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Polymerization Based on Modified 𝜷-Cyclodextrin Achieves
Efficient Phosphorescence Energy Transfer for
Anti-Counterfeiting

Qingwen Cheng, Xin-Kun Ma, Xiaolu Zhou, Ying-Ming Zhang,* and Yu Liu*

Supramolecular polymerization can not only activate guest phosphorescence,
but also promote phosphorescence Förster resonance energy transfer and
induce effective delayed fluorescence. Herein, the solid supramolecular
assemblies of ternary copolymers based on acrylamide, modified
𝜷-cyclodextrin (CD), and carbazole (CZ) are reported. After doping with
polyvinyl alcohol (PVA) and dyes, a NIR luminescence supramolecular
composite with a lifetime of 1.07 s, an energy transfer efficiency of up to 97.4%
is achieved through tandem phosphorescence energy transfer. The ternary
copolymers can realize macrocyclic enrichment of dyes in comparison to CZ
and acrylamide copolymers without CD, which can facilitate energy transfer
between triplet and singlet with a high donor–acceptor ratio. Additionally, the
flexible polymeric films exhibit regulable lifetime, tunable luminescence color,
and repeatable switchable afterglow by adjusting the excitation wavelength,
donor–acceptor ratio, and wet/dry stimuli. The luminescence materials are
successfully applied to information encryption and anti-counterfeiting.

1. Introduction

The development of ultralong lifetime luminescence, especially
organic room-temperature phosphorescence, can provide a new
perspective for encryption and anti-counterfeiting.[1–5] Many ex-
cellent methods have been developed to enhance the phospho-
rescence properties, such as crystallization, polymerization, and
supramolecular assembly.[6–8] Specifically, macrocyclic restricted
supramolecular assembly has become a preferred option for cre-
ating high-efficiency phosphorescent materials. And it has been
shown that incorporating multiple interactions is an effective
strategy for attaining extremely efficient phosphorescent perfor-
mance.

Förster resonance energy transfer (FRET) is regarded as a pref-
erence for obtaining multicolored materials by matching the en-
ergy of the donor and acceptor.[9–13] Phosphorescence resonance
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energy transfer (PRET) is a process in
which the phosphorescent energy transfer
from the donor to the acceptor can be
achieved when the donor’s phosphorescent
spectrum overlaps with the acceptor’s
absorption spectrum and the distance is
≈1–10 nm, which facilitates red-shifted
emission and long-lived luminescence
when compared to fluorescence energy
transfer.[14–20] George et al. reported a highly
effective room temperature phosphores-
cence in solution, in which hydrogels
were formed by immobilizing phthalimide
phosphor on supramolecular compounds;
it serves as a platform for light-harvesting
to produce delayed fluorescence.[21] It is an
art of balancing to design a high-efficiency
donor–acceptor (D–A) energy transfer sys-
tem, because high receptor concentrations
are necessary to ensure the minimum
distance between D–A, particularly in

multi-step energy transfer systems.[22–27] In contrast, phospho-
rescence energy transfer systems are prone to quenching in-
duced by aggregation of phosphors.[28–33] Macrocycles such as
cyclodextrins and cucurbiturils could specifically bond guest
molecules into cavity, which provides a possibility to enrich D–
A chromophores at low concentrations and effectively prevents
aggregation quenching.[34–37] Therefore, we assume whether the
energy transfer efficiency can be improved by reducing the dis-
tance between the donor and acceptor through supramolecu-
lar assembling, thus achieving more efficient multi-step energy
transfer with less lifetime loss at low-concentration doping sce-
narios.

To validate our hypothesis, we designed and synthesized
polyacrylamide (P1) composed of modified 𝛽-cyclodextrin (CD)
and carbazole (CZ), and the self-assembled polymeric spher-
ical nanoparticles were doped into polyvinyl alcohol (PVA),
P1/PVA displayed impressive ultralong blue phosphorescence
with 2.92 s lifetime. Notably, P1 as the energy donor, with a high
donor/acceptor ratio after assembling with rhodamine B (RhB),
effective phosphorescence resonance energy transfer (PRET) can
be accomplished (RhB, [D]:[A] ≥ 100:20, Scheme 1). Compared
with free-doping, P1/PVA required fewer receptors to achieve
afterglow color conversion and suffered less lifetime loss. The
supramolecular enrichment is more pronounced in the second
energy transfer. Concretely, with further assembling with NIR
dye Cy5, the polymeric films displayed ultralong lifetime NIR
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Scheme 1. Schematic illustration of a) the multilevel assembly mechanism of P1, RhB, and Cy5; b) a multi-component supramolecular system without
CD.

afterglow with a lifetime of 1.07 s and energy transfer efficiency
of up to 97.4%, which is the highest recorded result for the re-
ported phosphorescence cascade energy transfer system (Figure
S1 and Table S1, Supporting Information). Remarkably, the lu-
minescence color and lifetime could be facilely regulated by ad-
justing the excitation wavelength, D–A ratio, and wet/dry stimuli
could repeatedly switch the luminous. Owing to tunable multi-
dimensional luminescence, these polymeric materials can be
fabricated into different shapes of films and security inks with
multifunctional applications. A fresh perspective on the creation
of sophisticated multicolor afterglow materials is offered by the
macrocycle-confined solid supramolecular strategy.

2. Results and Discussion

CD were synthesized and confirmed structure by 1H NMR
and IR (Figure S2, Supporting Information),[38,39] and P1 was
proved by 1H NMR and gel permeation chromatography (GPC)
(Figure 1a; Figures S3 and S4 and Table S2, Supporting Infor-
mation). The work was based on a fixed mass ratio of P1 and
PVA, which is 10:1. All films are thoroughly dried before test-
ing. P2/PVA films exhibited phosphorescence peaks ≈416, 442,
and 465 nm (Figure 1b). The different ratio of CZ was first com-
pared; the intensity of the characteristic peak reached the highest
when the ratio of CZ was 5% (Figure S5, Supporting Informa-
tion). Next, P1/PVA films showed little influence on the lumi-
nescence properties of the donor with the addition of CD, and
the lifetime at 465 nm increased from 2.28 to 2.92 s (Figure 1c;
Figure S6, Supporting Information). We fixed the P1 as the CD is

added at 15% and the CZ at 5% when performing polymerization
reactions.

To achieve afterglow color conversion, dye RhB was chosen
as acceptor. Since the premise of energy transfer is satisfied,
its absorption spectrum has a good overlap with the phospho-
rescence spectrum of P1/PVA films (Figure 2a). The intensity
of the P1/PVA@RhB films at 590 nm increased gradually with
the ratio of RhB increased, this implied a high-efficiency energy
transfer, which can be found that the peak at 590 nm reached
the highest when the ratio is 100:20 (Figure 2b). The lifetime
at 465 nm of P1/PVA@RhB films was reduced from 2.92 to
1.46 s after the [D]:[A] up to 100:20, and the lifetime at 590 nm
of the P1/PVA@RhB films was 1.30 s (Figures S7 and S8 and
Table S3, Supporting Information). The decrease was consistent
with the PRET from the donor’s triplet to the acceptor’s sin-
glet. It should be noted that after the exciting light was turned
off, P1/PVA@RhB films emitted ultralong orange–red afterglow
that was visible to the naked eye for 6 s (Figure 2e). As an es-
sential criterion to evaluate the efficiency of phosphorescence-
capturing system, ФET value was determined as 50.5% when
[D]:[A] = 100:20 (Figure 2c). Then, the RhB was introduced into
different CD ratios of P1/PVA films as a control experiment when
[D]:[A] is fixed at 100:20, the emission peak at 590 nm was in-
creased nine times as the proportion of CD increases from 0%
to 5% (Figure 2d). This implies the enrichment of cyclodex-
trin makes the D–A more compact and improves energy trans-
fer efficiency. Similarly, fluorescein sodium (Flu) was applied as
an accepter to verify the universality of this phosphorescence-
capturing platform. Not surprisingly, the characteristic peak of
525 nm belonging to Flu gradually appears with the addition of
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Figure 1. a) Synthetic route of P1; b) PL spectrum and phosphorescence spectrum of P1/PVA film; c) Time-resolved decay spectra of P1/PVA and P2/PVA
films at 465 nm at 298 K (mCZ:mPVA = 10:1, 𝜆ex = 290 nm, delayed time = 100 μs).

Figure 2. a) Absorption spectra of RhB, Flu and normalized emission spectrum of P1/PVA film; b) Delayed emission spectra of P1/PVA@RhB films at
various donor/acceptor ratios; c) The ΦET values of P1/PVA@RhB films at different donor/acceptor ratios which were calculated by the phosphorescence
lifetimes data; d) Delayed emission spectra of P1/PVA films with the increment of CD proportion; e) luminescence photographs of P1/PVA@RhB film
before and after the 300 nm UV lamp was turned off (mCZ:mPVA = 10:1, [P1]:[RhB] = 100:20, 𝜆ex = 290 nm, delayed time = 100 μs).
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Figure 3. a) Absorption spectra of Cy5, TPPS and normalized emission spectrum of P1/PVA@RhB film; b) Delayed emission spectra of P1/PVA@RhB:Cy5
films at different donor/acceptor ratios; c) Time-resolved decay spectra of P1/PVA@RhB, P1/PVA@RhB:Cy5, P1/PVA@RhB:TPPS films at 680, 645,
and 710 nm; d) CIE 1931 chromaticity diagram of P1/PVA, P1/PVA@RhB, P1/PVA@Flu, P1/PVA@RhB:Cy5 and P1/PVA@RhB:TPPS films at 298K;
e) luminescence photographs of P1/PVA@RhB:Cy5 film before and after turning off 300 nm UV (mCZ:mPVA = 10:1, [P1/PVA]:[RhB]:[Cy5] = 100:20:4,
[P1/PVA]:[RhB]:[TPPS] = 100:20:20, 𝜆ex = 290 nm, delayed time = 100 μs).

Flu (Figure S9, Supporting Information). The lifetime at 465 nm
of P1/PVA@Flu film was measured as 1.98 s when [D]:[A] =
100:20, and the lifetime at 525 nm was 1.86 s (Figures S7
and S10, Supporting Information). The value of ФET was de-
termined as 35.9% according to the deceased donor’s inten-
sity data (Figure S12, Supporting Information). In addition, the
energy transfer effect of P1/PVA@RhB films was significantly
higher than P1/PVA@Flu films when the intensity of emission
at 465 nm and the donor/acceptor ratio were at the same level
(Figure S11, Supporting Information); this might be attributed
to the better overlap between RhB absorption and the donor
luminescence.

Considering the light-harvesting system consists of mul-
tiple multi-colored components in nature and is used for
multi-step sequential energy transfer instead of one-step en-
ergy transfer,[40–42] we further researched the potential of cas-
cade energy transfer processes in supramolecular aggregate
P1/PVA@RhB system. Hydrophobic dye molecules Cy5, which
has long alkyl chains, and tetrasodium 5,10,15,20-tetrakis(4-
sulfophenyl)porphyrin (TPPS), contains porphyrin macrocycles
that can interact with guest molecules were selected. The absorp-
tion spectra and the P1/PVA@RhB system’s emission spectrum
had good spectral overlaps (Figure 3a). The P1/PVA@RhB sys-
tem’s emission at 590 nm diminished with the addition of the

Cy5, and a new emission peak at 680 nm emerged, indicating
that there is a PRET from the singlet of RhB to singlet of Cy5
(Figure 3b). One explanation is primary energy transfer from
P1/PVA system to RhB had high energy transfer efficiency, and
P1/PVA films phosphorescence emission at 465 nm was signif-
icantly quenched; another is the absorption spectra of P1/PVA
system have a smaller overlap with Cy5 than with RhB. In time-
resolved decay spectra, P1/PVA@RhB: Cy5 films at 590 nm de-
creased to 1.05 s, and the lifetime at 680 nm ascribed to Cy5
was 1.07 s (Figure 3c; Figure S18, Supporting Information). The
P1/PVA@RhB:Cy5 films emitted ultralong purple afterglow af-
ter turning off the exciting light, which could be observed last-
ing for 3 s by the naked eye (Figure 3e). According to the de-
ceased donor’s intensity data at 590 nm, The value of ФET was
calculated to be 97.4% when the P1/PVA to RhB to Cy5 mo-
lar ratio of 100:20:4 (Figure S13, Supporting Information). An-
other NIR luminescence receptor, TPPS was introduced into the
P1/PVA@RhB system to demonstrate the versatility of energy
transfer system. Upon the stepwise addition of TPPS, the double
emissions of TPPS were observed at 645 and 710 nm (Figure S17,
Supporting Information). The lifetime of P1/PVA@RhB:TPPS
films at 590 nm declined to 0.57 s, and the lifetimes at 645 and
710 nm belonging to TPPS were 0.70 and 0.64 s (Figure 3c; Figure
S18, Supporting Information). Additionally, the value of ФET was
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Figure 4. a) Possible mechanisms of cascade phosphorescence capture processes (ISC = intersystem crossing, TS-FRET = Triplet to singlet Förster
resonance energy transfer, SS-FRET = Singlet to singlet Förster resonance energy transfer); b) The lifetimes at 680 nm of P1/PVA@RhB:Cy5 films at
different excitation wavelengths ([P1]:[RhB]:[Cy5] = 100:20:4, 𝜆ex = 290 nm, delayed time = 100 μs); c) Photographs of water-sprayed P1/PVA film heated
for different times; d) Repeated cycles of the wet/dry processes and the corresponding photographs of P1/PVA@RhB:Cy5 film after turning off the UV
light ([P1]:[RhB]:[Cy5] = 100:20:4, mCZ:mPVA = 10:1); e) TEM images of P1 (left), P1@RhB (middle) and P1@RhB:Cy5 ([c] = 10−3 M, [P1]:[RhB]:[Cy5] =
100:1:1, scale bar: 500 nm).

88.4% according to the change of intensity at 590 nm when the
molar ratio of P1/PVA to RhB to TPPS is 100:20:20 (Figure S14,
Supporting Information). It is worth mentioning that P1/PVA
system can be used as a long-life phosphorescent donor material.
With energy receptor dyes adding, P1/PVA@RhB, P1/PVA@Flu,
P1/PVA@RhB:Cy5, and P1/PVA@RhB:TPPS showed luminous
color transitions from blue to green or orange, and then even-
tually to purple (Figure 3d). Additionally, there is a potential
mechanism for the cascaded phosphorescence-capturing system
(Figure 4a), which involves a two-step energy transfer procedure
called TS-FRET and SS-FRET to achieve the emission of primary
and secondary receptors.

To thoroughly verify the enrichment effect of CD, the control
experiments in the P2/PVA@RhB and P2/PVA@RhB:Cy5 sys-
tems were done ([P2/PVA]:[RhB]:[Cy5] = 100:20:4). The charac-
teristic lifetime of P2/PVA@RhB and P2/PVA@RhB:Cy5 films
at 590 and 680 nm were 1.97 and 1.82 s (Figure S19, Support-
ing Information). The co-assembly P2/PVA@RhB:Cy5 in the
absence of CD can emit weak phosphorescence because poly-
mer encase dyes can induce PRET in 1–10 nm. And the char-
acteristic peaks of Cy5 were five times more substantial while
the CD existed (Figure S20, Supporting Information). This is
because the host-guest interactions between dyes and CD can
further confine dyes, restrain the non-radiative transitions and
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efficiently enhance the phosphorescence. More importantly,
the doping ratio of the P1/PVA@RhB:Cy5 system is only
100:20:2, while the P2/PVA@RhB:Cy5 system without CD re-
quires a ratio of 100:20:20 to achieve a similar energy trans-
fer effect (Figure S21, Supporting Information). In addition,
the ФET of P2/PVA@RhB and P2/PVA@RhB:Cy5 systems
are much smaller, which are only 3.95% and 27.3% sepa-
rately (Figures S15 and S16, Supporting Information). In a
word, the presence of macrocycles significantly improves en-
ergy transfer efficiency and reduces the doping ratio. Trans-
mission electron microscopy (TEM) showed that with the addi-
tion of dye, the nanoparticles are gradually enlarged (Figure 4e).
The PVA assemblies tend to same result (Figure S22, Sup-
porting Information). The results of the TEM image also
confirm the encapsulation effect of the macrocyclic on the
dyes.

The PVA-based mixture doped with natural 𝛽-cyclodextrin and
carbazole was prepared. It was found that the enrichment effect
of non-covalent interaction was worse than the effect of cova-
lent bonding on the polymer (Figure S23, Supporting Informa-
tion). The sodium adamantane-1-carboxylate (AdCOONa) was in-
troduced as the competitive guest of the CD cavity to improve
the necessary host-guest interaction further. After the AdCOONa
was doping into the P1/PVA@RhB system, it was found that the
characteristic absorption peak at 590 nm decreased significantly
without enrichment effect (Figure S23, Supporting Information).
1H NMR and 2D Noesy strongly provided evidence that CZ and
CD in the polymer don’t interact (Figures S24 and S25, Support-
ing Information). Furthermore, the host-guest binding behavior
between dyes and 𝛽-CD was measured by 1H NMR and UV–vis
spectroscopic experiments. In Figure S26 (Supporting Informa-
tion), the protons of the aromatic region of dyes underwent re-
markable shifts. The binding constant (KS) of Flu, RhB, Cy5, and
TPPS with 𝛽-CD were respectively determined to be 126, 7285,
5530, and 17 430 M−1 through using the nonlinear least-squares
fitting method (Figure S27, Supporting Information). These also
explain why the P1/PVA@RhB film’s energy transfer is better
than the P1/PVA@Flu system, while the Flu’s spectra overlap is
better. We found that RhB was a crucial step in achieving the cas-
cade phosphorescence-capturing because of its excellent absorp-
tion and emission properties. Cy5 was introduced to the P1/PVA
system, but there was barely any Cy5 emission at 680 nm, show-
ing that there was no efficient energy transfer between them
(Figure S28, Supporting Information). Furthermore, the emis-
sion at 465 nm maintains essentially unaltered, which implies
that little energy transfer from the P1/PVA assembly to the sec-
ondary receptor.

When the excitation wavelength is changed from 290 to
480 nm, the lifetime of P1/PVA@RhB:Cy5 film at 680 nm rises
significantly, from 1.07 s at the beginning to a maximum of 1.36 s
at 340 nm and then plummets until it disappears (Figure 4b;
Figure S29, Supporting Information). At the same time, the
changing trend of a lifetime can be seen in the pictures under dif-
ferent excitation wavelengths, and their colors also change from
purple to blue (Figure S30, Supporting Information). These may
indicate that the characteristic peaks displayed by the receptors
come from energy transfer from donor. Additionally, stimuli-
responsive luminescent films have great potential for develop-
ment in anti-counterfeiting areas, humidity is a powerful mod-

erator of phosphorescence.[43–48] To validate that humidity influ-
ences our polymeric system, the emission spectrum and P1/PVA
film’s corresponding lifetimes were tested at different degrees of
wet/dry stimuli. First, watering film was measured and found no
phosphorescence emission at 465 nm (Figure 4c). The wet/dry
effect was explored using a hair dryer for heat up for differ-
ent times. The intensity of the 465 nm emission band gradu-
ally recovers with the heating time. When the heating time was
30 min, the emission intensity reached the plateau and hardly
increased even with increasing heating time (Figure S31, Sup-
porting Information). At this point, the water in the film is
almost removed. At the same time, the lifetime also showed
the similar changing tendency: The lifetime was gradually ex-
tended with the increase of heating time, reaching a maximum
of 2.92 s after heating for 30 min (Figure S32). Subsequently,
we explored the cyclic process of spraying water and remov-
ing water by heating the P1/PVA@RhB film for 30 min. The
465 nm emission band’s RTP intensity gradually decreased with
water spraying. Thus, the property of the film could be con-
trolled by wet/dry stimuli, and multiple cycles can be repeated
(Figure 4d).

Owning mechanical flexibility and processability, these
supramolecular systems have been successfully applied to
information encryption and anti-counterfeiting. The word
“NKU” was separately written on the surface of non-fluorescent
paper respectively by the solution of P1/PVA, P1/PVA@RhB,
P1/PVA@RhB:Cy5 ([P1]:[RhB]:[Cy5] = 100:20:4, mCZ:mPVA =
50:1). This characters emitted different color under 254 nm
UV excitation, and it can be seen with different duration after
UV off (Figure 5a). In addition, this can be used to construct
2D information encryption based on the characteristics of
P1/PVA, P1/PVA@RhB, P1/PVA@RhB:Cy5 films fluorescence
and delay time (Figure 5b). Encrypted information of the binary
codes of standard 8-bit ASCII characters is written on paper
using four types of aqueous solutions, including the solution
of P1/PVA, P1/PVA@RhB, P1/PVA@RhB:Cy5 and PVA@RhB.
We just can observe “8” by naked eye after writing. In the
decryption steps, UV light and delay time are crucial. The
fake information was rendered under UV light. After turning
off the light, decrypted “DAP” was observed first. Over time,
another password, “FCT” emerged. Carefully and patiently
observing, it can finally see that “NKU” is the correct pass-
word. It is worth mentioning that this code can be destroyed
in time after spraying water, but after 10 min of drying, it
can be reproduced, and this process can be cycled multiple
times.

3. Conclusion

In conclusion, we have constructed a two-step cascaded phospho-
rescent energy transfer system based on the ternary copolymers.
Guest-induced phosphorescence emission and the enrichment
of macrocyclic and rigid polymer enable this supramolecular ag-
gregate P1/PVA system to achieve excellent tandem phosphores-
cence energy transfer, with a lifetime of 1.07 s at 680 nm and
energy transfer efficiency of up to 97.4%. It is anticipated that
this supramolecular aggregate will offer a practical and workable
strategy for creating cascaded phosphorescent energy transfer
systems with long-range and long-lifetime photoluminescence,
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Figure 5. a) Pictures of the “NKU” paper separately written by the solution of P1/PVA, P1/PVA@RhB and P1/PVA@RhB: Cy5 under different light and
delayed light; b) A binary code constructed by the solution of P1/PVA, P1/PVA@RhB, P1/PVA@RhB:Cy5 and PVA@RhB papers for 2D information
encryption, with UV excitation and delay time as the decryption elements (the molar ratio of P1/PVA to RhB to Cy5 is 100:20:4, mCZ:mPVA = 50:1).

as well as new opportunities for the development of more sophis-
ticated phosphorescent supramolecular systems for phosphores-
cence materials studies.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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