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Super Phosphorescence Resonance Energy Transfer (PRET)
of Clusterization-Triggered Emission Enables Full-Spectrum
Dynamic Room-Temperature Afterglow

Peilong Liao, Tongyue Wu, Cheng Ma, Jianbin Huang, and Yun Yan*

Clusterization-triggered emission is emerging as a powerful strategy leading
to useful luminescence such as room-temperature phosphoresce (CTE-RTP),
yet people’s recognition on CTE-RTP is still very limited, so that it remains
challenging to achieve multicolor CTE-RTP due to the difficulty in tailoring
the clustering state of the atoms with lone pair electrons. The authors report
that phosphorescence resonance energy transfer (PRET) can occur in the
CTE-RTP system, which enables fine-tuning the color of the CTE-RTP. Since
the CTE-RTP is a broad band in the range of 400-700 nm, and the dipole
orientations are diverse in the CTE material, PRET can always occur between
the CTE-RTP and arbitrary fluorescent dyes to obtain delayed fluorescence
ranging from green to near infrared. Because the lifetime of the delayed
fluorescence depends on their molecular structure, dynamic afterglow can be
facilely achieved in the ensemble of a PRET-CTE-RTP system, making it very

appealing in anticounterfeiting.

1. Introduction

Clusterization-triggered  emission (CTE) have attracted
increasing attention in recent years,! which can be obtained
from natural compounds!>~! and through synthesis.[! Different
from conventional emissions that requires certain conjugated
7 groups, CTE originates from the through-space conjugation
(TSC) of electron-rich atoms in a nonconjugated molecule,
such as N, O, S, P, and Si.”'% Since these elements are very
common in most biological and simple synthetic molecules,
CTE materials possess the advantages of facile synthesis, good
water solubility, and low biological toxicity," and they are
very promising in many fields, such as color tunable light-emit-
ting,'>-2% bioimaging and chemical sensing.[*21-?/]

However, so far, the knowledge about CTE is still very lim-
ited. Very recently, a number of CTE materials are reported to
display room-temperature phosphorescence (CTE-RTP) when
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they are in solid state, owing to the sig-
nificant spin-orbital coupling (SOC) effect
endowed by the electron-rich atoms.[28-30
In this framework, many commercial
molecules that have been extensively used
in industries for decades were found to
display RTP.B132 Unfortunately, the color
of the CTE-RTP for both natural and syn-
thetic materials usually ranges in a narrow
band from blue to green due to the diffi-
culties to control the clustering states of
the CTEgens and the synthetic challenges
to create CTE materials with controlled
clustering states. Although some extraor-
dinary CTE materials with tunable fluores-
cence have been developed,’! few CTE-
RTP other than green was reported.3%:3+3°]

Foster resonance energy transfer
(FRET) is well-known for classical fluo-
rescence. It states that if the donor and
acceptor chromophores are within 1-10 nm in space and ori-
ented rationally, the fluorescence energy will transfer from the
donor to the acceptor, thus generating red-shifted fluorescence.
Recently, phosphorescence resonance energy transfer (PRET)
is also proved possible for organic phosphors.2**! When the
phosphorescence donor coexists with a fluorescent acceptor
dye, the acceptor may give emissions with similar lifetimes to
that of the donors. This inspires that if CTE-RTP could undergo
PRET, the color of the CTE-RTP would become tunable. How-
ever, this scenario has not been verified due partly to the unim-
aginable photophysical process of the energy resonance in CTE
systems, and partly to the difficulty in introducing acceptor
molecules to solid CTE-RTP systems.

Herein, we for the first time achieved PRET using CTE-
RTP with the strategy of solid-phase molecular self-assembly
(SPMSA) recently developed in our lab.*?=! First, CTE-RTP
was created with a pair of electrostatically interacted CTE
polymers. Upon mixing their aqueous solutions, the additional
interactions between the CTE polymers facilitate the forma-
tion of densely woven network with meshes around 1 nm,
which endows the network with considerable hydrophobicity
and oxygen resistance. As a result, the molecular motion for
the CTE polymers is confined effectively in the precipitates,
which allows to generate CTE-RTP. Furthermore, PRET occurs
between the CTE-RTP substrate and the doped fluorescent
dyes, leading to afterglow emissions with lifetimes similar to
the CTE-RTP. It is amazing to find that different from PRET
in classical dyes that requires specific dipole orientation and
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rational distance between the donor and acceptor, the diversi-
fied clustering states of the CTEgens offer 100% possibilities of
PRET with arbitrarily doped acceptor, without specific aligning
requirements. Since the CTE-RTP is in the broad range of
400-700 nm, it can serve as super energy donor for almost all
the classical fluorescent dyes. We show that by doping classical
fluorescent molecules in the densely woven polymeric net-
work displaying CTE-RTP, phosphorescence resonance energy
transfer from the CTE-RTP to arbitrary guest dyes (CTE-PRET)
can always be realized. Since the lifetime of the CTE-PRET is
tunable by variation of the doping ratio of the acceptor, smart
dynamic afterglow can be obtained. The current work not only
allows us to generate tunable dynamic emission color of the
CTE-RTP from blue to near IR but also opens a new paradigm
of CTE-PRET, which may further broaden our horizon on CTE.

2. Results
2.1. Generating CTE-RTP through SPMSA

Since RTP often occurs in solid materials that are resistant to
water and oxygen, we decide to generate CTE-RTP using the
strategy of solid-phase molecular self-assembly (SPMSA) devel-
oped in our lab.?! Figure 1a shows the schematic diagram
of SPMSA by mixing the negatively charged APAM (anionic

(a) NaO__O
Dl
07 NH,

Anionic polyacrylamide

(APAM)
+
NH

H
w: \/\/\HJLH‘l'n xHCI +

Poly(hexamethylene biguanidine) ==
hydrochloride '
(PHMB) +

www.advopticalmat.de

polyacrylamide) and positively charged PHMB (polyhexameth-
ylene biguanidine hydrochloride). Both polymers display char-
acteristic CTE features in solution, which is evidenced by the
increased fluorescence with increasing solution concentration,
and excitation-dependent emission maximum (Figure S1, Sup-
porting Information). However, no RTP is available in these
solutions due to the significant nonirradiative energy dissipa-
tion aroused from molecular motion and hydration effect.[*!
Upon mixing, bulk precipitates are formed immediately as
the charge ratios approaching to 1:1. The fresh wet precipitates
displays strong CTE (Figure S2, Supporting Information), but
still without RTP. Considering the sensitivity of RTP to water,
oxygen, and molecular motion, the precipitates were condensed
to a flake with a pressure of 5 MPa and dried in a desiccator over-
night. X-ray diffraction (XRD) measurements revealed the lack
of obvious diffraction peaks, indicating its amorphous nature
(Figure S3, Supporting Information). Under 365 nm UV light,
the flake displays significant blue emission at 437 nm, with the
lifetime and quantum yield being 3.05 ns and 13.9%, respec-
tively (Figure S4, Supporting Information). However, as the
UV is switched off, green afterglow lasting for 3 s are observed
(Figure 1a). This strategy of SPMSA is general for creating CTE-
RTP materials (Figure S5, Supporting Information), but the
CTE-RTP resulted from APAM-PHMB flake is the strongest.
Figure 1b and Figure S6 (Supporting Information) show that the
broad phosphorescence band of the APAM-PHMB flake ranges
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Figure 1. a) Systematically illustration of electrostatic self-assembly and intermolecular force of APAM and PHMB. b) Excitation-fluorescence mapping
of APAM-PHMB flake. c) Schematic diagram of energy-level structure of APAM-PHMB with wavelength-dependent fluorescence and wavelength-
independent phosphorescence. d) Excitation-phosphorescence mapping of APAM-PHMB flake.
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from 400 to 700 nm, with the peak wavelength locating stably
at 513 nm. The lifetime and quantum yield for this CTE-RTP is
291.5 ms and 2.3%, respectively. It is noticed that the CTE fluo-
rescence maximum for the APAM-PHMB flake is excitation-
dependent (Figure 1c and Figure S7, Supporting Information).
As the excitation wavelength increases from 300 to 370 nm, the
emission shifts from 340 to 440 nm (Figure 1c). According to
the through-space conjugation (TSC) theory,?82% this is due to
the polydispersed clustering states of the clusteroluminogens.
Since each of these states has distinct excited energy levels (S,,
Sp, Se etc.), the resulting emission is also different. However,
the CTE-based phosphorescence emission peak remains con-
stant at 513 nm as the excitation wavelength varies (Figure 1b
and Figure S6, Supporting Information), only the lifetime of
phosphorescence decreases from 379.7 to 229.0 ms with the red
shift of excitation wavelength from 320 to 380 nm (Table S1,
Supporting Information). This means that the triplet energy
levels for different clusters are almost the same(Figure 1d), so
that the current CTE-RTP did not display excitation dependence
like what occurs in other CTE-RTP systems.*]

2.2. The Humidity Resistance and Oxygen Resistance
of the APAM-PHMB Flake

Phosphoresce is usually easily quenched by moisture since
water often promotes the dynamics and the vibrational dissi-
pation of the phosphors.*! However, the APAM-PHMB flake
prepared by SPMSA has good humidity resistance, although

www.advopticalmat.de

both APAM and PHMB are hydrophilic polymeric materials.
We have compared the contact angle and phosphorescence
of the APAM-PHMB flake with that of the casting films of
individual APAM and PHMB. It reveals that contact angle of
water on the surfaces of the casted APAM film and PHMB
film are 22 £ 1° and 60 * 1°, respectively (Inset in Figure 2a,b).
As a result, their phosphorescence intensity will decrease
rapidly with the increase of humidity and disappeared at
relative humidity (RH) of 29% (Figure 2a,b and Figure S8,
Supporting Information). However, after SPMSA, the contact
angle of APAM-PHMB is 111 + 1°. As the RH rises to 57%,
the phosphorescence intensity is still 71% of that at RH = 0
(Figure 2c), and the lifetime remains 145.0 ms (Figure S9, Sup-
porting Information). In a certain humidity environment, the
lifetime of the flake will reach equilibrium after 2 days and
remain stable in extending storage time, which further con-
firms the super resistance to humidity (Figure S10, Supporting
Information). In addition, APAM-PHMB flake shows excel-
lent resistant to wide pH range (pH 1-13) and NaCl solution
(<0.1 mol L) (Figures S11-S12, Supporting Information).
Since merely ionic interaction would not result in such excel-
lent moisture resistance,>*! we speculate that the strong
interaction between APAM and PHMH have forced the hydro-
phobic hydrocarbon groups in the polymers in close vicinity,
so that they are enriched to the surface of the APAM-PHMB
flake to decrease the interface energy (Figure 2d). Indeed,
the N—H vibrational band at 2173 cm™ in the FT-IR spectra
is broadened considerably upon the self-assembly (Figure S13,
Supporting Information).
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Figure 2. a—c) The contact angle and phosphorescence of (a) APAM-dropping film, (b) PHMB-dropping film, and (c) APAM-PHMB flake under different
relative humidity (%). d) Systematically illustration of humidity resistance of APAM-PHMB flake. e) Systematically illustration of oxygen resistance
of APAM-PHMB flake. f) The phosphorescence of APAM-PHMB freeze-dried precipitates and SPMSA flake under air, vacuum and N, atmosphere.
g,h) The TEM picture of (g) SPMSA flake and (h) APAM-PHMB freeze-dried precipitates.
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Excitingly, the APAM-PHMB flake prepared by SPMSA also
exhibited excellent oxygen resistance (Figure 2e). Excited phos-
phors would undergo quenching through collision with 0,.1*8!
It is noteworthy that the SPMSA flake has almost the same
phosphorescence intensity and lifetime under air, vacuum,
and N, (Figure 2f), and the corresponding lifetime is 290.0,
362.4, and 352.2 ms, respectively (Figure S14, Supporting
Information). In contrast, the phosphorescence of the freeze-
dried fluffy powders in the air is very weak, and only becomes
strong in vacuum and N, (Figure 2f). The lifetime in the air
is 54.3 ms, and raise to 360.0 and 350.8 ms in vacuum and N,
(Figure S15, Supporting Information). The excellent oxygen
resistance of the flake is attributed to its densely woven net-
work structure with mesh sizes smaller than 1 nm as revealed

()
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by TEM (Figure 2g) and SEM (Figure S16, Supporting Informa-
tion), which is in clear contrast with the extensive 20-50 nm
large pores in the fluffy powder system (Figure 2h). This means
that the hydrogen bonding and electrostatic interaction sites are
paired fairly well (Figure 2d) in the SPMSA flake.

2.3. CTE-PRET

The robust CTE-RTP generated by the strategy of SPMSA
allows facilely check the possibility of PRET from the CTE-
RTP to acceptor dyes. The yellow fluorescent dye DFF is
chosen as the model acceptor (inset in Figure 3a). The absorp-
tion range of DFF is about 410-520 nm, which overlaps well
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Figure 3. a) Normalized absorption of DFF solution (red) and phosphorescence spectra of APAM-PHMB flake (green, A, = 365 nm). b) Normal-
ized afterglow spectra of APAM-PHMBODFF flakes (Ao = 365 nm). c) Lifetime of the peak of APAM-PHMBODFF flakes with different mass fraction
(Wt%o0) of DFF (A, = 365 nm). d) Fluorescence and afterglow spectra of APAM-PHMBODFF (2.43%00) (Ae = 365 nm). e) Systematically illustration
of the energy transfer process of CTE-PRET.

Adv. Optical Mater. 2022, 2202482 2202482 (4 of7) © 2022 Wiley-VCH GmbH

85U8017 SUOWILLOD 3ATE81D 3(dedl|dde sy} Aq peusenob a1e ss(ie YO ‘8sn Jo's9|nl 1oy AriqiT8uljuQ A1\ UO (SUONIPUCD-PUR-SLLBILIOD S| 1M AleIq 1 Bu1UO//SANY) SUORIPUOD pUe SWiB | 8L 88S *[£202/20/vz] uo Arigiauliuo A8|im ‘AisieAiun Buied Aq 28202202 Wope/zo0T OT/10p/Lwoo" A3 (1M Aelq Ul uo//sdny woiy pepeojumod ‘0 ‘TZ0TS6TZ



ADVANCED
SCIENCE NEWS

OPTICAL

www.advancedsciencenews.com

with the phosphorescent emission band (400-700 nm) of
APAM-PHMB, indicating it is a good acceptor for the APAM-
PHMB CTE-RTP donor (Figure 3a and Figure S17, Sup-
porting Information). Upon addition of the DFF solution to
the aqueous solution of PHMB, DFF is introduced to the orig-
inal APAM-PHMB precipitates, which can then be pressed
into a homogeneous flake. Figure 3b shows that as the con-
tent of DFF in the flake ranges from 0 to 178%co, the inten-
sity of CTE-RTP peak decreases and the RTP intensity of DFF
increases, corresponding to the change of afterglow color from
green to yellow (inset in Figure 3c). In line with this, the life-
time of the CTE-RTP decreases continuously (Figure 3c and
Table S2, Supporting Information). On the meanwhile, DFF
gains similar lifetimes. Clearly, PRET has occurred between
the CTE-RTP of the APAM-PHMB flakes and the doped DFF
acceptor, and the energy transfer rate is 44.3% at the optimum
DFF doping ratio of 2.43%co, where its afterglow intensity is
the strongest. Considering that the afterglow emission peak
of DFF overlaps perfectly with its fluorescence (Figure 3d), the
PRET has occurred between the triplet state of the lone-pair
clusters of the APAM-PHMB and the S1 state of DFF, as dem-
onstrated in Figure 3e.

2.4. Generality of the CTE-PRET for Arbitrary Acceptors

The extremely broad phosphorescent emission range of
400-700 nm for the APAM-PHMB flake allows the occurrence
of PRET to nearly all the doped fluorescent dyes, since most
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of them have absorption in this range (Figure S18, Supporting
Information). Figure 4a shows that the CTE-PRET is widely
applicable to almost any dyes doped in the APAM-PHMB
flake. Regardless it is cation, anion, or neutral, all fluorescent
acceptor dyes can achieve characteristic long afterglow emission
in the APAM-PHMB flake. Clearly, the diversified states of the
CTE clusters would avoid the direct electron transfer between
the donor and acceptor, and the irregular clusters have arbi-
trary dipole orientations in the entire space, so that the doped
dyes can always receive the excitation energy of the donor via
resonance. Namely, the sea of the ill-defined CTE clusters is
capable of offering the reasonable donor—acceptor distance and
the donor—acceptor dipole-dipole interactions, which facilitate
universal energy transfer (Figure 4b). With its super CTE-PRET,
the afterglow can be tuned from blue to deep red. Part of the
molecular structure, emission wavelength, and lifetime infor-
mation are shown in Figure S19 and Tables S3-S4 (Supporting
Information).

Benefiting from the super PRET ability of the CTE-RTP
and the afterglows with different lifetimes, these CTE-PRET
materials hold great promise for dynamic display in the full-
spectrum. As exampled in Figure 4c, when a spliced footprint
and concentric circles were constructed with APAM-PHMB
films doped with different dyes, both the pattern and color
evolve with time owing to the variations in afterglow lifetimes
of different dyes. It is worth noting that the phosphorescent
materials based on CTE have good light stability, suitable for
application in anticounterfeiting (Figure S20, Supporting
Information).
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Figure 4. a) The long afterglow and luminescence photos of APAM-PHMBODyes under 365 nm UV light. b) Mechanism of the super PRET ability of

the CTE-RTP. ¢) The dynamic afterglow of the CTE-PRET materials based on APAM-PHMB>Dyes.
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3. Conclusion

In summary, CTE-RTP is a super donor that is able to transfer
its excitation energy to random acceptor dyes without specific
requirements on the array and distance between donor and
acceptor. Because the clusters that give emission is not well-
defined, no 7—r interaction between the cluster donor and the
molecular acceptor could occur, which avoids the direct elec-
tron transfer between the donor and acceptor. Furthermore,
the irregular clusters have arbitrary dipole orientations in the
entire space, so that the doped dyes can always receive the exci-
tation energy of the donor via resonance. We envision that the
CTE-PRET would open up a new paradigm of CTE materials
and makes it possible to achieve random dynamic room-tem-
perature afterglow in the full-spectrum of visible-near infrared
region.

4. Experimental Section

Solid-Phase  Molecular ~ Self-Assembly of APAM-PHMB: Anionic
polyacrylamide (APAM, Mw: =12 000 000) was purchased from Sangon
Biotech. Polyhexamethylene biguanidine hydrochloride (PHMB)
was purchased from Bide Pharmatech Ltd. The experimental water
was ultrapure water (Milli-Q water) with a resistivity of 18.2 MQ - cm
obtained by a Millipore ultrapure water machine. An aqueous solution
of PHMB and an aqueous solution of APAM were added, reaching
final concentrations of 50 mM for the ammonium-positive charges
of PHMB and 50 mM for the carboxylate-negative charges of APAM.
White precipitates were immediately formed after mixing. The collected
precipitates were then treated in two parallel ways: subjected to a
pressure imposed by finger pressing and noodle machine manufacturing
under ambient environment.

Dyes Doping: 2 mM dyes aqueous solution was added to 20 mL,
50 mM (structural unit) PHMB aqueous solution in different volumes
and mixed uniformly, and then mixed with 20 mL, 50 mM (structural
unit) APAM aqueous solution to obtain APAM-PHMBODyes
precipitates. Then, the precipitates were condensed with a pressure of
5 MPa and dried in a desiccator overnight to get APAM-PHMBODyes
flakes with different doping ratios.

Estimation of the Efficiency of the Transfer: FRET and PRET could be
detected in several ways.**3 Energy transfer caused quenching of
donor fluorescence/phosphorescence and sensitized fluorescence/
phosphorescence of the acceptor. It also reduced the donor lifetime
and decreased the rate of irreversible photobleaching of the donor. In
this work, experimental FRET/PRET efficiencies (E) were obtained from
steady-state measurements using

f=1-Toa 0}

where Tps and 7 are the measured donor lifetimes in absence and in
presence of acceptor, respectively.

Supporting Information

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