q[n]-based host—guest
inclusion complexes. In general, for full inclusion host—guest inclusion complexes, the whole
or most of the guest molecule(s) are included in the cavity of the host Q[n] molecule and their

frameworks are usually constructed via self-induced OSIQs formed between the simple host-
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guest complexes (Figure 1a) or anion-induced OSIQs between the anions and the outer surface
of the Q[n]s (Figure 1b). For simple pseudorotaxane-like host-guest inclusion complexes with
protruding aromatic rings, the framework can be constructed by one or more supramolecular
interactions, such as w7 stacking and C—H-m interactions between the aromatic rings
protruding from the simple host—guest inclusion complexes and the outer surface of the Q[n]s
(Figures 1c); n--m stacking and C—H-n interactions formed between the protruding aromatic
rings from the simple host-guest inclusion complexes (Figures 1d). From the above summary,
we can see that frameworks constructed from simple Q[n]-based host-‘object’ complexes are
quite common phenomena. However, extensive research into the construction and potential
applications of such frameworks has not attracted much attention.
2.2. Q[n]-based supramolecular organic frameworks constructed by host—guest inclusion
supramolecular polymers

In general, Q[n]-based SOFs constructed by host-guest inclusion supramolecular polymers
need to utilize guest molecules with multi-action sites and Q[n]s that can encapsulate the two
action sites from two different guests. In 2013, Jiang et al. selected 5,10,15,20-tetrakis-(N-
carboxymethyl-4-pyridinium) porphyrin tetrabromide (TCMePyP) with four carboxymethyl
ends as the guest (Figure 20a) and TMeQI6] as the host to prepare a SOF. [*3 |t was found that
the TCMePyP@TMeQ[6]-based framework not only exists in the solid-state, but also in
solution. It is rare that a Q[6] host can include two action sites from two different guest
molecules.[??21 However, it can be seen in the TCMePyP@TMeQ[6] case that the X-ray crystal
structure shows each TMeQ[6] includes two carboxymethyl moieties from two TCMePyP
molecules in the presence of Cu?* cations, which coordinate with the porphyrin core and the
carboxyl end interacts with the portal carbonyl oxygen atoms in the TMeQJ[6] cavity via
hydrogen bonding and = interactions (Figure 20b). Consequently, each TCMePyP interacts with
four TMeQI6]s, thus a combination of these host-guest inclusion complexes results in the

formation of a TCMePyP@TMeQ[6]-based 2D framework (Figure 20c). Moreover, each grid
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in the 2D framework is interlocked vertically into another grid in an adjacent 2D framework
(Figure 20f) and the neighbouring TMeQ[6] molecules in the interlocked grids are connected
via self-induced OSIQs (Figure 20d). The result is the formation of a TCMePyP@TMeQ[6]-
based 3D framework (Figures 20e and f). The introduction of metal ions or other guests can

depolymerize this framework, and so it has the potential to be used for material delivery.

®

Figure 20. (a) Structure of the TCMePyP guest molecule; (b) crystal structure of the inclusion
complex consisting of the TMeQ[6] host with two carboxyl ends from two TCMePyP guests;
(c) the TCMePyP@TMeQ[6]-based 2D framework; (d) self-induced OSIQs and (e) the
TCMePyP@TMeQ[6]-based 3D framework; (f) interlocked grids observed in the 2D
framework.

Generally, it is difficult to obtain the crystal structure of Q[n]-based SOFs constructed by
host-guest inclusion supramolecular polymers. Furthermore, the self-assembly of well-defined
supramolecular polymers in solution has been a challenge in supramolecular chemistry. In 2013,
Li et al. designed a rigid stacking-forbidden 1,3,5-triphenylbenzene compound that bears three
4,4’-bipyridin-1-ium (BP) units on the peripheral benzene rings and three hydrophilic bis(2-
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hydroxy-ethyl)carbamoyl groups introduced at the central benzene ring to suppress 1D stacking
of the triangular backbone and to ensure solubility in water (Figure 21a). By mixing this
triangular preorganized guest with Q[8] in a 2:3 molar ratio in water, they initially obtained a
solution-phase single-layer 2D supramolecular organic framework, which was stabilized by
strong complexation of Q[8] with two BP units originating from adjacent guests (Figure 21b).
The periodic honeycomb 2D framework was characterized by *H NMR spectroscopy, dynamic
light scattering, X-ray diffraction, scanning probe and electron microscope techniques. The
system was compared with the self-assembled structures of the control systems. Unlike the
supramolecular organic frameworks constructed using simple Q[n]-based host—guest inclusion
complexes, this Q[8]-based supramolecular organic framework was derived from the inclusion
interaction of the Q[8] host with the triangular preorganized guest. %! On this basis, Li’s group
designed a guest molecule with similar structural features (Figure 21c), and obtained a
structurally similar periodic honeycomb 2D framework upon reacting with the Q[8] host

(Figure 21d).1%
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Figure 21. (a) Structure of the triangular preorganized guest molecule; (b) the periodic
honeycomb 2D framework formed via the interaction of the triangular preorganized guest and
QI[8]; (c) Structure of a similar triangular guest molecule; (d) the periodic honeycomb 2D
framework formed through the interaction of the triangular preorganized guest and QI[8].
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On the basis of using triangular guest molecules to construct Q[8]-based 2D SOFs, Li et al.
also developed four action-site guest molecules and constructed highly soluble periodic
supramolecular frameworks in a 3D space which possessed high solubility. % For example,
they reported an encapsulation motif, which involves the dimerization of two aromatic units
within a Q[8], and which can be used to direct the co-assembly of a tetratopic guest with four
4-(4-methoxyphenyl)pyridin-1-ium units (Figure 22a) plus Q[8] into a periodic 3D
supramolecular organic framework (Figure 22b), both in the solid state and in water. The
periodicity of the supramolecular organic framework was supported by solution-phase small-
angle X-ray-scattering and diffraction experiments. Upon evaporating the solvent, the
periodicity of the framework was maintained in the porous microcrystals. Acting as a
supramolecular ‘ion sponge’, the framework can absorb different kinds of anionic guests,
including drugs, in both water and the microcrystals. The drugs absorbed in the microcrystals
can be selectivity released into water.

In 2017, Li et al. prepared a tetrahedral molecule containing four peripheral 4-
phenylpyridinium units bearing four aldehyde groups (Figure 22c), which was used to co-
assemble with Q[8] to afford a new water soluble 3D diamondoid system SOF-CHO (Figure
22d). An [Ru(BPY)s3]**-attached acylhydrazine was used to afford another 3D diamondoid
system SOF-CH=N-[Ru(BPY)3] (Figure 22e), which was capable of the visible-light-induced
recyclable heterogeneous conversion of azides to amines %, In 2015, they also selected a
tetraphenylethene (TPE) derivative bearing four 4,4’-bipyridin-1-ium (BP) ends at the
periphery of the TPE core (Figure 22f). This was initially used by Zhao et al., 32 who prepared
a 3D SOF with hexagon pores formed upon assembly of Q[8] and the tetraphenylethene guest
molecule (Figure 22g). P This ionic framework exhibited an affinity toward photosensitizers
in water, and this will be discussed later.

Using the same strategy, Li et al. have reported other Q[n]-based SOFs, and in 2016 they

established a new self-assembly strategy by designing a ligand bearing two PhPy units (Figure
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22h), which can form a rigid octahedral Ru?* complex (Figure 22i). [ This resulted in the first
homogeneous 3D supramolecular framework (Ru-SOF) in water at room temperature prepared
from the hexa-armed [Ru(bpy)s]?*-based precursor and a Q[8] host (Figure 22j). They further
demonstrated that this 3D framework adsorbs anionic Wells-Dawson-type polyoxometalates
(WD-POMs) in a one-cage-one-guest manner to afford a WD-POM@Ru-SOF hybrid assembly
(Figure 22k). Upon visible-light (500 nm) irradiation, such hybrids enable fast multi-electron
injection from the photo-sensitive [Ru(bpy)z]2 units to redox-active WD-POM units, leading
to efficient hydrogen production in aqueous and organic media. It is noteworthy that the
structure of the above 3D SOFs have been comfirmed by small-angle X-ray scattering and

diffraction experiments, which was further corroborated by TEM imaging.
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Figure 22. (a) Structure of the tetratopic guest bearing four 4-(4-methoxyphenyl)pyridin-1-ium
(PP) units; (b) periodic 3D supramolecular organic framework formed via the interactions
between the tetratopic guest and Q[8] molecules; (c) structure of the tetratopic guest bearing
four 4-(4-methoxyphenyl)pyridin-1-ium (PP) units; the post-synthetic modification of the 3D
diamondoid SOF-CHO with [Ru(BPY)3]**-attached acylhydrazine (d) used to afford SOF-
CHQON-[Ru(BPY)3]?* (e); () structure of the TPE derivative bearing four 4,4’-bipyridin-1-ium
(BP) ends; (g) 3D SOF constructed by Q[8] and the TPE derivative; (h) structure of the ligand
bearing two PhPy units; (i) the rigid octahedral Ru?* complex formed using the ligand bearing
two PhPy units; (j) 3D supramolecular framework (Ru-SOF) formed by the hexa-armed
[Ru(bpy)s]**-based precursor and Q[8] host; (k) WD-POM@Ru-SOF hybrid assembly.
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By studying soluble Q[8]-based supramolecular organic frameworks, Li et al. initially
proposed the concept of Q[n]-based SOFs [1%l, This enabled the establishment of construction
strategies and characterization methods for Q[n]-based SOFs and detailed studies on adsorption
and release mechanisms using Q[n]-based SOFs. Moreover, this opened up research on Q[8]-
based SOFs, and many groups around the world have become active in this area in recent years.
For example, the guest mentioned in reference 105, is a 1,3,5-triphenylbenzene derivative
bearing three viologen (MV*) units on the peripheral benzene rings, and three hydrophilic bis(2-
hydroxy-ethyl)carbamoyl groups. On combining this guest with the monomers shown Figure
23a, linear flexible monomers bearing two 2,6-dioxy or 2-hydroxy-6-amino naphthalene
subunits can be prepared via encapsulation with Q[8]. The donor—acceptor dimers formed
between the electron-rich naphthalene subunits of the linear flexible monomer (Figure 23b) and
the electron-deficient viologen subunits of the 1,3,5-triphenylbenzene compound allowed Li et
al. to obtain two solution-phase single-layered 2D SOFs (Figures 23c). These can be tuned
reversibly by changing the pH of the medium, and both SOFs exhibit activity against
methicillin-resistant Staphylococcus aureus. (%]

In 2015, Feng et al. reported the self-assembly of a host—guest enhanced donor—acceptor,
consisting of a tris(methoxynaphthyl)-substituted truxene spacer (Np-Trx) (Figure 23d) and a
naphthalene diimide substituted with N-methyl viologenyl moieties (MV-NDI) (Figure 23e) as
donor and acceptor monomers, respectively. In combination with Q[8] as the host monomer,
the result was the formation of monolayers of an unprecedented 2D SOF (Figure 23f). [31 The
participating molecules, featuring orthogonal solubility, self-assemble at a liquid—liquid
interface, and yield exceptionally large-area, insoluble films. These films were analyzed using
transmission electron microscopy, atomic force microscopy and optical microscopy, and were
found to be monolayers with a thickness of 1.8 nm. They homogeneously covered areas of up
to 0.25 cm? and had the ability to be free-standing over holes of 10 um?. Characterization with

ultraviolet—visible absorption spectroscopy, solid-state NMR spectroscopy, infrared
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spectroscopy, and grazing incidence wide-angle X-ray scattering allowed for the confirmation
of the successful complexation of all three monomers toward an internal long-range order and
gave a strong indication of the expected hexagonal superstructure. This result extends the
existing variety of 2D soft nanomaterials prepared using a versatile supramolecular approach.
The possibility of varying the functional monomers exists, and has the potential to increase their
adaptability for different applications such as use in membranes, sensors, molecular sieves, and
optoelectronics.

In 2016, Zhao et al. also designed a new building block by incorporating three 4-(p-
methoxy-phenyl)-1-pyridinium (MPP) units at the periphery of a triphenylamine skeleton
(Figure 230).1*%21 A 2D SOF was constructed via the co-assembly of the triphenylamine-based
building block and Q[8] as the host. Fluorescence turn-off of the non-emissive building block
was observed upon the formation of the 2D SOF (Figure 23h), which could be used for the
highly selective and sensitive recognition of picric acid over a variety of other related

nitroaromatic compounds by observing the fluorescence emission changes (Figures 23i).
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Figure 23. (a) Structures of the 1,3,5-triphenylbenzene derivative bearing electron-deficient
viologen subunits and a linear flexible monomer bearing electron-rich naphthalene subunits; (b)
the electron-rich naphthalene subunits of the linear flexible monomer; (c) 2D supramolecular
framework; (d) structure of the tris(methoxynaphthyl)-substituted truxene spacer (Np-Trx) and
(e) naphthalene diimide substituted with N-methyl viologenyl moieties (MV-NDI); (f) periodic
3D SOF formed via the interactions between Np-Trx, MV-NDI and the Q[8] host; (g) structure
of the TPE derivative bearing four 4,4’-bipyridin-1-ium (BP) ends and (h) the single-layer 2D
SOF; (i) the changes observed in the fluorescence intensity of the second 2D SOF upon the
addition of different nitroaromatic compounds.

Zhao et al. have designed a tetraphenylethene (TPE) derivative with four 4,4’-bipyridin-
1-ium (BP) ends at the periphery of the TPE core (Figure 24a).[**a They demonstrated the
formation of a novel single-layered 2D SOF with parallelogram pores assembled from the Q[8]
host and the designed guest molecule. Moreover, the supramolecular assembly of this 2D SOF
turned on the fluorescence emission of a non-emissive building block (Figure 24b), and the

emission could be further enhanced by aggregation of the as-prepared 2D monolayers following
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the addition of THF. This is because the aggregation of the single-layer SOFs resulted in further
inhibition of the rotation of TPE units in the stacked layers (Figure 24c).

Liu et al. synthesized a tetraphenylethene (TPE) derivative with four 1,1-dimethyl-4,4-
bipyri-dinium dicationic (DMV?*) units (Figure 24d, shown in pink) and an azobenzene
derivative (trans-2) (Figure 24e, shown in green), and reported a novel cross-linked 2D SOF
(Figure 24g) constructed by a ternary host—guest molecular recognition motif formed between
QI8] and the above mentioned guest molecules in water. 34 In addition, the presence of an
azobenzene moiety acts as a photoswitch for this 2D SOF possessing UV-responsive properties,
making it possible to achieve reversible polymer—oligomer transitions (Figure 24h). More
interestingly, the introduction of tetraphenylethylene endowed the crosslinked 2D SOF with

interesting AIE properties.
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Figure 24. (a) Structure of the TPE derivative bearing four 4,4’-bipyridin-1-ium (BP) ends and
(b) the single-layer 2D SOF; (c) the aggregation of the as-prepared 2D monolayers after the
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addition of THF; (d) structure of the TPE derivative bearing four 1,1-dimethyl-4,4-bipyri-
dinium dication (DMV?*) units; the azobenzene guest molecule () trans-2 and (c) cis-2; (f) the
cross-linked 2D SOF constructed using Q[8] and the above-mentioned guest molecules; (g) the
UV-responsive 2D SOF.

We have utilized a twisted cucurbit[14]uril (tQ[14], Figure 25b) as a host, which bears two
side cavities, in combination with a four-arm 5,10,15,20-tetrakis(N-butyl-4-
pyridinium)porphyrin tetrabromide (TBPyP, Figure 25a) guest, and obtained a TBPyP@Q[14]-
based SOF via host-guest interactions (Figure 25c). [**! This represented the first example of a
tQ[14]-involved host-guest SOF. The presence of a metal cation, such as K*, can disaggregate
the original TBPyP@Q[14]-based SOF resulting in the formation of the coordination complex

between Q[14] and K*.

(b)

Figure 25. Structure of (a) tQ[14] host and (b) TBPyP guest; (c) single-layered 2D SOF
constructed from tQ[14] and TBPyP.

In the above, we have summarized frameworks constructed from Q[n]-based host-guest
inclusion complexes, in which the Q[n] molecule includes two moities from two different guest
molecules and the guest bears at least two binding sites. In general, the Q[n] host and guest

molecules are organic compounds, and the inclusion interactions are supramolecular
45



interactions. Therefore, the resulting frameworks are generally SOFs.
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2.3. Q[n]-based supramolecular organic frameworks constructed by host—guest exclusion
complexes

In the process of summarizing Q[n]-based host-guest SOFs reported to date, we have mainly
observed SOFs constructed from inclusion complexes, namely host-guest inclusion complexes
formed by guest molecules entering the cavity of the Q[n] host. However, during the formation
of the interactions between Q[n]s and guest molecules, there is another kind of product formed
upon interaction between the guest and portal carbonyl oxygen atoms, namely Q[n]-based host—
guest exclusion complexes. The driving forces are derived from hydrogen bonds and ion-dipole
interactions formed between the guest and the portals of the Q[n] host. For example, in 2013,
Jiang et al. prepared a host-guest exclusion complex, which was formed between cationic
tetrakis(4-pyridyl)porphyrin species (He¢TPyP)**-4Cl~ (Figure 26a) and TMeQ[6], which
utilized hydrogen bonding and ion-dipole interactions (Figure 26b). [*3] Single crystal X-ray
diffraction analysis revealed supramolecular features for this TMeQ[6]-(He TPyP)**-4CI~ host-
guest compound. This represented the first example of a structurally characterized
cucurbit[n]uril-porphyrin host-guest exlusion complex. Close inspection revealed that the
exclusion interactions formed between TMeQ[6] and (Hs TPyP)**-4CI " resulted in the formation
of a 2D SOF (Figure 26¢) and the extra interactions between (Hg TPyP)**-4CI~ and two adjacent
TMeQ[6] molecules from the adjacent 2D SOFs via self- and aromatic-induced OSIQs (Figure
26d) led to the formation of a 3D porous framework (Figure 26e). Further investigation revealed
that this cucurbit[n]uril-porphyrin supramolecular structure exhibited iodine adsorption

behaviour.



Figure 26. (a) Structure of the (Hs TPyP)** guest and crystal structure of the TMeQ[6] host; (b)
exclusion interactions formed between (Hs TPyP)** and TMeQ[6]; (c) 2D SOF constructed by
(HeTPyP)** and TMeQI[6]; (d) detailed self- and aromatic-induced OSIQs formed between
(HeTPyP)** and TMeQ[6] from the adjacent 2D SOFs; (e) 3D SOF constructed from
(HeTPyP)** and TMeQI[6] (the H atoms, free water molecules and CI~ anions are omitted for
clarity).

In 2015, Wang et al. reported a new host Me1o TD[5], which was prepared for the first time
from propanediurea formaldehyde and was soluble in both water and common organic
solvents.[*3] The exclusion interaction between 1,4-xylylene diamine dihydrochloride (Figure
27a) and Me1oTD[5] (Figure 27b) via hydrogen bonding and ion-dipole interactions (Figure
27c) resulted in the formation of a linear supramolecular polymer. This can further arrange into
a 2D SOF (Figure 27e) via the C—H---m interaction formed between the aromatic ring of the 1,4-
xylylene diamine dihydrochloride guest and outer surface of the Me1o TD[5] molecules of the
adjacent linear polymers (Figure 27d). The Me1oTD[5]/1,4-xylylene-based 2D SOFs can
further stack into a 3D framework via anion-induced OSIQs formed between CI™ anions and

Me1oTDI[5] in the 2D SOFs (Figure 27f).
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Figure 27. (a) Structure of the 1,4-xylylene diamine dihydrochloride guest and crystal structure
of the Me1oTD[5] host; (c) Crystal structure of the exclusion complex formed using Me1oTD[5]
and 1,4-xylylene diamine; (d) the C—H--'x interactions; (€) 2D SOF constructed by Me1oTDI[5]
and 1,4-xylylene diamine via C—H--m interactions; (f) 3D SOF formed by the stacked
Me10TD[5]/1,4-xylylene-based 2D SOFs.

In 2016, Danylyuk et al. demonstrated the co-crystallization of the trypanocide drug
diminazene (Figure 28a) with an acid-free Q[6], where the diminazene guest molecules are
complexed exo to the host cavity, namely, as-formed host—guest exclusion complexes utilize
hydrogen bonding and ion-dipole interactions. [*3 It is interesting to note that there are three
different exclusion complexes: i) A 1:4 type of exclusion complex, in which each portal of the
Q[6] molecule interacts with two diminazene molecules (Figure 28b); ii) a 1:5 type exclusion
complex, in which one portal of the Q[6] molecule interacts with two diminazene molecules
and another portal of the Q[6] molecule interacts with three diminazene molecules (Figure 28c);
iii) a 1:6 type exclusion complex, in which each portal of the Q[6] molecule interacts with three
diminazene molecules (Figure 28d). Thus, the Q[6] host and the diminazene guest can assemble
into a novel 3D SOF (Figure 28f), in which the layers of the Q[6] molecules interact via self-
induced OSIQs (Figure 28e) and the diminazene molecules are stacked alternatively.
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Figure 28. (a) Crystal structure of the trypanocide drug: diminazene; (b-d) the three types of
exclusion complexes formed by Q[6] and diminazene; (e) self-induced OSIQs; (f) 3D SOF
formed by the stacked Q[6] and diminazene layers.

More recently, Wang et al. have carried out much work on the synthesis of new Q[5]
derivatives and have obtained several different exclusion SOFs using high-resolution TEM and
DLS techniques. For example, they prepared a planar 120° triammonium salt, 1,3,5-tri(4-
aminophenyl)benzene hydrochloride (TAPB, Figure 29a), and its hydrogen-bond-directed
interactions with MeoTD[5] (Figure 29b) resulted in the formation of a 2D hexagonal
framework in water (Figure 29c). 3 A new Q[5] derivative, CyPsTD[5] (Figure 29d), and a
TPE derivative (Figure 29e) were used to construct an exclusion SOF (Figure 29f) via portal
interactions, namely, hydrogen bonding and ion-dipole interactions formed between protonated
amine groups of the guest and portal carbonyl oxygen atoms. In addition, the supramolecular
polymers exhibited a strong fluorescence in aqueous solution because of their aggregation-

induced emission.4%
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Figure 29. Structure of (a) the TAPB guest and (b) Me1oTDJ[5]; (c) 2D exclusion SOF
constructed by Me1oTD[5] and the TAPB guest; structure of (d) new CyPsTD[5] host and (e)
the TPE derivative; (f) the 2D exclusion SOF constructed by CyPsTD[5] and the TPE derivative.

As mentioned above, we have used the inclusion complex formed by iQ[6] and the dibutyl
viologen guest (DBV?*, Figure 17a) to construct an iQ[6]-based SOF (Figure 17b). In this work,
we also obtained an iQ[6]-based exclusion SOF constructed from iQ[6] and the ethyl viologen
guest (DEV?*, Figure 30a) in the presence of [CACI2Br,]*>" anions.[*?!l Single crystal X-ray
diffraction analysis revealed that a 3D honeycomb-like framework along the c-axis (Figure 30d)
was constructed by the DEVZ*@iQ[6] exclusion complexes and [CdCI2Br2]*" anions (Figure
30c). This 3D framework can also be regarded as the stacking of numerous chains. Figure 30b
shows a representative chain, which is constructed by the DEV?*@iQ[6] exclusion complexes
and [CdCI2Br2]*" anions formed via ion-dipole interactions between the portal carbonyl oxygen
atoms and DEV" cations as well as static interactions between DEV?* cations and [CdCI2Br2]*~
anions. Every six chains piled into a hexagon channel and there are numerous [CdCI2Br2]*~

anions located in the channel, in which the driving force is anion-induced OSIQ (Figure 30c).



Figure 30 (a) Crystal structure of the DEV?* guest; (b) 1D DEVZ*@iQ[6]/[CdCI2Br2]*> chain
through the non-covalent interactions; (c) anion-induced OSIQs formed in the channel; (d) 3D
framework constructed by the DEV?*@iQ[6] exclusion complexes and [CdCI2Br2]*~ anions.

2.4. Q[n]-based frameworks constructed by coordination of host—guest inclusion
complexes with metal ions

We have discussed supramolecular frameworks based on Q[n]-based host-guest complexes
through supramolecular interactions, including host-guest interaction, the three kinds of OSIQs,
77 stacking and C—H---& interactions formed between the guest molecules, hydrogen bonding
and ion-dipole interactions and other weak intermolecular interactions. Herein, we will
introduce another kind of Q[n]-based framework, which involves the coordination of Q[n]-
based host-guest complexes with metal ions (guest@Q[n]/M™). According to the
characteristics of the coordination products formed by Q[n]-based host-guest complexes and
metal ions, we will introduce the Q[n]-based frameworks in the order of the 1D, 2D and 3D

coordination polymers constructed.



2.4.1. Q[n]-based frameworks constructed by 1D guest@Q[n]/M™ polyrotaxanes

Generally, the formation of Q[n]-based frameworks constructed by 1D guest@Q[n]/M"™*
coordination polymers also needs to make use of extra supramolecular interactions, the most
common one is OSIQ. For example, in 1997, Kim et al. were the first to construct
guest@Q[n]/M™-based frameworks.**!l They demonstrated the first guest@Q[n]/M™-based
framework (Figure 31f), which was constructed from numerous 1D Q[6]-based coordination
polymers (Figure 31c). The linear coordination polymer was constructed by threading Q[6]
with  N,N'-bis(4-pyridylmethyl)-1,4-diaminobutane  dihydronitrate (C4N4, Figure3la),
followed by coordination of the resulting inclusion complex (Figure 31b) with the Ag* cation
from Ag(CH3CsHeSO3). This 3D framework (Figure 31f) can also be considered as a stacking
product of CAN4@Q[6]/Ag*-based 2D frameworks (Figure 31e). The driving forces that link
the CAN4A@Q[6]/Ag*-based 1D coordination polymers (Figure 31c) in the 2D framework
include self-induced OSI1Qs formed with the Q[6] molecules of adjacent linear polymers (Figure
31d top); aromatic-induced OSIQs formed between protruding pyridyl rings and Q[6]
molecules of adjacent linear polymers; the w7 stacking interactions formed between

protruding pyridyl rings in adjacent linear polymers (Figure 31d bottom).



Figure 31. (a) The chemical structure of C4N4 guest; (b) the C4N4@Q[6] inclusion complex;
(c) the CANA@QI6]-based 1D coordination polymer; (d) supramolecular interactions; (e) 2D
framework constructed by the CAN4@Q[6]-based 1D coordination polymers; (f) the 3D
framework constructed by the CAN4@Q[6]-based 1D coordination polymers.

In 2010, our group also utilized C4N4 (Figure 31a), and synthesized N,N’-bis(3-
pyridylmethyl)-1,4-butanediamine (C4N3, Figure 32K) as guests in a system with TMeQ[6] as
a host, and prepared three 3D frameworks, namely C4N4@TMeQ[6]/Cu?*-,
CAN4A@TMeQ[6]/Ag*- and CAN3@TMeQ[6]/Ag*-based 3D frameworks, constructed using
C4N3@TMeQ[6]/Ag*, CAN4A@TMeQ[6]/Cu®" and the CAN4@TMeQ[6]/Ag*-based 1D
polyrotaxanes, respectively.[**? X-ray diffraction analyses revealed that all three polyrotaxanes
basically have 1D linear chain structures possessing different shapes. For example, the adjacent
protruding pyridyl nitrogens of the CAN4@TMeQ[6] inclusion complexes coordinate with the
Cu?* cations to form a 1D linear chain (Figures 32a) in CAN4@TMeQ[6]-Cu?* based 3D
frameworks; whereas each Ag* cation links a protruding pyridyl nitrogen in the
CANA@TMeQI6] inclusion complex and the portal carbonyl oxygen atoms of an adjacent

TMeQ[6] molecule to form a 1D chain and 7w stacking interactions exist between adjacent
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protruding pyridyl nitrogens in C4AN4@TMeQ[6]-Cu?* based 3D frameworks (Figures 32f). In
the CAN3@TMeQ|6] system, the adjacent protruding pyridyl nitrogens of the CAN3@ TMeQ[6]
inclusion complexes coordinate with the Ag* cations to form a bow-like 1D chain (Figure 32I)
in the CAN3@TMeQ[6]-Ag* based 3D frameworks. Moreover, the supramolecular interactions
formed between the 1D linear chains in the above 3D frameworks are different. In the
C4N4@TMeQ[6]-Cu?* based 3D frameworks, the supramolecular interactions formed between
adjacent 1D linear chains include C—H--'x interactions (Figure 32b) formed between protruding
pyridyl rings and TMeQ[6] molecules in adjacent 1D chains (Figure 32a), as well as self-
induced OSIQs formed between TMeQ[6] molecules in adjacent 1D chains. This results in the
formation of a 2D C4N4@TMeQ[6]/Cu?*-based framework (Figure 32c), and the self-induced
OSIQ (Figure 32d) formed among the TMeQ[6] molecules in adjacent 2D frameworks result
in the formation of a 3D C4N4@TMeQ[6]/Cu?*-based framework (Figure 32e). In the
CAN4A@TMeQ[6]-Ag" based 3D frameworks, the supramolecular interactions formed between
adjacent 1D linear chains include C—H---w interactions formed between protruding pyridyl rings
and the substituted methyl groups of the TMeQ[6] molecules in adjacent 1D chains, as well as
self-induced OSIQ (Figure 32g) formed between TMeQ[6] molecules in adjacent 1D chains
(Figure 32f). In addition, hydrogen bonding interactions formed between coordinated water
molecules in adjacent 1D chains result in the formation of a 2D C4N4@TMeQ[6]/Ag*-based
framework (Figure 32h). However, the stacking of the 3D C4N4@TMeQ[6]/Ag*-based
frameworks (Figure 32j) is derived from anion-induced OSIQs of the numerous nitrate anions
(Figure 32i) formed between adjacent 2D C4N4@TMeQ[6]/Ag*-based frameworks. In the
CAN3@TMeQ[6]-Ag" based 3D frameworks, the supramolecular interactions formed between
adjacent 1D linear chains include 7w stacking of the protruding pyridyl rings (Figure 32m),
as well as self-induced OSIQs formed between adjacent TMeQ[6] molecules in adjacent 1D
chains. These supramolecular interactions result in the formation of a 2D

CAN3@TMeQ[6]/Ag*-based framework (Figure 32n), which can further stack into a 3D
9



CAN3@TMeQ[6]/Ag*-based framework (Figure 32p) with the aid of self-induced OSIQ

(Figure 320).
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Figure 32. (a) The 1D CAN4@TMeQ[6]/Cu?*-based chain; (b) aromatic-induced OSIQs; (c)

the 2D framework constructed by the 1D C4AN4@TMeQ[6]/Cu?*-based chains; (d) self- induced

0SIQs; (e) the 3D framework constructed by the 1D C4N4@TMeQ[6]/Cu?*-based chains; (f)

the 1D C4N4@TMeQ[6]/Ag*-based chain; (g) self -and aromatic-induced OSIQs; (h) the 2D

framework constructed by the 1D CAN4@TMeQ[6]/Ag*-based chains; (i) anion-induced

OSIQs; (j) the 3D framework constructed by the 1D CAN4@TMeQ[6]/Ag*-based chains; (k)
10



the chemical structure of C4N3 guest; (I) the 1D CAN3@TMeQ[6]/Ag*-based chain; (m) self-
and aromatic-induced OSIQs; (n) the 2D framework constructed by the 1D
CAN3@TMeQ[6]/Ag*-based chains; (0) self-induced OSIQs; (p) the 3D framework
constructed by the 1D CAN3@TMeQ[6]/Ag*-based chains.

We have also used TMeQ[6] as a host in combination with the achiral ligand, C6N2 as a
source of conformational chirality (Figure 33a) to prepare a TMeQ[6]-based helical
polyrotaxane using AgNO3.[*® The product was characterized using X-ray crystallography and
'H NMR spectroscopy. The chirality of the polyrotaxane was generated from the twisting of
the hexylidene of the C6N2 “string” when bound within the hydrophobic cavity of TMeQI[6].
Two opposite chiral helical polyrotaxanes (Figures 33c and d) crystallized as a racemic 3D
C6N2@TMeQ[6]/Ag*-based framework (Figure 33b). This can also be thought of as the
product formed from alternatively stacked 2D frameworks made up of the same chiral helical
polyrotaxanes (Figure 33g) and the 2D frameworks made up of the same opposite chiral helical
polyrotaxanes (Figure 33h). Close inspection revealed that the driving forces include self-
induced OSIQs formed between the TMeQ[6] molecules in adjacent chiral helical
polyrotaxanes as well as anion-induced OSI1Qs formed between coordinated nitrate anions with

TMeQ[6] molecules in adjacent chiral helical polyrotaxanes (Figures 33e and f).




Figure 33. (a) Crystal structure of the C6N2 guest; (b) the 3D framework constructed using the
same amount of chiral helical polyrotaxanes; (c, d) two C6N2@TMeQ[6]/Ag*-based opposite
chiral helical polyrotaxanes; (e, f) the detailed OSIQs existing in the framework; (g, h) the 2D
framework constructed by the same and opposite chiral helical polyrotaxanes.

In 2014, we used TMeQ[6] as the host, and C4N2 and C6N2 as guests (Figure 34a and b) to
prepare  another two  frameworks, {Cd.Cle(C4N2)@TMeQ[6]} 6H.O and
{Cd(H20)CI3(C6N2)@TMeQ[6]}CI16H20, in the presence of CdCl.. This resulted in not only
polychloride anions, such as [Cd2Clg]* and [Cd(H20)Cls], but also in coordination to the
pyridyl moieties of the included guest molecules, resulting in the formation of
C4N2@TMeQ[6]/[Cd2Cls]Cd2Cls> and C6N2@TMeQ[6]/[Cd(H20)Cls] -based
polyrotaxanes (Figure 34g and ).[*44 The adjacent polyrotaxanes were linked through C—H-n
interactions formed between protruding pyridyl rings and TMeQ[6] molecules, as well as self-
induced OSIQs (Figure 34d and i) formed among the TMeQ[6] molecules in adjacent
polyrotaxanes, thereby forming 2D frameworks (Figure 34e and j). The 2D frameworks can
further stack into 3D frameworks, in which the driving forces are mainly anion-induced OSIQs

and self-induced OSIQs formed between adjacent polyrotaxanes (Figure 34f and k).
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Figure 34. Chemical structure of (a) C4N2 and (b) C6N2 guests; (c) the 1D
C4N2@TMeQ[6]/[Cd2Cls]* -based polyrotaxanes; (d) C—H--m interactions and self-induced
0SIQs; (e) the 2D framework constructed by the 1D C4N2@TMeQ[6]/[Cd2Cls]* -based
polyrotaxanes; (f) Cl-H-'m interactions and self-induced OSIQs; (g) the 3D framework
constructed by the 1D C4N2@TMeQ[6]/[Cd.Cls]* -based polyrotaxanes; (h) the 1D
C6N2@TMeQ[6]/[Cd(H20)Cl3] -based polyrotaxanes; (i) CI-H--m interactions; (j) the 2D
framework constructed by 1D C6N2@TMeQ[6]/[Cd(H20)Clz] -based polyrotaxanes; (k)
CI-H--m interactions and self-induced OSIQs; (I) the 3D framework constructed by the 1D
C6N2@TMeQI6]/[Cd(H20)Cl3] -based polyrotaxanes.

In 2014, Shi et al. initiated studies on the coordination of Q[n]-based host-guest inclusion
complexes with metal ions, especially actinides, and they constructed a series of Q[n]-based
frameworks.['**! For example, a pseudorotaxane precursor consisting of N,N’-bis(3-
cyanobenzyl)-1,4-diammoniobutane dinitrate (C4ACN3, Figure 35a) and Q[6] was prepared. The

pseudorotaxane was then reacted with uranyl-nitrate hexahydrate under hydrothermal
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conditions to produce yellow platelet crystals, in which the C4CN3 was hydrolyzed in situ to
form N,N’-bis(3-carboxylbenzyl)-1,4-diammoniobutane (C4CA3, Figure 35b) and the uranyl
cations coordinated to the protruding carboxyl groups to form one dragon-like
CACA3@Q6/UO,-based polyrotaxane (Figure 35c¢). The adjacent polyrotaxanes were linked
through C-H---w interactions formed between protruding pyridyl rings and Q[6] molecules in
adjacent polyrotaxanes, namely aromatic-induced OSIQs, as well as the self-induced OSIQs
(Figures 35d) formed among the Q[6] molecules in adjacent polyrotaxanes. This resulted in the
formation of a 2D framework (Figures 35e), and these further stack into 3D frameworks
(Figures 35g) mainly via self-induced OSIQs (Figures 35f) formed between the Q[6] molecules

in adjacent 2D frameworks.

Figure 35. Crystal structure of (a) the precursor C4ACN3 guest and (b) the transformed C4CA3
guest; (c) the 1D CACA3@Q[6]/U022*-based polyrotaxane; (d) the OSIQs formed between the
adjacent 1D polyrotaxanes; (e) the 2D framework constructed by the 1D CACA3@Q[6]/U02%*-
based polyrotaxanes; (f) the OSIQs formed between the adjacent 2D frameworks; (g) the 3D
framework constructed by the 1D C4CA3@Q[6]/UO2?*-based polyrotaxanes.

A year later, the same group used this strategy to prepare two pseudorotaxane precursors
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comprised of N,N’-bis(3-cyanobenzyl)-1,4-diammoniopentane (C5CN3) or N,N’-bis(3-
cyanobenzyl)-1,4-diammoniohexane  (C6CN3) and Q[6], respectively.!*®1  These
pseudorotaxanes were then reacted with uranyl-sulfate hydrate under hydrothermal conditions
to afford pseudorotaxanes (C5CA3, Figure 36a; C6CAS3, Figure 36b). The uranyl ions formed
tetramers and coordinated with the protruding carboxyl groups of the guests resulting in the
formation of C5CA3@Q6/(UO2)4-based and C6CA3@Q6/(UO2)4-based polyrotaxane chains,
respectively (Figures 36¢ and h). As for the above mentioned guest@Q[n]/M""-based
polyrotaxane chains, these uranyl systems can stack into similar guest@Q[n]/M"™-based 2D
frameworks (Figures 36e and j) by utilizing similar supramolecular interactions. For example,
in the C5CA3@Q6/(UO2)s- and C6CA3@Q6/(UO2)s-based 2D frameworks, besides the
typical aromatic-induced OSIQs formed between protruding benzyl units and Q[6]s in adjacent
chains, a type of special OSIQ (Figures 36d and i) was formed. In particular, multiple C—H---O
hydrogen bonds exist between tetrameric uranyl units and C—Hmethine or methylene Units of Q[6]
molecules. In addition, the C5CA3@Q6/(UO2)s- and C6CA3@Q6/(UO2)s-based 2D

frameworks can stack into 3D frameworks via self-induced OSIQs (Figures 36f and k).
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Figure 36. Crystal structures of (a) C5CA3 and (b) C6CA3 guests; (c) the 1D
C5CA3@Q[6]/(UO2)4-based polyrotaxane; (d) aromatic-induced OSIQs and H-bonding
interactions; (e) 2D framework constructed by the 1D C5CA3@Q[6]/(UO2)s-based
polyrotaxanes; (f) self-induced OSIQs; (g) the 3D framework constructed by the 1D
C5CA3@Q[6]/(UO2)4-based polyrotaxanes; (h) the 1D C6CA3@Q[6]/(UO2)s-based
polyrotaxanes; (i) aromatic-induced OSIQs and H-bonding interactions; (g) the 2D framework
constructed by the 1D C6CA3@Q[6]/(UO2)4-based polyrotaxanes; (k) self-induced OSIQs; (1)
the 3D framework constructed by the 1D C6CA3@Q[6]/(UO2)4-based polyrotaxanes.

Shi et al. have utilized the known 1,1’-(hexane-1,6-diyl)bis(4-(ethoxycarbonyl)pyridin-1-
ium) bromide salt as a guest ((C6BPCA]Br, Figure 37a),[*4" 1481 and the larger cucurbit[n]uril,
Q[7] as the host to obtain a C6BPCA@Q[7]/UO2-based polyrotaxane chain (Figure 37b) upon

reacting [C6BPCA]Br. and Q[7] with uranyl cation under hydrothermal conditions. These
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C6BPCA@Q[7]/UO2-based polyrotaxane chains can stack into 2D frameworks (Figures 37d)
via self-induced OSIQs (Figures 37c) and the 2D frameworks can also stack into a
C6BPCA@Q[7]/UO2-based 3D framework (Figure 37f). Close inspection showed the main
supramolecular interactions in the 3D frameworks included self-induced OSIQs formed
between adjacent Q[7] molecules, as well as C—H:--O hydrogen bonding interactions formed
between the uranyl cations and C—H methine or methylene UNts in the Q[7]s (Figure 37¢).1147]
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Figure 37. (a) Crystal structure of the [C6BPCA] guest; (b) the [C6BPCA]@Q[7]/U02?*-based
1D polyrotaxane chain; (c) self-induced OSIQs; (d) the [C6BPCA]@Q[7]/U02%*-based 2D
framework; (e) self-induced OSIQs; (f) [C6BPCA]@Q[7]/U0O2%*-based 3D framework.

In 2017, Shi et al. further developed their strategy by introducing different anions at different
pH, such as the use of oxalate with the [C6BPCA]@Q[6]/UO2 systems which led to two
different [C6BPCA]@Q[6]/U0O2?*-based 3D frameworks (Figures 38e and j).[** For example,
at low pH (1.47-1.89), each oxalate anion coordinated to two uranyl cations, which linked two
[C6BPCA]@Q[6] inclusion complexes, resulting in the formation of a 1D chain via the
coordination of protruding carboxyl groups with uranyl cations (Figure 38a). The Q[6]-based
host—guest inclusion-coordination chains can stacked into 2D frameworks (Figure 38c) via
anion-induced OSIQs formed between the nitrate anions and oxalate anions and Q[6]s from

adjacent chains (Figure 38b). This is also present self-induced OSIQs formed between Q[6]s in
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adjacent chains (Figure 38b). The final 3D frameworks (Figure 38e) can be built by H-bonding
between the Q[6]s and the ligand in adjacent 2D layers (Figure 38d). However, at higher pH
(4.31-7.21), the two adjacent [C6BPCA]@Q[6] inclusion complexes are linked by a uranyl
cation and are coordinated with an extra oxalate anion, resulting in the formation of a zig-zag
[C6BPCA]@Q[6]/UO2-based 1D chain (Figure 38f). The [C6BPCA]@Q[6]/UO2-based 1D
chains can stack into 2D frameworks (Figure 38h), while the [C6BPCA]@Q[6]/UO.-based 2D
frameworks further stack into 3D frameworks (Figure 36j) via extensive OSIQs. These include
anion-induced OSIQs (Figure 38g) formed between oxalate anions and Q[6]s in adjacent chains,
self-induced OSI1Qs (Figure 38i) formed among Q[6]s in adjacent chains and aromatic-induced

OSIQs formed between protruding pyridyl groups and adjacent Q[6]s in the frameworks.
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Figure 38 (a) Crystal structure of [C6BPCA]@Q[6]/U022*/C,02* -based 1D polyrotaxane
chain;  (b)  self-induced OSIQs and H-bonding interactions; (c) the
[C6BPCA]@Q[6]/U02%"/C20,%-based 2D framework; (d) H-bonding interactions; (e) the
[C6BPCA]@Q[6]/U02%*/C20,* -based 3D framework; () the [C6BPCA]@Q[6]/U02?*-based
1D polyrotaxane chain; (g) self-induced OSIQs and H-bonding interactions; (h) the
[C6BPCA]@Q[6]/UO,%**-based 2D framework; (i) self-induced OSIQs; (j) the
[C6BPCA]@Q[6]/U02%*-based 3D framework.
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By changing the ratio of the Q[6]-based pseudorataxane and uranyl cation used, Shi et al.
obtained a C6CA3@Q[6]/U0,%*-based 3D framework (Figure 39a), in which there were two
different chains.[***! One chain was constructed by the C6CA3@Q[6] inclusion complexes and
UO,2* cations via coordination of protruding carboxyl groups with UO22* cations (Figure 39b)
and the other was constructed by the C6CA3@Q[6] inclusion complexes via hydrogen bonding
interactions formed between protruding carboxyl groups and portal carbonyl oxygen atoms in
the Q[6]s (Figure 39¢). Both C6CA3@Q[6]/U02%* -based and C6CA3@Q[6]-based chains can
stack into 2D frameworks (Figures 39d and g), respectively via aromatic-induced OSIQs
formed between the protruding aromatic rings and Q[6]s, as well as self-induced OSIQs formed
among the Q[6]s in adjacent chains (Figures 39c and f). The 3D framework was constructed by

alternatively stacking the two different 2D frameworks (Figures 39d and g).

Figure 39. (a) Crystal structure of [C6CA3]@Q[6]/U02%*-based 3D framework; (b) the
[C6CA3]@Q[6]/U0,%*-based 1D polyrotaxane chain; (c) the OSIQs in the 2D and 3D
frameworks; (d) the [C6CA3]@Q[6]/U0O2?*-based 2D framework; (e) the [C6CA3]@Q[6]-
based 1D supramolecular chain; (f) the OSIQs in the 2D and 3D frameworks; (g) the
[C6CA3]@Q[6]-based 2D framework.

Shi et al. made an important discovery in the construction of [CnBPCA]@Q[6]/UO2-based
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frameworks, namely that the uranyl cation can coordinate with not only protruding carboxyl
groups in adjacent [C6BPCA]@Q[6]-based pseudorotaxanes with varying spacers (Cn = C5,
C7, and C8) to form polyrotaxanes, but also with portal carbonyl oxygens of Q[6] molecules in
adjacent [CnBPCA]@Q[6]-based pseudorotaxanes to form unusual linear coodinated
polyrotaxane chains or frameworks.[** For example, on using H2SO4 and HBr to adjust the
pH (2.5-3.0) of the [C7TBPCA]@Q[6]/UO: system, two different [C7TBPCA]@Q[6]/UO-based
frameworks were obtained (Figure 40f and j). In the first case, namely H2SO4, every second
uranyl cation coordinates with two sulfate anions to form a UO2-SO4 cluster, which is linked
with two protruding carboxyl groups in two adjacent [C7TBPCA]@Q[6]-based pseudorotaxanes
to form a [C7TBPCA]@Q[6]/UO2-based coordination polyrotaxane chain. Moreover, it can
coordinate to a portal carbonyl oxygen atom of a Q[6] in an adjacent [C7TBPCA]@Q[6]/UO:-
based coordination polyrotaxane chain, resulting in the formation of double
[C7TBPCA]@Q[6]/UO2-based 1D coordination polyrotaxane chains (Figure 40b), which can
stack into a 2D framework (Figure 40d). The 2D frameworks can further stack into a 3D
framework (Figure 40f). To understand the formation of the [C7TBPCA]@Q[6]/UO2-based 2D
or 3D frameworks, an understanding of the supramolecular interactions formed between the
adjacent double [C7BPCA]@Q[6]/UO2-based polyrotaxane chains is needed. These
interactions include anion-induced OSIQs of the sulfate anions (Figure 40c), which coordinate
to the uranyl cations and Q[6] molecules in adjacent chains, and aromatic-induced OSIQs
formed between Q[6] molecules and C7BPCA guest in adjacent chains (Figure 40e). In the
second case (HBr), a uranyl cation coordinates with only one protruding carboxyl group of a
[C7TBPCA]@QI[6]-based pseudorotaxane. Meanwhile, it coordinates to the portal carbonyl
oxygen in the Q[6] of an adjacent [C7TBPCA]@QI6]-based pseudorotaxane, which results in
the formation of a zig-zag like polyrotaxane chain (Figure 40g). The [C7TBPCA]@Q[6]/UO-
based polyrotaxane chains can stack into a 2D framework (Figure 40h), which can further stack

into a 3D framework (Figure 40j). Unlike the first case in which the supramolecular interactions
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in the 2D and 3D frameworks are similar, in the second case, the supramolecular interactions
in the 2D framework include self-induced OSI1Qs formed between Q[6]s in adjacent chains and
the m-m interaction formed between protruding pyridyl rings in adjacent
[CTBPCA]@Q[6]/UO2-based coordination polyrotaxane chains. The supramolecular
interactions formed in the 3D framework include mainly self-induced OSIQs (Figure 40i left)

and anion-induced OSIQs formed between Br™ clusters and adjacent Q[6]s (Figure 40i right).

Figure 40. (a) Chemical and crystal structure of the [C7TBPCA] guest; (b) crystal structure of
the double [C7TBPCA]@Q[6]/UO2-based 1D coordination polyrotaxane chain; (c) the anion-
induced OSIQs; (d) 2D framework constructed by the double 1D coordination polyrotaxane
chains; (e) aromatic-induced OSIQs; (f) the [C7TBPCA]@Q[6]/UO2-based 3D framework; (g)
the zig-zag-like [C7TBPCA]@Q[6]/U0O2-based 1D coordination polyrotaxane chain; (h) the 2D
framework constructed by the zig-zag-like [C7BPCA]@Q[6]/UO2-based1D coordination
polyrotaxane chains; (i) the anion- and self-induced OSIQs; (j) the 3D framework constructed
by the [C7TBPCA]@Q[6]/UO2-based 2D frameworks.
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2.4.2. Q[n]-based frameworks constructed by 2D guest@Q[n]/M™ polyrotaxanes

It can be said that Kim pioneered research into the construction of Q[n]-based frameworks.
Efficient syntheses of 1D, 2D and 3D polyrotaxanes with high structural regularity and
molecular necklaces was achieved by using a combination of self-assembly and coordination
chemistry.*5% In early work, Kim et al. reported not only a Q[6]-based framework (Figure 31f)
constructed from stacked CAN4@Q[6]/Ag"(CH3CsHsSO3)-based polyrotaxane chains (Figure
31b),144 but also mechanically interlocked molecules incorporating Q[6] as a molecular ‘bead’
and a C4AN4@QI[6]/Ag*(NO3s)-based polyrotaxane 2D framework (Figure 31e).*%1 The
difference to the structure shown in Figure 41a is that each Ag" cation coordinates to three
protruding pyridyl nitrogen atoms from three adjacent CAN4@Q[6] pseudorotaxanes, which
results in the formation of a corrugated honeycomb-like 2D framework (Figure 41b). This can
further stack into a 3D framework via self-induced OSIQs (Figures 41c), formed between Q[6]

molecules in adjacent 2D frameworks (Figures 41d).
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Figure 41. (a) The CAN4/Ag*/NO3" cluster; (b) crystal structure of C4AN4@Q[n]/Ag*(NO3)-
based polyrotaxane 2D framework; (c) the self- induced OSIQs; (d) 3D framework constructed
by the CAN4@Q[n]/Ag*(NO3)-based polyrotaxane 2D frameworks.
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Replacing C4N4 with N,N’-bis(3-cyanobenzyl)-1,4-diammoniobutane dinitrate (C4CN3 as
a precursor, which can hydrolyze to C4CA4, Figures 42a) and AgNO3z with Tb(NO3)3, a
C4CA4@Q[6]/Tb3*-based corrugated honeycomb-like 2D framework was obtained (Figure
42¢).1'% This is similar to the system shown in Figure 41b, in which each Th®' cation
coordinates to three protruding carboxyl groups from three adjacent C4CA4@Q[6]
pseudorotaxanes (Figure 42e). The corrugated C4ACA4@Q[6]/Th**-based 2D frameworks can
also further stack into a 3D framework (Figures 42g and h). This is unlike the
CAN4A@Q[n])/Ag*(NO3)-based 3D  framework  (Figure 41d) in  which the
CAN4@Q[n])/Ag*(NO3)-based 2D frameworks were simply stacked (Figure 41b), i.e. the
C4CA4@Q[6]/Th**-based 2D frameworks are stacked in an interlocked manner (Figures 42e

and f).
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Figure 42. (a) Chemical structure of the C4CA4 guest; (b) the C4ACA4/Tb*" cluster; (c) crystal
structure of C4CA4@Q[6]/Th**-based 2D framework; (d) the interlocked unit; (e, f) 3D
framework stacked by the CACA4@Q[6]/Tb**-based 2D frameworks.

Upon introducing oxalate (Na2C204) into the CSN3@Q[6]/Cu?* system, Kim et al. obtained

another polyrotaxane-based 2D framework (Figure 43c),[**¥l in which each Cu?* cation was
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coordinated to two protruding pyridyl nitrogen atoms from two adjacent C5N3@Q[6]
pseudorotaxanes. The oxalate anion was coordinated to two such Cu?* cations to form a
C5N3@Q[6] pseudorotaxane tetramer (Figure 43b), and the C5N3@Q[6]/Cu?*-based 2D
framework (Figure 43c) was constructed from the tetramer. The 2D frameworks can further
stack into a C5N3@Q[6]/Cu?*-based 3D framework (Figure 43e and f) via self-induced OSIQs
formed between Q[6] molecules in adjacent 2D frameworks and aromatic-induced OSIQs

between Q[6]s and adjacent protruding pyridyl rings (Figure 43d) from adjacent 2D frameworks.
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Figure 43. (a) Chemical structure of the C5N3 guest; (b) the C5N3/Cu?*/C204% cluster; (c)
crystal structure of CSN3@Q[6]/Cu?®*/C204> -based 2D framework; (d) the self- and aromatic-
induced OSIQs; (e, f) the CSN3@Q[6]/Cu?*/C204* -based 3D framework viewed along the c-
and a-axis, respectively.

Following the work of Kim et al., Shi et al. further developed the coordination chemistry of
guest@Q[n] inclusion complexes with metal ions to construct Q[n]-based frameworks. They
focused on the framework systems constructed upon the coordination of actinide metal cations
with guest@Q[6]-based pseudorotaxanes. They not only developed various Q[6]-based
frameworks from 1D coordination polyrotaxanes,145146:147-1501 ht also created a variety of
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Q[6]-based frameworks constructed from 2D polyrotaxanes. For example, they selected
C6BPCA as a guest and prepared C6BPCA@Q[6]-based pseudorotaxanes bearing different
counter anions [(SO4)?~ and Br], which resulted in the formation of different polyrotaxane
frameworks when coordinated with uranyl cations.'1 In the (SO4)>" case, every two uranyl
cations form a cluster in which each uranyl cation is coordinated to a sulfate anion. One
protruding carboxyl group from an isolated [C6BPCA]@Q[6]-based pseudorotaxane and two
protruding carboxyl groups in two adjacent [C6BPCA]@Q[6]-based pseudorotaxanes share
another uranyl cation in the cluster (Figure 44a). Thus, a [C6BPCA]@Q[6]/UO2-based 2D
framework can be formed from the cluster (Figure 44b). Moreover, these 2D frameworks can
stack into a [C6BPCA]@Q[6]/UO2-based 3D framework (Figure 44c). Self-induced OSIQs are
the key driving forces that link the adjacent [C6BPCA]@Q[6]/UO2-based 2D frameworks. In
the Br case, each uranyl cation is coordinated to four protruding carboxyl groups from four
adjacent [C6BPCA]@Q[6]-based pseudorotaxanes (Figure 44d), and this coordination affords
a [C6BPCA]@Q[6]/UO2-based 2D framework (Figure 44e), which can stack to form a 3D
framework (Figures 44f and g). Again, the self-induced OSIQs are the key driving forces

leading to the formation of the 3D framework.
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Figure 44. (a) Crystal structure of [C6BPCA]@Q[6]/U0O2(S04%*)-based cluster; (b) the
[C6BPCA]@Q[6]/U02(S04%)-based coordination polyrotaxane 2D framework; (c) the
[C6BPCA]@Q[6]/U02(S04*)-based 3D framework viewed along bc plane; (d) The
coordination complex formed from [C6BPCA]@Q[6] and UO2(Br) cations; (e) the
[C6BPCA]@Q[6]/UO2(Br)-based coordination polyrotaxane 2D framework; (f and g) the 3D
framework formed by stacking of the [C6BPCA]@Q[6]/UO2(Br)-based coordination
polyrotaxane 2D frameworks viewed from different directions.

A slight adjustment in the [C6BPCA]@Q[6]/U02(S04?") system, such as adjusting the pH
to 1.30 with HNOs3, led to a [C6BPCA]@Q[6]/U02(S0O4>)-based 2D polyrotaxane framework
(Figure 45a). Each protruding carboxyl group in each [C6BPCA]@Q[6] pseudorotaxane
coordinates one uranyl cation, whilst the adjacent uranyl cations of both sides of the
[C6BPCA]@QI6] pseudorotaxane are linked by the sulfate anions via coordination. The anion-
induced OSIQ of the coordinated sulfate anions (Figure 45b) can play an important role in the
formation of a [C6BPCA]@Q[6]/U02(S04*")-based 3D framework (Figure 45¢). Introducing
an oxalate anion into the [C6BPCA]@Q[6]/U02(SO4*") system at different pH can also yield

different [C6BPCA]@Q[6]/UO2-based 2D polyrotaxane frameworks (Figures 45d and g). For
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example, on adding Na.C.04 to the [C6BPCA]@Q[6]/UO: system and adjusting the pH to
1.98 with HNOg3, Shi et al. obtained a different [C6BPCA]@Q[6]/UO2-based 2D polyrotaxane
framework (Figure 45d).11 In this 2D framework, each protruding carboxyl group in each
[C6BPCA]@QI6] pseudorotaxane is also coordinated to one uranyl cation and adjacent uranyl
cations on both sides of the [C6BPCA]@Q[6] pseudorotaxane are connected via coordination
with the oxalate anions instead of sulfate anions. Anion-induced OSIQs (Figure 45e) are the
main driving force that result in the formation of the [C6BPCA]@Q[6]/UO2-based 3D
framework (Figure 45f). Upon adjusting pH to 6.1-6.8 wusing NaOH, the
[C6BPCA]@Q[6]/UO2/C204 system can yield similar [C6BPCA]@Q[6]/UO2-based 2D
polyrotaxane frameworks (Figure 45g). In this case, every four uranyl cations form a uranyl
tetramer cluster, which coordinates to two protruding carboxyl groups in two adjacent
[C6BPCA]@QI6] pseudorotaxanes. The adjacent tetramers are connected by the oxalate anions.
The self- and aromatic-induced OSIQs (Figure 45h) now appear to be the main driving forces
that result in the [C6BPCA]@Q[6]/UO2-based 3D framework formed upon stacking of the

[C6BPCA]@Q[6]/UO2-based 2D polyrotaxane frameworks (Figure 45i).
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Figure 45. (a) Crystal structure of [C6BPCA]@Q[6]/U02%*/SO4> -based 2D polyrotaxane
framework; (b) the anion-induced OSIQ; (c) [C6BPCA]@Q[6]/U02%"/SO4> -based 3D
framework; (d) [C6BPCA]@Q[6]/U0O2%*/C»0,> -based 2D framework; (e) the anion-induced
0sIQ: ) [C6BPCA]@Q[6]/U02%"/C20,* -based 3D framework; (9)
[C6BPCA]@Q[6]/[U02%*]4/C20,> -based 2D framework; (h) the self- and aromatic-induced
OSIQs; (i) [C6BPCA]@Q[6]/[U022*14/C202* -based 3D framework.

On reacting C6CA4@Q[6] with uranyl cations, Shi et al. obtained a hetero-framework
containing C6CA4@Q[6]/U0,%*-based 1D polyrotaxane chains and 2D polyrotaxane
frameworks.[** In the 1D polyrotaxane chain, two adjacent C6CA4@Q[6] pseudorotaxanes
are connected by dimeric uranyl cations via coordination of the protruding carboxyl groups in
the C6CA4@Q[6] pseudorotaxanes and the dimeric uranyl cations (Figure 46a). By contrast,
in the 2D polyrotaxane framework, six adjacent C6CA4@Q[6] pseudorotaxanes are connected
by a hexameric uranyl cation via coordination of protruding carboxyl groups of the

C6CA4@Q[6] pseudorotaxanes and hexameric uranyl cations (Figure 46b). Moreover, every
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three C6CA4@Q[6] pseudorotaxanes and a hexameric uranyl cation create a trapezoidal hole
in the 2D polyrotaxane framework. Each trapezoidal hole is obliquely inserted with a
C6CA4@Q[6] pseudorotaxane in a 1D polyrotaxane chain formed via self-induced OSIQs
between the Q[6] molecules in adjacent 1D polyrotaxane chains and 2D polyrotaxane
frameworks, as well as aromatic-induced OSIQs formed between protruding aromatic rings in
the chains and Q[6]s in adjacent 2D polyrotaxane frameworks (Figure 46c). Thus, the 1D
dimeric uranyl polyrotaxane chains link all the 2D hexameric uranyl polyrotaxane frameworks
via a threading pattern to construct a unique two-fold nested polyrotaxane framework (Figure

46d).
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Figure 46. (a) Crystal structure of the C6CA4@Q[6]/U0,%*-based 1D polyrotaxane chain; (b)

the C6CA4@Q[6]/U0,?*-based 2D polyrotaxane framework; (c) the interactions observed

between the Q[6] molecules in the adjacent 1D polyrotaxane chains and 2D polyrotaxane

frameworks; (d) the two-fold nested polyrotaxane framework constructed by the 1D dimeric

uranyl polyrotaxane chains and 2D hexameric uranyl polyrotaxane frameworks viewed from
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different directions.

By reacting [C6BPCA]@Q[6] with Np°>* or UO,%*, Shi et al. obtained two different
[C6BPCA]@Q[6]-based frameworks.[*>* In the Np®* case, each Np®* cation coordinates with
two protruding carboxyl groups in two adjacent [C6BPCA]@Q[6] pseudorotaxanes, as well as
coordinating to the portal carbonyl oxygen of a Q[6] from an adjacent [C6BPCA]@Q[6]
pseudorotaxane. This results in the formation of a [C6BPCA]@Q[6]/Np°*-based triangular
node, which can form a 2D [C6BPCA]@Q[6]/Np°*-based polyrotaxane framework (Figure
47a). Only the coordination of the Np®* cation with the portal carbonyl oxygen of the Q[6]
molecule results in the interlocking of the adjacent 2D [C6BPCA]@Q[6]/Np°*-based
polyrotaxane framework (Figure 47a). In addition, self-induced OSIQs (Figure 47b) formed
among the Q[6] molecules exist in the adjacent 2D frameworks and lead to the formation of a
3D framework (Figure 47c). For the UO22* case, each UO,?" cation coordinates with four
protruding carboxyl groups in four adjacent [C6BPCA]@Q][6] pseudorotaxanes, and can then
form a 2D [C6BPCA]@Q[6]/U02%*-based polyrotaxane framework (Figure 47d). This can
stack into a 3D [C6BPCA]@Q[6]/U0,*-based polyrotaxane framework (Figure 47f) via self-

induced OSIQs (Figure 47¢) formed between Q[6] molecules in adjacent 2D frameworks.
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Figure 47. (a) Crystal structure of the 2D [C6BPCA]@Q[6]/Np°*-based polyrotaxane
framework; (b) self-induced OSIQs; (c) the 3D framework constructed by the 2D
[C6BPCA]@Q[6]/Np°*-based polyrotaxane frameworks; (d) the 2D [C6BPCA]@Q[6]/U02%*-
based polyrotaxane framework; (e) self-induced OSIQs; (f) the 3D framework constructed by
the 2D [C6BPCA]@Q[6]/UO2*-based polyrotaxane frameworks.

Shi et al. found that using the [CnBPCA]@Q[6] pseudorotanaxe to construct frameworks
can lead to metal cations, such as UO22* and Np®* coordinating not only with the protruding
carboxyl groups in adjacent [CnBPCA]@Q[6] pseudorotaxanes, but also portal carbonyl
oxygens of Q[6] molecules in adjacent [CnBPCA]@Q[6] pseudorotaxanes. This results in the
formation of some unusual linear coodinated polyrotaxane chains or frameworks.*5% 1541 They
demonstrated two such frameworks: the first one involved coordination of the [C5SBPCA]@Q[6]

pseudorotaxane using [C5BPCA]Br, guest (Figure 48a) with UO; cations, in which each
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cation coordinated with two protruding carboxyl groups in two adjacent [C5BPCA]@Q[6]
pseudorotaxanes. Meanwhile, they were coordinated to the portal carbonyl oxygen atom of a
Q[6] of a third [C5BPCA]@Q[6]-based pseudorotaxane. This formed a
[C5BPCA]@Q[6]/Np°*-based triangle node, which can create a [C5BPCA]@Q[6]/UO2-based
polyrotaxane 2D framework (Figure 48b) and stack into a 3D framework (Figure 48d) via self-
induced OSIQs (Figure 48c) formed between the Q[6] molecules in adjacent 2D frameworks.
In the [CBBPCA]@Q[6]/UO> system, every two sulfate anions (counter anions) coordinate to
two uranyl cations to form a dimeric uranyl cluster, which coordinates with two protruding
carboxyl groups of two adjacent [C8BPCA]@Q[6] pseudorotaxanes. Meanwhile, it coordinates
to two portal carbonyl oxygen atoms in two Q[6] molecules from another two
[C8BPCA]@QI[6]-based pseudorotaxanes, thus, coordinating the [C8BPCA]@Q[6]
pseudorotaxanes and dimeric uranyl clusters to create a [C8BPCA]@Q[6]/UO2-based
polyrotaxane 2D framework (Figure 48f). This can further stack into a 3D framework (Figure
48h) via self-induced OSIQs (Figure 48g) formed between Q[6] molecules in adjacent 2D

frameworks.
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Figure 48. (a) Chemical structure of the [C5BPCA]Br2 guest; (b) self-induced OSIQs; (c)
crystal structure of the 2D [C5BPCA]@Q[6]/U0O-?*-based polyrotaxane framework; (d) the 3D
framework constructed by the 2D [C5BPCA]@Q[6]/U02%*-based polyrotaxane frameworks;
(e) chemical structure of the [C8BPCA]BTr, guest; (f) the 2D [C8BPCA]@Q[6]/U0O22*-based
polyrotaxane framework; (g) self-induced OSIQs; (h) the 3D framework constructed by the 2D
[C8BPCA]@Q[6]/U0O22*-based polyrotaxane frameworks.

Wu and Cao reported a number of supramolecular organic frameworks constructed from
simple Q[6]-based pseudorotaxanes using guests bearing 4,4’-bipyridin-1-ium units.% More
recently, Wang and Su developed a strategy to construct C6N3 or C6N4@Q[6]/Cd or Zn?*-
based frameworks by introducing different rigid carboxylate ligands of varied geometry.[t%]
For example, by introducing 4,4’-biphenyldicarboxylic acid (H2BPDC) into the
C6N4@Q[6]/Cd?" system, a 2D C6N4@Q[6]/Cd?**-based polyrotaxane framework resulted.
Here, each Cd?* cation coordinates to a protruding pyridyl nitrogen atom in the C6N4@Q[6]

pseudorotaxane and two H2BPDC molecules. In turn, each H,BPDC molecule coordinates two
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of the aforementioned Cd?* cations which results in the fusing of the C6N4@Q[6]
pseudorotaxane into a 2D C6N4@Q[6]/Cd?*-based polyrotaxane framework (Figure 49a). This
is aided by self-induced OSIQs between Q[6] molecules in adjacent 2D frameworks and
aromatic-induced OSIQs between H>BPDC molecules and adjacent Q[6] molecules. The 2D
frameworks simply stack into a 3D C6N4@Q[6]/Cd?*-based polyrotaxane framework (Figures
49b and c). Introducing 1,3-benzenedicarboxylic acid (m-H2BDC) into the C6N4@Q[6]/Zn?*
system also results in the formation of a 2D C6N4@Q[6]/Zn?*-based polyrotaxane framework.
A similar coordination can be observed, namely, each Zn?* cation coordinates to a protruding
pyridyl nitrogn atom in the C6N4@Q[6] pseudorotaxane and two m-H2BPDC molecules. In
turn, each m-H,BPDC molecule coordinates two such Zn?* cations resulting in the formation
of a 2D C6N4@Q[6]/Zn?**-based polyrotaxane framework (Figure 49d). This stacks into a 3D
C6N4@Q[6]/Zn**-based polyrotaxane framework with the aid of self-induced OSIQs formed
between Q[6] molecules in adjacent 2D frameworks and aromatic-induced OSIQs between m-

H>BPDC molecules and adjacent Q[6] molecules (Figures 49e and f).

Figure 49. (a) Crystal structure of the 2D [C6N4]@Q[6]/Cd?*-based polyrotaxane framework;
(b, ¢) the 3D framework constructed by the 2D C6N4]@Q[6]/Cd?**-based polyrotaxane
frameworks viewed from different directions; (d) the [C6N4]@Q[6]/Zn?**-based polyrotaxane
framework; (e, f) the 3D framework constructed by the 2D [C6N4]@Q[6]/Zn?**-based
polyrotaxane frameworks viewed from different directions.
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2.4.3. Q[n]-based frameworks constructed by 3D guest@Q[n]/M"* polyrotaxanes

Thus far, we have introduced and discussed Q[n]-based frameworks constructed by 1D and
2D guest@Q[n]/M"" polyrotaxanes via various supramolecular interactions, especially OSIQs.
However, Q[n]-based frameworks constructed by 3D guest@Q[n]/M™ polyrotaxanes is a
relatively simple process because the basic building blocks can directly interact with each other
to form the 3D guest@Q[n]/M™ frameworks. Kim et al., using C4CN3, which can be
hydrolyzed into CACAS3 as the guest, and Q[6] as the host, added Th(NO3)z in order to prepare
a 3D CACA3@QI[6]/Th**-based polyrotaxane framework.*% Every two Tb%* cations formed a
dimeric Tb®" cluster, which coordinates to six protruding carboxyl groups from six adjacent
C4CA3@Q[6] pesudorotaxanes (Figure 50a). Fusing this hexameric C4CA3@Q[6]/Th**
polyrotaxane resulted in the formation of a 3D C4CA3@Q[6]/Tb*" polyrotaxane framework
(Figures 50b and c). Figure 50d shows a schematic representation of the 3D

C4CA3@Q[6]/Tb**-based polyrotaxane framework.

COOH

C4CA3

Qlo]

Figure 50. (a) The hexameric CACA3@QI[6]/Tb®*" polyrotaxane; (b, c) the 3D
C4CA3@Q[6]/Tb* polyrotaxane framework viewed from different directions; (d) a schematic
representation of the 3D CACA3@Q[6]/Th*" polyrotaxane framework.
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Wang et al. reported the use of dynamic combinatorial coordination chemistry to prepare
three isostructural Q6]-based polyrotaxane frameworks: C6CA4@Q[6]/M™ (M=Cu?*, Zn?*,
Cd?").[1% The structures were confirmed using X-ray crystallography and PXRD. The Cu?*
case was used as a representative example to illustrate the novelty of the framework structures.
Each Cu?" cation coordinates with four protruding carboxyl groups from four adjacent
C6CA4@Q[6]/Cu?" pseudorotaxanes (Figure 51a), which can form a 3D C6CA4@Q[6]/Cu?*-
based pseudorotaxane framework (Figure 51e, Q[6] molecules omitted for clarity). Close
inspection revealed that each channel in the framework was formed by a C6CA4@Q[6]/Cu?*
helical polyrotaxane (Figure 51c), in which the adjacent helical polyrotaxanes have opposite
chirality, as for the system in ref 143 (Figure 33). It is interesting that there are three sets of 3D
C6CA4@Q[6]/Cu?" polyrotaxane frameworks which interlock with each other. Figures 51d and

e show the frameworks with and without the Q[6] molecules present.

Figure 51. (a) Crystal structure of the basic building block constructed by Cu?* and four
CACA3@QI[6] pseudorotaxanes; (b) a single 3D C4ACA3@Q[6] polyrotaxane framework (Q[6]
molecules omitted for clarity); (c) the three isolated helixes in the framework are mutually
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interwoven; the 3D C4CA4@Q[6]/Cu?* polyrotaxane framework (d) with and (e) without Q[6]
molecules from different direction.

We have previously mentioned that when Wang and Su introduced 4,4’-
biphenyldicarboxylic acid (H2BPDC) into a C6N4@Q[6]/Cd** system and 1,3-
benzenedicarboxylic acid (m-H2BDC) to C6N4@Q[6]/Zn?" systems, respectively, they
obtained two frameworks constructed from 2D C6N4@Q[6]/Cd?**- and Zn?'-based
polyrotaxane frameworks (Figures 49b and e).1*%®1 Here, we will further introduce their work
on the construction of Q[n]-based frameworks derived from 3D C6N4@Q[6]/Cd?**-based
polyrotaxanes using the same strategy. For example, introducing 1,4’-benzenedicarboxylic acid
(H2BDC) into the C6N4@Q[6]/Cd** system resulted in the formation of a 3D
C6N4@Q[6]/Cd?**-based polyrotaxane framework (Figure 52e), in which each Cd?* cation
coordinated with a protruding pyridyl nitrogen atom of a C6N4@Q[6] pseudorotaxane, and two
H,BDC molecules (Figure 52a). In turn, each H,BDC molecule coordinates to two such Cd?
cations, which resulted in the formation of a 3D C6N4@Q[6]/Cd?*-based polyrotaxane
framework (Figure 52d, Q[6] molecules omitted for clarity). This can also be viewed as the
coordination of Cd?*/H,BDC-based 2D frameworks (Figure 52c) and C6N4@Q[6]
pseudorotaxanes. Similar to the 3D C6CA4@Q[6]/Cu?* polyrotaxane framework (Figure 51),
there are also three isolated sets of the 3D C6N4@Q[6]/Cd**-based polyrotaxane frameworks
(shown in original, orange and green, respectively), which are mutually interlocked with one

another (Figures 52d and e without and with Q[6] molecules present).
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Figure 52. (a) Crystal structure of the C6N4@Q[6]/Cd?**/H2BDC building block; (b) the 3D
framework formed by the C6N4@Q[6]/Cd?*/H2BDC building blocks (Q[6] molecules omitted
for clarity); (c) the 2D framework formed via the coordination of Cd?* and H.BDC; the three
interlocked 3D frameworks constructed by the C6N4@Q[6]/Cd**/H.BDC building blocks (d)
without and (e) with Q[6] molecules present.

By introducing m-H,BDC into the C6N3@Q[6]/Cd?* system, a 3D C6N3@Q[6]/Cd?*/m-
H>BDC-based polyrotaxane framework was obtained (Figures 53a and b, with and without the
Q[6] molecules present), in which there are two different Cd-complexes. The Cd1 cation
coordinates with the protruding carboxyl group of the C6N3@Q[6] pseudorotaxane, and three
m-H>BDC molecules, whereas the Cd2 cation is only coordinated to two m-H,BDC molecules
(Figure 53c). Figure 53d shows a schematic representation of the 3D C6N3@Q[6]/Cd**/m-

H>BDC-based polyrotaxane framework.
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Figure 53. The 3D framework constructed by C6N3@Q[6]/Cd*/m-H,BDC (a) with and (b)
without Q[6] molecules; (c) the two different Cd/m-H2BDC complexes; (d) a schematic
representation of the C6N3@Q[6]/Cd?*/m-H,BDC-based 3D framework.

Upon introducing 1,3,5-benzenetricarboxylic acid (HsBTC) into a C6N3@Q[6]/Cd*
system, a 3D C6N3@Q[6]/Cd?*/-based polyrotaxane framework was obtained (Figures 54a and
b, without and with the Q[6] molecules present), in which there are three different Cd-
complexes. The Cdl cation coordinates with two protruding carboxyl groups in two
C6N3@Q[6] pseudorotaxanes, and two H3BTC molecules. The Cd2 cation coordinates with a
protruding carboxyl group of a C6N3@Q[6] pseudorotaxane, and two HzBTC molecules. The
Cd3 cation coordinates to three H3BTC molecules and a nitrate anion. This results in the
formation of a 2D Cd/H3BTC-based framework (Figures 54c), which are connected to the
C6N3@Q[6] pseudorotaxanes to form a 3D C6N3@Q[6]/Cd**/H3BTC-based polyrotaxane

framework (Figure 54d).[*%4]
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Figure 54. The 3D framework constructed by C6N3@Q[6]/Cd?**/H3BTC (a) without and (b)
with Q[6] molecules present; (c, d) the three different Cd/H3BTC complexes observed in the
Cd?*/m-H,BDC-based 2D framework.

Using the same strategy, Wang et al. introduced 1,4-benzenedicarboxylic acid (H2BDC)
into the C4N4@Q[6]/Cu?* system, and obtained a framework constructed from 3D
C4N4@Q[6]/Cu?* polyrotaxanes (Figures 55b and ¢ without and with the Q[6] molecules
present).[!581 Every Cu?* cation pair (Cul-Cu2) is coordinated to four H.BDC molecules, and
in addition to a protruding carboxyl group in an adjacent CAN4@Q[6] pseudorotaxane as well
as a chloride anion (Figure 55a). In turn, each H,BDC molecule is coordinated to two Cu?*
cation pairs, resulting in the formation of a Cu,BDC:-based 2D framework (Figures 55d and
e). Indeed, the 3D C4N4@Q[6]/Cu?* polyrotaxane framework is constructed by the

coordination between the [Cu2BDC4] complexes and CAN4@Q[6] pseudorotaxanes.
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Figure 55. (a) The basic building block constructed by the CAN4@Q[6] pseudorotaxanes, Cu?*
cations and BDC? anions; crystal structure of the 3D C4N4@Q[6]/Cu?*-based polyrotaxane
framework (b) without and (c) with the Q[6] molecules present; the Cu2BDC>-based 2D
framework viewed along the (d) b- and (e) c-axis, respectively.

3. Potential applications of guest@Q[n]-based frameworks

This review originated from a series of SOFs based on Q[8] and certain special structural
guests reported by Li et al.®81% |n the process of collecting relevant literature material, it was
found that Q[n]-based frameworks constructed using Q[n]-guest inclusion complexes,
especially those supplemented by OSIQs and/or coordination to metal ions, are very common
in Q[n]-based host-guest chemistry. However, because researchers have tended to focus on
other aspects of such Q[n]-guest systems, the structural characteristics of many of these
frameworks have often been overlooked. Therefore, their potential applications have also gone
under the radar. For example, for Q[n]-based SOFs constructed by Q[n]-guest inclusion
complexes, the research purpose usually focuses on the change of the guest properties after

inclusion or the properties of the resulting Q[n]-guest inclusion complexes. For the Q[n]-based
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frameworks constructed via the coordination of host-guest inclusion complexes with metal ions,
the research purpose usually focuses on the construction strategy and the structural
characteristics of the Q[n]-based frameworks. Although the potential applications of these
frameworks are yet to be realized, there are emerging some interesting reports, and these are
detailed in the sections below.
3.1. Adsorption characterisitics

It is well known that extended porous structures and ordered multi-channels are common
structural characteristic of all framework materials, and that the selective adsorption of different
materials is a common characteristic of such framework materials. Like conventional
framework materials, the frameworks constructed using Q[n]-guest inclusion complexes show
their own adsorption characteristics for different adsorbates via OSIQs, n--n stacking, C—H-x,
and hydrogen bonding interactions. The resulting adsorbate@Q[n]-based framework systems
exhibit properties such as selective adsorption, sensing, and fluorescence, and thus have
extensive potential applications.
3.1.1. Exchange

Kim et al. first established the strategy of constructing frameworks via coordinating Q[n]-
based host-guest inclusion complexes with metal ions. They introduced oxalates (Na2C204)
into the CSN3@Q[6]/Cu?*(NO3) system, and obtained a honeycomb-like polyrotaxane-based
2D cationic framework (Figure 43c).[*% Stirring a suspension of this Q[6]-based framework in
an aqueous solution containing a slight excess of NaPFes at room temperature results in
exchange of NO3™ with PFe ™. The larger tosylate anion can also be exchanged with NO3z™ anions,
but the exchange rate is slower than that observed for PF¢~ anions; only ~20% of the anion is
exchanged after 6 h. Larger anions such as tetraphenylborate, cannot be exchanged with NO3™
anions. These results demonstrated the size selectivity of the anion exchange process in this
Q[6]-based framework.[5!

Wang et al. have carried out similar work by introducing 1,4-benzenedicarboxylic acid
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(H2BDC) into the C4AN4@QI[6]/Cu?*(NO3) system, and obtained a Q[6]-based framework
(Figure 55d),[%! which exhibited a pillared-layer structure with a 5-connected sqp topology
and 45.4% effective free volume. The framework contained a large amount of high boiling point
solvent molecules (DMF), which were hard to remove by direct evacuation only. A good
solution was to exchange the high boiling point solvent with a low boiling point solvent. The
exchange experiment using benzene to exchange with DMF in the solid framework showed that
the solvent exchange process was completed over 10 h and the driving force changed from =-
interactions between C=Oporta and C=Opwmr to aromatic-induced OSIQs (Figure 56a). Thus,
guest molecule exchange can be used in a single-crystal-to-single-crystal fashion (Figure 56b).

the

Figure 56. (a) A schematic illustration of the guest exchange process from the Q[6]-based
framework to benzene—-Q[6]-based framework; (b) the arrangement and interactions of the
benzene molecules within the cavity of the Q[6]-based framework.

3.1.2. Selective adsorption and release

Li et al. used a tetratopic guest bearing four 4-(4-methoxyphenyl)pyridin-1-ium units to
prepare a periodic 3D SOF in both the solid-state and in water (Figure 22b).12%4 This framework
exhibited different adsorption abilities for 20 different anionic guests of varying shape and size,
including dyes, drugs, peptides, DNA and dendrimers (Figure 57). Indeed, this SOF can act as
a supramolecular “ion sponge’. Figure 58a shows the amount of 20 guests absorbed by the
microcrystals of this SOF after 60 h when the adsorption process reached equilibrium. Figures

58b and ¢ show that the drugs absorbed in microcrystals can be selectively released into
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different aqueous solutions.!%4]
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Figure 57. Structures of the guest molecules: (a) Dye-1-6, (b) Drug-1-3, (c) Peptide-1-4, (d)
SDNA-1-4, DNA-1-2 and (e) dendrimers PAMAM-1-3.
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Figure 58. (a) Amount of guest molecules absorbed by the microcrystals of the SOF after 60 h.
The release of microcrystal (1 mg)-adsorbed drugs observed at 37 °C vs. time in (b) 1.0 mL of
water containing 1.0 equivalent of hydrochloric acid relative to the molar amount of the Na*
ion of the attracted guests and (c) 1.0 mL of CH3CO,H/CH3CO2Na buffer (pH = 4.5). The
experiments were conducted with samples in a static state (blue triangles: Drug-3, black squares:
Drug-1 and red circles: Drug-2) or on an orbital shaker (green triangles: Drug-1 and purple
triangles: Drug-2). (14

Again, Li et al. prepared a 3D SOF with hexagonal pores constructed from a TPE derivative
bearing four 4,4’-bipyridin-1-ium ends at the TPE core and the host Q[8] (Figure 22g).

Moreover, adsorption experiments revealed that this ionic framework exhibited affinity toward
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photosensitizers in water, such as [Ru(BDC)3]* (K* salt) and Ru(BPY)(BDC) (Figures 59a
and b), and polyoxometalate (POM) catalysts (redox-active Wells—Dawson-type-[P2W15062]®"
(K* salt, WD-POM) and Keggin-type PW1,040°~ (Na* salt, K-POM-a) (Figures 59¢ and d) via
fluorescence quenching. These two categories of guest molecules have a size of 1.1-1.3 nm and
represent important components used in integrated photocatalytic systems (Figure 59¢).[°1 Thus,
SOFs could be used for the enrichment of molecular photosensitizers and catalysts in a confined
nanospace, which are conducive for photocatalytic reactions due to improved photoexcited

electron transfer from the photosensitizers to catalysts.
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Figure 59. (a-d) Structures of the two Ru-based photosensitizers and two polyoxometalate
catalysts; (e) the 3D SOF adsorbed photosensitizer and POM.

3.1.3. Sensor

Zhao et al. synthesized two 2D SOFs, one was constructed from a TPE derivative bearing
four 4,4’-bipyridin-1-ium ends on the periphery of the TPE core (Figure 23d) and the host
QI8],*% whilst the other was constructed from a guest by incorporating three 4-(p-methoxy-
phenyl)-1-pyridinium units at the periphery of a triphenylamine skeleton (Figure 23e) and the
QI[8] host.*3 The first single-layered 2D SOF with parallelogram pores was prone to

aggregation forming layered structures, as a result of the large surface areas of its sheet-like
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structure. Moreover, solvophobic interactions can arise between the SOF and organic solvents,
in which the SOF cannot be readily solvated due to its ionic nature. Thus, the addition of water-
miscible organic solvents such as acetone, acetonitrile, dioxane, and tetrahydrofuran (THF) to
an aqueous solution of the SOF resulted in an enhancement of its fluorescence emission at
different levels. Figure 60 shows representative fluorescence spectra obtained for the SOF in
water-THF at different water/THF ratios, indicating that the aggregation of the 2D SOF results
in enhancement of the fluorescence emission of the system.[*32 This property allows these
assembled systems to be used as sensors to detect certain solvents or organic compounds.
Indeed, the second 2D SOF exhibited a fluorescence turn-on effect upon self-assembly of its
components, and displays highly selective and sensitive recognition of picric acid over a variety

of other nitroaromatic compounds (Figure 60b).[*33l
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Figure 60. (a) Changes in the fluorescence intensity of the second 2D SOF upon addition of (b)
different nitroaromatic compounds.

Using Kim’s strategy, namely constructing the frameworks via the coordination of Q[n]-
based host-guest inclusion complexes with metal ions, Wang and Su synthesized a 2D
C6N4@Q[6]/Cd**/H.BPDC-based polyrotaxane framework and C6N4@Q[6]/Zn*"/m-
H.BDC-based polyrotaxane framework, as shown in Figure 49, as well as a 3D
C6N4@Q[6]/Cd**/H,BDC-based polyrotaxane framework (Figure 52), a

C6N3@Q[6]/Cd**/m-H,BDC -based polyrotaxane framework (Figure 53) and a
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C6N3@QI[6]/Cd** /H3BTC-based polyrotaxane framework (Figure 54).1*%1 Considering the
enormous amount of portal carbonyl groups available to the Q[6] molecules at the surfaces of
these crystals, the sensitization ability toward visible emitting lanthanide cations was
investigated and the experimental results showed that the solid samples maintained their full
crystallinity. Figure 61 shows the photographs of these composites excited using a standard
laboratory ultraviolet lamp (254 nm), which indicated that (H.BDC)C6N4@Q[6]/Cd?*cEu and
(m-H2BDC)C6N4@Q[6]/Zn**cEu were better emitters than (m-
H.BDC)C6N3@Q[6]/Cd**cEu and (H3BTC)C6N3@Q[6]/Cd**cEu (pink colour). They

emitted a distinctive red colour, which was readily observed by the naked eye as a qualitative

indication of europium sensitization.™*5s

Ly >
® O

EU(NO.), 61,0 Q[6]:Fu

Figure 61. Samples illuminated using daylight (top) and a 254 nm laboratory UV light (bottom).
From left to right: Eu(NO3)3-6H.O and X: Eu (X = Q[6] powder, 1:
(H2BDC)C6N4@Q[6]/Cd?* ; 3: (m-H2BDC)C6N4@Q[6]/Zn?*; 4: (m-
H.BDC)C6N3@Q[6]/Cd?*; 5: (HsBTC)C6N3@Q[6]/Cd* < Eu).

3.2. Catalysis

Li et al. reported a self-assembly strategy for the generation of the first homogeneous
supramolecular metal-organic framework in water at room temperature from a hexa-armed
[Ru(bpy)s]?*-based precursor and a Q[8] host (Figure 22b).[*%1 The framework adsorbs anionic
WD-POMs to form a photocatalyst. Upon visible-light (500 nm) irradiation, such hybrids
enable fast multi-electron injection from the photosensitive [Ru(bpy)s]?* units to the redox-

active WD-POM units, leading to efficient H2 production in both aqueous and organic media.
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The demonstrated strategy opens the door for the development of new classes of liquid-phase
and solid-phase ordered porous materials.

Li et al. also modified a [Ru(byp)s]?*-attached acylhydrazine moiety to a 3D diamond SOF-
CHO to obtain an efficient recyclable heterogeneous catalyst, as shown in (Figure 22¢).[11 The
resulting SOF-CH=N-[Ru(byp)s] can act as the heterogeneous photocatalyst which allowed the
reduction of aromatic azides to related amines under visible light.

3.3. Bioapplications

Li et al. synthesized a series of 2D and 3D SOFs, among them two 2D single-layered SOFs
were constructed from a 1,3,5-triphenylbenzene derivative bearing three viologen units at the
peripheral benzene rings and three hydrophilic bis(2-hydroxy-ethyl)carbamoyl groups in an
aqueous medium, respectively (Figure 21a).'%! The 2D SOFs may be regarded as layered
cationic supramolecular polyelectrolytes and their antimicrobial activity was studied using agar
diffusion assays of methicillin-resistant Staphylococcus aureus (MRSA) as a test strain. The
assays showed that both SOFs exhibited moderate activity against MRSA in a dose-dependent
manner. In contrast, the guests (Figures 22a and 23b) and Q[8] at an identical concentration did
not show any detectable activity. Thus, the activity exhibited by the two SOFs was tentatively
attributed to their increased cation concentration in the 2D space on the surface of MRSA. 157
158]

4. Conclusion

This paper reviews research progress on guest@Q[n]-based frameworks in Q[n]-
chemistry. Although it focuses on those frameworks based on the interaction between Q[n]s
and guest molecules, these are inevitably related to the OSIQs and coordination with metal ions.
Therefore, this review represents a comprehensive study of integrating Q[n]-based host-guest
chemistry, Q[n]-based coordination chemistry and OSIQ chemistry. According to the structural
characteristics of the guest@Q[n] inclusion complexes, their guest@Q[n]-based frameworks

can be divided into four categories, namely, those constructed through (1) simple host—guest
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inclusion complexes; (2) host—guest inclusion supamolecular polymers or frameworks; (3)
host-guest exclusion complexes or supamolecular polymers; and (4) coordination complexes of
the host—guest inclusion complexes with metal ions. For guest@Q[n]-based frameworks
composed of simple host-guest inclusion complexes, other interactions are usually present. The
most common are OSIQs, including self-induced OSIQ, anion-induced OSIQ and aromatic-
induced OSIQ. Similar situations can be observed in the case of the construction via 1D or even
2D polyrotaxanes and host—guest inclusion supramolecular polymers or frameworks. This is
attributed to the electrostatic positive potential of the outer surface of Q[n]s.

Like any other framework material, Q[n]-based frameworks constructed from Q[n]-based
host—guest inclusion complexes also have various channels and holes. Therefore, they also have
the adsorption characteristics common to all framework materials, such as adsorption-
desorption characteristics, molecular recognition functions, special molecular containers,
sensors, molecule delivery and other characteristics derived from their adsorption
characteristics. Some investigations on functional properties have shown that guest@Q[n]-
based frameworks are outstanding in molecular exchanges, selective adsorption and release,
sensors, catalytic processes.

However, it is a new proposition to take Q[n]-based frameworks constructed from Q[n]-
based host-guest inclusion complexes as a research direction of Q[n]-chemistry, because the
mainstream research direction based on Q[n]-based host-guest chemistry is usually concerned
with interactions formed between Q[n]s and guest molecules and the characteristics of the Q[n]-
guests interaction system. However, the architectural problems of Q[n]-based host—guest
inclusion complexes are often ignored. Indeed, to our knowledge, there is limited research on
the functional properties of these framework structures or their application prospects.
Therefore, in the next stage of research, we should not only develop more updated guest@Q[n]-
based framework systems, but also strengthen the research on the characteristics of these new

systems, especially their functional properties and the application prospects thereof.
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In this review, some useful ideas and strategies are presented on how to construct guest@Q[n]-based
supramolecular frameworks, including the different uses of these guest@Q[n]-based supramolecular
frameworks, and also their relationship to other supramolecular building blocks, such as

polyoxometalates, calixarenes or pillararenes as well as other macrocyclic compounds.
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