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ABSTRACT: Cucurbit[n]urils (Q[n]s or CB[n]s), as a classical of artificial organic
macrocyclic hosts, were found to have excellent advantages in the fabricating of tunable and
smart organic luminescent materials in aqueous media and the solid state with high emitting
efficiency under the rigid pumpkin-shaped structure-derived macrocyclic-confinement effect
in recent years. This review aims to give a systematically up-to-date overview of the Q[n]-
based supramolecular organic luminescent emissions from the confined spaces triggered
host−guest complexes, including the assembly fashions and the mechanisms of the
macrocycle-based luminescent complexes, as well as their applications. Finally, challenges
and outlook are provided. Since this class of Q[n]-based supramolecular organic luminescent
emissions, which have essentially derived from the cavity-dependent confinement effect and
the resulting assembly fashions, emerged only a few years ago, we hope this review will
provide valuable information for the further development of macrocycle-based light-emitting
materials and other related research fields.
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1. INTRODUCTION

Luminescent emissions, such as fluorescence and phosphor-
escence, play important roles in our daily colorful world.
Inspired by nature, researchers began studying this phenom-
enon in the early 19th century.1 Following rapid scientific and
technological development, luminescent materials and, in
particular, fluorescence-based techniques have been broadly
applied in fields including biology,2 medicine,3 optoelec-
tronics,4 and mechanical engineering.5 Indeed, the Nobel
prizes for Chemistry in 2008 and 2014 were for the discovery
of green fluorescent protein and super-resolved fluorescence
microscopy, respectively. So, the design of highly efficient
luminescence systems is an important issue for scientists.
In comparison with inorganic luminescent materials,6−12

organic luminescent materials have attracted much attention
because of their accurate molecular structures, variety, and
tunable emissions with high quality via chemical modifica-
tion.12−26 It is believed that the development of highly efficient
fluorophores relies on a high degree of electronic conjugation
resulting from covalent bonding. Their preparation, however,
often involves difficult and tedious organic synthesis with
multiple steps and high cost. Notably, π-extended aromatic
chromophores, which usually exhibit strong intra-/intermo-
lecular π−π stacking, suffer from aggregation-caused quench-
ing (ACQ) of light emission in the condensed phase (Figure
1a).27 The ACQ effect has long prevented many lead
luminogens, identified by laboratory solution-screening, from
finding real-world applications. In 2001, however, Tang et al.
discovered a system in which luminogen aggregation played a

constructive, rather than destructive, role in the light-emitting
process: a series of silole derivatives were found to be
nonluminescent in the solution state but strongly emissive in
the aggregated state (Figure 1b).28,29 The concept of
aggregation-induced emission (AIE) was proposed for this
novel phenomenon, which has provided an efficient approach
for the construction of various advanced luminescent materials
for use as sensors, as light-emitting diodes, and in environ-
mental and biological systems during the last two decades.30,31

As shown in Figure 1, ACQ is often self-quenching at high
concentrations, and AIE is inhibited when aggregation is
disrupted. Thus, there is a challenge to be overcome in
constructing efficient luminogens with bright-light emission at
both low and high concentrations.
Cucurbit[n]urils (Q[n]s or CB[n]s, n = 5−8, 10, and 13−

15)32−36 are classical macrocyclic hosts formed by acid-
catalyzed condensation of glycoluril and formaldehyde (Figure
2) with cavity size of 2.4−11.0 Å and a common depth (9.1 Å).
Compared with other macrocycles, such as crown ethers,
cryptands, cyclodextrins, calixarenes, and pillararenes,37,38

Q[n]s distinguish themselves by their excellent ability to
form inclusion complexes with various guest molecules,
especially cationic guests, with high selectivity and high affinity
in aqueous solution attributed to their rigid pumpkin-shaped
structures39−50 and the corresponding macrocyclic-confine-
ment effect.51,52 Notably, early host−guest studies on
cucurbiturils have already revealed that the Q[n]-derived
confined spaces generally result in profound changes of the
physicochemical properties of the encapsulated dye guests such
as absorption/emission wavelengths and quantum yields,
which has been reviewed and discussed with other macrocycles
by Nau and co-workers in 2011.53 However, the size-
dependent macrocyclic confinement52,54 is commonly re-
garded as the hydrophobic effect in Q[n]-based supra-
molecular luminescent assemblies in aqueous solution and
has received little attention so far.55

In 2016, Ni et al. discovered that a wide variation in the
emission color of a single fluorophore guest from blue to cyan,
white, yellow, or green could be achieved by a addition of
different amounts of Q[8] hosts to the aqueous solution with a
facile operation.56 Furthermore, the dynamic properties of the
noncovalent interactions led to switchable fluorescent
emissions due to the reversibility of the host−guest inclusion.
Importantly, the Q[8]-based host−guest complex exhibited
long fluorescence lifetime and high quantum yield (QY) in
both dilute and high concentrations of the complexes. This
result indicated that the macrocycle triggered host−guest-
induced emission,56,57 or so-called supramolecular-assembly-
induced luminescence,58 could possibly be utilized as a new
type of chromophoric dye in light-emitting materials.
From a structural viewpoint, the rigid-cavity-derived Q[n]

units can be expected to advantageously prevent dye
aggregation and ACQ at high concentrations, and even in
the solid state, by providing a regular macrocyclic fence for
each of the encapsulated fluorophore dye molecules via
noncovalent interactions. Meanwhile, the inclusion of guest
dyes inside the Q[n] confined cavity in aqueous solution not
only suppresses quenching of the triplet state by oxygen or
other quenchers but also restricts the molecular motions under
the cavity-dependent confinement effect. All of these factors
eventually lead to bright fluorescence of the Q[n]-dye
complexes in both dilute and high concentration solution
including in the solid state (Figure 1c).56,57 For example, Park

Figure 1. Fluorescence photographs: (a) ACQ emission of N,N-
dicyclohexyl-1,7-dibromo-3,4,9,10-perylenetetracarboxylic diimide
and (b) AIE phenomenon of hexaphenylsilole in THF−water
mixtures with different water contents. Reproduced with permission
from ref 31. Copyright 2014 Royal Society of Chemistry. (c) Q[n]-
based supramolecular luminescent emissions: example from Q[7]
complex with guest dye 4,4′-[(1E,1′E)-1,4-phenylenebis(ethene-2,1-
diyl)]bis(1-carboxyethylpyridinium) (1:1) in dilute water (478 nm)
and in solid (487 nm). Reproduced with permission from ref 57.
Copyright 2018 American Chemical Society.
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et al. recently reported that the QY of cyanostilbene derivatives
in the Q[8] cavity can be dramatically enhanced up to 91% in
aqueous media.59

More recently, it was found that macrocyclic Q[n] hosts can
enhance intersystem crossing under the cavity-dependent
confinement effect and consequently increase the yield of the
triplet state, leading to increased phosphorescence, and some
publications have revealed inspiring results. For instance, Liu et
al. reported that the host−guest interaction of Q[6] with 4-(4-
bromophenyl)-N-methylpyridinium exhibited strong room
temperature phosphorescence (RTP) properties (QY was
determined to be 81%) in the solid state.60 At the same time,
Ma and co-workers demonstrated an example of multicolor
luminescence through combined fluorescence and RTP in both

aqueous solution and the solid state, attributed to a 2:2
quaternary complex being formed between a Q[8] host and a
triazine core-derived 4-(4-bromophenyl)pyridinium guest.61

Therefore, as evidenced by the reports presented above, the
classical rigid macrocyclic Q[n] hosts have exhibited excellent
properties for fabrication of tunable and smart organic
luminescent materials in both solution and the solid state
with high emission efficiency under the corresponding
macrocyclic-confinement effect. In particular, because of their
high selectivity for binding guests in water, they are
exceptionally useful for constructing water-soluble luminescent
systems, making them suitable for environmentally friendly
applications in the materials field. Remarkably, the Q[n]-based
multiple organic luminescent emissions are mainly derived

Figure 2. Chemical and X-ray crystal structures of Q[n]s.

Figure 3. Structure of 1 and graphical representation for the supramolecular self-assembly of monomers in aqueous solution. Reproduced with
permission from ref 66. Copyright 2018 Royal Society of Chemistry.
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from the confined spaces triggered noncovalent interactions in
the host−guest complexes, which greatly reduces synthesis
costs compared to tuning emission performance by covalent
modification of π-conjugated aromatic ring substituents. As
yet, the topic of Q[n]-based luminescence has not been
systematically reviewed;62,63 in particular, little attention has
been attracted to the role of the macrocyclic-confinement
effect in these systems. Accordingly, this review aims to
provide an up-to-date overview of noncovalent interactions
and strategies used for the preparation of Q[n]-based
luminescent materials in different host−guest assemblies, as
well as their various applications over the past decade. Since
this class of macrocyclic complex-based smart supramolecular
organic luminescent materials, which have essentially derived
from the cavity-dependent confinement effect and the resulting
assembly fashions, emerged only a few years ago, we hope to
cover all research developments in the field. Because the host−
guest interaction of Q[n]s is mostly dependent on the cavity,
thus, we start with a discussion of the smallest member, Q[5],
and then review each of the larger homologues in turn.
Selected examples are highlighted, especially the latest
developments in this field. Finally, an outlook on future
developments is given.

2. SUPRAMOLECULAR ORGANIC LUMINESCENT
EMISSIONS FROM THE Q[5] HOST

Unsubstituted Q[5] and its substituted analogues are the
smallest members of their respective homologous families. The
smaller portal size of Q[5]s inhibits the entry of most organic
molecules into the cavity, reducing the possible range of Q[5]-
based inclusion complexes.64,65 In the literature, one can find
only two examples of supramolecular luminescent systems
incorporating the Q[5] host. One is the fluorescence emission
triggered by a Q[5] analogue, CyP5TD[5], through portal
interaction triggered confinement of a fluorophore guest in a
supramolecular polymer structure.66 The other is RTP
emission derived from the Q[5]-outer-surface-complex-in-
duced confinement effect for naphthol derivatives in aqueous
media.67

2.1. Fluorescent Emission from CyP5TD[5]-Based Polymer

As shown in Figure 3, characterization including 1H nuclear
magnetic resonance (NMR) spectroscopy, isothermal titration
calorimetry (ITC), transmission electron microscopy (TEM),
and 2D DOSY 1H NMR indicated that a supramolecular
polymer was formed via the portal interaction between
tetraphenylethylene (TPE) derivative 1 and CyP5TD[5] in
pure water at room temperature.66 Fluorescence spectra
revealed a very weak fluorescence peak at 480 nm due to
free 1, the intensity of which was gradually enhanced upon
addition of increasing concentrations of CyP5TD[5] to the
solution. The QY increased from 0.27% to 16.2%, and the
CyP5TD[5]-induced change in fluorescence of 1 could be
clearly observed by the naked eye. Essentially, the host-
enhanced light emission can be attributed to the AIE
phenomenon. The ion−dipole interaction between the
ammonium group of 1 and the carbonyl groups on the
CyP5TD[5] portal efficiently restricts intramolecular rotation
of the TPE moiety (which can be defined as the portal
interaction triggered confinement effect). Consequently, the
supramolecular polymer exhibits much higher fluorescence
than the monomer due to the AIE properties of TPE in dilute
solution. In fact, TPE core-derived guests and the correspond-

ing AIE properties have been fully exploited in the
construction of various Q[8]-based supramolecular fluorescent
systems under the cavity-dependent macrocyclic confinement,
which will be discussed in detail in the Q[8] section.

2.2. Q[5]-Outer-Surface-Complex-Induced RTP Emission

Tao et al. found that Q[5]-outer-surface-complex-induced
RTP of α-naphthol (2) and β-naphthol (3) via weak
noncovalent interactions between the convex outer walls of
Q[5] and the aromatic plane of naphthol combined with the
affinity of Q[5] for metal ions.67 X-ray crystallography showed
that the naphthol luminophore was always arranged between
two Q[5] molecules and the aromatic plane of the
luminophore was roughly parallel to one of the five-membered
rings of glycoluril in the adjacent Q[5]. This parallel
orientation appears to reflect the presence of π−π stacking
and C−H−π interactions. In addition, the authors proposed
that hydrogen bonding between naphthol hydroxyl groups and
portal carbonyls in Q[5] persisted in solution and thereby
maintained a degree of aggregation between Q[5], naphthol,
and the heavy atom (I− or Tl+). To confirm the formation of
such aggregates by Q[5]-naphthol-heavy atom systems in the
solution state, NMR diffusion experiments were performed.
Furthermore, the increasing RTP intensity of the naphthol
luminophore in the presence of increasing amounts of Q[5]-
metal complex indicated that the luminophore is likely
surrounded by a number of metal-bound Q[5] molecules,
involving π−π stacking and C−H−π interactions as presented
in Figure 4a. Such a sandwich arrangement not only would
assist in protecting the luminophore from oxygen but also
would confine the luminophore and the heavy atom to set
positions in a luminophore-Q[5]-heavy atom exclusion
complex (confinement effect like in MOFs),52 which in turn
gives rise to the observed RTP.
To verify the role of the convex outer wall of Q[5] in the

Q[5]-induced RTP, two fully alkyl-substituted Q[5] hosts,
pentacyclohexano-Q[5] (CyH5Q[5]) and decamethyl-Q[5]
(Me10Q[5]), were used in additional RTP experiments. The
authors proposed that if the convex outer walls of
unsubstituted Q[5] contributed to the formation of a
confinement environment containing the luminophore and
heavy atom, the presence of alkyl substituents on the outer
walls of Q[5] would be expected to seriously perturb the
formation of such a microenvironment and inhibit π−π
stacking and C−H−π interactions. Phosphorescence emission
spectra indicated very low or completely quenched emission in
the fully alkyl-substituted Q[5] systems (Figure 4b). Actually,
this study not only fabricated a novel Q[5]-outer-surface-
complex-induced RTP system but also provided new insight
into the convex outer walls of cucurbiturils, leading to the
proposal of the “outer-surface interactions” of Q[n]s concept68

and its potential application in the field of energy research.69

3. SUPRAMOLECULAR ORGANIC LUMINESCENT
EMISSIONS FROM THE Q[6] HOST

The first synthesized homologue in the Q[n] family, Q[6],70

was fully investigated during early Q[n] chemistry by
Mock,71,72 Buschmann et al.,73 and Kim et al.74 However,
the insolubility of Q[6] in organic solvents and its poor water
solubility have seriously limited its applications. In particular,
the portal diameter is only 3.9 Å, so Q[6] is only able to form
stable inclusion complexes with aliphatic amines and small
neutral heterocyclic molecules such as 1,4-dioxane and furan.
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Poor binding affinity is observed with aromatic guests
(commonly in the range 102−103 M−1).39 Consequently, like
the Q[5] homologue, the Q[6] host has mainly been used in
the field of metal coordination chemistry in recent
publications.64 In fact, the rigid distinctive inner confined
cavities and the resulting macrocyclic-confinement effect of
Q[n]s enable potential applications for control and catalysis of
chemical reactions with high efficiency. For example, the Q[6]
host was first used to catalyze dipolar [3 + 2] cycloaddition
between azides and acetylenes by Mock and co-workers in the
early 1980s.75 To some extent, this paved the way to a class of
catalytic reactions that later became popular as in situ “click
chemistry’’.76,77 Meanwhile, fluorescent enhancement of dyes
upon complexation with cucurbiturils was also first observed
with the Q[6] host. For example, Wagner and Buschmann
have shown that Q[6] enhances the fluorescence of guest dyes
in solution and the solid state.78,79 Kim et al.80 and Tian et al.81

used the Q[6] host as a molecular “bead” to construct a
rotaxane-based molecular switch with fluorescent signals in
response to pH and metal coordination. It is worth noting that
Nau and co-workers have demonstrated that Q[6]-dye
complex fluorescent signals can be exploited to monitor the
enzymatic activity of lysine decarboxylase due to the
macrocyclic-confinement-assisted pKa shift,82−84 which is
selected as a representative example in this section.

3.1. Fluorescent Emission from Q[6]-Based Complexes

Fluorescent dye 4 was synthesized from 3-amino-9-ethyl-
carbazole, which acts as the fluorescent signal moiety, and a
diamino-alkyl moiety that acts as an anchor in the confined
Q[6] cavity (Figure 5a).82 A titration experiment indicated

that the fluorescence of 4 is pH-sensitive (Figure 5b). At pH ≥
7, strong fluorescence emission with a maximum at 458 nm
was observed due to the unprotonated form of 4. At acidic pH
(e.g., pH 3), the peak at 458 nm was strongly decreased and
was accompanied by increased emission around 375 nm due to
protonation of 4. The pKa of 4 was determined to be 5.3. Upon
addition of increasing concentrations of Q[6] to the solution
of 4 (pH 7), a similar change in fluorescence was observed
(Figure 5c). This result suggested that the Q[6] host
promoted protonation of 4 in neutral buffer solution, which
can be attributed the cooperation of the confinement effect of
the confined Q[6] cavity and the ion−dipole interactions of
the Q[6] portals. The binding constant of Q[6] with 4 was
determined to be (2.22 ± 0.16) × 107 M−1. The corresponding
pKa of the host−guest complex was found to be 9.8, one of the
largest supramolecular pKa shifts in the literature (Figure 5d).
The largest fluorescence response associated with the host-
assisted pKa shift of the dye is expected in the region between
the pKa values of the uncomplexed free dye (unprotonated
form) and the complexed form (protonation occurs in the
cavity of Q[6]), i.e., between pH 5.3 and 9.8. In other words,
the host-assisted dye protonation can be fully survived in
neutral aqueous solution. Interestingly, it was found that the

Figure 4. (a) Chemical structures of 2 and 3, and the formation of
π···π stacking and C−H···π interactions between naphthol and the
outer surface of Q[5]. (b) RTP spectra of Q[5], Me10Q[5], and
CyH5Q[5]: (a) 1-Q[5]-TINO3; (b) 2-Q[5]-TINO3; (c) 1-Q[5]-KI-
Na2SO3; (d) 2-Q[5]−KI-Na2SO3; (e) 1-Me10Q[5]-KI-Na2SO3; (f) 2-
Me10Q[5]-KI-Na2SO3; (g) 1-CyH5Q[5]-KI-Na2SO3; (h) 2-CyH5Q-
[5]-KI-Na2SO3; (i) 1-Me10Q[5]-TINO3; (j) 1-CyH5Q[5]-TINO3;
(k) 2-Me10Q[5]-TINO3; and (l) 2-CyH5Q[5]-TINO3. Reproduced
with permission from ref 67. Copyright 2013 Royal Society of
Chemistry.

Figure 5. (a) Chemical structure of 4 and the proposed sensing
mechanism of lysine decarboxylase, and fluorescence spectra of 4 (b)
upon lowering the pH in water and (c) upon addition of increasing
concentrations of Q[6] in NH4OAc buffer, pH 7. (d) pKa shift of 4
upon complexation with Q[6]. (e) Fluorescence titration for the
competitive displacement of 4 from Q[6] by cadaverine in NH4OAc
buffer at pH 7. Reproduced with permission from ref 82. Copyright
2008 American Chemical Society.
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binding constant of Q[6] with 1,5-diaminopentane (cadaver-
ine) in the same buffer solution was (9.5 ± 1.1) × 109 M−1,
much higher than the host−guest complex of Q[6] with dye 4.
Therefore, a novel fluorescent indicator displacement (FID)
chemosensor was constructed by typical displacement titration
of cadaverine with the solution of the Q[6]-4 complex (Figure
5e). Most importantly, this displacement model is ideal for
operation in the physiologically relevant neutral pH region (7
± 2) to monitor the enzymatic decarboxylation of lysine to
form cadaverine. Therefore, this study demonstrates an
innovative use of Q[n]-derived host−guest chemistry and
luminescent emission to fabricate an advanced stimuli-
responsive biological probe. Undoubtedly, one of the key
factors in this sensing system is the pKa shift of the dye under
the confinement effect of the Q[6] host. Indeed, supra-
molecular pKa shifts induced by host−guest complexation are
particularly attractive for chemists because this approach
provides a simple but useful way to modify the acidity or
basicity of the substrate in the confined space of artificial
macrocycles.85

Motivated by the the FID sensing mechanism of Q[6]-4, Ni
and co-workers developed Q[6]-assisted competitive recog-
nition of lysine and methionine in aqueous solution with a
distinct ratiometric fluorescent signal.86 As shown in Figure 6,

two Q[6] analogues, tetramethylcucurbit[6]uril (TMeQ[6])
and hemimethyl-substituted cucurbit[6]uril (HMeQ[6]), both
of which were previously found to exhibit better solubility in
aqueous media than the parent Q[6], were exploited as hosts
to construct FID chemosensors. In weak acidic aqueous
solution, the cationic dye guest 5 self-assembled to nano-
ribbon-like aggregates in the presence of NO3

− anions, which
was accompanied by a significant ratiometric fluorescence
signal from green (470 nm) to yellow (605 nm). The
aggregates of 5-NO3

− could be disturbed by the TMeQ[6] or
HMeQ[6] hosts through formation of stable host−guest
inclusion complexes (TMeQ[6]-5 or HMeQ[6]-5) with a
reversible fluorescent emission from 605 to 485 nm. FID
experiments suggested that TMeQ[6]-5 was sensitive to both
lysine and methionine, while HMeQ[6]-5 appeared to interact
only with lysine. This is attributed to the ellipsoidal cavity of

TMeQ[6] and the resulting confinement effect being more
suitable for inclusion of guests containing alkyl chain moieties
than the rounder cavity present in HMeQ[6]. Indeed, the
ellipsoidal cavity of TMeQ[6] also exhibited high binding
affinity to aromatic molecules compared with unsubstituted
Q[6].49

In 2015, Stoddart and co-workers reported a hetero[4]-
rotaxane system (6) (Figure 7a),87 which was isolated as an
unexpected byproduct during synthesis of heterorotaxane 7
from Q[6], γ-cyclodextrin (γ-CD), and two fluorescent
precursors (pyrene-based acetylene ammonium derivative 8
and diazaperopyrenium (DAPP), 9). However, there was no
complexation between 8 and γ-CD in aqueous solution (Figure
7b). Herein, the Q[6] host plays a crucial role in the
construction of heterorotaxane 6. Two Q[6] molecules are
fixed at the periphery of DAPP due to ion−dipole interaction,
which helps to outweigh the unfavorable energetics of
threading γ-CD onto the dumbbell of the heterorotaxane by
hydrogen bonding with the neighboring γ-CD and releasing
high energy water molecules from its cavity. Furthermore, as
part of a mechanically interlocked molecule, the confined
cavity of Q[6] provides highly efficient catalysis of the dipolar
[3 + 2] cycloaddition between 8 and 9 with the macrocyclic-
confinement effect.
Heterorotaxane 7 is poorly soluble and undergoes

aggregation in water, whereas heterorotaxane 6 exhibits
significant water solubility. 1H NMR spectroscopy reveals
that 6 undergoes aggregation at room temperature and
disaggregation to its monomeric form upon heating to 80
°C. The fluorescence emission of 6 can, therefore, be tuned
and is reversible over a wide range (∼100 nm) of wavelengths
as a result of stimuli-responsive aggregation and disaggregation
processes (Figure 7c). Furthermore, hetero[4]rotaxane 6
underwent increased aggregation at high concentrations and
in the solid state to form supramolecular polymers. Its narrow
emission band at 510 nm, triggered by Förster resonance
energy transfer (FRET) from pyrene to DAPP, attributed to
hydrogen bonding between Q[6] and γ-CD, was gradually
replaced by a broad, featureless band around 610 nm. This
indicated that either DAPP homodimers (excimers) or
pyrenyl-DAPP heterodimers (exciplexes) were being formed
in the excited state. The process was reversed when the
aggregated state was heated (Figure 7c). This study provides a
new insight into construct tunable fluorescent materials for
encryption by utilizing of the Q[6]-derived macrocyclic-
confinement effect.

3.2. RTP Emission from Q[6] Host-Based Encapsulation

Pure organic RTP emission systems constitute an exciting class
of materials because of their ultralong lifetimes, diverse
molecular design, low cost, and lack of toxicity. However, it
is well-known that purely organic molecules usually suffer from
inefficient RTP, attributed to inherently feeble spin−orbit
coupling and vulnerable triplet excitations. The key points to
construct highly efficient RTP systems are to promote
intersystem crossing to triplet excitations, minimize vibrational
dissipation to restrict nonradiative relaxation, and isolate triplet
excitons from triplet oxygen to prevent quenching. To date,
much effort has been devoted to achieving efficient RTP by
developing new methods, such as crystal engineering,88−93 H-
aggregation,94−96 halogen bonding,97−99 polymers,100−106 and
host−guest complexation.107 Fortunately, the inclusion of
organic dye guests inside the rigid confined cavities of Q[n]s

Figure 6. Illustration of the plausible FID process for lysine and
methionine recognition in water based on the host−guest interactions
of Q[6] analogues. Reproduced with permission from ref 86.
Copyright 2017 Wiley-VCH.
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generally suppresses quenching of the triplet state by oxygen or
other quenchers and further restricts molecular motion due to
the cavity-dependent confinement effect. All of these factors
ultimately promote enhancement of intersystem crossing and
efficiently increase the QY of RTP.
For example, Liu and co-workers demonstrated the

modulation of solid-state RTP emission in a series of 4-(4-
bromophenyl)-N-methylpyridinium salts with various counter-
anions (10X, X = Cl−, Br−, I−, and PF6

−) in the presence of

Q[6]. Remarkably increased QY was achieved (e.g., the QY of
10Cl− increased from to 2.6% to 81.2%).60 As shown in Figure
8, the salts of 10X themselves exhibited RTP in their crystalline
states, but poor quantum yields were observed for 10Cl− (λmax

= 426 nm, QY = 2.6%), 10Br− (λmax = 470 nm, QY = 4.6%),
and 10PF6

− (λmax = 510 nm, QY = 0.4%). In comparison, the
iodide salt 10I− had the best profile with yellow emission at
575 nm (Figure 8b), a lifetime of 5.61 μs, and QY of 24.1%.
The high efficiency of RTP emission by 10I− was attributed to

Figure 7. (a) Synthesis of heterorotaxanes 6 and 7 from stopper 8 and dumbbell precursor 9 and graphical representation of Q[6] and γ-CD. (b)
No complexation was observed between 7 and γ-CD. (c) Graphical representation of the aggregation of 6 monomers in response to changes in
concentration or temperature. Reproduced with permission from ref 87. Copyright 2015 Nature Publishing Group.

Figure 8. (a) Chemical structure of 10X. (b) Phosphorescence quantum efficiencies of 10X and Q[6]-10X complexes. (c) Lifetimes of 10X and
Q[6]-10X complexes. (d) Crystal structure of Q[6]-10Cl−. (e) Mechanism of efficient phosphorescence emission of Q[6]-10Cl−. Reproduced
with permission from ref 60. Copyright 2019 Wiley-VCH.
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the formation of C−Br···I− halogen bonds in the crystal lattice,
promoting spin−orbit coupling.
Complexes were prepared by grinding the 10X and Q[6]

solids in a mortar in the presence of a small amount of
deionized water, followed by drying in vacuum. 1H NMR
analysis and X-ray crystallography confirmed the formation of
the inclusion host−guest complexes (Figure 8d). Notably,
among the complexes, Q[6]-10Cl− was found to be the most
promising. Its spectrum displayed two peaks at 388 and 500
nm having lifetimes of 3.62 ns and 5.40 ms, respectively. The
green emission at 500 nm exhibited a 930-fold longer lifetime
compared to uncomplexed 10Cl− (Figure 8c), and there was a
dramatic increase of QY (81.2%). Q[6]-10Br− also exhibited a
high RTP QY of 72.9%, whereas the QY of Q[6]-10I− was
only 3.0%.
Herein, the highly enhanced RTP emissions of Q[6]-10Cl−

and Q[6]-10Br− can be attributed to the strong cavity-derived
confinement effect, which not only suppresses vibrational
relaxation by tight enclosure of the guest in the Q[6] host but
also boosts intersystem crossing by the short distance between
the inclusion guest and the carbonyl group of Q[6], resulting
in greatly improved phosphorescent efficiency and lifetime of
10Cl− and 10Br−. In contrast, the low QY of the RTP
emission for Q[6]-10I− was ascribed to strong charge transfer
between the parent pyridinium cation and I− counterion.
Although appended heavy atoms are known to facilitate

intersystem crossing of the parent organic molecules, a major
shortcoming of this approach is the shorter lifetimes of the
triplet states. In order to achieve a longer lifetime, the same
research group described a modified method utilizing host−
guest inclusion of Q[6] with similar phenyl-methyl-pyridinium
guests (11H, 11F, 11Cl, and 11I, Figure 9a)108 with Cl− as the
counteranion. The compound 11H in the solid state emitted
only blue fluorescence (λmax = 441 nm) with a lifetime of 2.25
ns. However, the Q[6]-11H solid-state complex emitted green
phosphorescence (λmax = 510 nm) (Figure 9b) with an
ultralong lifetime of 2.62 s, together with fluorescence at λmax =
427 nm. The phosphorescence QY was determined to be 9.7%,
and the afterglow of the ultralong phosphorescence lasted
more than 9 s after turning off the UV lamp (Figure 9b). The

other complexes, Q[6]-11F, Q[6]-11Cl, and Q[6]-11I, also
exhibited phosphorescence with variable lifetimes at 520 nm (τ
= 0.0095 ms), 500 nm (τ = 275 ms), and 575 nm (τ = 1.40
ms), respectively. The diverse lifetimes of these complexes
were further utilized for triple lifetime encoding for
anticounterfeiting and information encryption (Figure 9c).

4. SUPRAMOLECULAR ORGANIC LUMINESCENT
EMISSIONS FROM THE Q[7] HOST

Q[7] is the most attractive homologue in the Q[n] family
because it exhibits sufficient water solubility (20−30 mM). It
has a portal size of 5.4 Å, which is close to that of β-CD, and
has attracted much attention in host−guest chemistry because
of its ability to form 1:1 complexes with a variety of organic
guest molecules in aqueous solution.109 In contrast to other
synthetic macrocycles, Q[7] commonly displays high binding
affinities to its guests (such as aromatic derivatives) between
106 and 1017 M−1, attributed to the confined rigid molecular
space and the corresponding size matching effect. Con-
sequently, Q[7] was widely used in early Q[n]-based
supramolecular chemistry studies to explore the effects of
cucurbituril encapsulation on the photophysical and photo-
chemical properties of fluorophore guest molecules62 and to
evaluate potential applications in water-based dye laser
systems,110,111 supramolecular pKa shift,

112,113 photostabiliza-
tion,114−117 and FID.118,119 Subsequently, assisted emission of
luminogens by strong host−guest interactions of the Q[7] host
and its functionalized derivatives has been utilized for
fluorescent markers and imaging, photodynamic therapy, and
RTP emission in solution, among others, as detailed in the
following sections.

4.1. Fluorescence Emission from Q[7]-Assisted
Disaggregation of Dyes

Inspired by the ability of macrocyclic host molecules such as
cyclodextrins to increase the solubility of poorly water-soluble
molecules by forming inclusion complexes, numerous drug-
related applications of Q[7] have been based on this desirable
supramolecular approach in the development of Q[n]
chemistry.120,121 The effectiveness of Q[7] complexation to

Figure 9. (a) Chemical structures of 11 derivatives and schematic representation of solid-state phosphorescence using Q[6]-based supramolecular
complexes. (b) Luminescence photographs of Q[6]-11H and Q[6]-11Cl powder under 365 nm UV irradiation and at different time intervals after
removal of the ultraviolet lamp. (c) Schematic illustration of lifetime encoding for security applications using Q[6]-based supramolecular
complexes. Reproduced with permission from ref 108. Copyright 2019 Royal Society of Chemistry.
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control dye aggregation and the corresponding emission in
water was demonstrated by Halterman and co-workers through
study of the conversion of H-dimer to J-dimer emission of a
tethered rhodamine B dyad in the presence of the Q[7]
host.122

Kaifer et al. demonstrated the disruption of H- and J-
aggregates of two cyanine dyes via Q[7] inclusion com-
plexes.123 As shown in Figure 10, cationic pinacyanol (12) and

pseudoisocyanine (13) exhibit H- and J-aggregate emissions in
water via ionic interactions at high concentrations. Upon
addition of Q[7] to the solution, the J-aggregate of 12 and the
H-aggregate of 13 undergo disaggregation attributed to
encapsulation of the monomeric cyanine dyes in the cavity
of Q[7]. Furthermore, aggregate emission can be controlled by
introducing a strong competitive guest/Q[7] binder, such as
adamantylamine (AD).
More recently, Banerjee and co-workers constructed a

tunable fluorescence emissive system in aqueous solution and
as a solid film by combining the host−guest complex of a
Q[7]-derived disaggregate and the aggregate of an amphiphilic
cyanostilbene derivative (14) (Figure 11).124 Compound 14
underwent self-assembly in water, and the aggregate displayed

a greenish-yellow excimer emission (λem = 539 nm). When
Q[7] was added to the aggregated solution of 14, the emission
peak at 539 nm gradually diminished, accompanied by the
appearance of a blue-shifted peak at 460 nm that was assigned
to the formation of a monomer Q[7]-14 complex (Figure
11b). Therefore, by simple variation of the Q[7] concentration
(approximately 1.5 equiv), the emission color changed from
yellow to blue including a near white light. Such luminescent
color tuning could be reversed using adamantylamine as a
competitive guest. In the solid film state, multiple emissions
were obtained by drop casting aqueous solutions of Q[7]-14
(Figure 11c). Essentially, the Q[7]-assisted disaggregation of
dyes can be attributed to the strong confinement effect of the
Q[7] cavity in aqueous solution, which leads to the high
binding constant of the host−guest complexes.
Using the strategy of Q[7]-complex-assisted disaggregation

of dyes, Zhang et al. developed a series of radical-generating
supramolecular photosensitizers with enhanced antibacterial
efficiency rather than simply focusing on the monomeric
emission of dyes.125−131 For example, a porphyrin derivative
with four positive charges (15) was selected as the photo-
sensitizer and used as the building block to construct a
supramolecular photosensitizer with Q[7] (Figure 12)
attributed to the high binding constant (6.6 × 107 M−1) in
aqueous solution.125 The positively charged porphyrin favored
adsorption of the photosensitizer onto the negatively charged
bacterial surface via electrostatic attraction. Due to the strong
host−guest interaction, the distance between porphyrins was
greatly increased and an enhanced porphyrin monomer
emission was observed. Therefore, a low porphyrin concen-
tration and brief light irradiation resulted in improved
antibacterial photodynamic therapy efficacy.
Later, the same group discovered that the radical yield and

near-infrared (NIR) photothermal conversion were signifi-
cantly improved by Q[7]-complex-induced disaggregation of
dye.128 As shown in Figure 13a, free bola-form amphiphile
(16) with a perylene diimide core (PDI) as radical anions
(16a) was obtained in lower yield upon chemical reduction
(Na2S2O4), attributed to radical anion reactivity and
aggregation of PDI causing 16a to dimerize and quench in
aqueous solution. After encapsulating the two end groups of 16
in the Q[7] cavity to form a dumbbell-shaped supramolecular

Figure 10. Schematic representation of Q[7]-assited disaggregation of
dyes in water.

Figure 11. (a) Schematic representation of the generation of multicolor fluorescence from amphiphilic guest 14 and the Q[7] host. (b) Solid films
of 14 (10 mM) and Q[7]: (I) without Q[7]; (II) with 20 equiv of Q[7]; and (III) with 40 of equiv Q[7]. Reproduced with permission from ref
124. Copyright 2020 Royal Society of Chemistry.
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complex with stable binding constant (2.9 × 1012 M−2), the
aggregation of PDI and the dimerization of 16a in aqueous
solution were hindered and suppressed (Figure 13b). As a
result, efficient NIR photothermal conversion was easily
achieved due to the increased concentration of 16a and its
absorption above 800 nm in water.
To demonstrate the applicability of Q[7]-complex-pro-

moted supramolecular radicals, a new kind of bacterial-

responsive supramolecular complex was further designed by
the same group for photothermal therapy with high selectivity
toward facultative anaerobic bacteria.130 Perylene diimide
derivative 17 (Figure 14a) has a similar molecular structure
to that of 16, and complexation by the Q[7] host formed the
supramolecular complex 18 with expected high binding
constant. It was found that facultative anaerobic bacteria
such as Escherichia coli (E. coli) reductively converted 18 into
radical anion 19 in situ and could, therefore, be used for
photothermal therapy under NIR irradiation, leading to the
death of E. coli. It was proposed that complex 18 was reduced
by the hydrogenase on the surface of facultative anaerobic
bacteria (Figure 14b). As a comparative study, aerobic bacteria
such as Bacillus subtilis (B. subtilis) did not induce the
formation of radical anion 19 in situ due to the weaker
reductive ability. Herein, the macrocyclic-confinement effect of
the Q[7] host plays a key role in the reduction process of the
host−guest complex of 18 by narrowing in the energy gaps of
guest 17 to match the reductive ability of E. coli.127

Accordingly, the selective responses of supramolecular
complex 18 to different bacteria could be employed to
selectively and effectively inhibit bacteria by photothermal
therapy. The results thus provide new insight into develop-
ment of macrocycle-based supramolecular complexes and the
corresponding macrocyclic confinement to regulate microbial
balance.

4.2. Fluorescence Emission from Q[7]-Based Rotaxanes

The modest water solubility of Q[7] and the ideal size of its
confined rigid cavity to accommodate most aromatic molecules
to form 1:1 complexes with high affinity with the suitable
macrocyclic-confinement effect have made the Q[7] host a
popular macrocycle to construct various supramolecular
rotaxanes. However, because of the intrinsic hydrophobic
effect of organic chromophores in aqueous solution and the
limitations of organic reaction in water, there is still much

Figure 12. (a) Chemical structure of 15. (b) Fluorescecnce spectra of 15 in the absence and presence of Q[7] in water. (c) Schematic
representation of the Q[7]-15 complex and the mechanism of the enhanced antibacterial efficiency of Q[7]-15 (e) compared with that of 15 (d).
Reproduced with permission from ref 125. Copyright 2013 Wiley-VCH.

Figure 13. (a) Chemical structures of 16 and 16a. (b) Radical anions
(16a) generated by chemical reduction, leading to low NIR
photothermal conversion efficiency (top); Q[7] stabilized 16a via
host−guest interactions, leading to improved NIR photothermal
conversion efficiency (bottom). Reproduced with permission from ref
128. Copyright 2015 Royal Society of Chemistry.
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room for improvement in the development of Q[7]-based
fluorescent rotaxanes. In 2012, Galoppini et al. described
fluorescence enhancement of di-p-tolyl viologen (20) by
complexation in the Q[7] host.132 Aqueous solutions of 20
exhibited weak fluorescence around 505 nm (QY = 0.01%, τ <
20 ps). Upon encapsulation by Q[7] to form the [3]-
pseudorotaxane (Figure 15), 20 exhibited dramatically
enhanced fluorescence (QY = 0.12%, τ = 0.7 ns) that was
blue-shifted by 35 nm. Density functional theory and
configuration interaction singles calculations indicated that
hindrance of rotational relaxation of the S1 state of 20 caused
by the macrocyclic-confinement effect of the Q[7] host is the
key factor in that enhancement emission.
Akkaya and co-workers reported a Q[7]-BODIPY-based

fluorescent [2]pseudorotaxane through autonomous shuttling
driven by an oscillating reaction.133 As shown in Figure 16, a
water-soluble fluorophore axle guest (21) was synthesized
from bipyridinium dication-substituted BODIPY with a
terminal carboxylic acid, which contained two alternative
stations for Q[7] with moderate binding constant (1.34 × 105

M−1). Changing the pH from acidic to basic resulted in
shuttling of Q[7] from one station to another, and this
shuttling was accompanied by enhanced fluorescence of the
BODIPY dye. A reverse shuttling motion and weak emission
could be triggered by changing the pH from basic to acidic. As
a result, this study constructed an autonomous shuttling of the
Q[7]-based pseudorotaxane system in an oscillating pH system
with distinct fluorescent signals. Notably, the higher emission
intensity at neutral/alkaline pH can be attributed to Q[7]
encapsulation of the bipyridinium dication with a strong
macrocyclic-confinement effect, which may partially neutralize
the positive charge on the bipyridinium. In other words, the
Q[7] inclusion complex of bipyridinium efficiently inhibited
the reverse photoinduced electron transfer (PET) between the
BODIPY dye and bipyridinium moiety.
A very similar Q[7]-BODIPY-based fluorescent [2]-

pseudorotaxane was fabricated by Halterman and co-workers
(Figure 17).134 In this work, the BODIPY fluorophore and
bipyridinium were linked with a more flexible structure in
guest 22. In aqueous solution of free guest 22, very weak

Figure 14. (a) Chemical structure of 17 and schematic representation of the supramolecular complex (18) and radical anions (19). (b) Diagram of
photothermal therapy for 18 with high selectivity toward E. coli over B. subtilis. Reproduced with permission from ref 130. Copyright 2017 Wiley-
VCH.

Figure 15. Chemical structure of 20 and fluorescence spectral changes of 20 in the presence of increasing concentrations of Q[7] in water.
Reproduced with permission from ref 132. Copyright 2012 American Chemical Society.
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fluorescence of BODIPY was observed, which was ascribed to
electron transfer from the BODIPY fluorophore (electron
donor) to the positively charged appended bipyridinium

(electron acceptor) in the excited state (reverse PET). When
the bipyridinium moiety was encapsulated by Q[7], the reverse
PET process from BODIPY to bipyridinium was strongly
inhibited as described in the case of 21. As a result, when the
bipyridinium moiety of guest 22 was encapsulated by the Q[7]
host, the fluorescence emission of BODIPY was recovered.
Subsequently, Scherman, Nau, and co-workers fabricated an

efficient host−guest energy transfer triggered emission in
Q[7]-assisted polycationic cyclophane (ExBox)-perylene dii-
mide (PDI) 3-polypseudorotaxane in water (Figure 18).135

Derivatives of dicationic perylene diimides (PDI-23-25)
underwent aggregation in water, and the aggregates were
disturbed by addition of ExBox to the solution to form
[2]pseudorotaxanes of ExBox-PDIs. In most cases, ExBox acts
as a strong electron acceptor within the host−guest complexes
(Ered ca. −0.72 eV), and remarkable charge transfer bands are
generally observed in their visible absorption spectra. However,
the PDI guests (23−25) in this work also acted as electron-
deficient (Ered ca. −0.70 eV) in the pseudorotaxane system. As
a result, no charge transfer bands were observed in the UV/vis
spectra during titrations of the PDI solutions with ExBox.
Instead, enhanced fluorescence of the PDIs and increased
fluorescence lifetime were observed in this work. Furthermore,
the overlap around 450 nm between the emission of ExBox
and the absorption of the PDI indicated that energy transfer
from ExBox (as donor) to PDI (as acceptor) should
outcompete PET in water. In other words, ExBox serves as
an antenna to transfer photonic energy to the PDI dyes
through FRET, which is efficient because of the small spatial
separation of the two chromophores in the host−guest-based
[2]pseudorotaxane. This hypothesis was unequivocally con-
firmed by much larger fluorescence enhancements for a
particular PDI dye upon ExBox excitation at 319 nm (ca.
17−92-fold) than those observed upon direct excitation at 520
nm (ca. 2.1−12.6-fold).135
Interestingly, the hexacationic-based [2]pseudorotaxane

complexes are capable of further complexation with Q[7]
with high binding constant to form a 3-polypseudorotaxane via
self-assembly in orthogonal fashion (Figure 18). The ExBox
serves as the central ring, sliding onto the PDI core; then two
Q[7] molecules act as terminal stoppers, binding to the two
outer quaternary ammonium motifs of PDI. Fluorescence

Figure 16. Chemical structure of 21 and graphical representation of
the pH-dependent fluorescent pseudorotaxane of Q[7]-21. Repro-
duced with permission from ref 133. Copyright 2013 American
Chemical Society.

Figure 17. Mechanisms to Q[7] encapsulation disrupt fluorescence
quenching.

Figure 18. Chemical structures of ExBox and PDI derivatives (23−25) and the schematic representation of ExBox- and Q[7]-derived
pseudorotaxane promoted energy transfer (ET) for PDIs. Reproduced with permission from ref 135. Copyright 2014 American Chemical Society.
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titrations of Q[7] into ExBox:PDI-24 (1:1, 10 μM) and
Q[7]:ExBox (2:1) into PDI-24 (10 μM) gave average
fluorescence enhancements of 30 ± 3 (λex = 520 nm, direct
excitation) and 250 ± 10 (λex = 319 nm, indirect excitation)
fold relative to bare PDI-24. Very small enhancements of
monomeric PDI-24 fluorescence (2.7-fold, λex = 520 nm, and
2.6-fold, λex = 319 nm) were observed in the presence of 2
equiv of Q[7]. This result suggested that the Q[7] complex
enhanced the fluorescence of PDI-24 by promoting the
electron transfer efficiency of the ExBox chromophore to the
PDI chromophore, rather than by inhibiting the reverse PET
between the PDI fluorophore and the positively charged
quaternary ammonium group. Overall, the large fluorescence
enhancement of PDI-24 is partly due to disaggregation
complexation of both ExBox and Q[7] and partly due to
Q[7]-complex-promoted efficient FRET from ExBox to the
PDI fluorophore. In addition, 3-polypseudorotaxane has also
been used as an FID chemosensor for selective recognition of
the neurotransmitter melatonin in water. Evidently, this work
provides an excellent example of the design of a macrocycle-
based advanced rotaxane with superior photophysical proper-
ties.135 In addition, the confinement effect of ExBox and the
Q[7] host should be conducive to formation of polypseudor-
otaxane.
In 2015, Wang et al. reported a supramolecular antibiotic

switch based on the Q[7] triggered polypseudorotaxane with
poly(p-phenylenevinylene) (PPV) derivative 26 (Figure
19a).136 A quaternary ammonium group side chain was
appended to the PPV parent because the biocidal activity of
PPV is dependent on penetration of the quaternary ammonium
cationic groups into the cell membrane (E. coli). The Q[7]
host formed a polypseudorotaxane with 26 by encapsulating
the cationic quaternary ammonium moiety in the cavity
through ion−dipole interaction and the corresponding macro-
cyclic confinement, which resulted in remarkably increased
emission intensity of PPV combined with a blue-shift. This can
be attributed to aggregation of the positively charged
conjugated polymer 26 in water. Interactions between the
quaternary ammonium groups increase the nonradiative energy
consumption, and fluorescence intensity decreases due to self-
quenching. Upon complexation with Q[7], the interactions
between the quaternary ammonium groups are disturbed and
nonradiative energy consumption is inhibited, leading to bright
emission (Figure 19b). However, assembly of the Q[7]-26
polypseudorotaxane reduces the biocidal activity of PPV
because of inclusion of the quaternary ammonium groups,
which decreased the penetration of PPV into the cell
membrane and led to the inhibition of the antibacterial
activity of 26 (switch off). Addition of adamantylamine (AD)
induces disassembly of the Q[7]-26 polypseudorotaxane to
form a more stable Q[7]-AD complex accompanied by release
of 26 through competitive replacement, which is conveniently
monitored by the decreased fluorescence emission. Con-
sequently, the antibacterial activity of 26 is recovered (switch
on). Furthermore, it was found that the free cationic PPV 26
efficiently generates reactive oxygen species (ROS) upon light
illumination to kill bacteria, while the Q[7]-26 polypseudor-
otaxane produces less ROS because the PPV core is prevented
by the Q[7] host from contacting the surrounding oxygen
(Figure 19c). Accordingly, this study develops a new approach
to monitor and switch antimicrobial activity using a Q[7]-
based supramolecular rotaxane.

4.3. Fluorescent Markers and Imaging Using Q[7]-Assisted
Emissions

Fluorescence sensing and imaging approaches based on various
fluorophore emissions are particularly useful for monitoring
environmental and biological substances in living systems
because they are highly sensitive, exhibit good spatial
resolution, are noninvasive, and can be employed in situ.137

Inspired by the advantages of Q[n] confined cavity-assisted
fluorescence emission for highly selective FID chemosensors of
neutral and cationic molecules,138 a series of pioneering works
have been reported by Nau and co-workers.139−144 For
example, Nau, Urbach, and co-workers described a supra-
molecular tandem assay for continuous monitoring of protease
activity on unlabeled peptides in real time by utilizing the
host−guest complex of Q[7] with acridine orange (27) as the
FID sensor.143 The weak fluorescence of 27 in aqueous
solution was strongly enhanced under the confinement effect
Q[7] cavity (the binding constant of Q[7]-27 was determined
to be 2.9 × 105 M−1). The experimental results indicated that
this binding constant was in between the binding strengths of
Q[7] with the substrate and the proteolytic products of some
peptides. In the example provided in Figure 20, when
thermolysin is added to the solution containing an
enkephalin-based substrate and Q[7]-27, the enzymatic
product, containing an N-terminal phenylalanine residue

Figure 19. (a) Chemical structure of 26. (b) Pseudorotaxane
assembly of 26 with Q[7] and disassembly of 26 with Q[7] mediated
by the adamantylamine (AD) molecule for reversible control of the
fluorescence emission and antibacterial activity of 26. (c) Pseudor-
otaxane assembly and disassembly of 26 with Q[7] for reversible
control of the ROS generation of 26. Reproduced with permission
from ref 136. Copyright 2017 Wiley-VCH.
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(having 3 orders of magnitude higher affinity for Q[7]
compared to 27), should rapidly and competitively displace
27 from the Q[7] cavity. This results in decreased fluorescence
intensity that reports the protease activity continuously and in
real time. Affinity is reduced for the simple amino acid, N-
terminal phenylalanine, accompanied by restored fluorescence
emission of Q[7]-27. The fluorescence changes of the Q[7]-27
complex were further exploited as fluorescent markers to
monitor the stepwise proteolytic degradation of an entire
peptide by leucine amino peptidase.144

In 2013, a NIR cationic fluorescent dye 28 (Figure 21a) was
synthesized by Peng and co-workers.145 Fluorescence spectra
indicated that the dye 28 exhibited emission at 682 nm with a
large Stokes shift (224 nm) in water, which was attributed to
the combination of intramolecular charge transfer (ICT) and
internal conversion. Compound 28 displayed remarkably

enhanced fluorescent responses to RNA compared with
DNA. Essentially, the fluorescence enhancement can be
ascribed to the restriction of the twist of benzothiazolium
vinyl groups, which was caused by interactions between the
cationic benzothiazolium unit and the anionic phosphate of the
nucleic acid. The imaging properties of 28 in fixed cells
suggested that it mainly stained RNA in nucleoli and
cytoplasm, with little staining of DNA in the nucleus. However,
the confocal laser scanning microscopy (CLSM) image
indicated that 28 did not permeate into the live cell nucleus
but aggregated at the cell membrane (Figure 21b).
Interestingly, 28 can be delivered into live cell nuclei by the
Q[7] host via formation of a 1:2 complex with further
enhanced fluorescence emission, since Q[7] is taken up by the
cell and cell nucleus through endocytosis. Herein, the
increased fluorescence of 28 can be attributed to the
macrocyclic-confinement effect of the Q[7] host, which
restricts benzothiazolium group torsional motion through the
host-inclusion interaction (Figure 21c). In cells, the higher
binding affinity of RNA-28 compared with that of the 2Q[7]-
28 complex means that RNA can bind with 28 on one of the
benzothiazolium moieties; meanwhile, Q[7] can interact with
the other benzothiazolium moiety to form the RNA-28-Q[7]
ternary complex. Both interactions contribute to the strong
fluorescence of 28. Overall, these studies suggest the possibility
of transporting cell-impermeant dyes into living cells as
fluorescent markers and imaging by Q[7] through host−
guest interaction.145

Utilizing the high binding ability of Q[7] with a cationic
guest under the macrocyclic-confinement effect, Ni et al.
recently demonstrated that novel vesicles of Q[7]-anchored
polymers enhanced photosensitization of porphyrin derivative
29 in the cell nucleus.146 As shown in Figure 22, the
poly(acrylic acid) (PAA) chain spacer triggered Q[7] polymers
on the surfaces of the vesicles at a regular distance, which not
only inhibited aggregation-induced self-quenching of the
porphyrin derivative 29 in aqueous solution but also fixed 29
at high concentration on the nanoscale as a supramolecular
photosensitizer via host−guest interactions. The CLSM image
indicated that 29 was highly penetrant, entering the nuclei of
cancer cells, enabling its use as a fluorescent marker in nuclei.

Figure 20. Product-selective fluorescence switch-off tandem assay
using Q[7]-27 as the FID sensor. Reproduced with permission from
ref 143. Copyright 2011 American Chemical Society.

Figure 21. (a) Chemical structure of 28 and the probable staining mechanism of 28 in the presence of Q[7]. CLSM images of HeLa cells stained
with 28 for 10 h in the absence (b) and presence of Q[7] (c). Reproduced with permission from ref 145. Copyright 2013 Elsevier Inc.
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The compound also exhibited efficient anticancer effects via
highly enhanced photosensitization.
Urbach and co-workers reported another example of a Q[7]

covalent conjugate fluorescent dye (30) as a marker for direct
cellular imaging.147 As shown in Figure 23a, 30 was
synthesized in two steps from monofunctionalized azidobu-
tyl-Q[7] and the N-hydroxysuccinimide-activated fluorescent
dye tetramethylrhodamine (31). Compound 30 has better
solubility in pure water at room temperature and exhibits
significantly higher fluorescence intensity compared with the
free monomer 31. The CLSM images of live and fixed HT22
neurons demonstrated cellular uptake of 30 and its punctate
localization in the cytoplasm (Figure 23b). Cell growth was
not altered by 30 at concentrations up to 2.2 μM over 4 days
because Q[7] has no intrinsic cytotoxicity. Herein, the
hydrophobic effect from the macrocyclic confinement of the
Q[7] rigid structure may play an important role in inproving
the cellular uptake of 30.
Utilizing a monofunctionalized Q[7] scaffold, Kim and co-

workers fabricated a novel host−guest FRET pair to study
SNARE (soluble N-ethylmaleimide-sensitive factor attachment
protein receptor)-mediated membrane fusion, combining the
advantages of small molecular probes and the high signal-to-
noise ratio benefits of FRET-based techniques (Figure 24a).148

Monofunctionalized Q[7]-derived dyes 32 and adamantyl-
amine-derived 33 were first encapsulated in SNARE protein as

donor (32-v-vesicle) and acceptor (33-t-vesicle) vesicles,
respectively (Figure 24b). A single-vesicle content mixing
assay was then performed using a total internal reflection
fluorescence microscope. The acceptor vesicle, 33-t-vesicle,
was immobilized on a quartz surface, and the 32-v-vesicle
donor was injected into the flow chamber of the analysis setup.
Docking of the donor vesicle onto the acceptor vesicle was
monitored by the sudden appearance of 32 emission in the
time trace. Pore opening led to mixing of the two opposite
vesicles to form a strong host−guest complex, which generated
the 33 emission FRET signal. The high stability of the Q[7]-
AD complex makes the technique compatible with a wide
range of reaction conditions during both vesicle preparation
and fusion. Consequently, the strategy of the ‘‘host−guest
FRET pair’’ with extremely strong binding affinity under the
confinement effect of the Q[7] host is expected to be useful in
various chemical and biological studies as a supramolecular
beacon (Figure 24c).
4.4. RTP Emission from Q[7]-Based Complexes

Solid-state materials with efficient RTP emissions have been
widely investigated in the latest decade, but liquid- or solution-
phase pure organic RTP systems have rarely been reported
because of nonradiative decay and quenchers from the liquid
medium. Ma and co-workers demonstrated that the Q[n] host
had advantages for fabrication of a pure organic RTP system in
aqueous solution via host−guest interaction.61,149−151 For
example, they described controllable RTP emission through
pH-stimuli-responsive molecular shuttling between Q[7] and
bromo-isoquinoline guest derivatives 34, 35, and 36 (Figure
25a) in aqueous solution.149 The different behaviors of the
guests were determined by the presence of variable length
carboxyl-terminated N-substituted alkyl chains. The RTP
intensity of 34 was almost unchanged in aqueous solutions
at different pH in the presence of the Q[7] host, which was
attributed to the short aliphatic docking site inhibiting the
threading motion of Q[7]. Guest 36 showed weak RTP even
under nonacidic conditions due to the longer length of the
alkyl chain. The optimal chain length of the aliphatic docking
site in 35 allowed Q[7] to shuttle through the molecule in
acidic media but was retained at the bromo-isoquinoline
moiety after the addition of base. Therefore, 35 exhibited weak
RTP emission in acidic solution and strong RTP emission
when the pH was raised (Figure 25b). Very similar RTP
emission has been reported by the same group through
inclusion of a bromo-naphthalimide derivative in the cavity of

Figure 22. Schematic representation of Q[7]-29 nanoparticles and
CLSM images of Q[7]-29 nanoparticles in SH-SY5Y cells.
Reproduced with permission from ref 146. Copyright 2019 Royal
Society of Chemistry.

Figure 23. (a) Chemical structures of 30 and 31. (b) CLSM images of live HT22 cells treated with 91 μM 30 (red) and Hoechst 33342 (blue).
Reproduced with permission from ref 147. Copyright 2016 American Chemical Society.
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Q[7].150 These studies suggest that inclusion of a heavy-atom-
substituted fluorogen into the confined cavity of Q[7] is the
key factor for enhancing RTP emission in solution. In other
words, these studies revealed that the confinement effect in the
Q[7] cavity played the crucial role in improving the RTP
emission of the phosphors.
Very recently, Liu and co-workers systematically investigated

the effect of Q[n] cavity size (in which different macrocyclic-
confinement effects are expected to be induced due to the
different confined cavity sizes) on the fabrication of efficient
RTP materials.152 As shown in Figure 26a, monomer
phosphors of 4-phenyl-1-(4-vinylbenzyl)pyridinium chloride
(37) and 4-(4-bromophenyl)-1-(4-vinylbenzyl)pyridinium

chloride (38) were copolymerized with acrylamide to produce
the corresponding polymers 39 and 40, respectively. The
authors discovered that the ratio of phosphors had a large
influence on the photoluminescence of the polymers. A lower
ratio of phosphors resulted in a better distribution and,
therefore, a longer lifetime, but less phosphor also meant weak
emission. In contrast, a higher ratio produces stronger
phosphorescence but causes ACQ or, worse, embeddedness,
together with less restriction of the phosphors, which combine
to shorten lifetime sharply. Host interactions of Q[6,7,8] could
further enhance the phosphorescence of those polymers by
blocking ACQ and encapsulating phosphors in the cavity. For
example, complexation by Q[6,7] prolonged the lifetime of
39(1) (copolymer 39 containing 1% phosphors) from 1.46 to
2.37 and 2.33 s, respectively. In particular, the luminescence of
Q[7]-39(1) lasted 12 s after removing the UV irradiation
(Figure 26b). The shorter lifetime of Q[8]-39(1) (t = 1.17 s)
indicated that the presence of two phosphors in one host cavity
did not favor prolongation of lifetime. In the case of 40(1),
complexation with Q[6,7,8] prolonged its lifetime to 10.9 ms
(Q[6]-40(1)), 9.02 ms (Q[7]-40(1)), and 9.30 ms (Q[8]-
40(1)) with phosphorescence quantum yields changed from
56.7% (40) to 76.0% (Q[6]-40(1)), 52.7% (Q[7]-40(1)), and
65.3% (Q[8]-40(1)). For comparison, a short lifetime was
observed in the complexes of 37 and 38 monomers with
Q[6,7,8]. Therefore, it is believed that copolymerization
between phosphors and acrylamide provides plenty of
hydrogen bonds and carbonyl groups to lock the phosphors
and promote intersystem crossing. After encapsulation by
Q[6,7,8], the nonradiative decay of phosphors is further
suppressed under the corresponding macrocyclic confinement,
ACQ is blocked and quenchers are shielded more effectively,
resulting in further enhancement of RTP. Obviously, this work
provides a convenient synergistic strategy for fabrication of

Figure 24. (a) Chemical structures of 32 and 33. (b) Fluorescence emission spectra of 32 and 33 and FRET between 32 and 33. (c) Schematic
illustration of the SNARE-mediated content mixing using a high affinity host−guest binding FRET pair. Reproduced with permission from ref 148.
Copyright 2015 American Chemical Society.

Figure 25. (a) Chemical structures of 34−36. (b) pH switched RTP
emission of Q[7]-35 and photographs of the solution under UV light
at 254 nm. Reproduced with permission from ref 149. Copyright 2016
Wiley-VCH.
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ultralong and efficient RTP by utilizing the different strength of
the macrocyclic-confinement effect of Q[n]s

5. SUPRAMOLECULAR ORGANIC LUMINESCENT
EMISSIONS FROM THE Q[8] HOST

With a cavity comparable to that of γ-cyclodextrin, Q[8] is
unique because of its ability to bind two hetero- or homoguests
in its cavity with high affinity in water. In early studies of Q[8],
its confined cavity was used to mediate chemical reactions such
as stereospecific [2 + 2] cycloadditions,153−158 which belong to
typical artificial molecular containers that alter chemical
reactivity through the macrocyclic-confinement effect. Mean-
while, it was found that the confined space of the Q[8] host
could stabilize otherwise unstable species, such as methyl
viologen cation radicals or tetrathiafulvalene cation radicals, to
form stable π-dimers by encapsulation.159,160 Subsequently, the
ability of Q[8] to accommodate two different guest molecules,
an electron-deficient molecule (often 4,4′-bipyridinium
dications, also called viologens) and an electron-rich molecule
(generally aromatic molecules), to form a stable 1:1:1 ternary
complex (the driving force for host-stabilized charge transfer,
HSCT),161,162 has captured the imagination of scientists. Their
broad potential applications in supramolecular chemistry via
noncovalent interactions, in particular, as molecular handcuffs,
has been widely used to construct various water-soluble
dynamic supramolecular polymer materials over the past
decade.163−167 Although, it was found that Q[8] could
simultaneously include two chromophore dyes in its cavity
to form a dimer assembly through π−π stacking, fluorescence
quenching was generally observed, reducing its attractiveness
for exploitation in luminescent materials. Recently, it has been
discovered that π-conjugated pyridinium derivatives can serve
as both electron-deficient and electron-rich groups that can
dimerize inside the Q[8] cavity to form highly stable Q[8]-
enhanced ternary complexes and polymers, which not only
increases π−π stacking of the aromatic moieties but also
enhances ICT of the inclusion guest dyes.56,168−171 So, most of
the reported Q[8]-based luminescent emissions in this section
were derived from the synergistic effect of confinement of the

Q[8] cavity and the corresponding supramolecular assembly
fashions.
5.1. Fluorescence Emission from Q[8]-Based Simple
Complexes

In the early development of Q[8]-dye systems, the
fluorescence of chromophore dyes was generally quenched
because of their dimerization in the Q[8] cavity. For example,
Macartney and co-workers reported that the chromophore dye
guests acridizinium bromide (41) and 9-aminoacridizinium
bromide (42) were encapsulated by Q[8] to form 1:2
complexes (Q[8]/guest).172 As shown in Figure 27, free 41

and 42 exhibited blue and green fluorescence emissions in
water, respectively. After addition of Q[8] to the guest
solution, the corresponding emissions of 41 and 42 were
almost completely quenched. The fluorescence could be
effectively restored by addition of Q[7] to the complex
solution because it competitively extracts the dye guest from
the Q[8] cavity. Job plots indicated that a 1:2 complex (Q[8]/

Figure 26. (a) Schematic representation of 37−40 and the synergistic enhancement strategy for ultralong and efficient RTP. (b) Luminescence
photographs of Q[6,7,8]-39(1) under UV light and at different time intervals after ceasing irradiation. Reproduced with permission from ref 152.
Copyright 2020 Wiley-VCH.

Figure 27. Chemical structures of 41 and 42 and the corresponding
fluoresence spectra of 41 and 42 in the absence and presence of Q[7]
and Q[8], respectively. Reproduced with permission from ref 172.
Copyright 2007 Wiley-VCH.
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guest) and a 1:1 complex (Q[7]/guest) were formed. The
fluorescence quenching of guests can be attributed to π−π
stacking (H-dimer) of the guest molecules under the strong
macrocyclic-confinement effect of the Q[8] cavity.
In order to further understand the influence of the Q[8]-dye

assembly behavior on its fluorescence, Bhasikuttan et al.
synthesized a series of coumarin derivatives (43−45) as the
guest dyes, which differed only slightly with respect to the
substitution/heteroatom on the benzimidazole unit.173 Be-
cause of the finite structural variations at the benzimidazole
ends of these dyes, dimeric/multiple inclusions by Q[8] can
result in subtle differences in their spatial arrangement within
the cavity, such as H- and J-type assembly. As can be seen from
Figure 28a, guest dyes 43 and 44 displayed remarkable
fluorescence spectral changes in the presence of the Q[8] host.
Compound 43 underwent decreased emission intensity at 505
nm, accompanied by a new emission peak in the long
wavelength region, upon addition of Q[8] to the solution.
Similar fluorescence changes were observed with 44 under the
same experimental conditions (Figure 28b). However, unlike
43 and 44, 45 exhibited steady fluorescence quenching as the
concentration of Q[8] was increased, without any additional
band shift (Figure 28b). Moreover, in the presence of the Q[8]
host, the fluorescence lifetime of 43 increased from 0.13 to
19.8 ns, and the fluorescence lifetime of 44 increased from 0.17
to 10 ns, whereas the fluorescence lifetime of 45 remained
unaffected. Evidently, the fluorescence changes of 43−45 can
be attributed to dimer formation in the Q[8] host, and the
extent of overlap or slip among the dyes inside the cavity leads
to J- or H-type complexes with varying slip angles, “θ” (Figure
28a), which was confirmed by 1H NMR spectroscopy and
semiempirical calculations. This study provides an ideal

example that the macrocycle-based supramolecular emissions
can be switched by rational molecular design under the same
macrocyclic-confinement effect.
Fluorescence quenching is disadvantageous for high signal

output in real time monitoring processes in situ. However, as
the old Chinese saying goes, fortune and misfortune are two
baskets in a well. For example, Zhang and co-workers found
that fluorescence quenching of chromophore dye in the Q[8]
confined cavity could be exploited as an activatable supra-
molecular photosensitizer for cancer imaging and photo-
dynamic therapy.174 As depicted in Figure 29, guest
biotinylated toluidine blue (46) was designed as a photo-
sensitizer, in which biotin acts as a cell-receptor anchoring unit
and toluidine blue as an efficient singlet oxygen generator and
fluorophore. Guest 46 as a free uncomplexed dye in water
generates singlet oxygen. As a luminophore, free 46 also
exhibits strong fluorescence emission around 650 nm. In the
presence of Q[8], 46 assembles into a 1:2 complex (Q[8]-46),
in a head-to-tail arrangement due to steric interaction between
the bulky biotin groups, that can be released by competitive
binding of other guest molecules such as N-terminal aromatic
peptides. Dimerization of the toluidine blue moiety in the
confined cavity of Q[8] leads to fluorescence quenching of 46
and its phototoxicity. The activity of 46 as a photosensitizer,
therefore, was turned off/on by the assembly and disassembly
of Q[8]-46. In addition, Q[8] also provides excellent
protection of 46 from reduction by enzymes, which
significantly enhances its stability in vivo. As shown in Figure
29, the biotin arm anchors the photoinactive 1:2 complex
(Q[8]-46) onto the cell-surface receptor, which is then
transported into the cell. Intracellular N-terminal aromatic
peptides then release 46, restoring photodynamic therapy

Figure 28. (a) Chemical structures of 43−45 (protonated forms) and the proposed geometries of the Q[8]-based host−guest complexes. (b)
Fluorescence spectra and lifetime traces of 43−45 in the presence and absence of the Q[8] host. Reproduced with permission from ref 173.
Copyright 2013 Royal Society of Chemistry.
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activity and fluorescence emission. Accordingly, the intra-
cellular self-activation ability of Q[8]-46 greatly enhances its
utility without the need for external inducers, which also gives
it potential for disease-related applications.
Ma et al. demonstrated a humidity- and temperature-

responsive luminescent material by inclusion of a blue-emissive
thiazolothiazole methyl-viologen (47) guest inside the
confined cavity of Q[8].175 As shown in Figure 30a, two
binding modes, including 1:2 and 1:1 complexes (Q[8]-47),
can dynamically self-assemble in aqueous solution. The 1:2
complex of Q[8]-47 exhibited concentration-dependent
emissions. A bluish-white emission (460 nm) was observed
at low concentrations (<0.05 mM), and a greenish-yellow
emission (535 nm) was seen at higher concentrations (>0.1
mM). The changes in emission wavelength were attributed to a
concentration-dependent binding equilibrium between free 47
(blue emission) and the J-dimers of 47 packed inside the Q[8]
cavity (greenish-yellow emission). Furthermore, when 0.1 mM
Q[8]-47 complex (1:2) was dropped onto water-absorbent
materials such as silica or paper surfaces, the blue emission
dramatically declined and only the yellow fluorescence
remained. Interestingly, upon evaporation, the greenish-yellow
emission gradually changed to blue emission. The yellow
emission could be recovered by dropping water onto it.
Therefore, by simple variation of the humidity level, different
luminescent colors were generated such that the system could
be used as a fluorescent ink to print two-dimensional codes.
The enhancement of the monomer emission intensity of 47 at
460 nm upon drying was attributed to dissociation of the 1:2
complex of Q[8]-47 into free monomer 47 and the 1:1
complex of Q[8]-47 (Figure 30b).
The 1:2 complex of Q[8]-47 also dissociated at higher

temperatures as evidenced by the remarkably increased
intensity of the blue emission. To construct a thermotunable

luminescent material, glutathione-ligand gold nanoclusters
(GSH-AuNCs, 0.5 mg/mL) were mixed with the 1:2 complex
of Q[8]-47 (6 μM). The GSH-AuNCs have a similar excitation
wavelength to the Q[8]-47 complex, and its orange emission at
600 nm was utilized to fabricate a thermotunable white-light-
emissive system via simple mixing. Thus, pure white-light
emission (CIE 0.33, 0.33) with a quantum yield of 2.37% was
obtained when the temperature was 40 °C in the hybrid
solution. The white-light-emissive solution gradually turned
pink when cooled to approximately 0 °C, while blue emission
appeared at 70 °C (Figure 30c). This study indicated that the
assembly fashion of fluorophores also plays an important role
in controlling the macrocycle-based supramolecular emissions
under the same confinement effect.
At the same time, Zhang, Xu, and co-workers developed a

supramolecular radical dimer with high efficiency NIR-II
photothermal conversion for photothermal therapy using the
same 1:2 complex of Q[8]-47.176 Single-crystal X-ray analysis
provided unequivocal proof of the 1:2 complex structure of
Q[8]-47, in which the two 47 guests were arranged in a typical
J-type dimer conformation (Figure 31a). The Q[8] confined
cavity-fixed π-extended assembly of 47 is believed to favor
intermolecular charge transfer. The radical dimer of Q[8]-47
could be generated through photoinduced electron transfer to
cationic 47 by irradiation with 405 nm light in the presence of
excess triethanolamine as the electron donor. As can be seen
from Figure 31b, the radical dimer of Q[8]-47 exhibited a
strong absorption peak at 1004 nm (an ideal NIR-II
biowindow). Next, it was found that the temperature of the
aqueous solution of the Q[8]-47 radical dimer (0.5 mM) was
increased by 20.1, 30.7, 40.7, 46.0, and 51.4 °C when subjected
to 1064 nm irradiation for 5 min at 0.50, 0.75, 1.00, 1.25, and
1.50 W cm−2, respectively (Figure 31c). In addition, the radical

Figure 29. Chemical structures of 46 and the Q[8]-46 complex as
supramolecular active photosensitizers for cancer imaging and
photodynamic therapy. Reproduced with permission from ref 174.
Copyright 2016 American Chemical Society.

Figure 30. (a) Chemical structure of 47 and schematic representation
of the dynamic host−guest assemblies of 47 with different equivalents
of Q[8]. (b) Fluorescence change of the dynamic assemblies of Q[8]-
47 on paper under 365 nm irradiation. (c) Photographs of the hybrid
solution at different temperatures. Reproduced with permission from
ref 175. Copyright 2019 American Chemical Society.
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dimer exhibited satisfactory photostability and thermostability
under 1064 nm laser irradiation. The efficient and reliable
photothermal conversion of the Q[8]-47 radical dimer gives it
potential for photothermal therapy of cancer. Very recently,
the same group discovered that the macrocyclic-confinement-
fixed supramolecular dimer of Q[8]-47 dramatically promoted
intersystem crossing to produce the triplet excited state. That
is, the J-type conformation of Q[8]-47 facilitated electron and
energy transfer of the triplet excited state. Consequently, the
1:2 complex of Q[8]-47 was further utilized as an efficiency
photocatalyst for oxidative hydroxylation of arylboronic
acids.177

5.2. Fluorescence Emission from Q[8]-Based Multiple
Assemblies

In macrocycle-based host−guest interactions, it is well-known
that the 1:1 binding stoichiometry only indicates that the
complex contains equal amounts of both host and guest, such
as 1:1, 2:2, or even a combination of n:n (n = 1, 2, 3, ...) in the
case of a supramolecular polymer. In Q[n] chemistry,
Scherman and co-workers found that ITC data, including
enthalpy (ΔH) and entropy (ΔS) changes, can provide specific
evidence to distinguish Q[8] triggered 1:1, 1:2, 1:1:1, and 2:2
complex modes.178 In fact, fluorescence has become popular to
monitor the dynamic processes of self-assembly,179,180

conformational changes,181 and molecular motion182 in recent
years, since fluorescence methods are highly sensitive and
allow direct visualization in situ and in real time.183−186

In Q[n] chemistry, Scherman et al. reported that the 3:2
complex of Q[8] with the dye guest 48 and the 2:1 complex of
Q[7] with 48 were easily distinguished by fluorescence spectra
and the naked eye under UV light at 365 nm (Figure 32).187

Obviously, these color changes can be partly attributed to the
different macrocyclic-confinement effects from the Q[7] and
Q[8] hosts and partly due to the different stacking models of
the dye guest in the host−guest assemblies. The same group
then went on to conduct pioneering work on tunable
fluorescence emission from Q[8] confined cavity-based 2:2
quaternary complexes in aqueous solution.188,189 As shown in
Figure 33a,189 two arylpyridinium groups, well-known water-
soluble cationic guests for Q[8] with high affinity, were
selected as the rigid “clamping” modules linked through
different fluorophores as the central cores (Figure 33b). The
choice of rigid fluorophore linkages between the arylpyridi-
nium moieties benefited formation of 2:2 complexes rather
than extended supramolecular polymers. When 1.0 equiv of
Q[8] was mixed with 1.0 equiv of the guest, 2:2 quaternary
complexes were formed and stabilized by the two Q[8] clamps,
which placed the two fluorophores in close proximity to each
other as stacked dimers under the macrocyclic-confinement
effect. Importantly, it should be noted that the aromatic
fluorophores were not encapsulated in the Q[8] cavity,
implying that even fluorophores larger than the cavity could
be employed in this modular strategy. For example, the host−
guest interaction study of guest 49b indicated that the 2:1
stoichiometry was obtained in the Q[7]-49b complex, whereas
it was found to be 1:1 in the Q[8]-49b system. Detailed
characterization of the Q[8] complex suggested that it was
actually a 2:2 assembly. Similar binding stoichiometries were
also observed for other guests.
In the 2:2 supramolecular quaternary complexes, the

preorganized fluorophore dimers were stabilized by two
Q[8] hosts and, hence, the chromophores exhibited different

Figure 31. (a) X-ray crystal structure of Q[8]-47. (b) UV/vis-NIR
absorption of the radical dimer of Q[8]-47. (c) Heating curves of the
radical dimer of Q[8]-47 with irradiation at different power densities.
CLSM of the radical dimer of Q[8]-47 induced photothermal
ablation in the HepG2 cells with (d) and without (e) 1064 nm
irradiation at 1.00 W for 1 min. Reproduced with permission from ref
176. Copyright 2019 Wiley-VCH.

Figure 32. UV−vis absorption and fluorescence emission spectra of
Q[8]-48, Q[7]-48, and 48 and related photographs of solutions
excited by a 365 nm lamp. Reproduced with permission from ref 187.
Copyright 2017 Royal Society of Chemistry.
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photophysical properties.189 Noticeable red-shifts in the
absorption spectra and, upon photoexcitation, excimer-like
emissions with longer lifetimes were observed. As a
comparative study, the photophysical properties of the Q[7]
complexes were also investigated because it was believed that
the fluorophores were fixed as monomeric entities by the Q[7]
host. As shown in Figure 33c−e, formation of a 2:2
supramolecular complex of Q[8] with 49b resulted in a
remarkable bathochromic shift of the maximum absorption
relative to the solution of 49b alone (from 419 to 469 nm),
whereas a small hypsochromic shift (from 419 to 409 nm) was
observed in the Q[7]-49b complex. The maximum emission
peak of the Q[8]-49b quaternary complex was at 578 nm
(Figure 33e), which was red-shifted compared to the Q[7]-49b
complex (λem = 537 nm) (Figure 33d), although the solution
of 49b alone exhibited emission at 595 nm (Figure 33c).
Consequently, variation of the fluorescence color of this
derivative could be achieved by the cooperation of Q[7] or
Q[8]. Furthermore, the quantum yield of 49b was significantly
enhanced upon complexation with Q[7] and Q[8] because of
the remarkably restricted intracomplex motions. For example,
the absolute QY of a solution of 49b increased from 4% to 85%
and 81%, upon complexation with Q[7] (1:2) and Q[8] (2:2),
respectively. Meanwhile, similar variant photophysical behav-
iors were also observed for most other derivatives in the
presence of the Q[7] and Q[8] hosts.

Using the same modular strategy, Scherman and co-workers
successfully fabricated a 2:2 quantitative heterodimerization
system for efficient energy transfer under the macrocyclic-
confinement effect of the Q[8] host (Figure 34).190

Chromophore guests were synthesized based on the bis(N-
arylpyridinium) (BAP) moiety through one covalent reaction
and then underwent dimerization through multiple Q[8]
clamping. A heterodimer (AB) could be generated by simply
mixing two homodimers (AA and BB) of guests 50a and 50b
in aqueous media, but not quantitatively. This was attributed
to similar binding free energies of 2:2 homodimers of 50a and
50b with the Q[8] host. Interestingly, when the methoxy
group of 50b was replaced by a bulkier end group (N,N-
dimethylamino, NMe2) to generate guest 50c, it was found
that the equilibria of 50/50 mixtures with 50a and 50b
homodimers were significantly dominated by the heterodimer
(92%). Following this observation, the authors proposed that
increasing the size of one of the end groups (i.e., NMe2)
combined with a smaller complementary end group should
further increase the binding constant. As a result, guest 50d
(NH2 replaced by H) was designed. As expected, 1H NMR
spectroscopy revealed that the desired heterodimer was solely
formed in an equimolar mixture of 50c and 50d homodimers.
Fluorescence spectra indicated that nonradiative energy
transfer occurred from the photoexcited naphthyl moiety
(50e) to its neighboring anthracenyl group (50f) in the

Figure 33. (a) Chemical structures of 49a−j and the related modular designing strategy. Following this strategy (b) 49f as an example of a
nonparallel clamping module and other fluorophores with various arrangements of clamping modules are expected to form host−guest assemblies
with Q[8] and Q[7]. Steady-state absorption (solid line) and emission (dashed line with filling color) spectra of (c) 49b, (d) Q[7]-49b, and Q[8]-
49b in water (inset: schematic representation of the corresponding guest and host−guest assemblies and the fluorescence photo images under 365
nm UV light). Reproduced with permission from ref 189. Copyright 2019 Royal Society of Chemistry.
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discrete heterodimer with extremely high efficiency of energy
transfer, which was estimated to be greater than 85%. Overall,
this study provides a new insight into fabrication of
noncovalent interaction triggered heterodimers without other
equilibrium byproducts by introduction of shape-complemen-
tary moieties in a confined space of macrocycles. In particular,
highly efficient preparation of various discrete chromophore

dimers with novel optoelectronic properties is becoming
possible.
Taking advantage of Q[8] cavity encapsulation triggered

tunable fluorescent signals, Ni and co-workers reported a series
of dynamic host−guest assemblies including 1:2, 2:2, 3:2, and
2:1 complexes (Q[8]/guest) that could be distinguished by
naked-eye observation of the resulting quantitative fluores-
cence emissions.191 As shown in Figure 35, alkyl chains of
different lengths (carbon atoms from 1C to 9C) were
introduced into π-conjugated bispyridinium parents (51a,
51b, and 51c) as the fluorophore guest molecules. When
different concentrations of Q[8] were added to the guest
solution, the fluorescence color was obviously changed from
blue to pale yellow, bright green (and deep yellow), and pale
green, corresponding to dynamic complex modes of Q[8] with
the guests from 1:2 to 2:2 and to 2:1, except for guests 51a
(5C−6C) and 51b (5C−6C), where significant red-shift
emissions (orange color) were observed in the final formation
of 3:2 complexes. However, guest 51c (7C−9C), in which two
methyl groups were introduced into the central fluorophore as
a larger barrier, led to direct formation of 2:1 complex
structures assisted by the terminal long alkyl chains (with a U-
shaped conformation in the Q[8] cavity). The fluorescence
lifetimes of these complexes were fully in line with the host−
guest complex modes. That is, longer lifetimes generally
corresponded to deep encapsulation of the chromophore in the
Q[8] cavity, while shorter lifetimes indicated that the
chromophore was less deeply buried or was farther from the
Q[8] cavity. Accordingly, this study revealed that fluorescence
decay times may be useful for characterizing binding modes in
Q[8]-chromophore systems. This result provides an example
that multiple host−guest assemblies with distinct luminescent
signals in the same confinement environment of Q[n]s are
becoming possible.
5.3. Fluorescence Emission from Q[8]-Based
Supramolecular Polymers

Fluorescent supramolecular polymers, which combine the
fluorescent properties of chromophores with dynamic non-
covalent connections of supramolecular polymers, have
attracted much attention as luminescent materials because of
their superior optoelectronic properties, including stimuli-

Figure 34. Schematic representation of (a) statistical dimerization
with the coexistence of three species. (b) Quantitative supramolecular
heterodimerization via self-sorting. (c) Pure heterochromophore
dimers with efficient energy transfer generated from the 50e to 50f.
Reproduced with permission from ref 190. Copyright 2020 Wiley-
VCH.

Figure 35. Chemical structures of 51a−c and representation of Q[8]-based dynamic host−guest assemblies with multiple tunable fluorescence
signals. Route 1: Q[8] concentration-dependent host−guest interactions of 1:2, 2:2, 3:2, and 2:1 (Q[8]/guest). Route 2: formation of a U-shaped
conformation of Q[8] with 51c (7C−9C). Reproduced with permission from ref 191. Copyright 2021 Royal Society of Chemistry.
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responsive and reversible features, compared with the
monomeric units.192−198 The ternary complex ability of Q[8]
has been used to construct various fluorescent polymers with
smart tunable emissions and high quantum efficiency. This is
partly due to the extensive π−π interactions (such as J-type
assembly) of chromophores in a head-to-tail fashion in the
Q[8] cavity and is partly due to the synergistic effect of the
cavity-derived macrocyclic confinement and the rigid linear
polymer structures that restricted the intramolecular motions.
For example, Ni et al. reported that a tunable fluorescent

emission could be obtained in a host−guest interaction system
of Q[8] with an oligo(p-phenylenevinylene) guest 52 in
aqueous solution (Figure 36).56 The propionic acid groups at
the ends of 52 were selected to increase aqueous solubility and
enable a reversible switch between neutral and anionic states
by pH titration. Free 52 emits blue light at 475 nm in aqueous
solution when excited at 398 nm. After addition of Q[8] (0.5
equiv) to the solution (pH 2.0), a stronger visible yellow
emission with higher QY and long lifetime at 580 nm was
observed. These spectral changes can be attributed to
formation of J-dimers of 52 inside the Q[8] cavity. The
extensive π−π interactions or intermolecular orbital overlap
between the homodimers (head-to-tail) under the macrocyclic-
confinement effect of the Q[8] cavity led to the remarkable
red-shift of the emission and absorption. When the
concentration of Q[8] was increased to 1.0 equiv, an apparent
blue-shift was observed in the absorption and emission spectra
corresponding to transition of the complexation mode from

the 1:2 dimer complex to the 1:1 supramolecular polymer.
Essentially, the two N-substituted propionic acid groups were
simultaneously encapsulated in the excess Q[8] cavity, playing
a key role in the formation of the rigid supramolecular polymer
structure. In particular, the carbonyl groups of the Q[8] portal
would decrease the electron-withdrawing ability of the
pyridinium group of 52 and ICT could be suppressed.
Therefore, an enhanced blue-shifted emission was observed
in the polymer solution. Notably, because both of the
fluorescent emissions from the free guest and the complex
species can be excited by the same wavelength, multiple
tunable fluorescent colors, including blue, cyan, white, yellow
and green, were emitted depending on the amount of added
Q[8] host. In addition, electrostatic repulsions between the
carboxylate groups and the carbonyl portals of the Q[8] host
led to reversible conversion of the head-to-tail polymer
assembly of Q[8]-52 to the J-dimer complex at higher pH
values, accompanied by a variation of emission from green to
yellow. Accordingly, a smart stimulus-responsive tuning of
fluorescent colors was achieved in a simple operation by using
a single organic chromophore guest and a single macrocycle in
solution.
The above work indicated that white-light emission could be

fabricated by the two complementary blue (free 52) and
yellow fluorescence emissions (J-dimer complex of Q[8]-52),
which could be efficiently generated independently in solution
using the same excitation wavelength rather than energy
transfer. However, it was noted that the yellow emission of the

Figure 36. (a) Chemical structures of Q[8] and 52. (b) Schematic representation of the Q[8]-based approach for fabricating smart luminescent
materials, showing host−guest interactions of Q[8] with 52 that lead to different supramolecular assemblies in water. (c) Photographs of solutions
of 52 (10.0 μM) upon addition of increasing concentrations of the Q[8] host (0−1.0 equiv) in aqueous media (pH 2.0) under UV light at 365 nm.
Reproduced with permission from ref 56. Copyright 2016 American Chemical Society.
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J-dimer of Q[8]-52 still appeared in the solid state, while free
52 exhibited aggregation in the solid state and emitted pale
yellow emission at 554 nm. To inhibit its aggregation in the
solid state, Q[7] was used to encapsulate 52.57 In the solid
state, the 1:1 complex of Q[7]-52 emitted at 487 nm,
indicating that aggregation of 52 was strongly disrupted by the
rigid Q[7] barrel confined structure. Most interestingly, it was
found that the Q[7]-52 complex and the J-dimer complex of
Q[8]-52 shared the same UV−vis absorption peaks, indicating
that the two fluorescence emissions (blue and yellow) could be
independently excited by the same wavelength (Figure 37).

This feature enables efficient production of pure white light by
mixing the solid Q[7]-52 complex and the J-dimer of Q[8]-52
in the correct proportion in a single-dye system. To
demonstrate the practical application of this approach, a
white-light-emitting diode was fabricated by coating a
poly(methyl methacrylate)-fixed solid mixture of Q[7]-52
and Q[8]-52 on the surface of a commercially available
ultraviolet LED chip. Bright white light was observed at a
potential of 3.8 V. Compared to the white-light emission
produced by energy transfer between different fluorophore
dyes, this study provided an excellent example of the
advantages of Q[n]-based host−guest complexation and the
corresponding macrocyclic confinement in preparing multi-
color luminescent materials that do not rely on the principle of
FRET through “single excitation with multiple independent
emissions”.
As another example of a highly fluorescent linear supra-

molecular polymer, a cyanostilbene derivative bearing
pyridinium moieties (53) has been used as the monomer
guest to complex with the Q[8] host (Figure 38).59 Monomer

53 displayed weak fluorescent emission in water due to AIE.
Upon formation of a 1:1 complex with Q[7], a slight red-shift
was observed in the florescence emission (from 460 to 464
nm) of 53 and the QY increased from 1% to 7%. When Q[8]
was added to the solution of 53, dramatically enhanced green
emission at 516 nm with a high QY of 91% was observed,
attributed to formation of a 1D supramolecular polymer. The
supramolecular polymer formation was investigated in detail by
a combination of ITC, dynamic light scattering, matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry,
and TEM. The red-shifted fluorescence emission was ascribed
to J-type alignment of 53 inside the Q[8] cavity. In particular,
the high QY is mainly due to the synergistic enhancement of
the radiative decay channel and the restricted intramolecular
rotation of the chromophore (AIE effect) by the confinement
effect of the Q[8] cavity and the resulting rigid polymer
structures.
In 2017, the same group reported an elegant example of a

light-harvesting supramolecular block copolymer system using
three other cyanostilbene derivatives 54, 55, and 56 (Figure
39a) under the confined space of the Q[8] host.199 Similar to
53, complexation of these derivatives with the Q[8] host
afforded 1D homopolymers that displayed apparent fluores-
cence enhancement with three different colors (blue (480 nm),
yellow (522 nm), and red (630 nm)) due to the AIE effect
(Figure 39b). Subsequently, color tunable nanobundles Q[8]-
54/Q[8]-56 were obtained in aqueous solution as a
consequence of their large spectral overlap (an important
prerequisite for energy transfer). In this system, Q[8]-54 acted
as the donor because its emission at 480 nm overlapped
appreciably with the absorption of Q[8]-56 polymer at 464
nm. Upon gradual addition of Q[8]-56 to the solution of

Figure 37. (a) Normalized absorption and fluorescence spectra from
Q[7]-52 and Q[8]-52 in solution. (b) Fluorescence spectra of the
solid mixture of Q[7]-52 and Q[8]-52 with CIE (0.33, 0.36) and
white light from an ultraviolet LED chip. Reproduced with permission
from ref 57. Copyright 2018 American Chemical Society.

Figure 38. (a) Chemical structure of 53 and fluorescence spectra of
53 in the presence of increasing concentrations of Q[7] and Q[8] in
water. (b) Fluorescence photo images and the QYs of 53, Q[7]-53,
and Q[8]-53. (c) Schematic representation of Q[8]-53 polymer
formation. Reproduced with permission from ref 59. Copyright 2016
Wiley-VCH.
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Q[8]-54, the fluorescent color of the mixture was progressively
tuned from blue to red, which was confirmed by photo-
luminescence intensities and CIE chromaticities (Figure 39c
and d). In principle, four different copolymer assemblies could
be present in the solution of Q[8]-54/Q[8]-56 (Figure 39e).
However, in the FRET system, the donor−acceptor distance is
an important factor in the efficiency of energy transfer. So,
Case 1 was easily eliminated because the altered concentration
of the mixture did not induce any obvious changes in the
photoluminescence spectrum. In addition, because of the slight
change in the UV−vis spectrum, Case 3 was considered to be
more reasonable than Case 2 and Case 4, since it is believed
that no changes of the absorption peaks would be caused by
Case 2 or Case 4. The higher binding constant of monomer 56
toward Q[8] (56 had >104-fold higher affinity than 54) also
supported the structure in Case 3. The efficient energy transfer
of the dynamic supramolecular block copolymer system in this
work indicated that Q[8] cavity confined supramolecular
assemblies have outstanding properties for light-harvesting and
photoluminescent applications.
In another study in 2018, Liu and co-workers reported a

binary supramolecular assembly that exhibited near-infrared
emission by combination of Q[8] triggered 1D linear
supramolecular polymers and amphiphilic calixarenes
(SC4AD) (Figure 40).200 Anthracylpyridinium derivative
(57) emitted very weak fluorescence emission at 625 nm in
water due to π−π stacking of the anthracene rings and an

intramolecular charge transfer effect between the anthracene
and pyridinium moieties. Addition of Q[8] to the aqueous
solution of 57 produced a red-shifted, much brighter emission
at 655 nm due to the formation of a rigid J-type linear polymer
in the Q[8] cavity under the corresponding macrocyclic-
confinement effect, which was classified as the first-stage
emission. The initially formed supramolecular polymers were
transformed into nanorod-like 3D structures by self-aggrega-
tion in water. When amphiphilic SC4AD was added to the
solution of nanorods, a morphological transition to nano-
particles was accompanied by further fluorescence enhance-
ment at 655 nm. As a control experiment, encapsulation of 57
in the SC4AD cavity gave emission at 605 nm, which indicated
that the fluorescence enhancement was due to formation of
Q[8]-57-SC4AD ternary aggregates (Figure 40b and c). The
rigid nanoparticle assemblies of Q[8]-57-SC4AD not only
further limited the single-bond rotation of 57 but also provided
a hydrophobic environment from the self-assembly-induced
confinement effect52 to enhance the emission of 57. This
assembly mode was proposed as the second-stage enhance-
ment of fluorescence (Figure 40d). The excellent brightness of
the NIR emissive nanoparticles was exploited as a cell imaging
agent (Figure 40e−g).
Liu, Stoddart, and co-workers reported a photoresponsive

supramolecular fluorescent system using a combination of
cationic supramolecular nanofibers derived from a styrylpyr-
idinium conjugated diarylethene derivative (58) with Q[8] and

Figure 39. (a) Chemical structures of 53−56. (b) Fluorescence photo images of Q[8]-53, Q[8]-54, Q[8]-55, and Q[8]-56 in water under 365 nm
UV light. (c) Fluorescence spectra of Q[8]-54 in water upon addition of Q[8]-56 from 0 to 1 equiv. (d) CIE chromaticity diagram showing the
fluorescence changes of the Q[8]-54 1:1 complex with different doping equivalents of the Q[8]-56 1:1 complex (0%, 15%, 30%, 60%, and 100%) in
water, with the inserted photo of the light-harvesting system under 365 nm UV light. (e) Schematic representation of the four light-harvesting
systems based on the supramolecular polymer assembly of Q[8] with 54 and 56. Reproduced with permission from ref 199. Copyright 2017 Wiley-
VCH.
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anionic carbon dots (CDs) (Figure 41).201 In aqueous
solution, 58 could be reversibly converted between an open-
ring form (58-OF) and a closed-ring form (58-CF) by UV-
light (254 nm) and visible-light (>600 nm) irradiation (Figure
41a). When Q[8] was added to the solution of 58-OF, TEM
and AFM images revealed that micrometer-sized 1D nano-
fibers were formed. The red-shifted absorption (from 395 to
420 nm) and fluorescence emission (from 560 to 582 nm with
a 16-fold increase of intensity) indicated that a J-type linear
polymer of the styrylpyridinium moieties was present in the
Q[8] cavity with strong macrocyclic confinement.
The reversible photoreaction was also observed with Q[8]-

58-OF. For instance, the fluorescence intensity of Q[8]-58-OF
at 582 nm was gradually quenched upon irradiation with UV
light (254 nm, 2.0 min). The yellow emission was recovered by
irradiating this weakly emissive solution with visible light
(>600 nm, 40 s) (Figure 41b). These results suggested that the
composition of 58 could be interconverted between 58-OF
and 58-CF in the host−guest complex upon light irradiation,
with outstanding photoconversion cycles. In an attempt to
fabricate a multicolor emissive system, CDs with anionic
carboxylates on their surface that emitted blue light (λem = 458
nm) were combined with the host−guest polymer solution.
Large spherical nanoparticles with ∼700 nm diameter were
formed by binding of the anionic CDs to the positively charged
nanofibrils via electrostatic interactions (Figure 41e). Con-
sequently, different fluorescent colors could be obtained by
varying the ratio of CDs and Q[8]-58-OF or by photo-
irradiation. For example, multiple fluorescent emissions from
blue to yellow were obtained by addition of increasing

concentrations of Q[8]-58-OF to the solution of CDs (Figure
41c). When the same aqueous solution of CDs-Q[8]-58-OF
was irradiated with UV light (254 nm), the emission peak at
582 nm decreased dramatically, with only a slight reduction in
the emission at 458 nm (Figure 41d). As a result, reversible
fluorescent color changes from yellow to blue, including pure
white-light emission, were triggered by UV-light irradiation
(Figure 41f). The emission reverted to yellow from blue upon
visible-light (>600 nm) irradiation. It is expected that such
confined structure triggered photoresponsive luminescent
emissions have potential applications in the design of
anticounterfeiting materials and photocontrolled molecular
switches.
Very recently, Liu and co-workers further reported that

Q[8]-based fluorescent polymers could be utilized as two-
photon agents with the assistance of β-cyclodextrin-modified
hyaluronic acid (HA-CD) (Figure 42a).202 Guest 59 displayed
very weak fluorescence at 650 nm in aqueous solution. After
assembly with Q[8], two-axial netlike supramolecular polymers
Q[8]-59 (which further aggregated to nanosquares in water)
were formed with enhanced and red-shifted fluorescence at
680 nm. When the cancer cell-targeting agent HA-CD was
added to the solution of Q[8]-59, the nanosquare structure
was converted to nanoparticles via secondary assembly,
accompanied by further enhancement of the NIR emission at
680 nm (Figure 42b). In addition, because 59 has a classical
D−π−A structure, the strong push−pull dipolar effect and
large conjugation lengths favor two-photon absorption. As
expected, the fluorescence spectrum of Q[8]-59-HA-CD
displayed similar emission peaks when excited at 840 nm

Figure 40. (a) Chemical structures of 57 and SC4AD. (b) Fluorescence spectra of 57, Q[8]-57, Q[8]-57-SC4AD, and 57-SC4AD. (c) Photo
images of 57, Q[8]-57, and Q[8]-57-SC4AD. (d) Schematic representation of NIR fluorescent supramolecular assemblies and related
supramolecular aggregates and CLSM images of A549 cells costained with (e) Q[8]-57-SC4AD and (f) LysoTracker Blue. (g) Merged image of
Parts e and f. Reproduced with permission from ref 200. Copyright 2018 Wiley-VCH.
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and upon one-photon excitation at 450 nm. This system has
been successfully exploited for mitochondrial-targeted cell
imaging of A549 cancer cells (Figure 42c). It should be noted
that the macrocyclic-confinement effect of the Q[8] host is the
key factor in amplification of the two-photon signal in this
system by promoting the ICT effect between the D−A
moieties of 59.

5.4. Fluorescence Emission from Q[8]-Based
Supramolecular Organic Frameworks (SOFs)

Supramolecular organic frameworks (SOFs)203,204 are a new
type of porous framework that are assembled by noncovalent
interactions, including hydrogen bonds, π−π stacking, and van
der Waals interactions. Since the driving force for their

synthesis stems from diverse supramolecular interactions,
SOFs are generally easy to assemble and show good
reversibility. Notably, the ternary binding ability of Q[8] has
unique advantages for the construction of fluorescent SOFs by
employing appropriately π-conjugated chromophore guests. So
far, Q[8]-based fluorescent SOFs have mostly been derived
from TPE derivatives.205−211 These form 2D nanostructures
with high AIE fluorescence since complex binding induces
restricted intramolecular rotation and J-type stacking of the
TPE chromophore guests inside the Q[8] confined cavity.
Compared to the 1D polymers, the 2D SOF assemblies
provide a more rigid scaffold to extend the confinement effect
of Q[8] host.

Figure 41. (a) Chemical structures and photo images of 58 upon alternating irradiation with UV and visible light. (b) Emission spectra and
intensity (insert) changes of Q[8]-58-OF at 582 nm upon alternating irradiation with UV (254 nm, 2.0 min) and visible light (>600 nm, 40 s) in
water. (c) Fluorescence spectra of CDs with increasing concentrations of Q[8]-58-OF in a neutral water. (d) Fluorescence spectra of CDs-Q[8]-
58-OF upon irradiation with UV light (254 nm, 1.5 min) in a neutral water. (e) Schematic representation of the in situ photoswitched multicolor
luminescence supramolecular assembly. (f) Fluorescence photo images of CDs-Q[8]-58-OF upon irradiation with 254 nm light. Reproduced with
permission from ref 201. Copyright 2019 American Chemical Society.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c01050
Chem. Rev. XXXX, XXX, XXX−XXX

AA

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig41&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c01050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


For example, Zhao and co-workers reported supramolecular
2D nanostructures with bright fluorescence by combining
Q[8] with guest 60 (Figure 43).205 As expected, non-

fluorescent emission was observed for the TPE-derived
cationic guest 60 because of its greater solubility in water.
Remarkably enhanced fluorescence emission was observed
when Q[8] was complexed with the four arms of 60 to form a
monolayered 2D SOF in water. Moreover, the emission of the
monolayered SOF underwent further enhancement when a
poor solvent, such as THF, was added to the aqueous solution
due to the presence of stacked layers together with the primary
2D layered structures.
Cao and co-workers demonstrated another type of Q[8]-

based fluorescent and shape controllable SOF (Figure 44a).206

TPE derivatives 61 and 62 were synthesized, containing
pyridinium and vinyl-pyridinium moieties, respectively, as the

four arms. Addition of Q[8] to the solution of 61 produced a
1:2 complex of Q[8]-61, and the fluorescence emission of 61
was red-shifted from 579 to 632 nm with a slight enhancement
of the QY (from 6.7% to 7.4%) (Figure 44b). Similar
stoichiometry and photophysical behaviors were observed for
the Q[8]-62 complex in aqueous solution (35.8%) in the
presence of 2.0 equiv of Q[8], but the red-shifted emission
(722 nm) had lower QY efficiency (0.6%) compared to the
original orange emission (640 nm) of 62 (Figure 44c).
Interestingly, planar and curved layers of SOFs from the host−
guest interactions of Q[8] with 61 and 62 were formed first,
which eventually aggregated to form regular supramolecular
cuboids of Q[8]-61 (Figure 44d) and flattened spheroids of
Q[8]-62 (Figure 44e), respectively. Dynamic reversibility of
the guest inside the Q[8] cavity allowed the SOFs to be
dissociated in the presence of a competitive guest, such as 3,5-
dimethyl-1-adamantylamine·HCl (Me2ADA), which has a
higher binding constant with Q[8] compared to 61 and 62,
thereby leading to the recovery of the original fluorescence of
61 and 62 in water. The fluorescence emission of Q[8]-62 was
used for imaging of HeLa cells (Figure 44f and g). This result
indicated that the extend macrocyclic-confinement effect of the
Q[8] host is not always conducive to high quality
luminescence in the supramolecular polymers, and the
mechanism of the fluorescence quenching is not clear so far.
The same group later discovered that an achiral Q[8]-based

fluorescent SOF exhibited adaptive chirality in the presence of
L-/D-phenylalanine (Phe) in water due to the dynamic
rotational conformation of the TPE groups in the confined
Q[8] cavity.207 From a structural viewpoint, TPE molecules
can exist as anticlockwise-type (M) and propeller-like clock-
wise-type (P) due to the rotational conformation of the four
phenyl rings. Therefore, the TPE moiety was designed as the
dynamic chirality-responsive component and fluorophore of
guest 63, with four coumarin arms as linking units at the
terminus for dimerization inside the Q[8] cavity (Figure 45a).
As expected, a 2D SOF of Q[8]-63 was stably formed with
strong fluorescence enhancement in aqueous media due to the
extended confinement effect from the Q[8] cavity to the

Figure 42. (a) Chemical structures of 59 and HA-CD. (b) Formation of a supramolecular nanoparticle with NIR emission. (c) Supramolecular
nanoparticle with NIR emission used for two-photon mitochondria targeted imaging of the A549 cell. Reproduced with permission from ref 202.
Copyright 2021 Wiley-VCH.

Figure 43. Chemical structure of 60 and schematic representation of
the formation of a 2D SOF from the Q[8]-60 complex and
enhancement of fluorescence by THF in water. Reproduced with
permission from ref 205. Copyright 2015 Royal Society of Chemistry.
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polymer structure. A Cotton effect experiment suggested that
the TPE units in the SOFs adopted a racemic rotational
conformation, indicating that homodirectional rotational P or
M conformations were not induced by SOF assembly.
However, the high selectivity of the SOFs toward Phe led to
discovery of the adaptive chirality property of the SOFs via
ternary host−guest assemblies between the Q[8] cavity and
the Phe/pyridinium-coumarin arm of 63. As shown in Figure
45b, addition of L-Phe to the solution of Q[8]-63 induced a
remarkable positive Cotton effect at 323−470 nm, while a
similar negative Cotton effect was induced at 323−470 nm
when D-Phe was added to the SOFs solution. The mirror-
image circular dichroism spectra confirmed the adaptive
chirality of Q[8]-63 with P or M rotational conformations of
the TPE groups (M-TPE and P-TPE exhibit similar positive
and negative circular dichroism signals, respectively) being
induced by the enantiomers. In other words, the suitable larger
confined space of the Q[8] cavity, which enables the dynamic
reversibility of Q[8]-63 binding with chiral guests, is the key
factor to form the secondary supramolecular assembly, in
which the chirality of chiral guests can be transferred to the

SOFs by tuning the homodirectional (P or M) rotation of the
TPE units. The authors also found that the adaptive chirality of
the SOFs could be induced by small amounts of ATP or ADP
via electrostatic interactions (Figure 45c). This result provides
new insights for fabrication of chiral host−guest assemblies
under the suitable confinement effect.
Continuing study of the confinement assembly of Q[8] with

TPE derivatives, Tang and co-workers developed a series of
Q[8]-TPE-based supramolecular fluorescent emission systems
for cell line identification, cell contamination evaluation, and
cancer cell discrimination.208 As shown in Figure 46a, three
guests (64−66) were simply synthesized by appending
different numbers of vinyl-pyridinium groups to the TPE
core and used to construct various host−guest assemblies with
Q[8], including linear supramolecular polymers, hyper-
branched structures, and SOFs. Fluorescence spectra showed
that all of the Q[8]-based TPE complexes exhibited similarly
stronger fluorescence intensities than the corresponding free
guests. However, bioimaging studies suggested that different
fluorescent intensities were observed depending on the amount
of these supramolecular assemblies accumulated in cells. For

Figure 44. (a) Chemical structures of 61 and 62 and schematic representations of related formation of supramolecular network-type layers and
frameworks. Florescence spectra of 61 (b) and 62 (c) with increasing concentrations of Q[8] in water (pH 6.3). SEM images of (d) Q[8]-61 and
(e) Q[8]-62. CLSM of HeLa cells costained with (f) Q[8]-62 and (g) the addition of Me2ADA. Reproduced with permission from ref 206.
Copyright 2018 Wiley-VCH.
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example, the Q[8]-64 complex stained both the cell membrane
and the inside of the cells, while Q[8]-65 and Q[8]-66
assemblies were only observed inside the cells (Figure 46c).
Overall, cells treated with Q[8]-64 had the strongest
fluorescence, followed by cells treated with Q[8]-65 and
then those treated with Q[8]-66. The authors proposed that
this phenomenon was due to the differing sizes and shapes of
the host−guest assemblies (Figure 46b). For example, the
Q[8]-64 assembly was the smallest and readily stained the
cells. The behaviors of the Q[8]-65 and Q[8]-66 assemblies,
which were a similar size, were influenced by their shapes. The
spherical assemblies of Q[8]-65 were taken up much more
easily by cells than the square assemblies of Q[8]-66. Most
interestingly, the authors found that the same types of host−
guest assembly exhibited different fluorescence responses if
incubated with different cell lines. For example, T24 cells
(cancer) incubated with Q[8]-64 for 20 min exhibited double
growth ratio compared with SV-HUC-1 cells (normal). In
other words, differences in the microscopic affinities of
different cells for different supramolecular fluorescent
assemblies in this work could be quickly converted into
macroscopic fluorescent signals. The data were transformed
into a general fingerprint using linear discriminant analysis,
which enabled clustering and classification of all the cells,
including normal cell lines, different cancer cell lines, and

different metastasized cancer cell lines. In addition, these
host−guest systems could also be used to evaluate cross-
contamination of cell lines and for semiquantitative discrim-
ination of cancer cells.

5.5. RTP Emission from Q[8]-Based Host−guest
Assemblies

Unlike pure organic RTP emission from the 1:1 tight binding
of phosphors in the rigid hydrophobic cavity of Q[6]/Q[7]
with a strong macrocyclic-confinement effect to enhance
intersystem crossing, pure organic RTP emission from Q[8]-
based complexes is mainly due to the fixed dimer conformation
of phosphors with a heavy atom effect in the Q[8] confined
cavity. In other words, the high quality of the pure organic
RTP emission of the Q[8] complex is partly due to the
hydrophobic effect induced by the macrocyclic confinement
and partly due to the confined space fixed distance of the
phosphor in the Q[8] cavity. For instance, Ma and co-workers
reported an example in aqueous solution using a Q[8]-based
dimer assembly of 67, in which two phosphor 4-(4-
bromophenyl)pyridinium branches were linked to a triazine
core (Figure 47a).61 In the presence of Q[8] host, guest 67
was encapsulated to form a 2:2 quaternary complex. Single-
crystal structure analysis provided unequivocal proof of the
dimer assembly of 67. As shown in Figure 47b, the phosphor
4-(4-bromophenyl)pyridinium groups were confined within
the Q[8] cavity with cofacial parallel and staggered arrange-
ments, producing a structure-restricted dimer with a new
charge-transfer triplet state that gave yellow RTP emission at
565 nm in water under visible-light excitation (Figure 47c).
The lifetime of the yellow emission was 0.19 ms. Notably, the
greatly enhanced intensity of this band under N2 atmosphere
clearly suggested its phosphorescent nature. In addition, free
guest 67 displayed blue fluorescence at 445 nm. Therefore,
tunable emission color from blue to yellow, including white
light, was achieved depending on the presence of different
amounts of Q[8] in aqueous media through combination of
dual fluorescence−phosphorescence emission (Figure 47d).
Similar work was reported by Liu et al. in 2021,212 in which

a 4-(4-bromophenyl)pyridinium-active pure organic RTP
emission system based on Q[8] was fabricated by taking
advantage of the Q[8] confined rigid hydrophobic cavity. The
phosphor 4-(4-bromophenyl)pyridinium containing diethanol-
amine (68) assembled into a dimer structure in head-to-tail
fashion due to the strong confinement of the Q[8] host
(Figure 48). In particular, the hydrogen bonding between the
Q[8] portals and 68 further strengthened the dimer assembly.
Consequently, this inclusion form of the assembly promoted
halogen bonding by shortening the distance between the
carbonyl groups and bromine, leading to efficient phosphor-
escence from the host−guest complex in aqueous media.
On the basis of the above results, the authors subsequently

reported the construction of another type of purely organic
light-harvesting phosphorescence energy transfer system for
mitochondria-targeted imaging.213 In this system, 4-(4-
bromophenyl)-pyridine-modified β-cyclodextrin (CD-PY)
was the donor, rhodamine B (RhB) was the acceptor, Q[8]
acted as a mediator, and adamantane-appended hyaluronic acid
(HA-ADA) was the cancer-cell-targeting agent. The CD-PY
donor remained silent with no RTP emission in the free state
in water. RTP emission at 510 nm was activated when Q[8]
was added to the solution to form a 1:2 supramolecular
complex (Q[8]-CD-PY). Subsequently, the RhB acceptor,

Figure 45. (a) Chemical structure of 63 and a schematic
representation of the formation of SOFs of Q[8]-63 via
homodimerization between Q[8] and the two coumarin arms in 63.
(b) Adaptive chirality of SOFs of Q[8]-63 induced by L-/D-Phe via
heterodimerization with partial Q[8] and one coumarin arm of 63 on
the SOFs. (c) Adaptive chirality of SOFs of Q[8]-63 induced by
ATP/ADP via electrostatic interactions (dashed lines) within the
positively charged pores of the SOFs. Reproduced with permission
from ref 207. Copyright 2021 Wiley-VCH.
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which was included in the cavity of β-cyclodextrin and
exhibited a broad absorption bond at 480−570 nm, was
added to the solution of Q[8]-CD-PY. As a result, highly
efficient energy transfer and an ultrahigh antenna effect
(36.42) occurred between Q[8]-CD-PY and RhB, since there
is ideal overlap of the absorption spectrum of RhB and the
phosphorescence emission of Q[8]-CD-PY. Interestingly,
enhanced delayed emission at 590 nm was observed when
Q[8]-CD-PY@RhB was assembled with HA-ADA into nano-
particles (Figure 49a). Such supramolecular assembly induced
delayed emission has been successfully exploited for
mitochondria-targeted imaging of A549 cancer cells (Figure
49b). Herein, the Q[8] as mediator and the resulting
confinement effect play the crucial role in the phosphorescence
energy transfer system by switching the phosphorescence
emission at 510 nm.
Similarly, Liu and co-workers further successfully fabricated

an efficient ultralong purely organic RTP emission system from
Q[8]-based supramolecular pins in the confined cavity (Figure
50).214 Unlike the representative examples described above, in
which the two 4-(4-bromophenyl)pyridine-modified guests
were simultaneously encapsulated by Q[8] in a head-to-tail
complex fashion, the supramolecular pins have one guest

included in the Q[8] cavity with a head-to-head complex
model under the macrocyclic-confinement effect. As shown in
Figure 50a, fluorophore guest 69 was synthesized from
phenylpyridinium salt with donor−acceptor moieties linked
by an alkyl chain. Guest 69 formed a 1:1 complex with the
Q[8] host, in which the bromo-substituted group was folded
back and stacked with the thioether-substituted phenyl-
pyridinium moiety in the Q[8] confined cavity, and an
effective ICT was triggered (Figure 50b). The effective ICT
further increased the rate of intersystem crossing by reducing
the energy gap between singlet and triplet states of the
fluorophore, which thereby led to an efficient red-shifted RTP
emission. Additionally, the strict encapsulation of the guest in
the Q[8] confined cavity and the resulting formation of
intramolecular halogen bonds also favored RTP emission by
increasing the rate of radiative decay of 69 from T1 to S0. As a
result, RTP emission at 628 nm appeared after addition of
Q[8] with a lifetime of 133 μs. The remarkably enhanced
intensity of this band upon vacuum degassing of the solution
further confirmed the phosphorescent nature of the supra-
molecular pins. In order to reduce the ACQ-induced
nonradiative transition of phosphors, polyacrylamide, poly-
(vinyl alcohol), and γ-cyclodextrin (ratio of phosphors was

Figure 46. (a) Chemical structures of 64−66 and schematic representation of the formation of the supramolecular AIE complexes of Q[8]-64,
Q[8]-65, and Q[8]-66. (b) SEM images of Q[8]-64, Q[8]-65, and Q[8]-66. (c) CLSM images of SV-HUC-1 cells (normal) and T24 cells
(cancer) costained with Q[8]-64, Q[8]-65, and Q[8]-66 at 37 °C. Reproduced with permission from ref 208. Copyright 2020. American Chemical
Society.
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5%) were added to the solution of Q[8]-69. The solution was
then dripped onto treated filter paper. It was found that the
phosphorescent material in the filter paper exhibited the
highest phosphorescence QY (99.38%) with a visible afterglow
lasting up to 110.2 ms. Benefiting from the red-shift of the
absorption peak of the host−guest interaction-induced ICT,
the red phosphorescence of the supramolecular pins was used
for cell imaging, exhibiting good colocalization with Mito-
Tracker Green (mitochondria marker) (Figure 50d).

6. SUPRAMOLECULAR ORGANIC LUMINESCENT
EMISSIONS FROM THE Q[10] HOST

Although the larger homologues tQ[13−15],35,36 containing
more glycoluril units than Q[10], have been synthesized by
Tao and co-workers in recent years, their cavities are no larger

Figure 47. (a) Chemical structure of 67. (b) X-ray crystal structure of Q[8]-67. (c) Normalized emission spectra of 67 with increasing
concentrations of Q[8] from 0 to 1.0 equiv in water at 298 K. (d) CIE of 67 with different amounts of Q[8]. Inset: photographs of 67 with 0, 0.3,
and 1.0 equiv of Q[8] in water. Reproduced with permission from ref 61. Copyright 2020 Wiley-VCH.

Figure 48. Chemical structure of 68 and schematic illustration of the
phosphorescent supramolecular assembly of Q[8]-68. Reproduced
with permission from ref 212. Copyright 2021 Royal Society of
Chemistry.

Figure 49. (a) Schematic representation of construction of the supramolecular assembly for a purely organic light-harvesting phosphorescence
energy transfer system and related molecules. (b) CLSM images of A549 cells costained with Mito-Tracker Green and Q[8]-CD-PY@RhB@HA-
ADA. Reproduced with permission from ref 213. Copyright 2020 Royal Society of Chemistry.
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than that of Q[8] because of their “twisted” conformations.
Consequently, Q[10] has the largest cavity of the Q[n]
family.34 It is expected that there are many opportunities for
the development of unique supramolecular systems based on
the Q[10] host. In the light-emission field, reported studies
indicate that the capacious cavity of Q[10] makes it possible to
include bulkier dyes with stronger macrocyclic-confinement
effects,215−218 and the resulting enhanced luminescent
emission systems have potential application as chemosensors
and in cell imaging.219−224

Wallace and co-workers reported host−guest complexes of
Q[10] with a series of iridium(III) polypyridyl complexes
(Figure 51).225,226 It was suggested that there was an obvious
blue-shift and enhanced luminescence of these cyclometalated
complexes with a 1:1 molar ratio. The larger cavity of Q[10]
enables accommodation of the whole cyclometalated complex
(IrCHO) fully within the rigid confined cavity with the strong
confinement effect, which thus shortens the metal−ligand
bonds and increases the ligand-field strength. As a result, this
host−guest complex behavior is expected to lower d−π levels
and, hence, raise the metal-to-ligand charge-transfer energy to
produce an enhanced blue-shifted emission. Utilizing the larger
cavity of Q[10], a [2]rotaxane with a Q[10] wheel and a TPE-
ended axle was described by Cao and co-workers.227 The axle
guest was synthesized by appending two TPE groups as the
end stopper groups on a positively charged 4,4′-bipyridine
parent. This was included in the cavity of Q[10] through ion−
dipole interactions in dimethyl sulfoxide after heating at 95 °C.
Encapsulation of the axle efficiently restricted rotation of the
TPE moieties, turning on fluorescent emission. The addition of
a poor solvent to the [2]rotaxane solution further induced an
AIE phenomenon. Later, Liu and co-workers revealed that the
TPE moiety can be included in the Q[10] cavity, and
remarkable fluorescence enhancement was observed due to the
restricted intramolecular rotation of TPE under the confine-
ment effect of the Q[10] host.218

In 2017, Ni et al. reported a unique Q[10]-[Cd4Cl16]
8−-

based pillared diamond porous supramolecular framework
Q[10]-SOFs-1 by mixing Q[10] and CdCl2 in aqueous HCl
(8.0 mol/L) at room temperature.228 The X-ray crystal

structure revealed that the 3D-open-nanotube-based pillared
diamond framework was assembled through outer-surface
interactions of Q[10] and poly(cadmium chloride) cluster
anions ([Cd4Cl16]

8−) (Figure 52). SOFs-1 was dipped into
acetonitrile/water (9:1, v/v) solutions containing rhodamine B
(70a), pyrenemethanamine hydrochloride (70b), and bath-
ocuproine hydrochloride (70c). These guest dyes were
efficiently adsorbed by Q[10]-SOFs-1 to form solid RGB
fluorescent materials with excellent luminescent properties,
including high QY, as a consequence of the confinement effect

Figure 50. (a) Schematic illustration of the formation of supramolecular pin Q[8]-69. (b) Proposed mechanism of the enhancement of ICT
resulting from molecular folding. (c) Possible mechanism of efficient and red-shifted phosphorescence. (d) CLSM images of A549 cells incubated
with Q[8]-69. Reproduced with permission from ref 214. Copyright 2021 Wiley-VCH.

Figure 51. (a) Chemical structure of the iridium(III) complex
[Ir(ppy-CHO)2(bpy)]

+ (ppy-CHO = 2-pyridinebenzaldehyde, bpy =
2,2′-bipyridine) (IrCHO). (b) Molecular representation of IrCHO
encapsulated within Q[10]. (c) Emission spectra in aqueous buffer
solution (pH 4.7) at 22 °C: free IrCHO (dashed, red); with added
Q[10] in 1:1 molar ratio (dotted, blue); and with excess Q[10] (solid,
green). (d) Fluorescence images of free IrCHO (left) and Q[10]-
encapsulated IrCHO. Reproduced with permission from ref 225.
Copyright 2013 Royal Society of Chemistry.
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from the open portal size and large cavity of Q[10]. The ACQ
effect of these dyes in the solid state was inhibited by the
numerous regular nanopores of Q[10]-SOFs-1, isolating the
fluorophores by loading them into the rigid confined cavities
and channels under the nanoconfinement effect. Consequently,
three solid-state fluorescent materials with efficient red, green,
and blue emission were successfully fabricated from Q[10]-
SOFs-1@70a, Q[10]-SOFs-1@70b, and Q[10]-SOFs-1@70c,
respectively. A white-light-emission system with CIE coor-
dinates (0.32, 0.28) was obtained by simple mixing of Q[10]-
SOFs-1@70a, Q[10]-SOFs-1@70b, and Q[10]-SOFs-1@70c
at a certain ratio by balancing the energy transfer between the
Q[10]-SOFs-1-loaded dyes. This study provides an example of
Q[10]-based supramolecular inorganic−organic frameworks in
the confined space-based solid luminescent materials.

Using the same strategy, Xiao et al. described another type
of Q[10]-[CdCl4]

2−-based 1D-nanotube-like supramolecular
framework, Q[10]-SOFs-2, by mixing Q[10] and CdCl2 in
aqueous HCl (6.0 mol/L) at room temperature.229 The crystal
structure exhibited perfectly aligned 1D Q[10]-based nano-
tubes along the c-axis. Each [CdCl4]

2− anion connected with
four Q[10] molecules through C−H···Cl− bonds, and each
Q[10] molecule connected with eight [CdCl4]

2− anions in the
same way (Figure 53a). Each nanotube was assembled via the
outer surfaces of neighboring Q[10] molecules. After loading
of pyrene into Q[10]-SOFs-2, the material exhibited a
fluorescence quenching response to pyridine. Loading of
dansyl chloride in Q[10]-SOFs-2 produced a rapid response to
pyridine with significant enhancement of fluorescence (Figure
53b). The fluorescence quenching of pyrene in Q[10]-SOFs-2
after adsorption of pyridine can be attributed to electron

Figure 52. (a) Crystal stacking structure and schematic representation of the 3D open-nanotube-based pillared diamond framework of Q[10]-
SOFs-1 through the outer-surface interactions of Q[10] with [Cd4Cl16]

8−. (b) Structures of the microcrystal of Q[10]-SOFs-1@70a-c. (c)
Comparison of the colors of Q[10]-SOFs-1, 70a, 70b, 70c, Q[10]-SOFs-1@70a, Q[10]-SOFs-1@70b, and Q[10]-SOFs-1@70c under daylight
and UV light (365 nm). (d) Fluorescence spectra of solid 70a and Q[10]-SOFs-1@70a. (e) Fluorescence spectra of solid 70b and Q[10]-SOFs-
1@70b. (f) Fluorescence spectra of solid 70c and Q[10]-SOFs-1@70c. Reproduced with permission from ref 228. Copyright 2017 American
Chemical Society.

Figure 53. (a) Crystal structures of Q[10]-SOFs-2. (b) Schematic representation of the sensing mechanism of Q[10]-SOFs-2 for pyridine.
Reproduced with permission from ref 229. Copyright 2021 American Chemical Society.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c01050
Chem. Rev. XXXX, XXX, XXX−XXX

AH

https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig52&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig52&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig52&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig52&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig53&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig53&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig53&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig53&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c01050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


transfer from the pyrene unit to electron-deficient pyridine in
the Q[10] cavity-based nanotubes. In the case of the Q[10]-
SOFs-2@dansyl chloride system, the enhanced fluorescence
emission can be ascribed to a stronger ICT effect from the
reaction of pyridine with sulfonyl chloride to form
sulfonylpyridinium chloride in the Q[10]-SOFs-2 confined
channel space. This study highlights the potential application
of Q[10]-SOFs-derived nanoconfinement in luminescent
materials.

7. SUPRAMOLECULAR ORGANIC LUMINESCENT
EMISSIONS FROM Q[N] PARTICLES

Because of the unique property of the rigid confined spaces
including the polar portals rimmed with carbonyl groups, Q[n]
hosts have attracted continuous attention for the construction
of various Q[n] triggered assemblies of nanoparticles via host−
guest interactions,230−247 but there are few examples of
supramolecular luminescent emission systems derived from
the assembly of Q[n] particles. In 2020, Ma and co-workers
used Q[7] and Q[8] to prepare bright Au nanoclusters in
water via host−guest-interaction triggered supramolecular
assemblies (Figure 54a).248 FGGC-AuNCs were synthesized

by introducing FGGC (N-terminal Phe−Gly−Gly−Cys
peptide) to the surface of gold nanoclusters (AuNCs). The
FGG moiety of the FGGC peptide served as a binding site for
Q[7] and Q[8], and the cysteine residue was used to form the
compressed Au(I)-thiolate surface of AuNCs. FGGC-AuNCs
exhibited red emission in water with low QY (7.5%).
Remarkably enhanced luminescence was observed after
addition of Q[7] or Q[8] to the solution (Figure 54b).
Fluorescence is enhanced because the Au nanoparticles have a
more rigid structure after host−guest self-assembly driven by
the cavity-derived confinement effect, ion−dipole interaction,
and H-bonds. However, the Q[7]/FGGC-AuNCs’ supra-
molecular assembly exhibited brighter red emission at 645
nm with a high QY of 51% compared to a QY of 39% for
Q[8]/FGGC-AuNCs. This can be attributed to the different

host−guest binding modes of Q[7] and Q[8] with the FGGC-
AuNCs. The relatively small cavity of Q[7] means that it can
only form a cap on the surface of one AuNC by anchoring one
FGG moiety, while Q[8] is expected to form a 1:2 complex
because of its larger cavity. A unique dimer assembly of AuNCs
was, therefore, formed in the presence of the Q[8] host.
Very recently, Ni et al. found that a Q[n] portal-based host−

guest assembly can be used to promote the formation of
carbon dots (CDs) with a tunable particle size and high
fluorescence emission via hydrothermal reaction from a single
organic precursor in water (Figure 55a).249 The organic
molecule tobias acid (TBA) (71) formed CDs via a
conventional hydrothermal route, but a very weak excitation
wavelength-dependent blue luminescence was observed. In the
presence of Q[7] or Q[8] host, the yield of the CDs was
significantly improved (from <10% to >60%), and they
exhibited uniformly spherical morphology with a high degree
of crystallinity. Fluorescence spectra revealed that both Q[n]
CDs exhibited excitation wavelength-independent fluores-
cence. As shown in Figure 55b, Q[7] CDs exhibited strong
blue fluorescence (λmax = 465 nm, QY: 56.75%) with a lifetime
up to 96 ns, while yellow emission with a maximum at 545 nm
was observed for Q[8] CDs. The fluorescence lifetime and QY
of Q[8] CDs were determined to be 5.43 ns and 35.5%.
Notably, the 1H NMR spectra revealed that the original rigid
macrocyclic skeletons of Q[7] and Q[8] were stably retained
during the fabrication of the CDs, which was essentially the
reason for the excellent optical properties of the host-attached
CDs. Like Ma’s study, the different fluorescence of the Q[7]
and Q[8] systems is ascribed to their different cavity sizes
triggering different host−CD interactions. Importantly, 1H
NMR spectra indicated that the host−guest complexes of
Q[7/8] with guest 71 were through portal-based ion−dipole
interactions rather than the cavities. This binding behavior
greatly promoted and catalyzed the polymerization of 71 to
form CDs (Figure 55c). Additionally, fluorescence from the
dynamic host−particle interaction of Q[8] CDs can be further
exploited as a sensitive biosensor for the adamantylamine
molecules (Figure 55d) and cell imaging (Figure 55e and f).
This study suggests that the Q[n]-portal-interaction-derived
confinement effect may offer opportunities to develop a new
tool for fabricating smart and tunable CDs with new
properties.

8. SUPRAMOLECULAR ORGANIC LUMINESCENT
EMISSIONS FROM Q[8]-BASED RING-IN-RING(S)
COMPLEXES

In this example, taking advantage of the optical and electronic
properties of the linear π systems of oligo(p-phenyleneviny-
lene) (OPV) dyes strongly depends upon structural
features,56,57,191 and unique OPV4+-based binary and ternary
ring-in-ring(s) complexes with tunable fluorescent emission
have been reported by Stoddart and co-workers, which gives a
better understanding the effect of Q[n] macrocyclic confine-
ment in regulating the superstructure and electronic properties
of the chromophore guest.55 As show in Figure 56a, the X-ray
crystal structure revealed that cyclophane OPVEBox4+ adopted
a boxlike geometry with average dimensions 18.7 × 7.6 Å in
the solid state. Cyclophane OPVEBox4+ as guest ring exhibited
sky blue fluorescence emission (482 nm) in aqueous solution.
During the formation of the binary Q[8]-OPVEBox4+ (1:1)
and ternary Q[8]-OPVEBox4+ (2:1) ring-in-ring(s) complexes,
tunable fluorescent emissions from sky blue to cyan, green, and

Figure 54. (a) Schematic representation of the host−guest assembly
of Q[7] and Q[8] with FGGC-AuNCs. (b) Corresponding emission
spectra and luminescence photographs. Reproduced with permission
from ref 248. Copyright 2020 Royal Society of Chemistry.
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yellow are observed, due to the narrowing in the energy gaps of
the cyclophane ring within the rigid hydrophobic cavities of
the Q[8] cavity (Figure 56e). Namely, the nanoconfined space
of the Q[8] host promotes the tighter π−π stacking of the
OPV chromophores in the cyclophane guest. Density func-
tional theory (DFT) calculations were performed by the
authors to confirm this issue. In the case of the binary Q[8]-
OPVEBox4+ (1:1) complex (Figure 56b), the OPV2+

chromophores were compelled to bend into the cavity of the
cyclophane with the centroid-to-centroid distance being
reduced to 3.9 Å, and the strain energy was calculated to be
28.6 kcal/mol. In the case of the ternary Q[8]-OPVEBox4+

(2:1) complex (Figure 56c), the whole OPVEBox4+ ring was
squeezed, which is attributed to the compression from the two
Q[8] hosts, and the strain energy was found to be 42.9 kcal/
mol. Meanwhile, the p-xylylene linkers were forced to bend,
with the distance between their two peripheral nitrogen atoms
of 5.3 Å. Importantly, the Q[8] host also underwent an

ellipsoidal deformation in order to form the ring-in-ring(s)
complexes. Electrostatic potential analysis results (Figure 56d)
suggested that after complexing with one and two Q[8] hosts,
the electronic cloud density in the original electron-deficient
OPVEBox4+ cyclophane increases gradually as a result of
intermolecular charge transfer. Undoubtedly, this study
provides clear evidence for the role of the confinement effect
in Q[n]-based supramolecular luminescent emissions.

9. CONCLUSION AND OUTLOOK
Q[n]s as classical macrocyclic hosts distinguish themselves
from other artificial organic macrocycles for fabricating smart
supramolecular organic luminescent emissions in recent years,
due to the tunable macrocyclic-confinement effect from the
confined rigid molecular spaces with different sizes.250−262

Generally, the characterization of Q[n]-based supramolecular
organic emissions with the size-dependent confinement effect
can be classified by the following: (1) The rigid confined cavity

Figure 55. (a) Schematic representation of the Q[7/8]-assisted formation of tunable CDs from single organic precursors TBA (71) in acidic water.
Fluorescence spectra of (b) Q[7] CDs and (c) Q[8] CDs at different excitation wavelengths. (d) Fluorescence spectra obtained for Q[8] CDs
upon increasing the concentration of adamantylamine in water. Fluorescence images of MCF-7 cells labeled with (e) Q[7] CDs and (f) Q[8] CDs.
Reproduced with permission from ref 249. Copyright 2021 Royal Society of Chemistry.
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and the carbonyl oxygen atoms at the rim of the polar Q[n]
portal can efficiently change the electron density distribution
or charge transfer of the dye guest molecules. In particular,
they can switch the luminescence properties of the dye
molecule simply and efficiently through multiple noncovalent
interactions without the need for complicated organic
synthesis. (2) Q[n] confined cavities with different sizes can

induce different luminescent emissions from the same included
dye guest and in some cases undergo larger Stokes shifts. It is
possible to prepare multicolor luminescent materials that do
not rely on the principle of Fourier resonance energy transfer
(FRET) through “single excitation with multiple independent
emissions”. (3) The confined hydrophobic cavity of Q[n]s can
effectively improve the emission lifetime, quantum yield. and

Figure 56. (a) Chemical and crystal structure of OPVEBox4+. (b) Ring-in-ring(s) representations of the optimized superstructure of the binary
Q[8]-OPVEBox4+ (1:1) complex determined by DFT calculations. (c) Ring-in-ring(s) representations of the optimized superstructure of the
ternary 2Q[8]-OPVEBox4+ (2:1) complex determined by DFT calculations. (d) Electrostatic potential maps of the free OPVEBox4+ complex,
binary Q[8]-OPVEBox4+ (1:1) complex, ternary Q[8]-OPVEBox4+ (2:1) complex, and free Q[8], respectively. (e) Emission spectra and
fluorescent photographs of OPVEBox4+ with different equivalents of Q[8] in aqueous solution. Reproduced with permission from ref 55.
Copyright 2021 American Chemical Society.

Figure 57. Calculated electrostatic potential at the B3LYP/6-31G* level of theory for Q[5], Q[6], Q[7], and Q[8]. Reproduced with permission
from ref 263. Copyright 2012 American Chemical Society.
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thermal stability of the encapsulated luminescent dyes. (4) The
confined barrel structure of the Q[n]s effectively ensures that
the dye guest has high luminescence efficiency at low
concentration and aggregation state, which may be a powerful
supplement to the phenomena of ACQ and AIE in the light-
emission field. (5) The dynamic reversibility of the supra-
molecular noncovalent bonds of the Q[n] host−guest self-
assembly offers the potential to construct smart stimulus-
responsive luminescent materials.
However, the macrocyclic confinement is generally regarded

as the hydrophobic effect in Q[n] chemistry, and little
attention has been received. In fact, the electrostatic potential
calculations on Q[n]s suggested that the portals of Q[n]s are
similarly highly electronegative, but there is a remarkable
increase in negative electrostatic potential within the cavities
from Q[5] to Q[8] (Figure 57).263 Obviously, this
phenomenon can be ascribed to the different size-dependent
confinement effects of Q[n]s. So, the effect of the different
negative electrostatic potentials in the confined Q[n] cavity
should be given attention in the corresponding host−guest
complexes in the next studies. Meanwhile, it is worth noting
that the extended confinement effect is imposed by the
synergistic restriction of molecules between the Q[n]s and the
resulting polymer, and SOF structures also display excellent
advantage in construction of high quality emitting materials.
For example, the extended confinement effect of the Q[8] host
has been utilized to fabricate tunable RTP and circularly
polarized luminescence materials in aqueous solution by Liu264

and Ma,265 respectively. Furthermore, in comparison with
most of the RTP materials in the solid state (with
disadvantages such as inefficient photoluminescence efficiency
and poor water solubility, which restrict their potential
applications in biological systems), the confinement of Q[n]-
derived pure organic RTPs exhibited high efficiency emission
in aqueous solution and may provide widely potential
applications of Q[n]-based supramolecular chemistry in
luminescent materials.
The key challenge of Q[n]-based luminescent emissions

under the corresponding macrocyclic confinement in the
future is to develop more efficient luminescent systems such as
NIR excitation and emission with better biological compati-
bility and stability, RTPs with tunable emission, longer lifetime,
and higher QY in aqueous environment and the solid state,
delayed fluorescence with ultralong lifetime, FRET between
the fluorophores and phosphors with a more efficient pathway,
and so on.200,202,213,214,266−276 Especially, it should be noted
that nearly all the Q[n]-derived RTP systems to date were
derived from the 4-(4-bromophenyl)pyridinium guest as the
phosphor. So, the discovery of more unique Q[n]-based
supramolecular luminescent systems and their practical
applications can be eagerly expected. Furthermore, Q[10],
which has the largest cavity in the Q[n] family so far, warrants
more attention to exploit its confinement properties. Of note, a
facile and highly efficient approach to isolate Q[10] from Q[n]
mixtures was reported by Liu and co-workers in 2018.277 Of
course, the twisted structure of tQ[13−15] may provide
additional insight into the macrocyclic-confinement effect of
Q[n]s in the luminescent host−guest chemistry. In particular,
the two cavities from the figure-of-eight conformation of
tQ[13−15] showed structural flexibility and present a high
density of portal carbonyl groups, leading to new applications
of Q[n]s in supramolecular chemistry278−283 including supra-
molecular luminescent assemblies.284−286 For example, Huang

and co-workers reported that tQ[14] can significantly increase
the fluorescence emission of the encapsulated dyes and exhibit
flexible stimuli-responsive supramolecular assemblies.284,285

Overall, this review can enrich the concept of macrocyclic
confinement of Q[n]s in luminescent materials including
polydimensional luminescent materials (such as MOFs and
SOFs), dynamic luminescent polymers, photocatalysts,
OLEDs, imaging agents in biological and environmental
systems, photodynamic therapy, anticounterfeiting, and in-
formation encryption, and so on.
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ABBREVIATIONS
ACQ aggregation-caused quenching
AIE aggregation-induced emission
RTP room temperature phosphorescence
QY quantum yield
ITC isothermal titration calorimetry
TPE tetraphenylethylene
FID fluorescent indicator displacement
FRET Förster resonance energy transfer
AD adamantylamine
NIR near-infrared
PET photoinduced electron transfer
ROS reactive oxygen species
ICT intramolecular charge transfer
CLSM confocal laser scanning microscopy
CDs carbon dots
SOFs supramolecular organic frameworks
FGGC N-terminal Phe-Gly-Gly-Cys peptide
AuNCs gold nanoclusters
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