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ABSTRACT: A multicolor persistent luminescence solid poly-
meric system based on macrocycle-confined phosphorescence
energy transfer was constructed with γ-cyclodextrin (γ-CD) and
poly(vinyl alcohol) modified by triphenylene derivative (TP-PVA).
Attributed to the fact that macrocycles effectively suppress the
aggregation of guests and form a rigid environment via
coassembling with the polymer, the phosphorescence lifetime of
the yielded polymeric films is prolonged from 0.22 to 5.84 s,
accompanied by a visible afterglow of more than 1 min.
Furthermore, upon doping with several commercial dyes, full-
color afterglow emissions with a duration of more than 50 s are
realized through phosphorescence energy transfer. Notably, the multicolor-emitting-afterglow materials are successfully exploited for
noctilucent lighting and anticounterfeiting ink.
KEYWORDS: cyclodextrin, phosphorescence, energy transfer, full-color luminescence, anticounterfeiting

■ INTRODUCTION
Ultralong lifetime luminescent materials have received tremen-
dous attention due to their potential applications such as flexible
electronics, anticounterfeiting, information storage, etc.1−5

Organic phosphorescence materials have unique features such
as excellent optical properties and good processability.6−8 Many
brilliant strategies have been developed to improve organic
phosphorescence performance, such as polymerization,9−14

crystallization,15−17 and supramolecular assembly.18−23 Prom-
inently, the macrocycle-confined supramolecular assembly has
emerged as an alternative and preferable choice for constructing
efficient phosphorescent materials.24,25 However, most phos-
phorescence systems based on host−guest complexes are driven
by electrostatic interactions; for example, cucurbiturils prefer
positively charged guests more than uncharged guests. On the
contrary, macrocyclic molecule cyclodextrins consisting of
glucose units have a stable hydrophobic cavity, which prefers
to accommodate uncharged or negatively charged guests, and
the abundant hydroxyl provides the ideal environment to
suppress the nonradiative transition for phosphors.26−29

Although good results have been realized via various enhance-
ment strategies, the afterglow duration of most organic
phosphorescence materials is still on the seconds-scale. In
contrast, systems with minute-scale afterglow emission are still
in demand and rare.
Developing variable full-color organic persistent lumines-

cence materials is of considerable practical importance. Doping
polymeric matrices with various chromophores or suitable
triplet energy donors and acceptors (D-A) has been proven to be

a concise approach to obtaining multicolor luminescent
materials.30−37 However, because long-lived triplet excitons
are sensitive to aggregation, molecular motion, and other
quenchers, in phosphor-doped systems or D-A-doped phos-
phorescence energy transfer systems, the performance of long-
lived luminescence would suffer severe losses when the
chromophores are at a high doping ratio. Thus, we envision
that introducing cyclodextrins into the polymeric phosphor-
escence system could be an effective strategy to inhibit the
quenching of chromophores at high concentrations and improve
the performance of afterglow emission.
To validate our hypothesis, we designed and constructed solid

supramolecular polymers based on cyclodextrin’s multiple-
confined assembly. Concretely, through the synergistic assembly
of poly(vinyl alcohol) (PVA) and γ-cyclodextrin (γ-CD), the
triphenylene (TP)-PVA/γ-CD films display ultralong blue
phosphorescence emission (lifetime up to 5.84 s), which is the
record result among the reported afterglow polymers (Scheme
1).34 Remarkably, in the presence of γ-CD, the ultralong
phosphorescence exhibits excellent stability at high phosphor
doping ratios; specifically, the quenching concentration of the
phosphorescence lifetime is increased by more than 15-fold
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(quenching concentration of the TP content in PVA film
increased from 2 to 34 wt %). Benefiting from the high doping
concentration of phosphorescence donors, efficient phosphor-
escence Förster resonance energy transfer (PRET) is achieved
with a high donor/acceptor ratio ([D]:[A] ≥ 100:1). In
particular, by tuning the contents of energy acceptors fluorescein
sodium (Flu), rhodamine B (Rho), or sulfonated rhodamine
101 (SR101), full-color afterglow emissions including blue,
green, white, and red luminescence were achieved along with
more than 50 s duration; these properties are among the best

results of organic afterglow systems, displaying uncommon pure

organic afterglow behavior. Owing to mechanical flexibility and

processability, the resulting polymeric materials can fabricate

into security inks and various shapes of films with multifunc-

tional applications. This hydrogen-bond-induced macrocycle-

confined solid supramolecular strategy provides a new

perspective to produce advanced multicolor afterglow materials.

Scheme 1. Schematic Illustration of the Synergistic Assembly of TP-PVA/γ-CD and the Formation of Full-Color Afterglow

Figure 1. (a) PL spectra and phosphorescence spectra of TP-PVA/γ-CD films under ambient conditions (the mass ratio of TP and PVA is 1:100, the
molar ratio of TP and γ-CD is 1:4; λex = 310 nm, delayed time = 1.5 ms); (b) time-resolved decay spectra of TP-PVA/γ-CD with different PVA
contents under ambient conditions (the molar ratio of TP and γ-CD is 1:4; λex = 310 nm, λem= 468 nm); (c) phosphorescence lifetime with different
PVA contents of TP-PVA films (red bars) and TP-PVA/γ-CD films (blue bars) under ambient condition; (d) luminescence photographs of TP-PVA/
γ-CD film under ambient condition (the ambient condition is before and after ceasing 300 nm UV light).
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■ RESULTS AND DISCUSSION
The TP-PVA/γ-CD aqueous solution was first prepared upon
ultrasonic processing, and the resulting films were fabricated by
casting these mixtures into quartz flakes and drying thoroughly.
TP-PVA films without γ-CD exhibited two emission peaks
around 368 nm (blue-purple band) and 465 nm (blue band)
(Figure S1). Nanosecond-scale lifetimes indicated that the blue-
purple band belonged to fluorescence (Figure S2). The gated
emission spectra and seconds-scale lifetime at 465 nm indicated
that the blue band belonged to phosphorescence (Figures S1
and S3). Similar to most phosphor-doped systems, ultralong
phosphorescence properties were preserved at deficient doping
concentrations, while the phosphorescence lifetime was
significantly reduced when the mass ratio of TP was marginally
increased (Figures S3 and 1c). Dramatically, the phosphor-
escence lifetime was weakened by about 24 times (τphos = 0.22 s)
when TP was 20.0 wt % (Figure 1c). In addition, the
fluorescence peak occurred blunted and red-shifted as the
PVA matrix mass ratio was reduced (Figure S4), implying that
aggregates were formed at high phosphor concentrations.
Cyclodextrin macrocycles have a strong bonding ability with
polycyclic aromatic hydrocarbons, and isolation from γ-CD can
prevent aggregation. To determine the molar ratio of TP and γ-
CD, where cyclodextrin could effectively protect phosphor-
escence, the TP/γ-CD powders with different molar ratios were
prepared. In Figure S5, the ultralong lifetime showed significant
quenching with molar ratios below 1:4; thus, the molar ratio of
TP and γ-CD (1:4) was used as a phosphorescence assembly in
subsequent experiments. In the presence of γ-CD, the maximum
lifetime of TP-PVA/γ-CD was prolonged from 5.24 to 5.84 s;
meanwhile, the long-lived lifetime was maintained at over 5.3 s

even at high concentrations (Table S1). It is impressive that TP-
PVA/γ-CD emitted an ultralong blue afterglow upon removing
the exciting light, which could be captured by the naked eye and
lasted 1 min (Figure 1d and Movie S1). Compared to the PL
spectrum of TP-PVA, the fluorescence peaks of TP-PVA/γ-CD
films stayed sharp and did not red-shift after reducing the PVA
concentration, which indicated that γ-CD protected the TP from
aggregation (Figure S6). Moreover, the phosphorescence
spectrum of TP-PVA/γ-CD films was consistent with the RTP
(room-temperature phosphorescence) spectrum of TP-PVA
films, suggesting that the phosphorescence emission source of
the TP-PVA/γ-CD film was from TP.
It is well-known that long-lived phosphorescence requires

effective intersystem crossing (ISC) from S1 to Tn and a slow
nonradiative decay rate.38,39 Boronic acid derivatives have been
widely researched as phosphorescent materials with excellent
properties because the introduction of heteroatoms can enhance
ISC efficiency via accelerating 1(π, π*)→ 3(n, π*) and 3(π, π*)
→ 1(n, π*) transition.40 Compared to the previous report,33 TP-
PVA/γ-CD displayed a much longer phosphorescence lifetime,
implying that cyclodextrins as a matrix played a critical role in
protecting the triplet excitons from quenching. To further
confirm that high TP concentrations were prone to aggregation,
we constructed absorption and fluorescence spectroscopy to
investigate the effect of the solvent composition (H2O/THF) on
TP aggregation. In Figure S7, upon increasing the percentage of
methanol in the unbound TP aqueous solution, the TP
absorption peak was significantly enhanced and became sharp;
meanwhile, the emission around 390 nm was blue-shifted and
enhanced, which indicated that unbound triphenylene tended to
aggregate in the aqueous solution. After the addition of γ-CD,

Figure 2. (a) Part of 2D ROESY (400 MHz, 298 K, D2O with 15% DMSO-d6) spectra of TP/γ-CD([TP] = 1.0 mM, [γ-CD] = 10.0 mM). (b) 1H
NMR spectra of TP with different concentrations of γ-CD (400 MHz, 298 K, D2O with 15% DMSO-d6, [TP] + [γ-CD] = 5.0 mM and the ratio of
[TP]:[γ-CD] from top to bottom is 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9). (c) Schematic diagram of the hydrogen bond network enhanced by γ-CD.
(d) Fourier transform infrared spectra of TP-PVA/γ-CD with different PVA contents.
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the absorption peak was enhanced significantly and became
sharp; meanwhile, TP aqueous solutions changed from
suspensions to clarified solutions (Figure S8). Transmission
electron microscopy (TEM) provided more evidence for host−
guest interaction to inhibit aggregation.
In Figure S9, TEM measurements showed that unbound TP

aggregates into nanoparticles, while the TP/γ-CD assemblies
tend to disaggregate. The results of the TEM image as well as
absorption and emission spectra indicated that adding γ-CD
increased TP’s solubility and inhibited its aggregation.
Furthermore, assembly behaviors between TP and γ-CD were
determined to demonstrate the role of γ-CD. UV−vis titration
experiments were performed to determine the association
constant (Ks), which is about 585 M−1 (Figure S10). It is noted
that, in Figure S8, TP tends to aggregate due to poor solubility,
which leads to absorption passivation because there is no base
present in the solution. The bonding of CDs tends to
deaggregate. In Figure S10, TP is completely soluble due to
the presence of base, and the change in absorption is due to the
bonding between monomeric TP and CD. Then, the 1H NMR
spectroscopy titration measurement was constructed; Job’s plot
was based on the resulting data (Figure S11), and the plot
indicated that the host−guest binding stoichiometry was 1:1. 1H
NMR spectroscopy provided more details about bonding
behaviors: as shown in Figure 2b, with the increase of the

concentration of γ-CD, the proton signals of TP shifted
downfield from δ = 8.82 ppm to δ = 8.76 ppm, accompanied
by shape changes, which indicated that TP was injected into the
cavity of γ-CD (Figure 2b). The same conclusion was also
confirmed by utilizing two-dimensional NMR analysis. Specif-
ically, TP’s ROESY (nuclear overhauser effect spectroscopy)
spectra showed strong rotating frame nuclear Overhauser effect
signals with −OH of γ-CD (Figure 2a). To further confirm the
role of host−guest interactions in enhancing phosphorescence,
the adamantane derivative (Ada), one of the most strongly
bound guests to cyclodextrin, was added to TP-PVA/γ-CD to
occupy the cyclodextrin cavity. The long-lived luminescence of
TP-PVA/γ-CD@Ada could be detected by the naked eye or by
instruments (Figure S12); meanwhile, the fluorescence peak was
red-shifted. These observations were similar to those without
the addition of cyclodextrin, which implied that the host−guest
interaction protected the long-lived phosphorescence from
quenching at high doping concentrations.
To prove the existence of a covalent bond between the

polymer and TP, we freeze-dried the polymer after the reaction
and analyzed its ultraviolet absorption after thoroughly washing
with organic solvent. The absorption peak of TP still existed, and
it was calculated that about 61% of TP was covalently modified
on the PVA based on absorption (Figure S13c). Without
covalent modification, phosphorescence lifetimes occurred

Figure 3. Luminous properties of TP-PVA/γ-CD@acceptor-dyes films. (a) Simplified Jablonski diagram for ultralong phosphorescenceand full-color
energy transfer process. ISC, intersystem crossing. Abs., absorption. Fluo., fluorescence. Phos., phosphorescence. PRET, phosphorescence energy
transfer. (b) Normalized phosphorescence spectrum (λex = 310 nm, delayed time = 1.5 ms) of TP-PVA/γ-CD (blue dashed line) and normalized
absorption spectra of the energy acceptors in aqueous solution under ambient condition ([acceptor dyes] = 1.0 × 10−5 M, absorption spectra of Fluo
indicated by the solid green line, absorption spectra of Rho indicated by the solid orange line, absorption spectra of SR101 indicated by the red solid
line). (c) CIE 1931 chromaticity diagram of afterglow color changes when TP-PVA/γ-CD was doped with different acceptor concentrations. (d−f)
Delayed emission spectra of TP-PVA/γ-CDwith different acceptor concentrations under ambient conditions (left is TP-PVA/γ-CD@Fluo, themiddle
is TP-PVA/γ-CD@Rho, right is TP-PVA/γ-CD@SR101, λex = 310 nm, delayed time = 1.5 ms). (g) Full-color afterglow photographs of TP-PVA/γ-
CD@acceptor films doped with different acceptors under ambient conditions (first from the left is TP-PVA/γ-CD films,mTP:mPVA = 1:4; second from
the left is TP-PVA/γ-CD@Fluo film, mTP:mPVA = 1:4, [TP]:[Fluo] is 100:1; third from the left is TP-PVA/γ-CD@Rho films, mTP:mPVA = 1:4, [TP]:
[Rho] is 300:1; fourth second from the left is TP-PVA/γ-CD@SR101 film, mTP:mPVA = 1:4, [TP]:[SR101] is 100:1).
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earlier and faster quenching occurred with increasing TP
concentration, which implied that the covalent bonds between
luminophores and polymers were an essential part of the rigid
environment (Figure S13). The absence of covalent modifica-
tion implied that the covalent bonds between luminophores and
polymers were an essential part of the rigid environment (Figure
S13). Besides covalent modification, the hydrogen bonding
network provided by γ-CD and PVA suppressed the energy loss
from molecular motion. First, we performed X-ray powder
diffraction analysis to reveal the structures of TP-PVA/γ-CD
(1.0−50.0 wt %) since themicrostructure (such as crystalline) of
materials has a dramatic effect on their photophysical properties,
and the results revealed that all of themwere amorphous (Figure
S14); furthermore, as the polymeric matrix mass fraction
decreased, a distinct characteristic peak appeared, which
indicates that the presence of γ-CD contributed to form a
rigid and ordered environment. Then, Fourier transform
infrared spectra provided additional evidence. In Figure 2d,
the films containing different mass ratios of PVA exhibited a
distinct peak at approximately 3286 cm−1, attributed to the
hydroxyl group between PVA and γ-CD. Notably, upon
decreasing the polymer matrix mass ratio, the peak intensity at
3230 cm−1 shifted to shorter wavelengths and became notably
wider. It is considered that the hydroxyl groups from
cyclodextrins increased the degree of association of hydrogen
bonding at high doping concentrations. To sum up, the B−O
covalent bonding, the hydrogen bonding network formed
between cyclodextrin and PVA, and the rigid cavity of

cyclodextrin provided an ideal environment for activating
phosphorescence.
Generally, an efficient FRET process requires positioning in

proximity of each other, and an excellent match to the spectra of
the donor emission and the receptor absorption.41 The features,
including a high doping ratio and broad blue phosphorescence
emission ranging from 400 to 600 nm, motivate us to construct
phosphorescence energy transfer systems. To achieve afterglow
color transfer, green dye Flu, orange dye Rho and red dye SR101
were chosen as triplet energy acceptors because their absorption
spectra have a good overlap with the phosphorescence spectrum
of TP-PVA/γ-CD (Figure 3b), which satisfies the premise for
energy transfer. TP-PVA/γ-CD1:4 (the mass ratio of TP and
PVA is 1:4) was selected as a long-lived phosphorescence donor
material. As the ratios of energy receptor dyes increased, TP-
PVA/γ-CD@Flu, TP-PVA/γ-CD@Rho, and TP-PVA/γ-CD@
SR101 exhibited emitting color transformations ranging from
blue to green, orange, or red (Figure 3c); meanwhile, the
intensity of the donors’ phosphorescence peak became weaker,
and the intensity of the acceptors’ delayed fluorescence peak of
the receptor became more robust in the phosphorescence
spectrum, which implied the high-efficiency energy transfer from
the donor to the acceptor (Figures 3d−f). Impressively, when
themolar ratio of the donor and acceptor was 200:1, TP-PVA/γ-
CD@Flu exhibited green afterglow (τ = 3.99 s) upon removing
the exciting light; when the molar ratio of donor and acceptor
was 300:1, TP-PVA/γ-CD@Rho exhibited persistent white
luminescence (τ = 3.34 s) upon removing the exciting light, and
when the ratio is 100:1, the color of afterglow further converted

Figure 4. (a) Luminescence photographs of that TP-PVA/γ-CD@acceptor transparent films were applied for a noctilucent light source (mTP:mPVA =
1:20, [TP]:[Fluo] is 100:1, [TP]:[Rho] is 100:1, [TP]:[SR101] is 100:1, the excitation light source is 300 nm hand-held lamp). (b) Schematic
illustration of the application process for multilevel anticounterfeit application (mTP:mPVA = 1:20, [TP]:[Fluo] is 40:1, [TP]:[Rho] is 40:1, [TP]:
[SR101] is 40:1, the excitation light source is a 300 nm hand-held lamp, print stock is paper with strong background fluorescence). (c) Schematic
illustration of the application process for information encryption (mTP:mPVA = 1:20, [TP]:[Fluo] is 20:1, [TP]:[Rho] is 20:1, [TP]:[SR101] is 20:1,
the excitation light source is a 300 nm hand-held lamp).
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to orange (τ = 3.02 s). When the donor and acceptor molar ratio
is 100:1, TP-PVA/γ-CD@SR101 is exhibited upon removal of
the exciting light. In addition, compared to the high donor
concentration doping system (TP-PVA/γ-CD1:4, in which the
mass ratio of TP and PVA is 1:4), a higher concentration of
acceptor was required to achieve the afterglow color trans-
formation at a low donor concentration doping system (TP-
PVA/γ-CD1:100 in which themass ratio of TP and PVA is 1:100).
In Figure S18, the receptor concentrations had to be increased at
least 10, 20, or 80 times to achieve the afterglow color change
from blue to green, orange, or red; meanwhile, the lifetime of the
afterglow was significantly reduced (Figure S19). Significant
afterglow quenching might result from the higher acceptor
concentration required to diminish the distance between D−A
at a low donor concentration doping system, and high acceptor
concentrations lead to quenching of long-lived triplet excitons.
The steady-state and delayed spectra upon doping with acceptor
dyes were investigated to demonstrate that the energy transfer
came from the triplet state to the single state. In Figure S20,
emission peaks for dyes, Fluo, Rho, and SR101, were kept the
same at steady-state and delayed spectra. On the other hand,
there was no significant change in the fluorescence lifetime of
both the donor and the acceptor after changing the D−A doping
ratio (Tables S2−S4). And these results indicated that both the
TP and the acceptor dye absorbed the energy of the excitation
light (Figure S21), and then the radiative transition of TP was in
the form of fluorescence and phosphorescence; however, the
radiation transition of the acceptor dye was only in the form of
fluorescence. In addition, one of the most important forms is
triplet-to-singlet FRET, in which the long-lived TP triplet energy
directly transfers to the singlet state of the acceptor to result in
persistent delayed fluorescence.
Macrocycles played an indispensable role in promoting the

fluorescence lifetime; concretely, apart from that, the hydroxyl
groups from cyclodextrins promoted the association of hydro-
gen bonding, and the host−guest interaction between γ-CD and
acceptor dyes might protect the PRET process. In Figure S23
and S24, upon adding γ-CD, the chemical shifts of the acceptor’s
protons were shifted to varying degrees. Furthermore, the
fluorescence intensities of the acceptor were enhanced. The
results of fluorescence titration and 1H NMR spectroscopy
indicated that γ-CD could effectively bind to acceptor dyes and
enhance luminescence. In sum, γ-CD not only enhances the
rigid environment through hydrogen bonding but also confines
the D−A chromophore through universal host−guest inter-
action, thus promoting ultralong tunable afterglow.
These polymeric materials could be processed into multi-

color-emitting flexible films by taking advantage of the excellent
film-formation and water-solubility. Remarkably, the flexible
nature of the afterglow films allows repeated bending and
flexing; meanwhile, films retain stable long-lived afterglow
emission (Movie S2). Furthermore, the full-color afterglow
objects can be easily prepared by rolling and folding (Figure S25
and Movie S3). The transparent films could be used as a
noctilucent light source under ambient conditions; as shown in
Figure 4a, the films doped with different acceptor dyes were
covered on the paper. After removal of the light source, the
naked eye could still capture the “afterglow” words within 50 s
(Movie S4).
In addition, given the multicolor emission and time-

dependent luminescence, hand-writable ink was successfully
prepared and applied for multilevel anticounterfeiting and
information encryption, respectively. As shown in Figure 4b, a

sentence of “I believe you” was written on paper, and only
“Belie” can be identified under a UV lamp because of the
substantial interference of background fluorescence from the
printing paper; then the first level of information “I Believe You”
is revealed when the UV light is removed; after a short period,
the information that the naked eye can capture becomes “I Belie
You”; and the fourth level of information will be displayed in
about half a minute, and the sentence turned into “I lie You”. It is
worth mentioning that, due to the hygroscopic nature of PVA,
the afterglow property will disappear after about 10 min of
exposure to air. Finally, the individual acceptor fluorescent dyes
and TP-PVA/γ-CD@acceptor solutions were prepared and
brushed on paper. The acceptor dyes solutions were used for
misleading information because of the short-living lifetime, and
the TP-PVA/γ-CD@acceptor solutions were used for brushing
real information. As shown in Figure 4c, the integrated number
“0888” was brushed on paper. The wrong information, “0888”
was observed under the UV light while the real information,
“0927” was revealed after removing the lighting source.
Consequently, such a double information encryption was
realized.

■ CONCLUSIONS
In summary, a series of persistent luminescence films based on
macrocycle confinement were developed through doping
different D−A dyes into a cyclodextrin-confined polymer
matrix. These polymer-based films displayed a full-color
afterglow duration of >50 s under ambient conditions. The
principle of this strategy leans upon the rigid environment from
the coassembly between the γ-CD and PVA chains, as well as the
confined bonding between the chromophores and γ-CD,
effectively suppressing the nonradiative decay and promoting
the triplet state to the single state energy transfer process. The
construction of supramolecular-confinement polymers will
broaden multifunctional materials and expand phosphorescence
materials applications.

■ METHODS
All reagents and solvents were purchased from commercial suppliers
and used as supplied unless otherwise noted. 1H NMR was performed
with an Ascend 400 MHz instrument. NOESY spectra were measured
on a ZhongKe-Oxford I-400 instrument. UV−vis absorption spectra
were recorded on a Shimadzu UV-3600 spectrophotometer with a
PTC-348WI temperature controller in a quartz cell (light path 10 mm)
at 298 K. Photoluminescence (PL) spectra, time-correlated decay
profiles, and quantum efficiency were processed on an Edinburgh
Instruments FS5 apparatus (Livingstone, UK). Fourier transform
infrared spectra were processed on a Tensor II instrument (Bruker).
TEM experiments were carried out on an FEI Tecnai G2 F20
microscope operating at 200 kV. XRD patterns were obtained at a
Rigaku SmartLab 3K instrument. All measurements were carried out at
room temperature (RT) unless specified otherwise. The Commission
International del’Eclairage (CIE) 1931 chromaticity diagram was
obtained on FLS1000 software. All afterglow photos and videos were
recorded with a mobile device.
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Movie showing ultralong blue afterglow of TP-PVA/g-
CD upon removal of light (MOV)
Movie showing the flexible nature of afterglow films
(MOV)
Movie showing different preparations of full-color
afterglow objects (MOV)
Movie showing the presence of visible multicolor
afterglow with 50 s duration (MOV)
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