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ABSTRACT: Cucurbitpjurils (Q[n]s or CBJn]s), as a classical of artal 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 ing

e ciency under the rigid pumpkin-shaped structure-derived macrocywicenneect —
in recent years. This review aims to give a systematically up-to-date overview-of Cucurbit[n]ur"s

based supramolecular organic luminescent emissions from rikd epaces triggere

host guest complexes, including the assembly fashions and the mechanisms ofuthe
macrocycle-based luminescent complexes, as well as their applications. Finally, ch@es
and outlook are provided. Since this classpb@$ed supramolecular organic luminescent

emissions, which have essentially derived from the cavity-depencemecdreect 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 reseasttds.
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1. INTRODUCTION constructive, rather than destructive, role in the light-emitting

Luminescent emissions, such wmescence and phosphor- process: a series of silole derivatives were found to be
X onluminescent in the solution state but strongly emissive in

escence, play important roles in our daily colorful worl he aggregated stat€iqure b).252° The concept of

Inspired by nature, researchers began studying this phenaom- 9% > .
engn in thg early 19th centﬂ;@ollowigg rapid Zcignd:i ang aggregation-induced emission (AIE) was proposed for this

technological development, luminescent materials and ri10vel phenomenon, which has provided &iest approach
9 P ’ ! ‘Fﬁ the construction of various advanced luminescent materials

gart;gﬂaz’n uglrggcienncclzséti)ﬁsegiotﬁ)%hnm:;iir?gvg ?Oeeeigcfaroa use as sensors, as light-emitting diodes, and in environ-
PP 9 ym » Op mental and biological systems during the last two d€cades.

tronics} and mechanical engineerinpdeed, the Nobel s - : ,
. ’ X . ' ) As shown irFigure 1 ACQ is often self-quenching at high
prizes for Chemistry in 2008 and 2014 were for the d'scove&‘)ncentrations, and AIE is inhibited when aggregation is

of green uorescent protein and super-resoluslescence gy nted. Thus, there is a challenge to be overcome in

microscopy, respectively. So, the design of higbigne  .,nqircting ecient luminogens with bright-light emission at
luminescence systems is an important issue for Scientists. pot low and high concentrations.

In comparison with inorganic luminescent maferals, Cucurbitfjurils (Q[r]s or CBfs, n = 5 8, 10, and 13
organic luminescent materials have attracted much attentipgy32 36 5ro classical macrocycllic hosts formed by acid-
because of their accurate molecular structures, variety, alyzed condensation of glycoluril and formaldeFigdes(

tunable emissions with high quality via chemical eaedi 5 yith cavity size of 2.41.0 A and a common depth (9.1 A).

tion.= “"Itis believed that the development of hightyent  compared with other macrocycles, such as crown ethers,
uorophores relies on a high.degree pf electron'ic conjugatigfyptands, cyclodextrins, calixarenes, and pillafaténes,
resulting from covalent bonding. Their preparation, howevefns distinguish themselves by their excellent ability to
often involves dicult and tedious organic synthesis With form inclusion complexes with various guest molecules,
multiple steps and high cost. Notabhextended aromatic especially cationic guests, with high selectivity and high a
chromophores, which usually exhibit strong intra-/intermom aqueous solution attributed to their rigid pumpkin-shaped
lecular  stacking, ser from aggregation-caused quench-structure¥ °° and the corresponding macrocycliciten

ing (ACQ) of light emission in the condensed pHéasere  ment eect>®? Notably, early hosguest studies on

1a)?’ The ACQ eect has long prevented many lead cucurbiturils have already revealed that thg-d@fived
luminogens, identéd by laboratory solution-screening, fromcon ned spaces generally result in profound changes of the
nding real-world applications. In 2001, however, Tang et @hysicochemical properties of the encapsulated dye guests such
discovered a system in which luminogen aggregation playedsa absorption/emission wavelengths and quantum vyields,
which has been reviewed and discussed with other macrocycles
by Nau and co-workers in 20%1However, the size-
dependent macrocyclic coament*>* is commonly re-
garded as the hydrophobiceet in Qjn]-based supra-
molecular luminescent assemblies in aqueous solution and
has received little attention so’far.

In 2016, Ni et al. discovered that a wide variation in the
emission color of a singleorophore guest from blue to cyan,
white, yellow, or green could be achieved by a addition of
(b) Water content (vol %) di erent amounts of Q[8] hosts to the aqueous solution with a

0 10 20 30 50 & ‘ facile operatiotf. Furthermore, the dynamic properties of the

, noncovalent interactions led to switchahlerescent

emissions due to the reversibility of the fyuest inclusion.
Non-emissive solutions Importantly, the Q[8]-based hoguiest complex exhibited
long uorescence lifetime and high quantum vyield (QY) in
both dilute and high concentrations of the complexes. This
result indicated that the macrocycle triggered duosst-
induced emissiof?’ or so-called supramolecular-assembly-
induced luminescentecould possibly be utilized as a new
type of chromophoric dye in light-emitting materials.

C From a structural viewpoint, the rigid-cavity-derivap Q[
dilute Lighlconcentiations 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
Figure 1.Fluorescence photographs: (a) ACQ emissidw,Nof each of the encapsulatedorophore dye molecules via
dicyclohexyl-1,7-dibromo-3,4)%&rylenetetracarboxylic diimide poncovalent interactions. Meanwhile, the inclusion of guest
and (b) AIE phenomenon of hexaphenylsilole in Wifer  gyeg inside the @[ con ned cavity in aqueous solution not

mixtures with dierent water contents. Reproduced with permissiorb : :
; . . nly suppresses quenching of the triplet state by oxygen or
from ref31. Copyright 2014 Royal Society of Chemistry. (af QI er quenchers but also restricts the molecular motions under

based supramolecular luminescent emissions: example from Qf/tg .
complex with guest dye 4@E,1E)-1,4-phenylenebis(ethene-2,1- he cavity-dependent caement eect. All of these factors

diyl)]bis(1-carboxyethylpyridinium) (1:1) in dilute water (478 nm) eventually lead to brightuorescence of the GMdye
and in solid (487 nm). Reproduced with permission fromizref complexes in both dilute and hlgh concentration solution
Copyright 2018 American Chemical Society. including in the solid statBigure t).°*°’ For example, Park

Water content (vol %)

Solution p
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n=5,6,7,8, 10, 13-15
Il atr

© <« 4 Ktk

Figure 2.Chemical and X-ray crystal structures ofsQ|[
“CI*H3N Hz*CI"
E ; Urotropine
“CI'HaN Hz*Cr

CyP,TD[5)

Figure 3.Structure ofl and graphical representation for the supramolecular self-assembly of monomers in aqueous solution. Reproduced v
permission from réf6. Copyright 2018 Royal Society of Chemistry.

et al. recently reported that the QY of cyanostilbene derivativaegueous solution and the solid state, attributed to a 2:2
in the Q[8] cavity can be dramatically enhanced up to 91% iguaternary complex being formed between a Q[8] host and a
aqueous media. triazine core-derived 4-(4-bromophenyl)pyridinium Yuest.
More recently, it was found that macrocyclit [@sts can Therefore, as evidenced by the reports presented above, the
enhance intersystem crossing under the cavity-dependetdassical rigid macrocyclimfdosts have exhibited excellent
con nement eect and consequently increase the yield of th@roperties for fabrication of tunable and smart organic
triplet state, leading to increased phosphorescence, and sduminescent materials in both solution and the solid state
publications have revealed inspiring results. For instance, Linéth high emission eiency under the corresponding
al. reported that the hogjuest interaction of Q[6] with 4-(4- macrocyclic-conement eect. In particular, because of their
bromophenyIN-methylpyridinium exhibited strong room high selectivity for binding guests in water, they are
temperature phosphorescence (RTP) properties (QY wasxceptionally useful for constructing water-soluble luminescent
determined to be 81%) in the solid sta#t the same time,  systems, making them suitable for environmentally friendly
Ma and co-workers demonstrated an example of multicolapplications in the materia¢dd. Remarkably, the ipbased
luminescence through combinaedrescence and RTP in both multiple organic luminescent emissions are mainly derived
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from the conned spaces triggered noncovalent interactions img AIE properties have been fully exploited in the
the host guest complexes, which greatly reduces synthesignstruction of various Q[8]-based supramoleaudezscent
costs compared to tuning emission performance by covalayistems under the cavity-dependent macrocycihecmnt,
modi cation of -conjugated aromatic ring substituents. Aswhich will be discussed in detail in the Q[8] section.

yet, the topic of —ba;s_ed luminescence has not been; 5 o[s]-Outer-Surface-Complex-Induced RTP Emission
systematically revie ; in particular, little attention has .

been attracted to the role of the macrocyclimeament Tao et al. found that Q[5]-outer-surface-complex-induced
e ect in these systems. Accordingly, this review aims TP Of -naphthol 2) and -naphthol §) via weak

provide an up-to-date overview of noncovalent interactiofdncovalent interactions between the convex outer walls of
and strategies used for the preparation oi-taked Q[5] and the aromatic plane of naphthol combined with the

luminescent materials in efient hostguest assemblies, as & ity of Q[5] for metal ion8’ X-ray crystallography showed
well as their various applications over the past decade. Sifedt the naphthol luminophore was always arranged between
this class of macrocyclic complex-based smart supramolecitg Q[5] molecules and the aromatic plane of the
organic luminescent materials, which have essentially deril@inophore was roughly parallel to one ofiaenembered

from the cavity-dependent coement eect and the resulting N9 of glycoluril in the mdent Q[S]. This parallel
assembly fashions, emerged only a few years ago, we hop‘é”f;j‘i‘ta“o” appears to et the presence of  stacking

cover all research developments indfte Because the host ~and C H  interactions. In addition, the authors proposed
guest interaction of @ is mostly dependent on the cavity, that hydrogen bonding between naphthol hydroxyl groups and
thus, we start with a discussion of the smallest member, Q[ ortal carbonyls in Q[5] persisted in solution and thereby
and then review each of the larger homologues in turflaintained a degree of aggregation between Q[S], naphthol,

Selected examples are highlighted, especially the |at@8g the heavy atom (br TI). To con rm the formation of
developments in thiseld. Finally, an outlook on future SUCh aggregates by Q[5]-naphthol-heavy atom systems in the
developments is given. solution state, NMR dision experiments were performed.

Furthermore, the increasing RTP intensity of the naphthol

2 SUPRAMOLECULAR ORGANIC LUMINESCENT luminophore in the presence of increasing amounts of Q[5]-
' metal complex indicated that the luminophore is likely
EMISSIONS FROM THE Q[5] HOST surrounded by a number of metal-bound Q[5] molecules,

Unsubstituted Q[5] and its substituted analogues are thigvolving stacking and CH interactions as presented
smallest members of their respective homologous families. TiheFigure 4. Such a sandwich arrangement not only would
smaller portal size of Q[5]s inhibits the entry of most organiassist in protecting the luminophore from oxygen but also
molecules into the cavity, reducing the possible range of Q[Slould conne the luminophore and the heavy atom to set
based inclusion compleX&s.In the literature, one camd positions in a luminopho€d5]-heavy atom exclusion
only two examples of supramolecular luminescent systegimplex (comement eect like in MOFsJ? which in turn
incorporating the Q[5] host. One is theorescence emission gives rise to the observed RTP.

triggered by a Q[5] analogue, €MP[5], through portal To verify the role of the convex outer wall of Q[5] in the
interaction triggered carement of auorophore guest in a  Q[5]-induced RTP, two fully alkyl-substituted Q[5] hosts,
supramolecular fyoner structur&® The other is RTP  pentacyclohexano-Q[5] (Cy®[5]) and decamethyl-Q[5]
emission derived from the Q[5]-outer-surface-complex-ifiMe;(Q[5]), were used in additional RTP experiments. The
duced comement eect for naphthol derivatives in aqueous authors proposed that if the convex outer walls of
medid’ unsubstituted Q[5] contributed to the formation of a

2.1. Fluorescent Emission from CyETD[5]-Based Polymer con nement environment containing the luminophore and
- o . heavy atom, the presence of alkyl substituents on the outer
As shown irFigure 3 characterization includitid nuclear

. , . walls of I iousl h
magnetic resonance (NMR) spectroscopy, isothermal titrati walls of QIS] would be expected to seriously perturb the

calorimetry (ITC), transmission electron microscopy (TEM)QHrmation of such a microenvironment and inhibit
and 2D DOSYMH NMR indicated that a supramolecular stacking and C(H  interactions. Phosphorescence emission

: . : spectra indicated very low or completely quenched emission in
polymer was formed via the_ portal interaction _betwee{he fully alkyl-substituted Q[5] systerfig(re 4). Actually,
tetraphenylethylene (TPE) derlt\%?rtlvand CyBTD[5] in this study not only fabricated a novel Q[5]-outer-surface-
pure water at room temperattteFluorescence spectra .,mpiey induced RTP system but also provided new insight
revealed a very .Weakorescence peak at 480 nm due to into the convex outer walls of cucurbiturils, leading to the
free 1, the intensity of which was gradually enhanced “pOBroposaI of théputer-surface interactiong Q[ns concegﬁ

addition of increasing concentrations of;TIyPB] to the ; ; S
solution. The QY increased from 0.27% to 16.2%, and tr?end its potential application in treid of energy reseafth.

(C::Igzsr':'D[S]—mduced change inuorescence df c_ould be SUPRAMOLECULAR ORGANIC LUMINESCENT
y observed by the naked eye. Essentially, the host-

enhanced light emission can be attributed to the AIE EMISSIONS FROM THE Q[6] HOST

phenomenon. The iowlipole interaction between the The rst synthesized homologue in tha]@mily, Q[6]/°
ammonium group of and the carbonyl groups on the was fullgl investigated during earlyn|Q¢hemistry by
CyRTD[5] portal e ciently restricts intramolecular rotation Mock/*’? Buschmann et &F,and Kim et ai* However,

of the TPE moiety (which can be ded as the portal the insolubility of Q[6] in organic solvents and its poor water
interaction triggered camement eect). Consequently, the solubility have seriously limited its applications. In particular,
supramolecular polymer exhibits much higherescence the portal diameter is only 3.9 A, so Q[6] is only able to form
than the monomer due to the AIE properties of TPE in dilutestable inclusion complexes with aliphatic amines and small
solution. In fact, TPE core-derived guests and the corresponkutral heterocyclic molecules such as 1,4-dioxane and furan.

D https://doi.org/10.1021/acs.chemrev.1c01050
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3.1. Fluorescent Emission from Q[6]-Based Complexes

Fluorescent dyd was synthesized from 3-amino-9-ethyl-
Hydrogen bon carbazole, which acts as therescent signal moiety, and a
diamino-alkyl moiety that acts as an anchor in th@embn
QI[6] cavity Figure 2)%* A titration experiment indicated

400
300+
Ip
200+
100+ /
[ e | e e
400 450 500 550 600 650 700 750
(b) wavelength(nm)

Figure 4.(a) Chemical structures ®#fand3, and the formation of

stacking and CH--- interactions between naphthol and the
outer surface of Q[5]. (b) RTP spectra of Q[5],,§@¢5], and
CyHsQI[5]: (a) 1-Q[5]-TINOg; (b) 2-Q[5]-TINO3; (c) 1-Q[5]-KI-
N&SQy; (d) 2-Q[5] KI-N&SO;; (€) 1-MeQ[5]-KI-Na,SC;; (f) 2-
Me, QI[5]-KI-Na,SG;; () 1-CyHQ[5]-KI-Na,SOy; (h) 2-CyHQ- _ ) .
[5]-KI-Na,SO;; (i) 1-Me,Q[5]-TINOg, () 1-CyHQ[5]-TINO; Figure 5.(a) Chemical structure &f and the proposed sensing
(K) 2-Me,Q[5]-TINO; and () 2-CyHsQ[5]-TINO,. Reproduced ~ Mechanism of lysine decarboxylase wamescence spectraddb)
with permission from ref7. Copyright 2013 Royal Society of upon lowering the pH in water and (c) upon addition of increasing
Chemistry. concentrations of Q[6] in NJOAc buer, pH 7. (d) (K, shift of4
upon complexation with Q[6]. (e) Fluorescence titration for the
competitive displacementdarom Q[6] by cadaverine in NBAc
bu er at pH 7. Reproduced with permission froriZeCopyright
Poor binding anity is observed with aromatic guests 2008 American Chemical Society.
(commonly in the range 20,6 M 1).3° Consequently, like
the Q[5] homologue, the Q[6] host has mainly been used irthat the uorescence dfis pH-sensitives{gure B). At pH
the eld of metal coordination chemistry in recent7, strong uorescence emission with a maximum at 458 nm
publication§? In fact, the rigid distinctive inner coed was observed due to the unprotonated foAnAifacidic pH
cavities and the resulting macrocyclicremnent eect of (e.g., pH 3), the peak at 458 nm was strongly decreased and
Q[n]s enable potential applications for control and catalysis @fas accompanied by increased emission around 375 nm due to
chemical reactions with highcéency. For example, the Q[6] protonation ofl. The K, of 4 was determined to be 5.3. Upon
host was rst used to catalyze dipolar [3 + 2] cycloadditionaddition of increasing concentrations of Q[6] to the solution
between azides and acetylenes by Mock and co-workers in tfiel (pH 7), a similar change inuorescence was observed
early 19808 To some extent, this paved the way to a class dfFigure §). This result suggested that the Q[6] host
catalytic reactions that later became popular as folisku  promoted protonation @f in neutral buer solution, which
chemistr{.’%”” Meanwhile, uorescent enhancement of dyes can be attributed the cooperation of the mement eect of
upon complexation with cucurbiturils was aftoobserved the conned Q[6] cavity and the iomipole interactions of
with the Q[6] host. For example, Wagner and Buschmanthe Q[6] portals. The binding constant of Q[6] withvas
have shown that Q[6] enhances tharescence of guest dyes determined to be (2.220.16)x 10’ M *. The corresponding
in solution and the solid staté? Kim et af®and Tian et di* pK, of the host guest complex was found to be 9.8, one of the
used the Q[6] host as a moleculaead to construct a  largest supramoleculdt, ghifts in the literaturé-{gure 8).
rotaxane-based molecular switch withrescent signals in The largest uorescence response associated with the host-
response to pH and metal coordination. It is worth noting thaassistedif, shift of the dye is expected in the region between
Nau and co-workers have demonstrated that Q[6]-dy¢he K, values of the uncomplexed free dye (unprotonated
complex uorescent signals can be exploited to monitor théorm) and the complexed form (protonation occurs in the
enzymatic activity of lysine decarboxylase due to theavity of Q[6]), i.e., between pH 5.3 and 9.8. In other words,
macrocyclic-conement-assistedKp shift®* 24 which is the host-assisted dye protonation can be fully survived in
selected as a representative example in this section. neutral aqueous solution. Interestingly, it was found that the
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binding constant of Q[6] with 1,5-diaminopentane (cadaverfMeQ[6] and the resulting comement eect being more
ine) in the same ber solution was (95 1.1)x 1 M 1, suitable for inclusion of guests containing alkyl chain moieties
much higher than the hogfuest complex of Q[6] with dge than the rounder cavity present in HMeQ[6]. Indeed, the
Therefore, a novelorescent indicator displacement (FID) ellipsoidal cavity of TMeQ[6] also exhibited high binding
chemosensor was constructed by typical displacement titratennity to aromatic molecules compared with unsubstituted
of cadaverine with the solution of the Qf@pmplex Figure  Q[6].*°
5e). Most importantly, this displacement model is ideal for In 2015, Stoddart and co-workers reported a hetero[4]-
operation in the physiologically relevant neutral pH region (fotaxane systens)((Figure &)2’ which was isolated as an
+ 2) to monitor the enzymatic decarboxylation of lysine taunexpected byproduct during synthesis of heterorofaxane
form cadaverine. Therefore, this study demonstrates &mm Q[6], -cyclodextrin ¢CD), and two uorescent
innovative use of @fderived hostguest chemistry and precursors (pyrene-based acetylene ammonium de8vative
luminescent emission to fiahte an advanced stimuli- and diazaperopyrenium (DAP®), However, there was no
responsive biological probe. Undoubtedly, one of the keypmplexation betwe8rand -CD in aqueous solutioRi(ure
factors in this sensing system is Kyeshift of the dye under  7b). Herein, the Q[6] host plays a crucial role in the
the connement eect of the Q[6] host. Indeed, supra- construction of heterorotaxaBieTwo Q[6] molecules are
molecular i, shifts induced by hogjuest complexation are  xed at the periphery of DAPP due to idipole interaction,
particularly attractive for chemists because this approaghich helps to outweigh the unfavorable energetics of
provides a simple but useful way to modify the acidity othreading -CD onto the dumbbell of the heterorotaxane by
basicity of the substrate in the cwd space of artial  hydrogen bonding with the neighborif@D and releasing
macro_cyclégé. . ) high energy water molecules from its cavity. Furthermore, as
Motivated by the the FID sensing mechanism of&QMi-  part of a mechanically interlocked molecule, thenaxn
and co-workers developed Q[6]-assisted competitive recagavity of Q[6] provides highly eient catalysis of the dipolar
nition of lysine and methionine in agqueous solution with #3 + 2] cycloaddition betweéhand9 with the macrocyclic-
distinct ratiometricuorescent sigri&lAs shown irFigure 6 con nement eect,
Heterorotaxaner is poorly soluble and undergoes
aggregation in water, whereas heteroroteagmehibits
signi cant water solubilittH NMR spectroscopy reveals
that 6 undergoes aggregation at room temperature and
disaggregation to its monomeric form upon heating to 80
°C. The uorescence emission6otan, therefore, be tuned
and is reversible over a wide rand®( nm) of wavelengths
as a result of stimuli-responsive aggregation and disaggregation
processesFgure €). Furthermore, hetero[4]rotaxabe
underwent increased aggregation at high concentrations and
in the solid state to form supramolecular polymers. Its narrow
emission band at 510 nm, triggered bst€io resonance
energy transfer (FRET) from pyrene to DAPP, attributed to
hydrogen bonding between Q[6] an€D, 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
Figure 6.lllustration of the plausible FID process for lysine andaggregated state was hedtégli(e €). This study provides a
methionine recognition in water based on the goest interactions  new insight into construct tunablgorescent materials for
of Q[6] analogues. Reproduced with permission frondéref  encryption by utilizing of the Q[6]-derived macrocyclic-

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

two Q[6] analogues, tetramethylcucurbit[6]uril (TMeQ[6])
and hemimethyl-substituted cucurbit[6]uril (HMeQ[6]), both Pure organic RTP emission systems constitute an exciting class
of which were previously found to exhibit better solubility irof materials because of their ultralong lifetimes, diverse
aqueous media than the parent Q[6], were exploited as hos@lecular design, low cost, and lack of toxicity. However, it
to construct FID chemosensors. In weak acidic aqueoigswell-known that purely organic molecules usuahfiam
solution, the cationic dye guésself-assembled to nano- ine cient RTP, attributed to inherently feeble spibit
ribbon-like aggregates in the presence ¢f Alflons, which  coupling and vulnerable triplet excitations. The key points to
was accompanied by a sigmmt ratiometric uorescence construct highly ecient RTP systems are to promote
signal from green (470 nm) to yellow (605 nm). The intersystem crossing to triplet excitations, minimize vibrational
aggregates 6fNO; could be disturbed by the TMeQ[6] or dissipation to restrict nonradiative relaxation, and isolate triplet
HMeQ[6] hosts through formation of stable hgsest excitons from triplet oxygen to prevent quenching. To date,
inclusion complexes (TMeQ[6]-or HMeQ[6]-5) with a much eort has been devoted to achievingient RTP by
reversible uorescent emission from 605 to 485 nm. FIDdeveloping new methods, such as crystal engifieériht,
experiments suggested that TMe@[éjas sensitive to both aggregatiotf, °° halogen bonding, °° polymers’° *°° and

lysine and methionine, while HMeQp&ppeared to interact host guest complexatioff. Fortunately, the inclusion of

only with lysine. This is attributed to the ellipsoidal cavity obrganic dye guests inside the rigid med cavities of @[s
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Figure 7.(a) Synthesis of heterorotaxa®asd?7 from stoppe8 and dumbbell precursdand graphical representation of Q[6] a&D. (b)
No complexation was observed betwesrd -CD. (c) Graphical representation of the aggregat®monomers in response to changes in
concentration or temperature. Reproduced with permission fBamQepyright 2015 Nature Publishing Group.

Figure 8.(a) Chemical structure &0X (b) Phosphorescence quantuneiencies o10X and Q[6]-L0X complexes. (c) Lifetimes#iX and
Q[6]-10X complexes. (d) Crystal structure of BEI . () Mechanism of ecient phosphorescence emission of QJ&}F. Reproduced
with permission from réf. Copyright 2019 Wiley-VCH.

generally suppresses quenching of the triplet state by oxyge®f#]. Remarkably increased QY was achieved (e.g., the QY of
other quenchers and further restricts molecular motion due &®CI increased from to 2.6% to 81.58#s shown ifrigure

the cavity-dependent coement eect. All of these factors 8, the salts df0OXthemselves exhibited RTP in their crystalline
ultimately promote enhancement of intersystem crossing asthtes, but poor quantum yields were observE@dbr( ,ax

e ciently increase the QY of RTP. =426 nm, QY = 2.6%)0Br ( ynax= 470 nm, QY = 4.6%),

For example, Liu and co-workers demonstrated thand10PF ( ,.x= 510 nm, QY = 0.4%). In comparison, the
modulation of solid-state RTP emission in a series of 4-(4edide saltlOl had the best prée with yellow emission at
bromophenyIN-methylpyridinium salts with various counter-575 nm Figure 8), a lifetime of 5.61s, and QY of 24.1%.
anions {0X, X =Cl, Br, | , and PE) in the presence of The high e ciency of RTP emission byl was attributed to
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Figure 9.(a) Chemical structures bf derivatives and schematic representation of solid-state phosphorescence using Q[6]-based supramolecul
complexes. (b) Luminescence photographs oflQiand Q[6]-11Clpowder under 365 nm UV irradiation and agreint time intervals after

removal of the ultraviolet lamp. (c) Schematic illustration of lifetime encoding for security applications using Q[6]-based supramolecu
complexes. Reproduced with permission frob@&eCopyright 2019 Royal Society of Chemistry.

the formation of CBr--1 halogen bonds in the crystal lattice, other complexes, Q[@]tF Q[6]-11Cl, and Q[6]41l, also

promoting spinorbit coupling. exhibited phosphorescence with variable lifetimes at 520 nm (
Complexes were prepared by grindingl@¢and Q[6] = 0.0095 ms), 500 nm € 275 ms), and 575 nm € 1.40

solids in a mortar in the presence of a small amount ahs), respectively. The diverse lifetimes of these complexes

deionized water, followed by drying in vacdtimNMR were further utilized for triple lifetime encoding for

analysis and X-ray crystallographyremd the formation of  anticounterfeiting and information encryptiigure ).
the inclusion hosguest complexes-igure @&). Notably,

among the complexes, Q]CI was found to be the most 4 SUPRAMOLECULAR ORGANIC LUMINESCENT

promising. Its spectrum displayed two peaks at 388 and 500 EM|SSIONS FROM THE Q[7] HOST
nm having lifetimes of 3.62 ns and 5.40 ms, respectively. T

green emission at 500 nm exhibited a 930-fold longer lifetiny/] 1S the most attractive homologue in thel]Qamily

compared to uncomplexEaC! (Figure 8), and there was a  Pecause it exhibits stient water solubility (2G0 mM). It

dramatic increase of QY (81.2%). QIBRr also exhibited a has a portal size of 5.4 A’. Wh.'Ch is close to thatbf, and

high RTP QY of 72.9%, whereas the QY of Qb]-was has attrqqted much attention in hgstest chemlstry because .

only 3.0% ' of its ability to form 1:1 complexes with a variety of organic
Herein. the highly enhanced RTP emissions ofiQ]- guest molecules in aqueous soldtibm contrast to other

and Q[6]1.0Br can be attributed to the strong cavity-derivedSY"thetic macrocycles, Q[7] commonly displays high binding

con nement eect, which not only suppresses vibrational® nities to its guests (such as aromatic derivatives) between

_——1 X o
relaxation by tight enclosure of the guest in the Q[6] host bujfdﬁ ggdaln(?j I\t/lhe’ ig?rt()el;tec?nfjci)nthes?;enerﬁartlgrl]q mo(l;courlfr
also boosts intersystem crossing by the short distance betwégﬁueml Q[7] was f/)videl gused in ear?@{based
the inclusion guest and the carbonyl group of Q[€], resultin§ d Y y n

. . . < upramolecular chemistry studies to explore twuts eof
Togcﬁea;;lr): dlTgrB()rve?npEgi?gosieS&(aerlﬂfsvcyQa;qdoLIf?;Ig]eRE)I'fP cucurbituril encapsulation on the photophysical and photo-

. A chemical properties ofiorophore guest moleciifeand to
emission for Q[6}0I we_ls.a_scrlbed.to strong chqrge tranSferevaluate 1potential applications in water-based dye laser
between the parent pyridinium cation ancblnterion. Q111 112113

Although appended heavy atoms are known to facilitaf' itflT%.%l? anzu&gn;gqlgcg&ﬂ:g;:éfrt{ﬂy asgg?é%SteanE:I;%n of

Intersystem crossing of the parent organic mo_lecyles, a maﬂ%ﬂnogens by strong hoguest interactions of the Q[7] host
shortcoming of this approach is the shorter lifetimes of thgnd its functionalized derivatives has been utilized for

triplet states. In order to achieve a longer lifetime, the samg : ; ;

. Hi L orescent markers and imaging, photodynamic therapy, and
resear.ch group descnbe_d ane imethod utilizing hqs_t . RTP emission in solution, among others, as detailed in the
guest inclusion of Q[6] with similar phen I-methyl-pyr|d|mume"OWing sections

guests{1H, 11F, 11Cl, and11l, Figure &)*°®with Cl as the o _
counteranion. The compoutdiH in the solid state emitted 41 Fluorescence Emission from Q[7]-Assisted

only blue uorescence §,= 441 nm) with a lifetime of 2.25 Disaggregation of Dyes

ns. However, the Q[@]1H solid-state complex emitted green Inspired by the ability of macrocyclic host molecules such as
phosphorescence ix = 510 nm) Eigure ®) with an cyclodextrins to increase the solubility of poorly water-soluble
ultralong lifetime of 2.62 s, together withrescence af,,,= molecules by forming inclusion complexes, numerous drug-
427 nm. The phosphorescence QY was determined to be 9.%&ated applications of Q[7] have been based on this desirable
and the afterglow of the ultralong phosphorescence lastedpramolecular approach in the development of Q]
more than 9 s after turning the UV lamp igure 8). The chemistry??! The e ectiveness of Q[7] complexation to
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control dye aggregation and the corresponding emission angreenish-yellow excimer emissigp £ 539 nm). When

water was demonstrated by Halterman and co-workers throu@fi7] was added to the aggregated solutidd,dhe emission

study of the conversion lgfdimer toJdimer emission of a peak at 539 nm gradually diminished, accompanied by the
tethered rhodamine B dyad in the presence of the Q[7&ppearance of a blue-shifted peak at 460 nm that was assigned
host:#? to the formation of a monomer Q[F4 complex Figure

Kaifer et al. demonstrated the disruptiorHofand J 11b). Therefore, by simple variation of the Q[7] concentration
aggrengastes of two cyanine dyes via Q[7] inclusion confapproximately 1.5 equiv), the emission color changed from
plexes’”As shown ifrigure 10cationic pinacyand?) and yellow to blue including a near white light. Such luminescent
color tuning could be reversed using adamantylamine as a
competitive guest. In the solich state, multiple emissions
were obtained by drop casting aqueous solutions of£[7]-
(Figure 1&). Essentially, the Q[7]-assisted disaggregation of
dyes can be attributed to the strong sement eect of the
Q[7] cavity in aqueous solution, which leads to the high
binding constant of the hogluest 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
e ciency rather than simply focusing on the monomeric
emission of dyés> *** For example, a porphyrin derivative
with four positive charge$5| was selected as the photo-
sensitizer and used as the building block to construct a
supramolecular photosensitizer with Q[F]g(@re 1
attributed to the high binding constant (8.60° M %) in
_ _ _ _ _ _aqueous solutidr® The positively charged porphyrin favored
Figure 10.Schematic representation of Q[7]-assited disaggregation gysorption of the photosensitizer onto the negatively charged
dyes in water. bacterial surface via electrostatic attraction. Due to the strong

host guest interaction, the distance between porphyrins was

pseudoisocyaningd) exhibitH- andJaggregate emissions in greatly increased and an enhanced porphyrin. monomer
water via ionic interactions at high concentrations. Upofmission was observed. Therefore, a low porphyrin concen-
addition of Q[7] to the solution, tlkaggregate GR and the tration and brief light irradiation resulted in improved
H-aggregate oif3 undergo disaggregation attributed to antibacterial photodynamic therapgaey.
encapsulation of the monomeric cyanine dyes in the cavityLater, the same group discovered that the radical yield and
of Q[7]. Furthermore, aggregate emission can be controlled bgar-infrared (NIR) photothermal conversion were -signi
introducing a strong competitive guest/Q[7] binder, such asantly improved by Q[7]-complex-induced disaggregation of
adamantylamine (AD). dye*® As shown irFigure 1&, free bola-form amphiphile
More recently, Banerjee and co-workers constructed (46) with a perylene diimide core (PDI) as radical anions
tunable uorescence emissive system in aqueous solution afitbg was obtained in lower yield upon chemical reduction
as a solid Im by combining the hosguest complex of a (Na,S,0,), attributed to radical anion reactivity and
Q[7]-derived disaggregate and the ag%regate of an amphiphélggregation of PDI causib@ato dimerize and quench in
cyanostilbene derivativied) (Figure 1)."?* Compoundl4 aqueous solution. After encapsulating the two end graéps of
underwent self-assembly in water, and the aggregate displapatie Q[7] cavity to form a dumbbell-shaped supramolecular

Figure 11(a) Schematic representation of the generation of multieotescence from amphiphilic gadsind the Q[7] host. (b) Solidms
of 14 (10 mM) and Q[7]: (1) without Q[7]; (Il) with 20 equiv of Q[7]; and (Ill) with 40 of equiv Q[7]. Reproduced with permission from ref
124 Copyright 2020 Royal Society of Chemistry.
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Figure 12.(a) Chemical structure df. (b) Fluorescecnce spectraldfin the absence and presence of Q[7] in water. (c) Schematic
representation of the Q[Ip complex and the mechanism of the enhanced antibactgeate of Q[7]L5 (e) compared with that a6 (d).
Reproduced with permission fromlt&s Copyright 2013 Wiley-VCH.

responsive supramolecular complex was further designed by
the same group for photothermal therapy with high selectivity
toward facultative anaerobic bactétiderylene diimide
derivativel7 (Figure 14) has a similar molecular structure

to that of16, and complexation by the Q[7] host formed the
supramolecular complé8 with expected high binding
constant. It was found that facultative anaerobic bacteria
such agscherichia cfi. co)ireductively convertel8 into

radical aniornl9 in situ and could, therefore, be used for
photothermal therapy under NIR irradiation, leading to the
death ofE. colilt was proposed that compl@&was reduced

by the hydrogenase on the surface of facultative anaerobic
bacteriafigure 1B). As a comparative study, aerobic bacteria
such asBacillus subtili€B. subtiljs did not induce the
formation of radical anioh9 in situ due to the weaker
reductive ability. Herein, the macrocyclicrament eect of

the Q[7] host plays a key role in the reduction process of the
host guest complex @B by narrowing in the energy gaEs of
guest17 to match the reductive ability & colf?
Accordingly, the selectivespenses of supramolecular
complex18 to di erent bacteria could be employed to

Figure 13(a) Chemical structures 6 and16a (b) Radical anions ~ Selectively and ectively inhibit bacteria by photothermal

(169 generated by chemical reduction, leading to low NIRtherapy. The results thus provide new insight into develop-
photothermal conversion @ency (top); Q[7] stabilized6a via ment of macrocycle-based supramolecular complexes and the
host guest interactions, leading to improved NIR photothermatorresponding macrocyclic asement to regulate microbial
conversion eciency (bottom). Reproduced with permission from refpalance.
128 Copyright 2015 Royal Society of Chemistry. 4.2. Fluorescence Emission from Q[7]-Based Rotaxanes
complex with stable binding constant 802 M ?), the The modest water solubility of Q[7] and the ideal size of its
aggregation of PDI and the dimerization6afin aqueous  con ned rigid cavity to accommodate most aromatic molecules
solution were hindered and suppresBeglie 1B). As a to form 1:1 complexes with highnity with the suitable
result, ecient NIR photothermal conversion was easilymacrocyclic-conement eect have made the Q[7] host a
achieved due to the increased concentratidBacdnd its popular macrocycle to construct various supramolecular
absorption above 800 nm in water. rotaxanes. However, because of the intrinsic hydrophobic
To demonstrate the applicability of Q[7]-complex-pro-e ect of organic chromophores in aqueous solution and the
moted supramolecular radicals, a new kind of bacteridimitations of organic reaction in water, there is still much
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Figure 14(a) Chemical structure d¥ and schematic representation of the supramolecular ca®)@ex fadical aniond 9). (b) Diagram of
photothermal therapy fd8 with high selectivity towald colbverB. subtilisReproduced with permission fronLB&f Copyright 2017 Wiley-
VCH.

Figure 15.Chemical structure @0 and uorescence spectral changeX)afn the presence of increasing concentrations of Q[7] in water.
Reproduced with permission fromlgf Copyright 2012 American Chemical Society.

room for improvement in the development of Q[7]-basedM 1). Changing the pH from acidic to basic resulted in
uorescent rotaxanes. In 2012, Galoppini et al. describetuttling of Q[7] from one station to another, and this
uorescence enhancement op-wiyl viologen Z0) by shuttling was accompanied by enhangetkscence of the
complexation in the Q[7] haSt Aqueous solutions @b BODIPY dye. A reverse shuttling motion and weak emission
exhibited weakuorescence around 505 nm (QY = 0.0K%6, could be triggered by changing the pH from basic to acidic. As
20 ps). Upon encapsulation by Q[7] to form the [3]- aresult, this study constructed an autonomous shuttling of the
pseudorotaxaneFigure 1} 20 exhibited dramatically Q[7]-based pseudorotaxane system in an oscillating pH system
enhanced uorescence (QY = 0.12%z= 0.7 ns) that was  with distinct uorescent signals. Notably, the higher emission
blue-shifted by 35 nm. Density functional theory andntensity at neutral/alkaline pH can be attributed to Q[7]
con guration interaction singles calculations indicated thancapsulation of the bipyridinium dication with a strong
hindrance of rotational relaxation of the S1 st2@oafused  macrocyclic-conement eect, which may partially neutralize
by the macrocyclic-carement eect of the Q[7] host is the  the positive charge on the bipyridinium. In other words, the
key factor in that enhancement emission. Q[7] inclusion complex of bipyridinium @ently inhibited
Akkaya and co-workers reported a Q[7]-BODIPY-basethe reverse photoinduced electron transfer (PET) between the
uorescent [2]pseudorotaxane through autonomous shuttlir@ODIPY dye and bipyridinium moiety.
driven by an oscillating reactidhAs shown irFigure 16a A very similar Q[7]-BODIPY-basediorescent [2]-
water-soluble uorophore axle gues®lj was synthesized pseudorotaxane was fabricated by Halterman and co-workers
from bipyridinium dication-substituted BODIPY with a(Figure 1).*** In this work, the BODIPYuorophore and
terminal carboxylic acid, which contained two alternativieipyridinium were linked with a morexible structure in
stations for Q[7] with moderate binding constant (1.3 guest22. In aqueous solution of free gugit very weak
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Figure 16.Chemical structure &fl and graphical representation of
the pH-dependentuorescent pseudorotaxane of Q]Repro-
duced with permission from r&83 Copyright 2013 American
Chemical Society.

Figure 17.Mechanisms to Q[7] encapsulation disrugirescence
quenching.

(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 cas2lofAs a result, when the
bipyridinium moiety of guea? was encapsulated by the Q[7]
host, the uorescence emission of BODIPY was recovered.
Subsequently, Scherman, Nau, and co-workers fabricated an
e cient hostguest energy transfer triggered emission in
Q[7]-assisted polycationic cyclophane (ExBox)-peq/Iene dii-
mide (PDI) 3-polypseudorotaxane in watégure 1B>°
Derivatives of dicationic perylene diimides @3E25)
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 gasist complexes
(Eegca. 0.72 eV), and remarkable charge transfer bands are
generally observed in their visible absorption spectra. However,
the PDI guests2B 25) in this work also acted as electron-
de cient Eqca. 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, enhancediorescence of the PDIs and increased
uorescence 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 eient because of the small spatial
separation of the two chromophores in the osist-based
[2]pseudorotaxane. This hypothesis was unequivocally con-
rmed by much largeruorescence 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. 2.112.6-fold)->®
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 fashiéigufe 18 The ExBox

uorescence of BODIPY was observed, which was ascribedeoves as the central ring, sliding onto the PDI core; then two

electron transfer from the BODIPYorophore (electron

Q[7] molecules act as terminal stoppers, binding to the two

donor) to the positively charged appended bipyridiniunouter quaternary ammonium motifs of PDI. Fluorescence

Figure 18.Chemical structures of ExBox and PDI derivat®3a2%) and the schematic representation of ExBox- and Q[7]-derived
pseudorotaxane promoted energy transfer (ET) for PDIs. Reproduced with permissiddfr@uopefight 2014 American Chemical Society.
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titrations of Q[7] into ExBox:P24 (1:1, 10 M) and
Q[7]:ExBox (2:1) into PDR4 (10 M) gave average
uorescence enhancements of 3 ( ., = 520 nm, direct
excitation) and 258 10 ( o, = 319 nm, indirect excitation)
fold relative to bare PRB. Very small enhancements of
monomeric PD?4 uorescence (2.7-fold, = 520 nm, and
2.6-fold, ¢, = 319 nm) were observed in the presence of 2
equiv of Q[7]. This result suggested that the Q[7] complex
enhanced the uorescence of PR¥ by promoting the
electron transfer eiency of the ExBox chromophore to the
PDI chromophore, rather than by inhibiting the reverse PET
between the PDIuorophore and the positively charged
quaternary ammonium group. Overall, the larg@scence
enhancement of PRE is partly due to disaggregation
complexation of both ExBox and Q[7] and partly due to
Q[7]-complex-promoted eient FRET from ExBox to the
PDI uorophore. 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™ In addition, the comement eect 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 Q7] triggered polypseudorotaxane with
polygp-é:)henylenevinylene) (PPV) derivatiz@ (Figure
19).*° 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 ammoniug}re 19. (a) Chemical structure 6. (b) Pseudorotaxane
cationic groups into the cell membraie do)i The Q[7] assembly &6 with Q[7] and disassembly28 with Q[7] mediated

host formed a polypseudorotaxane 26tby encapsulating by the adamantylamine (AD) molecule for reversible control of the
the cationic quaternary ammonium moiety in the cavityuorescence emission and antibacterial actidfy (f) Pseudor-
through ion dipole interaction and the corresponding macro-otaxane assembly and disassemtt§ with Q[7] for reversible
cyclic connement, which resulted in remarkably increase@ontrol of the ROS generation2éf Reproduced with permission
emission intensity of PPV combined with a blue-shift. This cdfPm ref136 Copyright 2017 Wiley-VCH.

be attributed to aggregation of the positively charged

conjugated polymeZ6 in water. Interactions between the 4 3 Flyorescent Markers and Imaging Using Q[7]-Assisted
quaternary ammonium groups increase the nonradiative enetgyissions

consumption, andiorescence intensity decreases due to S‘mfi'luorescence sensing and imaging approaches based on various

quenching. Upon complexation with Q[7], the interactions Ef/rophore emissions are particularly useful for monitoring

betwee_n ?he quaternary ammonium groups are d!sturbed_ ironmental and biological substances in living systems
nonradiative energy consumption is inhibited, leading to brig cause they are highly #ams exhibit good spatial

emission figure 1B). However, assembly of the QPBl-  ogo|ytion, are noninvasive, and can be employedi situ.

; k i Fﬂ(spired by the advantages oh]QJon ned cavity-assisted
because of inclusion of the quaternary ammonium group§,grescence emission for highly selective FID chemosensors of
which decreased the penetration of PPV into the ce{jeytral and cationic molecu‘rg&a series of pioneering works
membrane and led to the inhibition of the antibacteriahaye peen reported by Nau and co-workeré* For
activity of26 (switch o). Addition of adamantylamine (AD) example, Nau, Urbach, and co-workers described a supra-
induces disassembly of the (J&]polypseudorotaxane t0 molecular tandem assay for continuous monitoring of protease
form a more stable Q[7]-AD complex accompanied by releaggtivity on unlabeled peptides in real time by utilizing the
of 26 through competitive replacement, which is convenientlyost guest complex of Q[7] with acridine orar2j® &s the
monitored by the decreasedorescence emission. Con- FID sensot?® The weak uorescence o27 in aqueous
sequently, the antibacterial activit@6of recovered (switch  solution was strongly enhanced under thenearent eect

on). Furthermore, it was found that the free cationic2BPV Q[7] cavity (the binding constant of Q[ZF-was determined

e ciently generates reactive oxygen species (ROS) upon lightoe 2.9x 16 M 1). The experimental results indicated that
illumination to kill bacteria, while the QP@-polypseudor-  this binding constant was in between the binding strengths of
otaxane produces less ROS because the PPV core is preveQi@d with the substrate and the proteolytic products of some
by the Q[7] host from contacting the surrounding oxygerpeptides. In the example providedFigure 20 when
(Figure 18). Accordingly, this study develops a new approacthermolysin is added to the solution containing an
to monitor and switch antimicrobial activity using a Q[7]-enkephalin-based bstrate and Q[7}7, the enzymatic
based supramolecular rotaxane. product, containing ah-terminal phenylalanine residue
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enhanced uorescent responses to RNA compared with
DNA. Essentially, theuorescence 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 propertie2®fin xed 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 tha28 did not permeate into the live cell nucleus
but aggregated at the cell membraRegure 2b).
Interestingly28 can be delivered into live cell nuclei by the
Q[7] host via formation of a 1:2 complex with further
enhanceduorescence emission, since Q[7] is taken up by the
cell and cell nucleus through endocytosis. Herein, the
increased uorescence 028 can be attributed to the
macrocyclic-conement eect of the Q[7] host, which
restricts benzothiazolium group torsional motion through the
host-inclusion interactiorrigure 2&). In cells, the higher
binding a nity of RNA28 compared with that of the 2Q[7]-

28 complex means that RNA can bind @&ton one of the

Figure 20.Product-selectiveuorescence switch-tandem assay ~Penzothiazolium moieties; meanwhile, Q[7] can interact with
using Q[7]27 as the FID sensor. Reproduced with permission fronthe other benzothiazolium moiety to form the RBQ{7]

ref 143 Copyright 2011 American Chemical Society. ternary complex. Both interactions contribute to the strong
uorescence @B. Overall, these studies suggest the possibility
(having 3 orders of magnitude highemity for Q[7] of transporting cell-impermeant dyes into living cells as

compared t®7), should rapidly and competitively displace Uorescent marl<5ers and imaging by Q[7] through host
27 from the Q[7] cavity. This results in decreasedescence  guest interactiort” = _ o
intensity that reports the protease activity continuously and in Utilizing the high binding ability of Q[7] with a cationic
real time. Anity is reduced for the simple amino adid, guest under the macrocyclic-cement eect, Ni et al.
terminal phenylalanine, accompanied by resuweescence ~ recently demonstrated that novel vesicles of Q[7]-anchored
emission of Q[7R7.The uorescence changes of the Q[7]-  Polymers enhanced photosensitization of porphyrin derivative
complex were further exploited amrescent markers to 29 in the cell nucled® As shown inFigure 22 the
monitor the stepwise proteolytic degradation of an entirfoly(acrylic acid) (PAA) chain spacer triggered Q[7] polymers
peptide by leucine amino peptid4se. on the surfaces of the vesicles at a regular distance, which not
In 2013, a NIR cationiaiorescent dy28 (Figure 24) was only inhibited aggregation-induced self-quenching of the
synthesized by Peng and co-wotkefuorescence spectra porphyrin derivative9 in aqueous solution but alsed29
indicated that the dy&8 exhibited emission at 682 nm with a at high concentration on the nanoscale as a supramolecular
large Stokes shift (224 nm) in water, which was attributed tphotosensitizer via hoguest interactions. The CLSM image
the combination of intramolecular charge transfer (ICT) andhdicated thaP9 was highly penetrant, entering the nuclei of
internal conversion. Compour28 displayed remarkably cancer cells, enabling its use ageescent marker in nuclei.

Figure 21(a) Chemical structure @8 and the probable staining mechanis?8 of 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 permissionlfféanCogfyright 2013 Elsevier Inc.
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donor @2-vwvesicle) and acceptoB3ft-vesicle) vesicles,
respectively Higure 2B). A single-vesicle content mixing
assay was then performed using a total intereatioa
uorescence microscope. The acceptor va&ddleesicle,

was immobilized on a quartz surface, an@2evesicle
donor was injected into thew chamber of the analysis setup.
Docking of the donor vesicle onto the acceptor vesicle was
monitored by the sudden appearancg2afmission in the

time trace. Pore opening led to mixing of the two opposite
vesicles to form a strong hagiest 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‘hhst guest

Figure 22.Schematic representation of 9]nanoparticles and FRET paif with extremely strong.bindingr&ty under the .
CLSM images of Q[729 nanoparticles in SH-SY5Y cells. €On nement eect of the Q[7] host is expected to be useful in
Reproduced with permission from ¥é6 Copyright 2019 Royal Various c_hemlcal and biological studies as a supramolecular
Society of Chemistry. beacon igure 24).

4.4. RTP Emission from Q[7]-Based Complexes

The compound also exhibitedcéent anticancer ects via  Solid-state materials withakent RTP emissions have been
highly enhanced photosensitization. widely investigated in the latest decade, but liquid- or solution-
Urbach and co-workers reported another example of a Q[phase pure organic RTP systems have rarely been reported
covalent conjugateiorescent dye3Q) as a marker for direct because of nonradiative decay and quenchers from the liquid
cellular imaginy.” As shown inFigure 2a, 30 was  medium. Ma and co-workers demonstrated that théGt
synthesized in two steps from monofunctionalized azidobbad advantages for fabrication of a pure organic RTP system in
tyl-Q[7] and theN-hydroxysuccinimide-activatemrescent  aqueous solution via hogtest interactidtt!*° *>* For
dye tetramethylrhodamin8lf. Compound30 has better = example, they described controllable RTP emission through
solubility in pure water at room temperature and exhibitpH-stimuli-responsive molecular shuttling between Q[7] and
signi cantly higher uorescence intensity compared with thebromo-isoquinoline guest derivatB4s35, and36 (Figure
free monomeBl The CLSM images of live anced HT22 ~ 25a) in aqueous solutidft The di erent behaviors of the
neurons demonstrated cellular uptak¥a@d its punctate  guests were determined by the presence of variable length
localization in the cytoplasmiqure 2B). Cell growth was  carboxyl-terminated N-substituted alkyl chains. The RTP
not altered by0 at concentrations up to 2.®1 over 4 days intensity of34 was almost unchanged in aqueous solutions
because Q[7] has no intrinsic cytotoxicity. Herein, theat di erent pH in the presence of the Q[7] host, which was
hydrophobic eect from the macrocyclic caement of the  attributed to the short aliphatic docking site inhibiting the
Q[7] rigid structure may play an important role in inprovingthreading motion of Q[7]. Gue36 showed weak RTP even
the cellular uptake 80. under nonacidic conditions due to the longer length of the
Utilizing a monofunctionalized Q[7] sola, Kim and co-  alkyl chain. The optimal chain length of the aliphatic docking
workers fabricated a novel hgstest FRET pair to study site in35 allowed Q[7] to shuttle through the molecule in
SNARE (solubldl-ethylmaleimide-sensitive factor attachmentcidic media but was retained at the bromo-isoquinoline
protein receptor)-mediated membrane fusion, combining thmoiety after the addition of base. Theresarexhibited weak
advantages of small molecular probes and the high signal®RFP emission in acidic solution and strong RTP emission
noise ratio benés of FRET-based techniquei)(re 24).1 when the pH was raiseéigure 2B). Very similar RTP
Monofunctionalized Q[7]-derived dy&2 and adamantyl- emission has been reported by the same group through
amine-derive83 were rst encapsulated in SNARE protein asinclusion of a bromo-naphthalimide derivative in the cavity of

Figure 23(a) Chemical structures 8 and31. (b) CLSM images of live HT22 cells treated withMB0 (red) and Hoechst 33342 (blue).
Reproduced with permission fromleef Copyright 2016 American Chemical Society.
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Figure 24.(a) Chemical structures 82 and33. (b) Fluorescence emission spectB2aind33 and FRET betwee? and33. (¢c) Schematic
illustration of the SNARE-mediated content mixing using a highteost guest binding FRET pair. Reproduced with permission frbf8 ref
Copyright 2015 American Chemical Society.

chloride 88) were copolymerized with acrylamide to produce
the corresponding polyme38 and 40, respectively. The
authors discovered that the ratio of phosphors had a large
in uence 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) (copolymerd9 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 25(a) Chemical structures® 36. (b) pH switched RTP  (Figure 2B). The shorter lifetime of Q[&9(1) (t = 1.17 s)
emission of Q[7B5 and photographs of the solution under UV light indicated that the presence of two phosphors in one host cavity
at 254 nm. Reproduced with permission froiiée€opyright 2016  did not favor prolongation of lifetime. In the cast(if),
Wiley-VCH. complexation with Q[6,7,8] prolonged its lifetime to 10.9 ms
(Q[6]-40(1)), 9.02 ms (Q[7140(1)), and 9.30 ms (Q[8]-
7].55° These studies suggest that inclusion of a heavy-atofi2(1)) With phosphorescence quantum yields changed from
Su[b]stituted uorogen into tghge coned cavity of Q[7] is tr¥e 26.7% 40) to 76.0% (Q[6]40(1)), 52.7% (Q[7]40(1)), and
key factor for enhancing RTP emission in solution. In oth?®-3% (Q[8]40(1)). For comparison, a short lifetime was
words, these studies revealed that theeorent eectinthe ~ observed in the complexes3afand 38 monomers with
Q[7] cavity played the crucial role in improving the RTPQI6.7.8]. Therefore, it is believed that copolymerization
emission of the phosphors. between phosphors and acrylamide provides plenty of
Very recently, Liu and co-workers systematically investigat@¢frogen bonds and carbonyl groups to lock the phosphors
the e ect of Qf] cavity size (in which dérent macrocyclic- and promote intersystem crossing. After encapsulation by
con nement eects are expected to be induced due to theQ[6,7,8], the nonradiative decay of phosphors is further
di erent conned cavity sizes) on the fabrication ofient suppressed under the corresponding macrocychecemnt,
RTP materials> As shown inFigure 28, monomer ACQ is blocked and quenchers are shielded memtvely,
phosphors of 4-phenyl-1-(4-vinylbenzyl)pyridinium chlorideesulting in further enhancement of RTP. Obviously, this work
(37) and 4-(4-bromophenyl)-1-¢4nylbenzyl)pyridinium  provides a convenient synergistic strategy for fabrication of
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Figure 26.(a) Schematic representatior8Baf 40 and the synergistic enhancement strategy for ultralongcémt & TP. (b) Luminescence
photographs of Q[6,7,8P(1) under UV light and at dérent time intervals after ceasing irradiation. Reproduced with permissiod$&m ref
Copyright 2020 Wiley-VCH.

ultralong and ecient RTP by utilizing the dirent strength of  Q[8] cavity and the corresponding supramolecular assembly
the macrocyclic-camement eect of QpJs fashions.

5.1. Fluorescence Emission from Q[8]-Based Simple
5. SUPRAMOLECULAR ORGANIC LUMINESCENT  Complexes
EMISSIONS FROM THE Q[8] HOST In the early development of Q[8]-dye systems, the
With a cavity comparable to that afyclodextrin, Q[8] is uorescence of chromophore dyes was generally quenched

unique because of its ability to bind two hetero- or homoguedigcause of their dimerization in the Q[8] cavity. For example,
in its cavity with high anity in water. In early studies of Q[8], Macartney and co-workers reported that the chromophore dye

its con ned cavity was used to mediate chemical reactions SL%HeStS acridizinium bromidél) and 9-aminoacridizinium

as stereospeci[2 + 2] cycloadditions® *>®which belongto ~ Promide §2) were ergczapsulated by Q[8] to form 1:2
typical articial molecular containers that alter chemicafOmplexes (QIB/guesty” As shown irFigure 27 free4l

reactivity through the macrocyclic-oement eect. Mean-
while, it was found that the coed space of the Q[8] host
could stabilize otherwise unstable species, such as methyl
viologen cation radicals or tetrathiafulvalene cation radicals, to
form stable-dimers by encapsulatiGi-°° Subsequently, the
ability of Q[8] to accommodate two éient guest molecules,

an electron-deient molecule (often 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)*'%?has captured the imagination of scientists. Their
broad potential applications in supramolecular chemistry via
noncovalent interactions, in particular, as molecular r&andcu
has been widely used to construct various water-soluble
dynamic suPramoIecuIar polymer materials over the past
decadé®® ®" Although, it was found that Q[8] could

simultaneously include two chromophore dyes in its Caviﬁ)’gure 27 Chemical structure_smi and42 and the corresponding
to form a dimer assembly through stacking, uorescence uoresence spectraddfand42in the absence and presence of Q[7]

quenching was generally observed, reducing its attractiver%%%sgi ;%%%e\c,\t,'i\{:yfvgffrOdumd with permission fraf ef

for exploitation in luminescent materials. Recently, it has been

discovered that-conjugated pyridinium derivatives can serve

as both electron-deent and electron-rich groups that can and 42 exhibited blue and greenorescence emissions in
dimerize inside the Q[8] cavity to form highly stable Q[8]-water, respectively. After addition of Q[8] to the guest
enhanced ternary complexes and polymers, which not omglution, the corresponding emissionglofind 42 were
increases stacking of the aromatic moieties but alsoalmost completely quenched. Theorescence could be
enhances ICT of the inclusion guest 8/88.>"*So, most of e ectively restored by addition of Q[7] to the complex
the reported Q[8]-based luminescent emissions in this secti@olution because it competitively extracts the dye guest from
were derived from the synergistiece of connement of the  the Q8] cavity. Job plots indicated that a 1:2 complex (Q[8]/
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Figure 28.(a) Chemical structures 48 45 (protonated forms) and the proposed geometries of the Q[8]-basegubesitomplexes. (b)
Fluorescence spectra and lifetime tracé3 db in the presence and absence of the Q[8] host. Reproduced with permissionlt@m ref
Copyright 2013 Royal Society of Chemistry.

guest) and a 1:1 complex (Q[7]/guest) were formed. Theexample that the macrocycle-based supramolecular emissions
uorescence quenching of guests can be attributed to can be switched by rational molecular design under the same
stacking KI-dimer) of the guest molecules under the strongmacrocyclic-conement eect.
macrocyclic-conement eect of the Q[8] cavity. Fluorescence quenching is disadvantageous for high signal
In order to further understand theuence of the Q[8]-dye  output in real time monitoring processes in situ. However, as
assembly behavior on itsorescence, Bhasikuttan et al. the old Chinese saying goes, fortune and misfortune are two
synthesized a series of coumarin derivati8eds) as the baskets in a well. For example, Zhang and co-workers found
guest dyes, which dred only slightly with respect to the that uorescence quenching of chromophore dye in the Q[8]
substitution/heteroatom on the benzimidazole® tinBe- con ned cavity could be exploited as an activatable supra-
cause of thenite structural variations at the benzimidazolemolecular photosensitizer for cancer imaging and photo-
ends of these dyes, dimeric/multiple inclusions by Q[8] cadynamic therapy* As depicted inFigure 29 guest
result in subtle derences in their spatial arrangement withinbiotinylated toluidine blue4§) was designed as a photo-
the cavity, such bls andJtype assembly. As can be seen fromsensitizer, in which biotin acts as a cell-receptor anchoring unit
Figure 28, guest dyed3 and 44 displayed remarkable and toluidine blue as an@ent singlet oxygen generator and
uorescence spectral changes in the presence of the Q[8] hostorophore. Gue#t6 as a free uncomplexed dye in water
Compound3 underwent decreased emission intensity at 50§enerates singlet oxygen. As a luminophore4@raéso
nm, accompanied by a new emission peak in the lorexhibits stronguorescence emission around 650 nm. In the
wavelength region, upon addition of Q[8] to the solution.presence of Q[81l6 assembles into a 1:2 complex (Q[B]-
Similar uorescence changes were observed4nitider the in a head-to-tail arrangement due to steric interaction between
same experimental conditiorgy(re 2B). However, unlike the bulky biotin groups, that can be released by competitive
43 and44, 45 exhibited steadyuorescence quenching as the binding of other guest molecules sudl-&sminal aromatic
concentration of Q[8] was increased, without any additiongleptides. Dimerization of the toluidine blue moiety in the
band shift Figure 2B). Moreover, in the presence of the Q[8] con ned cavity of Q[8] leads taorescence quenchingléf
host, the uorescence lifetime 48 increased from 0.13 to and its phototoxicity. The activity4#f as a photosensitizer,
19.8 ns, and thaiorescence lifetimesfincreased from 0.17 therefore, was turned/on by the assembly and disassembly
to 10 ns, whereas theorescence lifetime 4% remained of Q[8]-46. In addition, Q[8] also provides excellent
una ected. Evidently, theiorescence change#18f 45 can protection of46 from reduction by enzymes, which
be attributed to dimer formation in the Q[8] host, and the signi cantly enhances its stability in vivo. As showigume
extent of overlap or slip among the dyes inside the cavity leat$ the biotin arm anchors the photoinactive 1:2 complex
to J or H-type complexes with varying slip angfeé-igure (Q[8]-46) onto the cell-surface receptor, which is then
283), which was cormed byH NMR spectroscopy and transported into the cell. Intracelludterminal aromatic
semiempirical calculations. This study provides an idepéptides then releagd, restoring photodynamic therapy
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Figure 30(a) Chemical structure 47 and schematic representation
of the dynamic hosguest assembliesAg@fwith di erent equivalents

[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 dierent temperatures. Reproduced with permission from
ref 175 Copyright 2019 American Chemical Society.

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

activity and uorescence emission. Accordingly, the intra-
cellular self-activation ability of Qfi|-greatly enhances its luminescent material, glutathione-ligand gold nanoclusters
utility without the need for external inducers, which also givé&SH-AuNCs, 0.5 mg/mL) were mixed with the 1:2 complex
it potential for disease-related applications. of Q[8]-47(6 M). The GSH-AUNCSs have a similar excitation
Ma et al. demonstrated a humidity- and temperaturenvavelength to the Q[&]7 complex, and its orange emission at
responsive luminescent material by inclusion of a blue-emis€@® nm was utilized to fabricate a thermotunable white-light-
thiazolothiazole methyl-viologeA7)( guest inside the emissive system via simple mixing. Thus, pure white-light
con ned cavity of Q[8}’® As shown inFigure 38, two emission (CIE 0.33, 0.33) with a quantum vyield of 2.37% was
binding modes, including 1:2 and 1:1 complexes 4@J8]- obtained when the temperature was°@0in the hybrid
can dynamically self-assemble in agueous solution. The %dution. The white-light-emissive solution gradually turned
complex of Q[8K7 exhibited concentration-dependent pink when cooled to approximateRCO while blue emission
emissions. A bluish-white emission (460 nm) was observag@peared at A (Figure 36). This study indicated that the
at low concentrations (<0.05 mM), and a greenish-yellowssembly fashion aforophores also plays an important role
emission (535 nm) was seen at higher concentrations (>0id controlling the macrocycle-based supramolecular emissions
mM). The changes in emission wavelength were attributed taiader the same camement eect.
concentration-dependent binding equilibrium betweetvfree At the same time, Zhang, Xu, and co-workers developed a
(blue emission) and tl¥aimers oft7 packed inside the Q[8] supramolecular radical dimer with higlciency NIR-II
cavity (greenish-yellow emission). Furthermore, when 0.1 mphotothermal conversion for photothermal therapy using the
QI[8]-47 complex (1:2) was dropped onto water-absorbensame 1:2 complex of Q[8F-"® Single-crystal X-ray analysis
materials such as silica or paper surfaces, the blue emisgimvided unequivocal proof of the 1:2 complex structure of
dramatically declined and only the yellavorescence Q[8]-47, in which the twd7 guests were arranged in a typical
remained. Interestingly, upon evaporation, the greenish-yelldtype dimer conformatiorrigure 34&). The Q[8] conned
emission gradually changed to blue emission. The yellaavity-xed -extended assembly 4f is believed to favor
emission could be recovered by dropping water onto itntermolecular charge transfer. The radical dimer o#4Q[8]-
Therefore, by simple variation of the humidity leveredit could be generated through photoinduced electron transfer to
luminescent colors were generated such that the system cocadionic47 by irradiation with 405 nm light in the presence of
be used as aiorescent ink to print two-dimensional codes.excess triethanolamine as the electron donor. As can be seen
The enhancement of the monomer emission intengifyabf  from Figure 3b, the radical dimer of Q[g]F exhibited a
460 nm upon drying was attributed to dissociation of the 1:8trong absorption peak at 1004 nm (an ideal NIR-II
complex of Q[8K7 into free monomen7 and the 1:1 biowindow). Next, it was found that the temperature of the
complex of Q[8)7 (Figure 3b). agueous solution of the Q[&8F-radical dimer (0.5 mM) was
The 1:2 complex of Q[8}7 also dissociated at higher increased by 20.1, 30.7, 40.7, 46.0, anttGwiden subjected
temperatures as evidenced by the remarkably increagedl064 nm irradiation for 5 min at 0.50, 0.75, 1.00, 1.25, and
intensity of the blue emission. To construct a thermotunable50 W cn?, respectively={gure 3t). In addition, the radical
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In Q[n] chemistry, Scherman et al. reported that the 3:2
complex of Q[8] with the dye gudstand the 2:1 complex of
Q[7] with 48 were easily distinguished bprescence spectra
and the naked eye under UV light at 365 Rigufe 3%’

Figure 31.(a) X-ray crystal structure of QM- (b) UV/vis-NIR Figure 32.UV vis absorption andiorescence emission spectra of
absorption of the radical dimer of Q§g]-(c) Heating curves of the ~ QI8]-48, Q[7]-48, and 48 and related photographs of solutions
radical dimer of Q[837 with irradiation at derent power densities.  €XCited by @ 365 nm lamp. Reproduced with permission fidm ref

CLSM of the radical dimer of Q[8F induced photothermal ~ COPYyright 2017 Royal Society of Chemistry.
ablation in the HepG2 cells with (d) and without (e) 1064 nm
irradiation at 1.00 W for 1 min. Reproduced with permission from rebbviously, these color changes can be partly attributed to the
176 Copyright 2019 Wiley-VCH. di erent macrocyclic-carement eects from the Q[7] and

Q[8] hosts and partly due to the éient stacking models of

dimer exhibited satisfactory photostability and thermostabiliEﬂgndyv?/egr::eitnmtéhecgr?gﬂjggp?iﬁggmgeswmf %im?ug;%ﬁ
under 1064 nm laser irradiation. Thecient and reliable uorescence emission from Q[8] awed cavity-based 2:2
photothermal conversion of the Q{8]radical dimer gives it uaternary complexes in aqueous soldfitii.As shown in.
potential for photothermal therapy of cancer. Very recentl igure 3a2%° two arylpyridinium groups wéll-known water-
the same group discovered that the macrocycliteooent- ; '

: . soluble cationic guests for Q[8] with highniay, were
xed supramolecular dimer of 8]dramatically promoted seflected as the rigittlampinty modules linked through

intersystem crossing to produce the triplet excited state. Th& erent uorophores as the central cofd@sure 3B). The
is, theJtype conformation of Q[&]7 facilitated electron and tﬁh oice of rigig uorophore linkages betnge(n the).arylpyridi-

energy transfer of the triplet excited state. Consequently, fim moieties bentd formation of 2:2 complexes rather

1:2 complex of Q[84’7.Wa$ further utilizeq as anaency .than extended supramolecular polymers. When 1.0 equiv of
photocatalyst for oxidative hydroxylation of arylboromb[g] was mixed with 1.0 equiv of the guest, 2:2 quaternary

H 77
acids. o ) complexes were formed and stabilized by the two Q[8] clamps,
5.2. Fluorescence Emission from Q[8]-Based Multiple which placed the twaiorophores in close proximity to each
Assemblies other as stacked dimers under the macrocyclivecoent

In macrocycle-based hagtiest interactions, it is well-known e ect. Importantly, it should be noted that the aromatic
that the 1:1 binding stoichiometry only indicates that the uorophores were not encapsulated in the Q[8] cavity,
complex contains equal amounts of both host and guest, suniplying that evenuorophores larger than the cavity could

as 1:1, 2:2, or even a combinatiommofn=1, 2, 3, ...) inthe  be employed in this modular strategy. For example, the host
case of a supramolecular polymer. Im] @hemistry, guest interaction study of gué8b indicated that the 2:1
Scherman and co-workers found that ITC data, includingtoichiometry was obtained in the Qf%bcomplex, whereas
enthalpy ( H) and entropy ( S changes, can provide speci it was found to be 1:1 in the Q[8Bb system. Detailed
evidence to distinguish Q[8] triggered 1:1, 1:2, 1:1:1, and 2:@haracterization of the Q[8] complex suggested that it was
complex modég®In fact, uorescence has become 90 ular toactually a 2:2 assembly. Similar binding stoichiometries were
monitor the dynamic processes of self-assefify,  also observed for other guests.

conformational changéSand molecular motidit in recent In the 2:2 supramolecular quaternary complexes, the
years, sinceuorescence methods are highly sensitive angdreorganized uorophore dimers were stabilized by two
allow direct visualization in situ and in real timhé&®® Q[8] hosts and, hence, the chromophores exhibitecbnti
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Figure 33.(a) Chemical structures 49a j and the related modular designing strategy. Following this stra#@fyagbpn example of a
nonparallel clamping module and otlerophores with various arrangements of clamping modules are expected to doestrasgtemblies
with Q[8] and Q[7]. Steady-state absorption (solid line) and emission (dashed litimgvitblor) spectra of (&9h, (d) Q[7]-49b, and Q[8]-
49bin water (inset: schematic representation of the corresponding guest gndst@tsemblies and therescence photo images under 365
nm UV light). Reproduced with permission fromi.8&fCopyright 2019 Royal Society of Chemistry.

photophysical properti€s. Noticeable red-shifts in the Using the same modular strategy, Scherman and co-workers
absorption spectra and, upon photoexcitation, excimer-liseccessfully fabricated a 2:2 quantitative heterodimerization
emissions with longer lifetimes were observed. As system for ecient energy transfer under the macrocyclic-
comparative study, the photophysical properties of the Q[#jon nement eect of the Q[8] host Figure 3%'°°
complexes were also investigated because it was believed @mbmophore guests were synthesized based on Me bis(
the uorophores werexed as monomeric entities by the Q[7] arylpyridinium) (BAP) moiety through one covalent reaction
host. As shown irFigure 38 e, formation of a 2:2 and then underwent dimerization through multiple Q[8]
supramolecular complex of Q[8] wiBb resulted in a clamping. A heterodimer (AB) could be generated by simply
remarkable bathochromic shift of the maximum absorptiomixing two homodimers (AA and BB) of gue8tsand50b
relative to the solution dBb alone (from 419 to 469 nm), in aqueous media, but not quantitatively. This was attributed
whereas a small hypsochromic shift (from 419 to 409 nm) wéas similar binding free energies of 2:2 homodimégaahd
observed in the Q[A9b complex. The maximum emission 50b with the Q[8] host. Interestingly, when the methoxy
peak of the Q[8#9b quaternary complex was at 578 nm group of50b was replaced by a bulkier end groNN{
(Figure 38), which was red-shifted compared to the @i6]-  dimethylamino, NMg to generate gue80g¢ it was found
complex (¢m = 537 nm) Eigure 38), although the solution that the equilibria of 50/50 mixtures whbBa and 50b

of 49b alone exhibited emission at 595 rifigyre 38). homodimers were sigcantly dominated by the heterodimer
Consequently, variation of theorescence color of this (92%). Following this observation, the authors proposed that
derivative could be achieved by the cooperation of Q[7] oincreasing the size of one of the end groups (i.e;) NMe
Q[8]. Furthermore, the quantum yieldt®bwas signcantly combined with a smaller complementary end group should
enhanced upon complexation with Q[7] and Q[8] because diurther increase the binding constant. As a result58dest

the remarkably restricted intracomplex motions. For examp{&lH , replaced by H) was designed. As expétteNMR

the absolute QY of a solutiomebincreased from 4% to 85% spectroscopy revealed that the desired heterodimer was solely
and 81%, upon complexation with Q[7] (1:2) and Q[8] (2:2), formed in an equimolar mixture56t and50d homodimers.
respectively. Meanwhile, similar variant photophysical beh&orescence spectra indicated that nonradiative energy
iors were also observed for most other derivatives in theansfer occurred from the photoexcited naphthyl moiety
presence of the Q[7] and Q[8] hosts. (508 to its neighboring anthracenyl grof( in the
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dimers with novel optoelectronic properties is becoming
possible.

Taking advantage of Q[8] cavity encapsulation triggered
tunable uorescent signals, Ni and co-workers reported a series
of dynamic hosiguest 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 quantitatbres-
cence emissiohs. As shown irFigure 35alkyl chains of
di erent lengths (carbon atoms from 1C to 9C) were
introduced into -conjugated bispyridinium parenfsly
51b and 519 as the uorophore guest molecules. When
di erent concentrations of Q[8] were added to the guest
solution, the uorescence 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 ¢glests
(5C 6C) and 51b (5C 6C), where signtant red-shift
emissions (orange color) were observed imtdgormation
of 3:2 complexes. However, gb&s(7C 9C), in which two
methyl groups were introduced into the centbphore 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). Th®rescence
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

Figure 34.Schematic representation of (a) statistical dimerizatiof?[8] cavity, while shorter lifetimes indicated that the
with the coexistence of three species. (b) Quantitative supramolecutfiromophore was less deeply buried or was farther from the
heterodimerization via self-sorting. (c) Pure heterochromopho®[8] cavity. Accordingly, this study revealed thaescence
dimers with ecient energy transfer generated fronb@edo 50f. decay times may be useful for characterizing binding modes in
Reproduced with permission fromI@fi Copyright 2020 Wiley-  Q[8]-chromophore systems. This result provides an example
VCH. that multiple hostguest assemblies with distinct luminescent
signals in the same coement environment of Q§ are
becoming possible.

discrete heterodimer with extremely higtiency of energy ~ ©-3: Fluorescence Emission from Q[8]-Based

transfer, which was estimated to be greater than 85%. OverafiPramolecular Polymers

this study provides a new insight into fabrication ofFluorescent supramolecular polymers, which combine the
noncovalent interaction triggered heterodimers without othemorescent properties of chromophores with dynamic non-
equilibrium byproducts by introduction of shape-complemercovalent connections of supramolecular polymers, have
tary moieties in a coned space of macrocycles. In particularattracted much attention as luminescent materials because of
highly e cient preparation of various discrete chromophoreheir superior optoelectronic properties, including stimuli-

Figure 35.Chemical structures Bta c and representation of Q[8]-based dynamic basst assemblies with multiple tunatdeescence
signals. Route 1: Q[8] concentration-dependent dnoesst 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] witlh1c(7C 9C). Reproduced with permission froniLesf Copyright 2021 Royal Society of Chemistry.
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Figure 36.(a) Chemical structures of Q[8] aBd (b) Schematic representation of the Q[8]-based approach for fabricating smart luminescent
materials, showing hogtiest interactions of Q[8] wii2 that lead to dierent supramolecular assemblies in water. (¢) Photographs of solutions
of52(10.0 M) upon addition of increasing concentrations of the Q[8] ho&t@@quiv) in aqueous media (pH 2.0) under UV light at 365 nm.
Reproduced with permission froms@fCopyright 2016 American Chemical Society.

responsive and reversible features, compared with thee 1:2 dimer complex to the 1:1 supramolecular polymer.
monomeric units’? *°® The ternary complex ability of Q[8] Essentially, the two N-substituted propionic acid groups were
has been used to construct varimmsescent polymers with  simultaneously encapsulated in the excess Q[8] cavity, playing
smart tunable emissions and high quantwiercy. This is  a key role in the formation of the rigid supramolecular polymer
partly due to the extensive interactions (such aktype structure. In particular, the carbonyl groups of the Q[8] portal
assembly) of chromophores in a head-to-tail fashion in theould decrease the electron-withdrawing ability of the
Q[8] cavity and is partly due to the synergisticteof the pyridinium group of52 and ICT could be suppressed.
cavity-derived macrocyclic ament and the rigid linear Therefore, an enhanced blue-shifted emission was observed
polymer structures that restricted the intramolecular motions the polymer solution. Notably, because both of the
For example, Ni et al. reported that a tunaldeescent uorescent emissions from the free guest and the complex
emission could be obtained in a hgaest interaction system species can be excited by the same wavelength, multiple
of Q[8] with an oligof-phenylenevinylene) gues? in tunable uorescent colors, including blue, cyan, white, yellow
aqueous solutiorFigure 3§°° The propionic acid groups at and green, were emitted depending on the amount of added
the ends 052 were selected to increase aqueous solubility an@[8] host. In addition, electrostatic repulsions between the
enable a reversible switch between neutral and anionic statagoxylate groups and the carbonyl portals of the Q[8] host
by pH titration. Fre82 emits blue light at 475 nm in aqueous led to reversible conversion of the head-to-tail polymer
solution when excited at 398 nm. After addition of Q[8] (0.5assembly of Q[&2 to the Jdimer complex at higher pH
equiv) to the solution (pH 2.0), a stronger visible yellowvalues, accompanied by a variation of emission from green to
emission with higher QY and long lifetime at 580 nm wagellow. Accordingly, a smart stimulus-responsive tuning of
observed. These spectrabnges can be attributed to uorescent colors was achieved in a simple operation by using
formation ofJdimers of52 inside the Q[8] cavity. The a single organic chromophore guest and a single macrocycle in
extensive interactions or intermolecular orbital overlap solution.
between the homodimers (head-to-tail) under the macrocyclic-The above work indicated that white-light emission could be
con nement eect of the Q[8] cavity led to the remarkable fabricated by the two complementary blue G&eand
red-shift of the emission and absorption. When theellow uorescence emissiodslimer complex of Q[&-2),
concentration of Q[8] was increased to 1.0 equiv, an apparenhich could be eciently generated independently in solution
blue-shift was observed in the absorption and emission speatsing the same excitation wavelength rather than energy
corresponding to transition of the complexation mode frortransfer. However, it was noted that the yellow emission of the
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Jdimer 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 encaps&iaté In the solid
state, the 1:1 complex of QF2- emitted at 487 nm,
indicating that aggregatiorb@fwas strongly disrupted by the
rigid Q[7] barrel comed structure. Most interestingly, it was
found that the Q[7B2 complex and thédimer complex of
Q[8]-52 shared the same UVis absorption peaks, indicating
that the two uorescence emissions (blue and yellow) could be
independently excited by the same waveleRgthre 3Y.

Figure 38.(a) Chemical structure 68 and uorescence spectra of
53in the presence of increasing concentrations of Q[7] and Q[8] in
water. (b) Fluorescence photo images and the (@8s ©f7]-53,

and Q[8]53. (c) Schematic representation of (g8]{polymer
formation. Reproduced with permission froaefopyright 2016
Wiley-VCH.

53 displayed weakuorescent emission in water due to AlE.
Upon formation of a 1:1 complex with Q[7], a slight red-shift
was observed in th@rescence emission (from 460 to 464
nm) of 53 and the QY increased from 1% to 7%. When QI[8]
was added to the solution5& dramatically enhanced green
. . , emission at 516 nm with a high QY of 91% was observed,
g‘%‘i‘rgzw-(g) g‘%ﬁgg'!ze‘j ?bt_sorpt('g)“ gpdorescence specttra frfom attributed to formation of a 1D supramolecular polymer. The
- an In solution. uorescence spectra o e H H i i i
Soli mixure of Q[752 and QIs}s2 wih CIE (0.3, 036) and S\ EEEREO el BRe M s oo 1 SC
white light from an ultraviolet LED chip. Repr_oduced Wlth permssm&ser desorption/ioni’zation time-afAt mass stectrometry
from ref57. Copyright 2018 American Chemical Society. and TEM. The red-shiftediorescence emission was ascribed
to Jtype alignment &3 inside the Q[8] cavity. In particular,
This feature enablesaent production of pure white light by the high QY is mainly due to the synergistic enhancement of
mixing the solid Q[7p2 complex and th&édimer of Q[8]52 the radiative decay channel and the restricted intramolecular
in the correct proportion in a single-dye system. Taotation of the chromophore (AlEeet) by the comement
demonstrate the practical application of this approach, eaect of the Q[8] cavity and the resulting rigid polymer
white-light-emitting diode was fabricated by coating atructures.
poly(methyl methacrylateyed solid mixture of Q[H2 In 2017, the same group reported an elegant example of a
and Q[8]52 on the surface of a commercially availabldight-harvesting supramolecular block copolymer system using
ultraviolet LED chip. Bright white light was observed at #hree other cyanostilbene derivatbe$5, and56 (Figure
potential of 3.8 V. Compared to the white-light emissior8%) under the comed space of the Q[8] hdsE Similar to
produced by energy transfer betweearelit uorophore 53, complexation of these derivatives with the Q[8] host
dyes, this study provided an excellent example of theorded 1D homopolymers that displayed appavemés-
advantages of @Qlfbased hostguest complexation and the cence enhancement with threewint colors (blue (480 nm),
corresponding macrocyclic aement in preparing multi- yellow (522 nm), and red (630 nm)) due to the AlEce
color luminescent materials that do not rely on the principle df-igure 3B). Subsequently, color tunable nanobundles Q[8]-
FRET through'single excitation with multiple independent 54/Q[8]-56 were obtained in aqueous solution as a
emissioris consequence of their large spectral overlap (an important
As another example of a highlprescent linear supra- prerequisite for energy transfer). In this system 5@gjted
molecular polymer, a cyanostilbene derivative bearirmg the donor because its emission at 480 nm overlapped
pyridinium moieties5@) has been used as the monomer appreciably with the absorption of (§8]polymer at 464
guest to complex with the Q[8] hobiqure 3%°° Monomer nm. Upon gradual addition of Q8§-to the solution of
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Figure 39(a) Chemical structures®8 56. (b) Fluorescence photo images of GB]Q[8]-54, Q[8]-55, and Q[8]56 in water under 365 nm

UV light. (c) Fluorescence spectra of @8]n water upon addition of Q[8}6 from 0 to 1 equiv. (d) CIE chromaticity diagram showing the
uorescence changes of the @)1 complex with dérent doping equivalents of the (§8Jt:1 complex (0%, 15%, 30%, 60%, and 100%) in

water, with the inserted photo of the light-harvesting system under 365 nm UV light. () Schematic representation of the four light-harves

systems based on the supramolecular polymer assembly of GfBimdi6. Reproduced with permission froni g&f Copyright 2017 Wiley-

VCH.

Q[8]-54, the uorescent color of the mixture was progressivelintramolecular charge transfezot between the anthracene
tuned from blue to red, which was cored by photo- and pyridinium moieties. Addition of Q[8] to the aqueous

luminescence intensities and CIE chromaticitigar¢ 36 solution o067 produced a red-shifted, much brighter emission
and d). In principle, four dérent copolymer assemblies could at 655 nm due to the formation of a rigfigpe linear polymer
be present in the solution of QF8}/Q[8]-56 (Figure 38). in the Q[8] cavity under the corresponding macrocyclic-

However, in the FRET system, the doaoceptor distance is con nement eect, which was clastl as the rst-stage
an important factor in the eiency of energy transfer. So, emission. The initially formed supramolecular polymers were
Case 1 was easily eliminated because the altered concentratiansformed into nanorod-like 3D structures by self-aggrega-
of the mixture did not induce any obvious changes in théon in water. When amphiphilic SC4AD was added to the
photoluminescence spectrum. In addition, because of the sligbtution of nanorods, a morphological transition to nano-
change in the UWis spectrum, Case 3 was considered to b@articles was accompanied by furtberescence enhance-
more reasonable than Case 2 and Case 4, since it is beliemeght at 655 nm. As a control experiment, encapsuldion of
that no changes of the absorption peaks would be causedibyhe SC4AD cavity gave emission at 605 nm, which indicated
Case 2 or Case 4. The higher binding constant of mos®mer that the uorescence enhancement was due to formation of
toward Q[8] 66 had >16-fold higher anity than54) also Q[8]-57-SC4AD ternary aggregategre 4B and c). The
supported the structure in Case 3. Thaent energy transfer rigid nanoparticle assemblies of GBEC4AD not only
of the dynamic supramolecular block copolymer system in tHigther limited the single-bond rotatiodobut also provided
work indicated that Q[8] cavity cared supramolecular a hydrophobic environment from the self-assembly-induced
assemblies have outstanding properties for light-harvesting and nement eecf? to enhance the emission . This
photoluminescent applications. assembly mode was proposed as the second-stage enhance-
In another study in 2018, Liu and co-workers reported aent of uorescence-(gure 4@). The excellent brightness of
binary supramolecular assembly that exhibited near-infratb@é NIR emissive nanoparticles was exploited as a cell imaging
emission by combination of Q[8] triggered 1D linearagent Figure 48 g).
supramolecular polymersdaamphiphilic calixarenes  Liu, Stoddart, and co-workers reported a photoresponsive
(SC4AD) (Figure 4R*°° Anthracylpyridinium derivative supramolecularuorescent system using a combination of
(57) emitted very weakuorescence emission at 625 nm in cationic supramolecular ndoers derived from a styrylpyr-
water due to stacking of the anthracene rings and anidinium conjugated diarylethene derivafi@ewith Q[8] and
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Figure 40.(a) Chemical structures 87 and SC4AD. (b) Fluorescence spect&/0Q[8]-57, Q[8]-57-SC4AD, an®7-SC4AD. (c) Photo
images of57, Q[8]-57, and Q[8]57-SC4AD. (d) Schematic representation of NIBrescent supramolecular assemblies and related
supramolecular aggregates and CLSM images of A549 cells costained with7t&32P and (f) LysoTracker Blue. (g) Merged image of
Parts e and f. Reproduced with permission fratdGeCopyright 2018 Wiley-VCH.

anionic carbon dots (CDs)Figure 4).?°* In aqueous concentrations of Q[&8-OF to the solution of CDsH{gure
solution,58 could be reversibly converted between an opemdic). When the same aqueous solution of CDsS3[8IF
ring form 68O0F) and a closed-ring forml»&CF) by UV- was irradiated with UV light (254 nm), the emission peak at
light (254 nm) and visible-light (>600 nm) irradiatieig(re 582 nm decreased dramatically, with only a slight reduction in
471a). When Q8] was added to the solutio®®OF, TEM the emission at 458 nrii¢ure 4d). As a result, reversible
and AFM images revealed that micrometer-sized 1D nanaiorescent color changes from yellow to blue, including pure
bers were formed. The red-shifted absorption (from 395 tahite-light emission, were triggered by UV-light irradiation
420 nm) and uorescence emission (from 560 to 582 nm with(Figure 4f). The emission reverted to yellow from blue upon
a 16-fold increase of intensity) indicated thHtype linear  visible-light (>600 nm) irradiation. It is expected that such
polymer of the styrylpyridinium moieties was present in theon ned structure triggered photoresponsive luminescent

Q|[8] cavity with strong macrocyclic coament. emissions have potential applications in the design of
The reversible photoreaction was also observed with Q[8anticounterfeiting materials and photocontrolled molecular
58OF. For instance, theiorescence intensity of QF-OF switches.

at 582 nm was gradually quenched upon irradiation with UV Very recently, Liu and co-workers further reported that
light (254 nm, 2.0 min). The yellow emission was recovered ly[8]-based uorescent polymers could be utilized as two-
irradiating this weakly emissive solution with visible lighphoton agents with the assistance-@fclodextrin-modad

(>600 nm, 40 s)Rigure 4h). These results suggested that the hyaluronic acid (HA-CD)Higure 4a)2°* Guest9 displayed
composition ob8 could be interconverted betweshOF very weakuorescence at 650 nm in aqueous solution. After
and58-CF in the host guest complex upon light irradiation, assembly with Q[8], two-axial netlike supramolecular polymers
with outstanding photoconversion cycles. In an attempt tQ[8]-59 (which further aggregated to nanosquares in water)
fabricate a multicolor emissive system, CDs with anionigere formed with enhanced and red-shiftiedescence at
carboxylates on their surface that emitted blue light 458 680 nm. When the cancer cell-targeting agent HA-CD was
nm) were combined with the hogtiest polymer solution. added to the solution of Q[8PB, the nanosquare structure
Large spherical nanoparticles wit®0 nm diameter were was converted to nanopdec via secondary assembly,
formed by binding of the anionic CDs to the positively chargedlccompanied by further enhancement of the NIR emission at
nano brils via electrostatic interactiofsg(re 4&). Con- 680 nm fFigure 4B). In addition, becau$® has a classical
sequently, derent uorescent colors could be obtained by D A structure, the strong pughull dipolar eect and
varying the ratio of CDs and QEB$-OF or by photo- large conjugation lengths favor two-photon absorption. As
irradiation. For example, multiplerescent emissions from expected, the uorescence spectrum of QBFRHA-CD

blue to yellow were obtained by addition of increasinglisplayed similar emission peaks when excited at 840 nm
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Figure 41.(a) Chemical structures and photo imagés8 afpon alternating irradiation with UV and visible light. (b) Emission spectra and
intensity (insert) changes of QE3-OFat 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 concentration$®Qp{Bi-a neutral water. (d) Fluorescence spectra of CDs-QI[8]-
58OF upon irradiation with UV light (254 nm, 1.5 min) in a neutral water. (e) Schematic representation of the in situ photoswitched multicolol
luminescence supramolecular assembly. (f) Fluorescence photo images o5808-Qff)n irradiation with 254 nm light. Reproduced with
permission from r&01 Copyright 2019 American Chemical Society.

and upon one-photon excitation at 450 nm. This system hagnthesis stems from diverse supramolecular interactions,
been successfully exploited for mitochondrial-targeted c8lOFs are generally easy to assemble and show good
imaging of A549 cancer cefigj(re 42). It should be noted  reversibility. Notably, the ternary binding ability of Q[8] has
that the macrocyclic-corement eect of the Q[8] hostis the  ynique advantages for the constructionaiscent SOFs by

key factor in ampliation of the two-photon signal in this employing appropriatelyconjugated chromophore guests. So

system by promoting the ICT eet between the DA 5, Q[8]-based uorescent SOFs have mostly been derived
moieties 069. from TPE derivativés> *** These form 2D nanostructures
5.4. Fluorescence Emission from Q[8]-Based with high AIE uorescence since complex binding induces
Supramolecular Organic Frameworks (SOFs) restricted intramolecular rotation aHgipe stacking of the

Supramolecular organic frameworks ($&F%)are a new  TPE chromophore guests inside the Q[8] wed cavity.

type of porous framework that are assembled by noncovalémpared to the 1D polymers, the 2D SOF assemblies
interactions, including hydrogen bonds, stacking, and van provide a more rigid sedd to extend the conement eect

der Waals interactions. Since the driving force for thewof Q[8] host.
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Figure 42.(a) Chemical structures 5 and HA-CD. (b) Formation of a supramolecular nanoparticle with NIR emission. (¢) Supramolecular
nanoparticle with NIR emission used for two-photon mitochondria targeted imaging of the A549 cell. Reproduced with pernii§gion from ref
Copyright 2021 Wiley-VCH.

For example, Zhao and co-workers reported supramoleculanr arms. Addition of Q[8] to the solution&df produced a
2D nanostructures with brightiorescence by combining 1:2 complex of Q[81, and the uorescence emissiorodf
QI[8] with guest60 (Figure 4R%°> As expected, non- was red-shifted from 579 to 632 nm with a slight enhancement
of the QY (from 6.7% to 7.4%Jigure 48). 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 eiency (0.6%) compared to the
original orange emission (640 nm) 6& (Figure 4@).
Interestingly, planar and curved layers of SOFs from the host
guest interactions of Q[8] wiil and62 were formedrst,
which eventually aggregated to form regular supramolecular
cuboids of Q[8B1 (Figure 4d) and attened spheroids of
Q[8]-62 (Figure 4é), 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-adamantylamié€l (Me,ADA), which has a
higher binding constant with Q[8] comparedicand 62,
thereby leading to the recovery of the origumkescence of
61 and62in water. Theuorescence emission of Q¢F]was
used for imaging of HelLa celfgg(ire 4fland g). This result

Figure 43.Chemical structure 60 and schematic representation of :_ ;
the formation of a 2D SOF from the O]-complex and indicated that the extend macrocyclicieament eect of the

enhancement ofuorescence by THF in water. Reproduced WithQ[8] host is not always conducive to high quality

permission from réD5 Copyright 2015 Royal Society of Chemistry. luminescence in the supramolecular polymers, and the
mechanism of thauorescence quenching is not clear so far.

The same group later discovered that an achiral Q[8]-based
uorescent emission was observed for the TPE-derivedorescent SOF exhibited adaptive chirality in the presence of
cationic guest0 because of its greater solubility in water.L.-/D-phenylalanine (Phe) in water due to the dynamic
Remarkably enhancedorescence emission was observedotational conformation of the TPE groups in the nemh
when Q[8] was complexed with the four amg©e6 forma  Q[8] cavity>®” From a structural viewpoint, TPE molecules
monolayered 2D SOF in water. Moreover, the emission of ti@n exist as anticlockwise-tyl# énd propeller-like clock-
monolayered SOF underwent further enhancement whenvase-typeR) due to the rotational conformation of the four
poor solvent, such as THF, was added to the aqueous solutf@renyl rings. Therefore, the TPE moiety was designed as the
due to the presence of stacked layers together with the primalgnamic chirality-responsive component aodophore of
2D layered structures. guest63, with four coumarin arms as linking units at the
Cao and co-workers demonstrated another type of Q[8}erminus for dimerization inside the Q[8] caviigiire 48).
based uorescent and shape controllable $Qf(e 44)>°° As expected, a 2D SOF of QfFwas stably formed with
TPE derivative$1 and 62 were synthesized, containing strong uorescence enhancement in aqueous media due to the
pyridinium and vinyl-pyridinium moieties, respectively, as thextended comement eect from the Q[8] cavity to the
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Figure 44.(a) Chemical structures ®f and62 and schematic representations of related formation of supramolecular network-type layers and
frameworks. Florescence spec#a (if) and62 (c) with increasing concentrations of Q[8] in water (pH 6.3). SEM images of (183

(e) Q[8]-62 CLSM of HelLa cells costained with (f) Q§&]and (g) the addition of MADA. Reproduced with permission from2&f

Copyright 2018 Wiley-VCH.

polymer structure. A Cottonext experiment suggested that SOFs by tuning the homodirectioriab( M) rotation of the

the TPE units in the SOFs adopted a racemic rotationdlPE units. The authors also found that the adaptive chirality of
conformation, indicating that homodirectional rotatidoal the SOFs could be induced by small amounts of ATP or ADP
M conformations were not induced by SOF assemblyia electrostatic interactiomsglure 48). This result provides
However, the high selectivity of the SOFs toward Phe led teew insights for fabrication of chiral hgaest assemblies
discovery of the adaptive chirality property of the SOFs vimder the suitable camement eect.

ternary hostguest assemblies between the Q[8] cavity and Continuing study of the camement assembly of Q[8] with

the Phe/pyridinium-coumarin armé& As shown ifrigure TPE derivatives, Tang and co-workers developed a series of
4%, addition of-Phe to the solution of Q[&3 induced a  Q[8]-TPE-based supramoleculaorescent emission systems
remarkable positive Cottoneet at 323470 nm, while a  for cell line identcation, cell contamination evaluation, and
similar negative Cotton ext was induced at 32870 nm cancer cell discriminatiof.As shown irFigure 48, three
whenbp-Phe was added to the SOFs solution. The mirrorguests §4 66) were simply synthesized by appending
image circular dichroism spectra ooed the adaptive di erent numbers of vinyl-pyridinium groups to the TPE
chirality of Q[8]63 with P or M rotational conformations of core and used to construct various tgpstst assemblies with

the TPE groupsM-TPE andP-TPE exhibit similar positive Q[8], including linear supramolecular polymers, hyper-
and negative circular dichroism signals, respectively) beibgnched structures, and SOFs. Fluorescence spectra showed
induced by the enantiomers. In other words, the suitable largeat all of the Q[8]-based TPE complexes exhibited similarly
con ned space of the Q[8] cavity, which enables the dynamitronger uorescence intensities than the corresponding free
reversibility of Q[8B3 binding with chiral guests, is the key guests. However, bioimaging studies suggested ¢hantdi
factor to form the secondary supramolecular assembly, inorescent intensities were observed depending on the amount
which the chirality of chiral guests can be transferred to thef these supramolecular assemblies accumulated in cells. For
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di erent 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 Hosguest
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-coeament eect to enhance
intersystem crossing, pure organic RTP emission from Q[8]-
based complexes is mainly due toxbd dimer conformation
of phosphors with a heavy atorect in the Q[8] conned
cavity. In other words, the high quality of the pure organic
RTP emission of the Q[8] complex is partly due to the
hydrophobic esct induced by the macrocyclic cament
and partly due to the camed spacexed 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 o087, in which two phosphor 4-(4-
bromophenyl)pyridinium branches were linked to a triazine
core Figure 4&)°" In the presence of Q[8] host, guégt
was encapsulated to form a 2:2 quaternary complex. Single-
crystal structure analysis provided unequivocal proof of the
dimer assembly 6. As shown iirigure 4, the phosphor
4-(4-bromophenyl)pyridinium groups were ged within
the Q[8] cavity with cofacial parallel and staggered arrange-
ments, producing a structure-restricted dimer with a new
Figure 45.(a) Chemical structure o83 and a schematic charge-transfer triplet state that gave yellow RTP emission at
representation of the formation of SOFs of @®B]via 565 nm in water under visible-light excitatiGgufe 4¢).
homodimerization between Q[8] and the two coumarin a3 in  The lifetime of the yellow emission was 0.19 ms. Notably, the
(b) Adaptive chirality of SOFs of Q@}induced by-/p-Phe via  greatly enhanced intensity of this band ungatrhbsphere
heterodimerization with partial Q[8] and one coumarin aBaf clearly suggested its phosphorescent nature. In addition, free
the SOFs. (c) Adaptive chirality of SOFs of @BJnduced by guest67 displayed blueuorescence at 445 nm. Therefore,
ATP/ADP via electrostatic interactions (dashed lines) within .thgtunable emission color from blue to yellow, including white
?rgi;tlygflgo(%hgrg;;igﬁ{%;{ U\'/ﬁei_ov'zsl‘_LRepmduced with perm'ss\?grht, was achievgd depending on the presenceepimji
amounts of Q[8] in aqueous media through combination of
dual uorescencghosphorescence emissieigire 4d).

example, the Q[8}4 complex stained both the cell membrane  Similar work was reported by Liu et al. in 262,which

and the inside of the cells, while Q@B]-and Q[8]66 a 4-(4-bromophenyl)pyridimn-active pure organic RTP
assemblies were only observed inside theFdglise(46). emission system based on Q[8] was fabricated by taking
Overall, cells treated with Q[8% had the strongest advantage of the Q[8] camed rigid hydrophobic cavity. The
uorescence, followed by cells treated with 3[&nd  Phosphor 4-(4-bromophenyl)pyridinium containing diethanol-
then those treated with Q[8p. The authors proposed that amine 68) assembled into a dimer structure in head-to-tail
this phenomenon was due to theedig sizes and shapes of fashion due to the strong coement of the Q[8] host

the host guest assemblieBiqure 4B). For example, the (Figure 48 In particular, the hydrogen bonding between the
QI[8]-64 assembly was the smallest and readily stained tK&{8] portals and8 further strengthened the dimer assembly.
cells. The behaviors of the QfF-and Q[8]66 assemblies, Consequently, this inclusion form of the assembly promoted
which were a similar size, were@mced by their shapes. The halogen bonding by shortening the distance between the
spherical assemblies of Q§8]were taken up much more carbonyl groups and bromine, leading tdeamt phosphor-
easily by cells than the square assemblies o6@[gjpst escence from the hoguest complex in aqueous media.
interestingly, the authors found that the same types of host On the basis of the above results, the authors subsequently
guest assembly exhibitededént uorescence responses if reported the construction of another type of purely organic
incubated with derent cell lines. For example, T24 cellslight-harvesting phosphorescence energy transfer system for
(cancer) incubated with Q[8M for 20 min exhibited double ~mitochondria-targeted imaging.In this system, 4-(4-
growth ratio compared with SV-HUC-1 cells (normal). Inbromophenyl)-pyridine-moéid -cyclodextrin (CD-PY)

other words, derences in the microscopic nities of was the donor, rhodamine B (RhB) was the acceptor, Q[8]
di erent cells for derent supramoleculamorescent acted as a mediator, and adamantane-appended hyaluronic acid
assemblies in this work could be quickly converted intHA-ADA) was the cancer-cell-targeting agent. The CD-PY
macroscopicuorescent signals. The data were transformedonor remained silent with no RTP emission in the free state
into a generalngerprint using linear discriminant analysisjn water. RTP emission at 510 nm was activated when Q8]
which enabled clustering and cleatbn of all the cells, was added to the solution to form a 1:2 supramolecular
including normal cell lines, eient cancer cell lines, and complex (Q[8]-CD-PY). Subsequently, the RhB acceptor,
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Figure 46.(a) Chemical structures ® 66 and schematic representation of the formation of the supramolecular AIE complex&4, of Q[8]-
Q[8]-65, and Q[8]66. (b) SEM images of Q[&4, Q[8]-65, and Q[8]66. (c) CLSM images of SV-HUC-1 cells (normal) and T24 cells
(cancer) costained with Q[8%, Q[8]-65, and Q[8]66 at 37°C. Reproduced with permission fron2@&f Copyright 2020. American Chemical
Society.

which was included in the cavity otyclodextrin and included in the Q[8] cavity with a head-to-head complex
exhibited a broad absorption bond at 430 nm, was model under the macrocyclic-amment eect. As shown in
added to the solution of Q[8]-CD-PY. As a result, highlyFigure 58, uorophore gues69 was synthesized from
e cient energy transfer and an ultrahigh anteneet e phenylpyridinium salt with don@cceptor moieties linked
(36.42) occurred between Q[8]-CD-PY and RhB, since therky an alkyl chain. Gued® formed a 1:1 complex with the
is ideal overlap of the absorption spectrum of RhB and th@[8] host, in which the bromo-substituted group was folded
phosphorescence emission of Q[8]-CD-PY. Interestinglpack and stacked with the thioether-substituted phenyl-
enhanced delayed emission at 590 nm was observed wipgmidinium moiety in the Q[8] coned cavity, and an
Q[8]-CD-PY@RhB was assembled with HA-ADA into nanoe ective ICT was triggereéigure 5B). The eective ICT
particles figure 48). Such supramolecular assembly induceéurther increased the rate of intersystem crossing by reducing
delayed emission has been successfully exploited tbe energy gap between singlet and triplet states of the
mitochondria-targeted imaging of A549 cancer Egjleg uorophore, which thereby led to arcient red-shifted RTP
4%). Herein, the Q[8] as mediator and the resultingemission. Additionally, the strict encapsulation of the guest in
con nement eect play the crucial role in the phosphorescencéhe Q[8] conned cavity and the resulting formation of
energy transfer system by switching the phosphorescemattamolecular halogen bonds also favored RTP emission by
emission at 510 nm. increasing the rate of radiative dec&@5bm T, t0 S, As a
Similarly, Liu and co-workers further successfully fabricategsult, RTP emission at 628 nm appeared after addition of
an e cient ultralong purely organic RTP emission system froiQ[8] with a lifetime of 133 s. The remarkably enhanced
Q[Sl-based supramolecular pins in the wed cavity figure intensity of this band upon vacuum degassing of the solution
50).“** Unlike the representative examples described above finther conrmed the phosphorescent nature of the supra-
which the two 4-(4-bromophenyl)pyridine-medi guests  molecular pins. In order to reduce the ACQ-induced
were simultaneously encapsulated by Q[8] in a head-to-taibnradiative transition of phosphors, polyacrylamide, poly-
complex fashion, the supramolecular pins have one guéshyl alcohol), and-cyclodextrin (ratio of phosphors was
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Figure 47.(a) Chemical structure @&7. (b) X-ray crystal structure of QBJ- (c) Normalized emission spectra6@fwith increasing
concentrations of Q[8] from 0 to 1.0 equiv in water at 298 K. (d) @GEvath di erent amounts of Q[8]. Inset: photograpt&rafith 0, 0.3,
and 1.0 equiv of Q[8] in water. Reproduced with permission fr6fn @Gfpyright 2020 Wiley-VCH.

5%) were added to the solution of Q§8]-The solution was

then dripped onto treatedter paper. It was found that the
phosphorescent material in tHeer paper exhibited the
highest phosphorescence QY (99.38%) with a visible afterglow
lasting up to 110.2 ms. Belireg from the red-shift of the
absorption peak of the hogtiest interaction-induced ICT,

the red phosphorescence of the supramolecular pins was used
for cell imaging, exhibiting good colocalization with Mito-
Tracker Green (mitochondria markéfig(re 5d).

Figure 48 Chemical structure 68 and schematic illustration of the 6. SUPRAMOLECULAR ORGANIC LUMINESCENT

phosphorescent supramolecular assembly oB6&[Beproduced EMISSIONS FROM THE Q[10] HOST
with permission from refl2 Copyright 2021 Royal Society of 3536 .
Chemistry. Although the larger homologu€§13 15], containing

more glycoluril units than Q[10], have been synthesized by
Tao and co-workers in recent years, their cavities are no larger

Figure 49.(a) Schematic representation of construction of the supramolecular assembly for a purely organic light-harvesting phosphoresc
energy transfer system and related molecules. (b) CLSM images of A549 cells costained with Mito-Tracker Green and Q[8]-CD-PY@RhB@
ADA. Reproduced with permission fron2t&f Copyright 2020 Royal Society of Chemistry.
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Figure 50.(a) Schematic illustration of the formation of supramolecular pi®R[&) Proposed mechanism of the enhancement of ICT
resulting from molecular folding. (c) Possible mechanisriefitand red-shifted phosphorescence. (d) CLSM images of A549 cells incubated
with Q[8]-69. Reproduced with permission from2fef Copyright 2021 Wiley-VCH.

than that of Q[8] because of th&iwisted conformations.
Consequently, Q[10] has the largest cavity of thé Q[
family>® It is expected that there are many opportunities for
the development of unique supramolecular systems based on
the Q[10] host. In the light-emissioald, reported studies
indicate that the capacious cavity of Q[10] makes it possible to
include bulkier dyes with stronger macrocyclicxeorent
e ects’'® ?'® and the resulting eahced luminescent
emission systems have potential application as chemosensors
and in cell imagirfg? #**
Wallace and co-workers reported rgstst complexes of
Q[10] with a series of iridium(lll) polypyridyl complexes
(Figure 5%.7%%%%° |t 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 comed cavity with the strong
con nement eect, which thus shortens the mdigand
bonds and increases the ligagld-strength. As a result, this
host guest complex behavior is expected to bbwelevels
and, hence, raise the metal-to-ligand charge-transfer energy to
produce an enhanced blue-shifted emission. Utilizing the largégure 51.(a) Chemical structure of the iridium(Ill) complex
cavity of Q[10], a [2]rotaxane with a Q[10] wheel and a TPE-{Ir(ppy-CHO)(bpy)]* (ppy-CHO = 2-pyridinebenzaldehyde, bpy =
ended axle was described by Cao and co-wofkers.axle  2.2-bipyridine) (rCHO). (b) Molecular representation lo€HO
guest was synthesized by appending two TPE groups as gneapsulated within Q[10]. (c) Emission spectra in aquecass bu
end stopper groups on a positively chargedigydidine solution (pH 4.7) at 22C: freelrCHO (dashed, red); with added

. . . : . Q[10] in 1:1 molar ratio (dotted, blue); and with excess Q[10] (solid,
parent. This was included in the cavity of Q[10] through ion green). (d) Fluorescence images of I@EO (left) and Q[10]-

dipole interactions in dimethyl sulfoxide after heating@t 95 encapsulatet!CHO. Reproduced with permission from 22§
Encapsulation of the axlecéently restricted rotation of the  copyright 2013 Royal Society of Chemistry.

TPE moieties, turning onorescent emission. The addition of
a poor solvent to the [2]rotaxane solution further induced astructure revealed that the 3D-open-nanotube-based pillared
AIE phenomenon. Later, Liu and co-workers revealed that tigamond framework was assembled through outer-surface
TPE moiety can be included in the Q[10] cavity, andinteractions of Q[10] and poly(cadmium chloride) cluster
remarkableuorescence enhancement was observed due to thgaions ([CdCl,d® ) (Figure 52 SOFst was dipped into
restricted intramolecular rotation of TPE under theneen  acetonitrile/water (9:1, v/v) solutions containing rhodamine B

ment eect of the Q[10] host:® (709, pyrenemethanamine hydrochloridébl, and bath-

In 2017, Ni et al. reported a unique Q[10]-Clgy® - ocuproine hydrochloride7@g. These guest dyes were
based pillared diamond porous supramolecular framewarkciently adsorbed by Q[10]-SOFde form solid RGB
Q[10]-SOFst by mixing Q[10] and Cdgin aqueous HCI uorescent materials with excellent luminescent properties,

(8.0 mol/L) at room temperatufé® The X-ray crystal including high QY, as a consequence of theement eect
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Figure 52.(a) Crystal stacking structure and schematic representation of the 3D open-nanotube-based pillared diamond framework of Q[1
SOFst through the outer-surface interactions of Q[10] withGGd® . (b) Structures of the microcrystal of Q[10]-SD@§0a-c(c)
Comparison of the colors of Q[10]-SQF§0a, 70b70¢ Q[10]-SOFsk@70a Q[10]-SOFs@70h, and Q[10]-SOF&@70c under daylight

and UV light (365 nm). (d) Fluorescence spectra of Eididnd Q[10]-SOF4@70a (e) Fluorescence spectra of selidand Q[10]-SOFs-

1@70b. (f) Fluorescence spectra of s@ld and Q[10]-SOF4«70c Reproduced with permission from2&% Copyright 2017 American
Chemical Society.

Figure 53.(a) Crystal structures of Q[10]-SOEstb) Schematic representation of the sensing mechanism of Q[1QH8Opgridine.
Reproduced with permission from2&d Copyright 2021 American Chemical Society.

from the open portal size and large cavity of Q[10]. The ACQ Using the same strategy, Xiao et al. described another type
e ect of these dyes in the solid state was inhibited by thef Q[10]-[CdCl]? -based 1D-nanotube-like supramolecular
numerous regular nanopores of Q[10]-SDksvlating the  framework, Q[10]-SORS-by mixing Q[10] and Cdgin
uorophores by loading them into the rigid bed cavities ~adueous HCI (6.0 mol/L) at room temperatifdhe crystal

and channels under the nanooement eect. Consequently, ~ Structure exhibited perfectly aligned 1D Q[10]-based nano-

three solid-stateiorescent materials withaient red, green, ~tubes along theaxis. Each [CdgF anion connected with

and blue emission were successfully fabricated from Q[l(gﬁLIr Q[10] molecules through @-Cl bonds, and each

i i [10] molecule connected with eight [CJ€lanions in the
SOFst@703 Q[10]-SOFsk@70b, and Q[10]-SOF$@70G same wayHigure 5&). Each nanotube was assembled via the

rgspectwely. A whﬂe-hght-emlssmn system W't,h CIE o0 et surfaces of neighboring Q[10] molecules. After loading
dinates (0.32, 0.28) was obtained by simple mixing of Q[10}s; pyrene into Q[10]-SORX- the material exhibited a
SOFst@703 Q[10]-SOF<k@70h, and Q[10]-SOF&@70c uorescence quenching response to pyridine. Loading of
at a certain ratio by balancing the energy transfer between ighsyl chloride in Q[10]-SOEgroduced a rapid response to
Q[10]-SOFst-loaded dyes. This study provides an example gfyridine with signcant enhancement aforescence=(gure
Q[10]-based supramolecular inorgamiganic frameworks in  53b). The uorescence quenching of pyrene in Q[10]-20Fs-
the conned space-based solid luminescent materials. after adsorption of pyridine can be attributed to electron
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transfer from the pyrene unit to electrorciéat pyridine in  host guest binding modes of Q[7] and Q[8] with the FGGC-
the Q[10] cavity-based nanotubes. In the case of the Q[10JAUNCs. The relatively small cavity of Q[7] means that it can
SOFL2@dansyl chloride system, the enhanaetescence only form a cap on the surface of one AUNC by anchoring one
emission can be ascribed to a stronger €€t érom the FGG moiety, while Q[8] is expected to form a 1:2 complex
reaction of pyridine with sulfonyl chloride to form because of its larger cavity. A unique dimer assembly of AUNCs
sulfonylpyridinium chloride in the Q[10]-SQFsen ned was, therefore, formed in the presence of the Q[8] host.
channel space. This study highlights the potential applicationVery recently, Ni et al. found that anj@ortal-based host
of Q[10]-SOFs-derived nanocoement in luminescent guest assembly can be used to promote the formation of
materials. carbon dots (CDs) with a tunable particle size and high
uorescence emission via hydrothermal reaction from a single
7. SUPRAMOLECULAR ORGANIC LUMINESCENT  organic precursor in wateFiqure 58)2*° The organic
EMISSIONS FROM R[PARTICLES molecule tobias acid (TBA)71) formed CDs via a

Because of the unique property of the rigidrmhspaces conventional hydrothermal routg, but a very weak excitation
including the polar portals rimmed with carbony! grougls, Q[ Wavelength-dependent blue luminescence was observed. In the
hosts have attracted continuous attention for the constructigtiesence of Q[7] or Q[8] host, the yield of the CDs was

of various Qf] triggered assemblies of nanoparticles via host signicantly improved (from <10% to >60%), and they
guest interactior%? 247 put there are few examples of exhibited uniformly spherical morphology with a high degree
supramolecular luminescent emission systems derived fréfrcrystallinity. Fluorescence spectra revealed that bpth Q[
the assembly of @[ particles. In 2020, Ma and co-workers CDs exhibited excitation wavelength-independeses-

used Q[7] and Q[8] to prepare bright Au nanoclusters incence. As shown kigure 5b, Q[7] CDs exhibited strong
water via hosiguest-interaction triggered supramoleculalue uorescence f,= 465 nm, QY: 56.75%) with a lifetime

assemblies={gure 54)”*® FGGC-AUNCs were synthesized Up t0 96 ns, while yellow emission with a maximum at 545 nm
was observed for Q[8] CDs. Theorescence lifetime and QY

of Q[8] CDs were determined to be 5.43 ns and 35.5%.
Notably, theH 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 M& study, the derent uorescence of the Q[7]

and Q[8] systems is ascribed to theirmint cavity sizes
triggering dierent hostCD interactions. Importantlytd

NMR spectra indicated that the hagtest complexes of
Q[7/8] with guest71 were through portal-based idipole
interactions rather than the cavities. This binding behavior
greatly promoted and catalyzed the polymerizatith tof

form CDs Figure 56). Additionally, uorescence from the
dynamic hostparticle interaction of Q[8] CDs can be further
exploited as a sensitive biosensor for the adamantylamine
moleculesHigure 58) and cell imaging=(gure 58 and f).

This study suggests that thenjgjortal-interaction-derived

con nement eect may oer opportunities to develop a new
tool for fabricating smart and tunable CDs with new
properties.

Figure 54.(a) Schematic representation of the rgusest assembly
of Q[7] and Q[8] with FGGC-AuNCs. (b) Corresponding emission 8. SUPRAMOLECULAR ORGANIC LUMINESCENT

spectra and luminescence photographs. Reproduced with permissionE'VIISSIONS FROM Q[8]-BASED RING-IN-RING(S)
from ref248 Copyright 2020 Royal Society of Chemistry. COMPLEXES

In this example, taking advantage of the optical and electronic
by introducing FGGC N-terminal PheGly Gly Cys properties of the linear systems of oligp{phenyleneviny-
peptide) to the surface of gold nanoclusters (AuNCs). Théene) éOPV) dyes strongly depends upon structural
FGG moiety of the FGGC peptide served as a binding site féeatures® "' and uniqueOPV**-based binary and ternary
Q[7] and QI8], and the cysteine residue was used to form theng-in-ring(s) complexes with tunabiesrescent emission
compressed Au(l)-thiolate surface of AUNCs. FGGC-AuNCisave been reported by Stoddart and co-workers, which gives a
exhibited red emission in water with low QY (7.5%).better understanding theeet of Qh] macrocyclic come-
Remarkably enhanced luminescence was observed aftent in regulating the superstructure and electronic properties
addition of Q[7] or Q[8] to the solution Hgure 58). of the chromophore guésts show irFigure 58, the X-ray
Fluorescence is enhanced because the Au nanoparticles haugstal structure revealed that cyclopP®WwEBo&" adopted

more rigid structure after hogtiest self-assembly driven by a boxlike geometry with average dimensions 867 A in

the cavity-derived carement eect, ion dipole interaction,  the solid state. Cycloph@DBVEBo&" as guest ring exhibited

and H-bonds. However, the Q[7]/FGGC-AuNGspra- sky blue uorescence emission (482 nm) in aqueous solution.
molecular assembly exhibited brighter red emission at 68&iring the formation of the binary QBPVEBo&" (1:1)

nm with a high QY of 51% compared to a QY of 39% foand ternary Q[8PPVEBo0&" (2:1) ring-in-ring(s) complexes,
Q[8]/FGGC-AUNCs. This can be attributed to theedént tunable uorescent emissions from sky blue to cyan, green, and

Al https://doi.org/10.1021/acs.chemrev.1c01050
Chem. RewXXXX, XXX, XXXXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig54&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig54&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig54&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c01050?fig=fig54&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c01050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR

Figure 55(a) Schematic representation of the Q[7/8]-assisted formation of tunable CDs from single organic precttsoraciait (vater.
Fluorescence spectra of (b) Q[7] CDs and (c) Q[8] CDs areit 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] CI
Reproduced with permission from2eed Copyright 2021 Royal Society of Chemistry.

yellow are observed, due to the narrowing in the energy gapstipsoidal deformation in order to form the ring-in-ring(s)
the cyclophane ring within the rigid hydrophobic cavities ocfomplexes. Electrostatic potential analysis résylis (56)

the Q[8] cavity Figure 56). Namely, the nanocaored space  suggested that after complexing with one and two Q[8] hosts,
of the Q[8] host promotes the tighter stacking of the the electronic cloud density in the original electrariedé

OPV chromophores in the cyclophane guest. Density fun®PVEBoR" cyclophane increases gradually as a result of
tional theory (DFT) calculations were performed by theintermolecular charge transfer. Undoubtedly, this study
authors to cormrm this issue. In the case of the binary Q[8]- provides clear evidence for the role of theneoment eect
OPVEBo0%" (1:1) complex Figure 5B), the OPV?* in Q[n]-based supramolecular luminescent emissions.
chromophores were compelled to bend into the cavity of the

cyclophane with the centroid-to-centroid distance being. CONCLUSION AND OUTLOOK

reduced to 3.9 A, and the strain energy was calculated to Q¢n]s as classical macrocyclic hosts distinguish themselves
28.6 kcal/mol. In the case of the ternary @BVEBo%" from other articial organic macrocycles for fabricating smart
(2:1) complex igure 56), the wholeODPVEBoX" ring was supramolecular organic luminescent emissions in recent years,
squeezed, which is attributed to the compression from the twdoe to the tunable macrocyclic-cement eect from the

QI[8] hosts, and the strain energy was found to be 42.9 kcatlon ned rigid molecular spaces withedint sizes? %2

mol. Meanwhile, the-xylylene linkers were forced to bend, Generally, the characterization afl®psed supramolecular

with the distance between their two peripheral nitrogen atonmsganic emissions with the size-dependemement eect

of 5.3 A. Importantly, the Q[8] host also underwent ancan be classid by the following: (1) The rigid caored cavity
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Figure 56.(a) Chemical and crystal structur@®VEBo#". (b) Ring-in-ring(s) representations of the optimized superstructure of the binary

Q[8]-OPVEBo%" (1:1) complex determined by DFT calculations. (c) Ring-in-ring(s) representations of the optimized superstructure of the

ternary 2Q[8JOPVEBo%* (2:1) complex determined by DFT calculations. (d) Electrostatic potential maps ofQR&/EBef" complex,

binary Q[8]OPVEBo&" (1:1) complex, ternary Q[&@PVEBo&" (2:1) complex, and free Q[8], respectively. (€) Emission spectra and
uorescent photographs @PVEBo%" with di erent equivalents of Q[8] in aqueous solution. Reproduced with permission f®m ref

Copyright 2021 American Chemical Society.

Figure 57 Calculated electrostatic potential at the B3LYP/6-&l&l of theory for Q[5], Q[6], Q[7], and Q[8]. Reproduced with permission
from ref263 Copyright 2012 American Chemical Society.

and the carbonyl oxygen atoms at the rim of the pathr Q[ induce dierent luminescent emissions from the same included
portal can eciently change the electron density distributiondye guest and in some cases undergo larger Stokes shifts. It is
or charge transfer of the dye guest molecules. In particulpnssible to prepare multicolor luminescent materials that do
they can switch the luminescence properties of the dyeot rely on the principle of Fourier resonance energy transfer
molecule simply and eiently through multiple noncovalent (FRET) through'single excitation with multiple independent
interactions without the @@ for complicated organic emissioris(3) The conned hydrophobic cavity of i§ can
synthesis. (2) @] con ned cavities with dérent sizes can e ectively improve the emission lifetime, quantum vyield. and
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