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Organic photoluminescent macrocyclic hosts have been widely advanced in many fields. Phosphorescent
hosts with the ability to bind organic guests have rarely been reported. Herein, acyclic cucurbituril modified
with four carboxylic acids (ACB-COOH) is mined to present uncommon purely organic room-temperature
phosphorescence (RTP) at 510 nm with a lifetime of 1.86 pus. Its RTP properties are significantly promoted
with an extended lifetime up to 2.12 s and considerable quantum yield of 6.29% after assembly with
a polyvinyl alcohol (PVA) matrix. By virtue of the intrinsic self-crimping configuration of ACB-COOH,
organic guests, including fluorescence dyes (Rhodamine B (RhB) and Pyronin Y (PyY)) and a drug
molecule (morphine (Mor)), could be fully encapsulated by ACB-COOH to attain energy transfer
involving phosphorescent acyclic cucurbituril. Ultimately, as-prepared systems are successfully exploited

to establish multicolor afterglow materials and visible sensing of morphine. As an expansion of
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different aromatic sidewalls. This study develops the fabrication strategies and application scope of
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Cucurbit[n]urils (CB[n])-based supramolecular organic lumi-
nescent emission has attracted a considerable amount of
attention and has been broadly used in many fields, including
biological imaging," organic light-emitting diodes,> sensing and
detection.’ The macrocyclic-confinement derived from the rigid
pumpkin-shaped structure can apparently adjust the guest
aggregation performance, and thus various intelligent organic
light-emitting materials in aqueous media and in the solid state
have been developed.* Recently, it has been documented that
CB[n] (n = 6, 7, 8, or 10) can induce high-efficiency RTP by
forming stable complexes with phosphorescent guests in the
solid state and in an aqueous medium.® The stiff cavity of CB[n]
effectively enhances intersystem crossing (ISC) and significantly
inhibits the vibration of chromophore molecules, thus reducing
nonradiative transitions.® Besides, the hydrophobicity of the CB
[1] cavity effectively suppresses the quenching of the triplet state
of the phosphor by water molecules or oxygen. Corresponding
reports have focused on the macrocyclic or assembly confine-
ment effect towards phosphorescent guests, and the macrocycle
itself cannot produce emissive characteristics. Additionally, it is
a formidable challenge to achieve the chemical modification of
CB[n], which greatly hinders the application scope of functional
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luminescent materials. In advanced studies, acyclic cucurbi-
turils derived from a glycoluril tetramer (ACB) have been
explored as a class of novel macrocycle,” consisting of ACB to
which aromatic terminals have been attached. Acyclic cucurbi-
turils possess good water-solubility and impart an overall C-
shaped configuration, which shows unique molecular recogni-
tion properties and self-assembly performance, in particular
revealing a high affinity for various drugs and some organic dye
molecules.® By connecting different aromatic sidewalls, diverse
acyclic cucurbituril derivatives with luminescent performance
have been successfully designed and synthesized,” which
endows them with externally adjustable structures and revolu-
tionary properties, thus greatly expanding their application
potential in smart luminescent materials.

With the development of supramolecular photoluminescent
macrocyclic hosts,” the host-guest interaction provides
a desirable platform for potentially regulating photo-
luminescence performance." In contrast to fluorescent macro-
cyclic hosts, phosphorescent ones promise prominent
advantages, such as long lifetime and large Stokes shifts, which
can mitigate interference from background fluorescence.> To
achieve efficient phosphorescence emission, three basic
conditions need to be considered: ensuring effective ISC,
minimizing nonradiative relaxation and reducing quenching
loss of the triple-excited state.® Apart from CB macrocyclic

confinement phosphorescence emission, structural
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immobilization of macrocyclic hosts can also realize triplet
emission for the host itself. Some feasible strategies have been
proposed, such as macrocyclization of an organic lumino-
phore,* doping,* crystallization'® and polymerization to build
phosphorescent macrocyclic materials.”” For instance, Tang
et al. described a series of crown-ether-based RTP materials
through recrystallization strategies and achieved phosphores-
cent modulation after complexing with potassium.”® A
cyclization-promoted RTP system has been reported by Huang
and co-workers, which showed progressive enhancement of
low-temperature phosphorescence from a carbazole unit to
linear conjugation and thence to a cyclic conjugated molecule.*®
Despite significant progress having been made in the prepara-
tion of phosphorescent systems based on CB[z]-confinement or
host self-aggregation, the phosphorescence behaviour of gly-
coluril derivatives has so far not been reported, to the best of
our knowledge. Glycoluril-based cucurbituril derivatives show
improved water-solubility with considerable ability to include
guests to facilitate phosphorescence performance and exhibit
tuneable photophysical performance by connecting different
aromatic sidewalls. In particular, phosphorescent hosts with
the ability to bind organic guests for energy transfer or to
influence electron transfer have not yet been developed. Unlike
the traditional cascaded assembly confined triplet-to-singlet
energy transfer process (TS-FRET) process, phosphorescent
hosts as donors could take part directly in the TS-FRET process
by encapsulating an organic dye acceptor because of the close
distance between the donor and acceptor. This strategy is of
cardinal significance for the promotion of increasingly sophis-
ticated supramolecular materials.

In this study, we report a phosphorescent ACB-COOH
(Scheme 1) which generated an uncommon phosphorescence
emission at 510 nm. The carbonyl-rich glycoluril oligomer was
introduced to boost the inefficient ISC. After embedding into
the PVA matrix, it exhibited ultralong phosphorescence emis-
sion with a lifetime of 2.12 s because abundant hydrogen-
bonding interactions between ACB-COOH and PVA sup-
pressed nonradiative decay processes. Control studies in the
film state revealed that the (p-phenylenebisoxy)diacetic acid
(Ph-COOH)@PVA system was barely emissive, which further
implied that the carbonyl-rich glycoluril oligomer with a self-
crimping configuration are vital factors in producing effective
afterglow emission. Benefiting from excellent host-guest
recognition properties, two kinds of guest (Rhodamine B (RhB),
Pyronin Y (PyY) and morphine (Mor)) were selected to be
encapsulated by phosphorescent ACB-COOH. The inclusion
interaction with Mor led to phosphorescent quenching via
a photoinduced electron transfer (PET) process, which was
utilized as an effective probe for the visible detection of Mor.
Interestingly, an RhBCACB-COOH@PVA or a PyYCACB-
COOH@PVA system would show orange or red afterglow
emission through TS-FRET. In view of their various lifetimes
and colourful afterglow emissions, obtained films were shaped
by paper cutting craft with multicolour afterglow emission and
utilized for digital encryption and multi-level anti-
counterfeiting.

5164 | Chem. Sci, 2024, 15, 5163-5173

View Article Online

Edge Article

Results and discussion

Possessing a C-shaped configuration, ACB-COOH consists of
ACB bridged by methylene and o-xylylene rings substituted with
OCH,COOH groups as terminal walls," which shows unique
molecular recognition properties. ACB-COOH was synthesized
in accordance with previously reported procedures, and the
chemical structure was characterized by nuclear magnetic
resonance spectroscopy (NMR) (Fig. S1 and S21) and high-
resolution mass spectrometry (Fig. S31). ACB-COOH defines
a hydrophobic cavity and shows high affinity for organic
ammonium ions through electrostatic interactions. The UV-vis
absorption spectrum of ACB-COOH in aqueous solution was
measured, showing maximum absorption at 290 nm (Fig. S77).
Considering its symmetrical structure with abundant carbonyl
groups, it was expected to enable the RTP emission of ACB-
COOH attributed to the attachment of potential phosphor Ph-
COOH sidewalls.>* ACB-COOH powder revealed an uncommon
RTP emission in the gated spectrum with a lifetime at 510 nm of
1.86 us (Fig. S9t). Polymer confinement was confirmed as
a useful method to construct amorphous materials with ultra-
long RTP emission, because abundant inter-/intramolecular
interactions greatly restrict molecular motion.** It is well
documented that PVA has a considerable oxygen barrier, which
plays an extremely important role in the preparation of polymer-
based RTP film materials, especially with hydrophilic molecules
owing to its effective rigidification effect.”” Encouragingly, ACB-
COOH was doped into the rigid PVA matrix to fabricate the
amorphous ACB-COOH®@PVA film. An aqueous solution of ACB-
COOH@PVA was prepared by heating and ultrasonic treatment,
and then, the above solution was drop-casted onto quartz flakes
followed by drying thoroughly to remove water to promote the
generation of hydrogen-bonding interactions between ACB-
COOH and the PVA matrix. As shown in Fig. 1a, the obtained
ACB-COOH@PVA film exhibited a main emission peak at
320 nm with a lifetime of 2.04 ns (Fig. 1f), which was attributed
to fluorescence emission. In the time-resolved (gated) spectrum
of the ACB-COOH film (Fig. 1a), there was a prominent emission
peak at 510 nm. The time-resolved emission decay curve
described a phosphorescence lifetime of the ACB-COOH@PVA
film at 510 nm of up to 2.12 s (Fig. 1e), while the correspond-
ing quantum yield was 6.29% (Fig. S8t). In contrast, the gated
spectrum of the neat PVA film was silent (Fig. S101). The above
results suggested that the phosphorescence emission origi-
nated from ACB-COOH and the ACB-COOH@PVA film pos-
sessing abundant hydrogen-bonding networks efficiently
limited the phosphor vibration to inhibit the nonradiative
relaxation channels of triplet excitons. We further measured the
excitation-dependent phosphorescence emission maps of the
ACB-COOH@PVA film (Fig. 1b). When the excitation wave-
length changed from 260 nm to 360 nm, the phosphorescence
emission was dominated by emission centered at around
510 nm, with the optimal excitation being 280 nm. It is highly
significant that the amorphous host with long-lived supramo-
lecular phosphorescence was obtained under ambient condi-
tions. To investigate the effect of doping concentration on RTP

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of phosphorescent acyclic cucurbituril solid supramolecular multicolour delayed fluorescence.

performance, different concentrations of ACB-COOH-doped
PVA films were prepared (Fig. S11f). Upon increasing the
weights of ACB-COOH, the RTP emission intensity and lifetime
gradually increased (Fig. S12t1). We determined the optimal
doping concentration to be 1.7 wt% in subsequent research into
the photophysical properties of the ACB-COOH@PVA system.
Moreover, when the doping percentage of ACB-COOH (1.7 wt%)
was fixed, the phosphorescence performance of ACB-COOH was
studied with different concentrations of PVA. The optimal
concentration was determined to be 60 mg mL ™" (Fig. S137).
When the ACB-COOH@PVA film absorbed water vapor from the
atmosphere, its RTP intensity was gradually decreased
(Fig. S1471). Other polymer matrices, such as sodium poly-
acrylate (PAAS) and polyacrylamide (PAM), were employed to
conduct control experiments (Fig. S151). ACB-COOH/PAAS and
ACB-COOH/PAM systems showed almost identical profiles of
steady-state and gated spectra to the ACB-COOH@PVA system.
For the phosphorescence lifetime at 510 nm, that of the ACB-
COOH/PAAS system was measured to be 129.2 ms and that of
the ACB-COOH/PAM system was 272.2 ms, greatly inferior to the
ACB-COOH®@PVA system.

To gain deeper insight into the phosphorescence emission of
the ACB-COOH@PVA system, some control experiments were
conducted, taking advantage of Ph-COOH, ACB and diethyl 2,2’-
(phen-1,4-ylenedioxy)bis(acetate) (Ph-COOEt). First, the phos-
phorescence properties of Ph-COOH-, ACB-, and ACB-COOH-
doped PVA films were observed before and after 280 nm UV
excitation under ambient conditions. A clear green afterglow

© 2024 The Author(s). Published by the Royal Society of Chemistry

lasting 10 s was captured in the ACB-COOH film, but no after-
glow was noticed in the other films after turning off the UV lamp
(Fig. 1g and Movie S1f). Furthermore, the detailed photo-
physical performances of the above films were described with
delayed spectra and time-resolved emission decay curves. Ph-
COOH-doped film showed a very weak emission peak at
510 nm in the delayed spectra which was assigned to m-T
stacking interaction between two Ph-COOH from its aggrega-
tion state in the PVA film.”® Compared with that, the RTP
intensity of the ACB-COOH®@PVA film presented dramatic
strengthening under same experimental conditions (Fig. 1c and
S167). Significantly, the lifetimes of Ph-COOH- and Ph-COOEt-
doped films at 510 nm were measured to be only 2.75 ps and
2.80 ps, respectively (Fig. le and S171), further manifesting
fantastic RTP emission features for the ACB-COOH®@PVA film
with a second-level lifetime. This phenomenon was mainly
caused by multiple carbonyl and nitrogen atoms from ACB
greatly boosting spin orbit coupling and triggering effective ISC
processes, resulting in uncommon long-lived phosphorescence
behaviour in the acyclic cucurbituril. At the same time, the
carbonyl and nitrogen atoms synergistically participated in the
formation of hydrogen-bonding networks with the PVA matrix
to restrain the nonradiative transitions of the triplet-state exci-
tons.”* In addition, the ACB-doped PVA film showed phospho-
rescence emission at 480 nm, and the phosphorescence lifetime
was 7.50 ms (Fig. S181), implying that the phosphorescence
emission of ACB-COOH@PVA stemmed mainly from the
aromatic sidewall Ph-COOH rather than the ACB moiety.

Chem. Sci., 2024, 15, 5163-5173 | 5165
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Fig. 1 (a) Steady-state and gated (delay time: 1 ms) spectra of the
ACB-COOH film. (b) Phosphorescence excitation mapping of the
ACB-COOH film. (c) Delayed spectra of the ACB-COOH film and Ph-
COOH film. (d) Transient emission spectrum of the ACB-COOH film,
excited at 280 nm. (e) Phosphorescence lifetime decay curves of the
ACB-COOH film and Ph-COOH film at 510 nm. (f) Fluorescence life-
time of the ACB-COOH film at 320 nm. (g) Afterglow performance of
ACB-COOH, Ph-COOH and ACB films under a 254 nm UV lamp as
well as removal of the excitation.

Furthermore, to investigate the close-range interaction between
ACB and phosphors, a physical mixture of ACB and Ph-COOH
was incorporated into the PVA matrix, which displayed much
weaker phosphorescence emission at 425 nm with a lifetime of
16.06 ms (Fig. S191). Additionally, cucurbituril, with a defined
rigid pumpkin-shaped structure and characterized by a perfect
cyclized conformation, was exploited to create a macrocyclic-
confined phosphorescence assembly. CB[7] was employed to
interact with Ph-COOH to explore the comparison effect of the
cyclization conformation on phosphorescence properties. As
demonstrated in Fig. 5201, CB[7]@Ph-COOH-doped PVA films
revealed RTP emission at 400 nm, and the corresponding life-
time was 0.112 ms. The above results jointly demonstrated that
the covalent attachment and self-crimping configuration greatly
limited the vibration of phosphor and enhanced ISC processes
to achieve effective phosphorescence behaviour in the acyclic
cucurbituril.

To further prove the phosphorescence property of ACB-
COOH, temperature-dependent emission spectra as well as
time-resolved emission decay curves were obtained. With the
temperature increasing from 77 K to 298 K, the phosphores-
cence emission intensity and lifetime of ACB-COOH powder
apparently decreased (Fig. 2b, ¢ and S21%). Remarkably, the
phosphorescence emission peak was located at 425 nm at 77 K,
which would redshift to 510 nm as the temperature rose to 298
K. The green long-lived phosphorescence emission around
510 nm was ascribed to a -7 stacking interaction between two
Ph-COOH in ACB-COOH. Furthermore, we speculated that the
emission at 425 nm at 77 K was assigned to the isolated Ph-
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COOH chromophore.” To confirm this hypothesis, the phos-
phorescence spectrum of Ph-COOH in N,N-dimethylformamide
(DMF) at extremely low concentration was measured at 77 K
(Fig. 2d). It showed a characteristic blue emission at around
420 nm, representing the phosphorescence emission of isolated
Ph-COOH, which suggested that the phosphorescence spectrum
of ACB-COOH at 77 K at around 420 nm belonged to isolated
sidewalls. We also performed the temperature-dependent
emission spectra of the ACB-COOH®@PVA film and tested cor-
responding lifetimes (Fig. 2a and S$22-S24%). As shown in
Fig. 2d, the photograph of the ACB-COOH film at 77 K displayed
bright blue afterglow emission after removing the excitation
light source. Temperature-related spectral experiments have
confirmed its RTP emission properties, excluding thermal
activation delayed fluorescence (TADF).

Further, 4-(carboxymethoxynaphthalen-1-yloxy) acetic acid
(Nap-COOH) modified ACB (ACB-NapCOOH) was synthesized to
develop the ultralong phosphorescence behaviour of solid
supramolecular acyclic cucurbituril (Fig. S4-S67).* ACB-
NapCOOH possessing an extended aromatic conjugated struc-
ture exhibited good hydrophilicity owing to its solubilizing
propoxycarboxylate side-chains. The steady-state and delayed
spectra of the ACB-NapCOOH powder exhibited fluorescence
emission at 380 nm and RTP emission at 540 nm, and the
lifetime of RTP emission was 1.72 ps (Fig. S251). Finally, the
ACB-NapCOOH®@PVA film was prepared using the aforemen-
tioned method. As depicted in Fig. 2e, the ACB-NapCOOH@PVA
film displayed a fluorescence emission band at 380 nm
according to the steady-state photoluminescence spectrum, and
the fluorescence lifetime was 6.69 ns (Fig. S261). The ACB-
NapCOOH®@PVA film presented a dominant redshifted emis-
sion band at around 540 nm compared with the ACB-
COOH@PVA system in the gated spectrum, attributed to the
extension of the m-conjugate structure of aromatic capping
groups. Moreover, an obvious yellow afterglow of ACB-
NapCOOH@PVA film could be seen by the naked eye under
ambient conditions (Fig. 2g (inset)). According to the time-
resolved photoluminescent decay curve of the ACB-
NapCOOH@PVA film, the phosphorescence lifetime was
determined to be 274.3 ms (Fig. 2g). The difference in phos-
phorescent lifetime between the ACB-COOH film and ACB-
NapCOOH film was due to the aggregation-induced quench-
ing of naphthalene.”” The excitation-dependent phosphores-
cence emission maps of the ACB-NapCOOH®@PVA film
demonstrated that it had a certain emission centered at around
540 nm with a change of excitation wavelength between 265 nm
and 400 nm (excitation: 310 nm and emission: 540 nm) (Fig. 2f).
Moreover, the temperature-dependent emission spectra were
recorded for the ACB-NapCOOH powder (Fig. 2h). With
increasing temperature, the phosphorescence intensity and
lifetime revealed a decreasing trend, which eliminated the
possibility of TADF for the emission band at 540 nm. The
phosphorescence lifetime decay curves showed that the lifetime
of ACB-NapCOOH powder at 77 K was 578.3 ms (Fig. S277). The
delay spectrum of Nap-COOH in a low concentration of DMF at
77 K was measured, which represented the delayed emission
from a locally (monomer) excited state. In comparison, the Nap-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Temperature-dependent prompt spectra and delayed spectral curves of the ACB-COOH film. (b) Temperature-dependent lifetime

decay curves of the ACB-COOH powder from 77 to 298 K. (c) Temperature-dependent delayed spectra of the ACB-COOH powder from 77 to

298 K. Inset: enlarged view of temperature-dependent delayed spectra
phorescence spectra of Ph-COOH in DMF and the Ph-COOH powder at

of the ACB-COOH powder from 190 to 298 K. (d) Normalized phos-
77 K. Inset: photograph of ACB-the COOH film at 77 K under a 254 nm

UV lamp as well as removal of the excitation. (e) Steady-state and gated (delay time: 1 ms) spectra of the ACB-NapCOOH film. (f) Phospho-
rescence excitation mapping of the ACB-NapCOOH film. (g) Phosphorescence lifetime decay curves of the ACB-NapCOOH film at 540 nm.
Inset: a photograph of the ACB-NapCOOH film before and after turning off the UV lamp (300 nm) under an ambient atmosphere. (h)
Temperature-dependent prompt spectra and delayed spectral curves of the ACB-NapCOOH powder. (i) Schematic illustration of phospho-

rescent acyclic cucurbituril doped into a PVA matrix. (j) FT-IR spectra of

COOH powder and ACB-NapCOOH®@PVA exhibited broader
redshifted emission spectra, which was attributed to J-type
aggregate formation (Fig. S287). Additionally, the phosphores-
cence quantum yield of the ACB-NapCOOH@PVA film was
measured to be 4.87% (Fig. S297). As a control, the photo-
physical performance of Nap-COOH-doped PVA films was also
studied. The delayed spectrum of the Nap-COOH-doped PVA
film displayed a similar profile to the ACB-NapCOOH-doped
PVA film (Fig. S301), while the phosphorescence emission
intensity was lower than that of ACB-NapCOOH@PVA. The
phosphorescence lifetime of the Nap-COOH film at 540 nm was
69.0 ms. From above combined results, it was concluded that
the phosphorescence emission of ACB-NapCOOH@PVA could
stem from the aromatic capping groups, and the abundant
carbonyl groups and PVA-based hydrogen bonding network
synergistically enhanced the inherent phosphorescence
efficiency.

The uncommon phosphorescence behaviour of acyclic
cucurbituril encouraged us to investigate the emission mecha-
nism. The unhydrolyzed compounds, ACB-COOEt and ACB-
NapCOOEt, were employed for embedding into the PVA

© 2024 The Author(s). Published by the Royal Society of Chemistry

neat PVA, ACB-COOH@PVA, ACB-NapCOOH@PVA films.

matrix. The profiles of the phosphorescence spectrum of the
ACB-COOEt-doped film showed little change from ACB-
COOH@PVA, but the phosphorescence performance was
unsatisfactory. The lifetime of the ACB-COOEt-doped film at
510 nm was 71.9 ms (Fig. S317). Similarly, the delayed spectrum
of the ACB-NapCOOEt-doped PVA film presented much weaker
phosphorescence emission than the ACB-NapCOOH-doped PVA
film (Fig. S321). The lifetime of the ACB-NapCOOEt film was
measured to be only 30.6 ps. This was because ACB-COOEt and
ACB-NapCOOEt have poor compatibility with PVA, and
hydrogen-bonding interactions within unhydrolyzed ACB-
COOEt- or ACB-NapCOOEt-doped PVA films were not suffi-
cient to create a rigid environment. Thus, the outstanding
phosphorescence emission of the ACB-COOH@PVA film should
be related to the rigidification effect involving PVA. Delay-time-
dependent experiments for ACB-COOH, Ph-COOH, ACB-
NapCOOH and Nap-COOH at 298 K and at 77 K were conduct-
ed, and there was no significant change in the emission inten-
sity at different delay times (Fig. S33 and S347). The amorphous
morphology of the obtained films was confirmed via powder X-
ray diffraction (Fig. S35%). Furthermore, Fourier transform
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the Mor C ACB-COOH film excited at 280 nm upon addition of Mor (0—0.25 mM). (c) Proposed diagram of the PET process between ACB-COOH
and Mor. (d) Calibration curves of ACB-COOH toward Mor in the concentration range of 0~0.25 mM at room temperature. (e) *H NMR spectra
recorded (600 MHz, RT, D,O) for (1) ACB-COOH (2 mM), (2) an equimolar mixture of Mor and ACB-COOH, and (3) Mor (2 mM). (f) Phospho-
rescence intensity of the ACB-COOH film, morphine@ACB-COOH film and heroin@ACB-COOH film. (g) Schematic illustration of the
construction of the Mor CACB-COOH film and afterglow performance of the ACB-COOH film and Mor CACB-COOH film under a 254 nm UV

lamp as well as removal of the excitation.

infrared spectroscopy was used to study the formation of
multiple hydrogen-bonds within the acyclic cucurbituril
derivative-doped PVA matrix (Fig. 2j). Compared with neat PVA,
the ACB-COOH@PVA system showed two emerging peaks at
1721.28 em "' and 1594.17 em ™', attributed to the carbonyl of
ACB. The peak position of the hydroxy group (-OH) on PVA
shifted from 3277.77 em™" for neat PVA to 3260.91 cm ™" for the
ACB-COOH@PVA film and to 3264.49 cm™' for the ACB-
NapCOOH®@PVA film, indicating the establishment of
a hydrogen-bonding network between the chromophores and
PVA chains (Fig. 2i).

Possessing a self-crimping C-shaped conformation, the
acyclic cucurbituril derivatives can adapt their flexible cavity to
accommodate organic guests such as some fluorescent dyes and
drug molecules. RhB, PyY and Mor were chosen for the host-
guest study. First, inclusion behaviours were characterized
through UV-vis spectrophotometric titration and "H NMR. The
Job's plot suggested a 1:1 stoichiometric ratio between ACB-
COOH and RhB or PyY (Fig. S36 and S377). The association
constant (K;) was 3.23 x 10° M~ ' from nonlinear least-squares
analysis according to absorbance intensity changes for RhB at
570 nm in aqueous solution (Fig. S3871). Fluorescence titration

5168 | Chem. Sci, 2024, 15, 5163-5173

experiments also demonstrated that an RhBCACB-COOH
complex with a stoichiometric ratio of 1:1 was formed
(Fig. S417). The association constant (K;) was determined to be
1.00 x 10° M~' from absorbance intensity changes for PyY at
550 nm (Fig. S39%). Subsequently, we performed 'H NMR
spectroscopy to research the host-guest interaction and recor-
ded the "H NMR spectra of RhB and PyY alone and of a 1:4
mixture of RhB or PyY and ACB-COOH. The "H NMR spectrum
of ACB-COOH with RhB or PyY showed an upfield shift for
aromatic resonance, which suggested that complexation had
occurred with the formation of RhBCACB-COOH or PyY C ACB-
COOH complexes (Fig. S40 and S421). Mor is a well-known
narcotic drug belonging to opioids.*?® Complexes of ACB-
COOH and Mor displayed an upfield shift of protons on the
morphinan ring, indicating that they fit into the cavity of ACB-
COOH (Fig. 3e). The binding constant (K;) was determined to be
4.63 x 10° M " (Fig. S437). As illustrated in Fig. 3a, a gradual
quenching trend could be seen from the phosphorescence
emission spectra of ACB-COOH at 510 nm with an increase in
the concentration of Mor, and a standard curve could be
described using the equation: y = 21.87 x x + 0.10 with
a correlation coefficient (R*) of 0.9774 (Fig. 3d). The RTP lifetime

© 2024 The Author(s). Published by the Royal Society of Chemistry
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acceptors. (g) Photograph of the RnBCACB-COOH film and PyY C ACB-

declined from 1513.0 ms to 402.0 ms after the introduction of
Mor (Fig. 3b). In comparison, heroin, another narcotic drug
structurally similar to Mor, was employed to validate the effec-
tiveness and generalizability of the proposed method, which
revealed a mild quenching effect on the phosphorescence
emission intensity of the ACB-COOH film (Fig. S45tand 3f). This
was mainly due to the lower affinity of heroin with ACB-COOH
than Mor with ACB-COOH. The XRD results demonstrated that
the addition of Mor would not destroy the ACB-COOH-doped
PVA film (Fig. S44t). Therefore, it could be deduced that the
quenching mechanism should follow either the PET mecha-
nism or the Forster resonance energy transfer (FRET) mecha-
nism.”® The UV/vis absorption spectrum of Mor had almost no
spectral overlap with the emission spectrum of ACB-COOH,
reflecting that the PET mechanism can be rationalized as the
control factor over the quenching process (Fig. S461 and 3c). As
displayed in Fig. 3g, no obvious afterglow phenomenon was
observed after removal of the excitation, which could be used as
a visible phosphorescence probe for the detection of Mor.
FRET takes place between singlet states of the donor and
acceptor, and the spin angular momentum is conserved in
dipole-dipole interactions at an appropriate distance.*® TS-
FRET is a process in which energy is transferred from the
triplet state of the phosphorescence donor to the singlet state of
the acceptor.®* Different ratios of host-guest complexes were
embedded into the PVA matrix to obtain a series of RhBCACB-

© 2024 The Author(s). Published by the Royal Society of Chemistry

Proposed diagram of the TS-FRET process between ACB-COOH and
COOH film under different donor/acceptor ratios.

COOH@PVA films. The considerable overlap between the
absorption spectra of RhB and PyY and RTP spectrum of ACB-
COOH was in accord with the basic theory of FRET (Fig. 4c).
Moreover, the host-guest interaction ensured a close distance
between the donor and acceptor. As illustrated in Fig. 4a, as the
ratio of ACB-COOH/RhB gradually increased from 50: 1 to 50: 8,
the emission intensity of ACB-COOH decreased, while the
emission peak at 580 nm attributed to RhB increased, indi-
cating the existence of TS-FRET from ACB-COOH and RhB.
Notably, the donor emission at around 510 nm was negligible
when the donor/acceptor ratio was 50:8, implying a highly
efficient TS-FRET process owing to the remarkable host-guest
interaction between ACB-COOH and RhB. Meanwhile, the life-
time for the RhBCACB-COOH®@PVA film at 510 nm declined
from the original 2.03 s to 32.1 ms (Fig. 4d), further confirming
the occurrence of the TS-FRET process. The PRET efficiency was
calculated to be 98.4% according to the decrease in donor
lifetime. The lifetime at 580 nm for the RhB C ACB-COOH®@PVA
film was measured to be 43.8 ms (Fig. 4e), representing
persistent luminescence based on the delayed sensitization of
the singlets of RhB resulting from energy transfer involving
triplets. In particular, the delayed fluorescence intensity at
580 nm was gradually intensified instead of being quenched
even under a higher ratio of ACB-COOH/RhB, because the RhB
molecule was encapsulated by the cavity of ACB-COOH to
suppress fluorescence quenching caused by its self-aggregation.
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Fig. 5 (a) Transparent crafted rabbits obtained by a paper-cutting
method based on the flexible ACB-COOH@PVA film and photographs
of the crafted rabbit taken under daylight. (b) Photographs of the
crafted rabbit of the ACB-COOH@PVA film under a 254 nm UV lamp as
well as removal of the excitation. (c) Photographs of the rabbits crafted
with the RnBC ACB-COOH@PVA film under a 254 nm UV lamp as well
as removal of the excitation. (d) Schematic illustration of digital
encryption fabricated with ACB-COOH@PVA and Ph-COOH@PVA. (e)
Schematic illustration of a flower coloured by RhBCACB-COOCH,
ACB-COOH and ACB-NapCOOH before and after excitation by
a 254 nm ultraviolet lamp.

Additionally, a red afterglow could be seen by the naked eye
after turning off the excitation source, demonstrating long-lived
fluorescence from commercially available dyes (Fig. 4g and
Movie S2t). PyY, another commercially available fluorescent dye
molecule, was chosen as the guest donor in this study. As
depicted in Fig. 4c, the absorption spectra of PyY had an
appropriate spectral overlap with the RTP spectrum of ACB-
COOH. A series of PyY C ACB-COOH®@PVA films were prepared
by doping PyY CACB-COOH inclusion complexes into the PVA
matrix. As seen from Fig. 4b, there was an increased emission
peak located at 580 nm from PyY accompanied by a decline in
the phosphorescence emission intensity at 510 nm, implying
effective TS-FRET from ACB-COOH to PyY. The emission
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lifetime at 510 nm for PyY CACB-COOH®@PVA was 254.3 ms
(Fig. 4d), and the TS-FRET efficiency could be calculated as
87.4%. At the same time, it was found that the degree of
phosphorescence quenching of the PyYCACB-COOH@PVA
system was less than that of the RhBCACB-COOH®@PVA
system, consistent with the phenomenon of the weaker inclu-
sion interaction between PyY and ACB-COOH. In addition, the
PyY CACB-COOH®@PVA film exhibited an orange afterglow with
a lifetime of 108.8 ms at 580 nm (Fig. 4e and g). Notably, no
delayed emission was detected for PyY C ACB-COOH®@PVA and
RhBCACB-COOH@PVA under optimal excitation wavelengths
for PyY or RhB (Fig. S47 and S48+) which excluded the persistent
luminescence originating from the phosphorescence of the
dyes. Triplet-triplet energy transfer (TTET) is a spin-enabled
photophysical process used for direct electron exchange
between molecules or intra-molecular fragments, and it can be
used to construct efficient phosphorescent materials.*> The
normalized delayed emission of RhBCACB-COOH at 590 nm
was identical to the fluorescence emission of pure RhB, indi-
cating the typical delayed-fluorescence (DF) character of RhB
emission rather than phosphorescent emission, which could
exclude the TTET process (Fig. S491). As the temperature
increased from 77 K to 330 K, the delayed emission intensity at
580 nm gradually decreased. The lifetime of RhBCACB-
COOH@®@PVA at 580 nm was 0.73 s at 77 K (Fig. S5071). Unlike
ACB-COOH encapsulating Mor to cause an electron transfer
process, ACB-COOH encapsulated organic dyes (RhB or PyY) so
that the TS-FRET process took place between the triplet state of
the phosphorescence donor and singlet state of the acceptor.
Benefiting from the specific cavity-encapsulation superiority of
ACB-COOH, guest-dependent multicolour afterglow adjustment
was achieved.

Taking advantage of the features of processability and flexi-
bility of the PVA film, a transparent rabbit pattern was tailored
with ACB-COOH®@PVA film (Fig. 5a). The rabbit crafted from the
ACB-COOH®@PVA film presented a green afterglow after
removal of the excitation (Fig. 5b and Movie S31). Interestingly,
a red-emitting rabbit could be obtained by taking advantage of
the RhBC ACB-COOH@PVA film under a 254 nm UV lamp, and
an obvious red afterglow could be seen after turning off the UV
lamp (Fig. 5¢ and Movie S41). Notably, ACB-COOH@PVA and
Ph-COOH@PVA were used as anti-counterfeiting ink for digital
encryption (Fig. 5d). Exposed to a 254 nm UV lamp, the number
“8888” was highlighted. After removing the UV lamp, the digital
information “2023” was then displayed. Given various lifetimes
and colourful afterglow emissions, a colourful flower was
designed. The petals were coloured with RhBC ACB-COOH, the
leaves were coloured with ACB-COOH, and the stem was col-
oured with ACB-NapCOOH. Under a 254 nm UV lamp radiation,
the petals, leaves and stem of the flower emitted red, green and
yellow, respectively (Fig. 5e). As time passed, the red petals
disappeared, and the yellow stem and green leaves could be
captured. Finally, only the green leaves could be seen by the
naked eye. This unique phosphorescent acyclic cucurbituril has
developed a new method for designing exquisite work and
encrypting key information.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In conclusion, a non-phosphorescent Ph-COOH sidewall was
modified onto ACB to form a phosphorescent host ACB-COOH,
which revealed an ultralong solid supramolecular purely
organic phosphorescence with a lifetime of 2.12 s via doping
ACB-COOH into a PVA matrix within a rigid molecular envi-
ronment. In view of the host-guest interaction based on ACB-
COOH endowed with a self-crimping C-shaped configuration,
the phosphorescence behaviour could be modulated by encap-
sulating organic dyes or drug molecules. A promising probe for
detecting Mor could be established depending on the inclusion
interaction between Mor and ACB-COOH following the PET
process. Moreover, the afterglow colour of the film was regu-
lated from green to orange after including RhB or PyY in the
cavity of ACB-COOH through a TS-FRET process. The two-
dimensional film based on a supramolecular phosphorescent
host not only presents a potential application in multicolour
afterglow emission, phosphorescence sensing and drug detec-
tion but also expends the scope of intelligent long-lived lumi-
nescent materials.
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