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1 | INTRODUCTION

Purely organic materials with ultralong afterglow emis-
sion have been widely applied in bioimaging,/'™*! organic

Abstract

Ultralong organic room temperature phosphorescence (RTP) is attracting increas-
ing attention due to its fascinating optical phenomena and wide applications.
Among various RTP, excimer phosphorescence is of fundamental significance, but
it remains a considerable challenge to achieve flexible, multicolor and large-area
excimer RTP materials, which should greatly advance the understanding and devel-
opment of organic light-emitting devices. Herein, we present ultralong excimer
RTP films by the self-assembly and confinement of terpyridine (Tpy) derivatives
in polymeric matrices. Strikingly, the self-assembly of Tpy derivatives induces the
formation of excimer complexes, thus immensely minimizing singlet-triplet split-
ting energy (AEgt) to promote the intersystem crossing process. Furthermore, the
confinement by multiple hydrogen bonding interactions as well as the compact
aggregation of phosphors jointly suppresses the nonradiative transitions, leading to
long-lived excimer RTP (7 = 543.9 ms, 19,000-fold improvements over the pow-
der). On account of the outstanding afterglow performance and color-tunability of
RTP materials, flexible and large-area films were fabricated for intelligent display,
anticounterfeiting, and time-resolved information encryption.
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crystal  engineering,!>' 21 H-
polymerization,[?-2"] host—guest
heavy-atom designs,***>! formation of
aggregates,! 3% construction of frameworks,!*#!1 and

excitons, such as
aggregation,!>+%]
systems, 2933

light-emitting diodes,!>! sensors,[°~1% data encryption,[!!-13]

and so on. Unlike inorganic phosphors containing rare,
toxic, and expensive elements,!'*] organic room temperature
phosphorescence (RTP) materials possess inherent merits
of outstanding performance with color-tunable properties,
eco-friendliness, and mild preparation conditions.[!5-20]
To date, several effective strategies have been success-
fully developed to access ultralong RTP mainly based
on the promotion of intersystem crossing (ISC) and
the suppression of the nonradiative decay of triplet

doping in polymeric matrices.[*>**] These effective prepa-
ration methods have significantly advanced the development
of ultralong organic RTP materials and provided them with
more opportunities for practical applications.[*?]

Among a wide variety of RTP systems, the study of
excimer phosphorescence is of fundamental significance and
should greatly advance the understanding of energy/charge
transfer and intermolecular interactions in plenty of organic
optoelectronic devices, thus promoting the design and
development of related devices.[**!] Excimer, namely,
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Ilustration of the preparation of ultralong room temperature phosphorescence (RTP) film. (A) The precursor solution of poly(vinyl alcohol)

(PVA) and terpyridine (Tpy) derivatives at 96°C. (B) The self-assembly of Tpy derivatives into nanoparticles via thermal annealing at 65°C. (C) The aggregation
of Tpy nanoparticles into micron aggregates and their strong confinements in the PVA matrix during drying process to form ultralong RTP film. (D) A roll of

flexible and large-area PVA-Tpy film under 254-nm ultraviolet (UV) light.

excited-state homodimer, often has a significant impact on
the photophysical properties of chromophores in organic
light-emitting devices.’”’] In sharp contrast to extensive
investigations of the steady-state fluorescence of singlet-state
excimer, the phosphorescence from triplet excimer is far
from well understood attributed to the lack of theoretical and
experimental authentication. As one of the host-guest sys-
tems, the pioneering exciplex (heterodimeric species)-based
RTP by Kabe and Adachi was realized by the recombina-
tion of charge-separated states.’®°] In such a well-known
RTP system, both electron-donating and electron-accepting
molecules should be carefully selected to form exciplex
with a long-lived charge-separated state.l"! Differently,
excimer phosphorescence occurs owing to a tight asso-
ciation of homodimeric species, particularly in the cases
of polyaromatic hydrocarbons, such as naphthalene and
phenanthrene.®'~%*]' The challenge of achieving excimer
phosphorescence is not only attributed to the low spin-orbit
coupling (SOC) of aromatic compounds but also due to dif-
ficulty in the stabilization of short-lived excimer to harvest
triplet excitons.[%>®] Tn recent years, triplet excimer emis-
sion has been successfully realized in the crystalline state of
planar luminophores, demonstrating that the strong 7-7 inter-
actions among phosphors play an important role in excimer
phosphorescence.!”-7%] However, the realization of excimer
phosphorescence in the polymeric matrix to achieve flexible,
multicolor and large-area RTP films remains a formidable
challenge, because there exists a great difficulty in the con-
trollable self-assembly and population of triplet excimer in
such a complicated system.

In this context, we rationally selected a series of 2,2":6",2"'-
terpyridine (Tpy) derivatives as phosphors and integrated
them with semicrystalline poly(vinyl alcohol) (PVA) to
render ultralong excimer RTP materials (Scheme. 1). The
heterocyclic polynuclear Tpy fluorophore containing N het-
eroatoms favor an n—z* transition for boosting the ISC
process, which is beneficial to populating triplet excitons
under ambient conditions.!”'~7#] Tn addition, the geometric
confinement effect of the rigid PVA matrix by the multiple
hydrogen bonding between Tpy phosphors and PVA chains
can greatly enhance SOC and effectively inhibit nonradia-
tive decay rates.!'®! More importantly, the coassembly of Tpy
molecules to form excimer complexes immensely minimizes

the energy gap (AEgt) between singlet and triplet states,
which is conducive to the ISC process. As such, the resultant
ultralong RTP materials exhibited excellent afterglow perfor-
mance with flexible, transparent and color-tunable properties,
and could be readily processed into films, fibers, and coat-
ings in large-area for afterglow display, anticounterfeiting and
time-resolved information encryption. This study not only
demonstrates an effective strategy to fabricate flexible, multi-
color, and large-area excimer RTP but also broadens the scope
of afterglow materials for advanced applications.

2 | RESULTS AND DISCUSSION

2.1 | The preparation and optical
characterization of ultralong RTP films

The ultralong RTP film was facilely fabricated by a sim-
ple drop-casting and thermal annealing method. A clear and
homogeneous precursor solution was obtained after stirring
the mixed aqueous solution of hydrophobic Tpy and PVA
at 96°C for 45 min (Scheme 1A, Figure S2). The obtained
precursor solution was transferred to thermal annealing
immediately at 65°C for 15 min (Scheme 1B). The free-
standing PVA-Tpy film was fabricated after drying at 65°C
for 1 h (Scheme 1C, see SI for experimental details). Unex-
pectedly, the steady-state (prompt) fluorescence spectrum of
PVA-Tpy film reveals dual-band emission at around 350 nm
from local emission (LE, “monomer” emission), and a promi-
nent emission at 465 nm ascribed to the excimer emission
(Figure 1A). Notably, the time-resolved (delayed) spectrum
displays a typical long persistent luminescence character in
that a dominating emission at 485 nm with intense cyan
afterglow. The average lifetime of the phosphorescence at
485 nm was measured as 543.9 ms under ambient condi-
tions (Figure 1B), revealing a long-lived feature. It was also
found that the process of thermal annealing has a marked
impact on the afterglow properties and excimer emission
(Figure S54). Delayed emission—excitation mapping of PVA-
Tpy film manifests that the emission band is independent of
excitation wavelength and the optimal excitation wavelength
is around 240 nm (Figure 1C). The phosphorescence intensity
and lifetime were progressively decreased upon increasing
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resolved emission-decay profile of PVA-Tpy film at 485 nm. (C) Delayed emission—excitation mapping of PVA-Tpy film. (D) Temperature-dependent delayed
emission spectra of PVA-Tpy film from 77 to 327 K, 4., = 240 nm, delayed time: 0.05 ms. (E) Ultraviolet-visible (UV-vis) absorption spectra of PVA-Tpy (1.0
wt%) film and Tpy solution (5 X 10°® M). (F) 'H nuclear magnetic resonance (NMR) spectra (aromatic region) of Tpy in dg-Dimethyl sulfoxide (DMSO) and
PVA+Tpy (1.0 wt%) in D, 0 at 298 K. (G) Photographs of the origami crane show long-lived delayed emission under 254-nm UV excitation and at different

time intervals after erasing UV irradiation.

the temperature from 77 to 327 K (Figure 1D and Figure
S49), presumably owing to the thermal sensitivity of the
aggregates and increased molecular motions of both Tpy
phosphors and PVA chains, which excluded the assignment
of delayed emission to thermally activated delayed fluores-
cence. Moreover, complicated 3D objects such as origami
cranes could be fabricated based on the flexibility and tai-
lorability of PVA-Tpy film (Figure 1G). It exhibits long-lived
phosphorescence with a visible afterglow duration of 2.4 s
(Video S1). The afterglow emission hardly changed in color
and only slowly faded in cyan upon the removal of the ultra-
violet source. Longer afterglow was visible to the naked eye
for about 5 s at 77 K (Video S2).

2.2 | Experimental authentication of the
excimer phosphorescence

The photophysical property of the film was further studied
by ultraviolet-visible (UV-vis) absorption spectroscopy. The
broadening of the absorption bands along with small red-

shifts in maxima peaks indicated the preassociation of Tpy
molecules in the PVA matrix (Figure lE).”S’%J Moreover,
the excitation spectra provided compelling evidence for the
formation of excimer, exhibiting red-shifting and broadening
feature of PVA-Tpy film compared with Tpy solution (Figure
S56). The crystallinity of PVA matrix was characterized by
powder X-ray diffraction (Figure S3). The concentration-
dependent fluorescence proved the formation of excimer in
a highly concentrated solution (Figure S4).

Considering the concentration-dependence of molecular
interactions, we decided to investigate the impact of the
doping concentration of Tpy phosphor on the optical per-
formance of RTP films. As shown in Figure 2A, despite
gradually diminution, the LE at around 350 nm remained
even at high concentrations of 1.8 wt%. Differently, the
excimer emission was increased at first due to the reduction of
intermolecular distance and the increase of the probability of
collisional interaction of excited and ground state monomers,
and then descended obviously when increasing doping
concentration of Tpy phosphor. The delayed emission
revealed the same trend with steady-state excimer emission,
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The experimental authentication of ultralong excimer room temperature phosphorescence (RTP). (A) Prompt fluorescence spectra, (B)

delayed emission spectra, (C) time-resolved phosphorescence decay profiles (delayed time: 0.05 ms), (D) phosphorescence emission lifetimes, (E) electron
paramagnetic resonance (EPR) spectra of poly(vinyl alcohol) (PVA)-terpyridine (Tpy) film with different doping concentrations (0.2—1.8 wt%). (F) Delayed
emission spectra of PVA99-Tpy, PVA88-Tpy, PVA80-Tpy, PVAc-Tpy films, respectively (delayed time: 0.05 ms). (G) Transmission electron microscopy (TEM)
images of annealed PVA-Tpy solution with doping concentrations of 1.0 and 1.4 wt%. (H) Optical microscopy (OM) images of PVA-Tpy films with doping

concentrations of 1.0 and 1.4 wt%.

presenting the strongest emission at a concentration of 1.0
wt% (Figure 2B). It could be inferred that the ultralong RTP
of the films should be closely corelative with the formation
of excimer. The RTP lifetime of these films were mea-
sured as 389.2, 417.0, 543.9, 489.6, 238.4 ms, respectively
(Figures 2C,D). These results suggested that the the optimal
doping concentration was 1.0 wt%, demonstrating excessive
content of Tpy molecules might significantly reduce the
crystallinity of the PVA matrix. Further increase of doping
concentration facilitates the formation of excimer but also
reduces the RTP intensity and transparency of the material
(Figure S58). Although electron paramagnetic resonance
(EPR) spectra manifested that more triplet excitons were
generated as doping concentration increased (Figure 2E), a
plethora of Tpy molecules were inadequate to be effectively
localized and confined in the polymeric matrix, resulting in
triplet quenching.

In order to gain more insights into the mechanism of
ultralong RTP, transmission electron microscopy, optical
microscopy and scanning electron microscopy (SEM) were
employed to study the self-assembly of Tpy phosphors
in the polymeric matrix. After being dispersed into the
PVA matrix, Tpy molecules were prone to form uniform
nano-aggregates with an average diameter of 1-3 nm dur-

ing thermal annealing (Figure 2G and Figures S5-S10),
which contributed to the formation of excimer. Interest-
ingly, these nanoparticles further merged into micron-scale
aggregates after drying to form RTP films (Figure 2H and
Figure S11). Although the microscopic morphologies of Tpy
aggregates in these films are quite different, the optical prop-
erties and spectral profiles are similar, except for the ratio
of LE to excimer emission is increased when increasing
doping concentration (Figure S53). SEM images of these
ultralong RTP films revealed smooth and uniform morpholo-
gies (Figure S12), demonstrating well distribution of Tpy
aggregates in the PVA matrix. Besides, the aggregation
behavior of Tpy molecules was further validated by nuclear
magnetic resonance (NMR) including "H NMR and variable-
temperature 'H NMR (VT-'H NMR). The characteristic
resonance peaks of H4/, H4"4”, and H3" were shifted toward
downfield slightly, while protons of 135, H33", and HOO”
were significantly shifted to upfield (A§ = 0.25 ppm for
H3"), because of shielding effect from the molecular aggre-
gation (Figure 1F and Figure S13). VT-'H NMR displayed
that all protons of Tpy were prominently moved to down-
field as the temperature raised (Figure S14), possibly ascribed
to the dissociation of Tpy aggregates. Furthermore, the off-
set face-to-face packing with a close distance of 0.37 nm of
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Tpy molecules indicates there are strong 77— stacking inter-
actions for driving the self-assembly and aggregation of Tpy
molecules (Figure S51). The band broadening and significant
redshift of the UV absorbance of PVA-Tpy film with increas-
ing the doping concentration of Tpy also demonstrate the
existence of intermolecular 7z-7 stacking of Tpy molecules
(Figure S52).I771 Evidently, these results substantiate that
Tpy molecules are self-assembled into uniform aggregates
driven by 7—m stacking interactions, which facilitates the
excimer emission owing to reduction of the intermolecular
distance.

To figure out the effect of the strong confinement by
hydrogen bonding on the RTP properties, attenuated total
reflectance-Fourier transform infrared spectroscopy was first
carried out. As compared to the pure PVA film, stretching
vibrations of the hydroxy group (—OH) were blue-shifted
from 3281 to 3260 cm’! upon increasing doping concen-
tration up to 1.8 wt% (Figure S15), which confirmed the
formation of strong hydrogen bonding between PVA and
Tpy molecules. Additionally, PVA with different alcoholysis
degrees (99, 88, and 80%, denoted as PVA99, PVASS, and
PVAS80) and poly(vinyl acetate) (PVAc) were applied to veri-
fied the importance of hydrogen bonding interactions. As the
alcoholysis degree of PVA decreased, the RTP performance
was degraded apparently due to insufficient confinement of
triplet exciton (Figure 2F and Figure S16). To further sub-
stantiate the conclusion that long-lived RTP originated from
the hydrogen bonding, we also checked the afterglow perfor-
mance of Tpy doped with different polymer matrices (Figure
S17). It demonstrated that the RTP films exhibited excellent
afterglow properties by introducing Tpy into those polymers
could offer abundant hydrogen bonds. By contrast, with a
lack of effective confinement from the rigid polymeric matri-
ces, Tpy powder revealed poor RTP performance with a broad
emission band (Figure S18). Only a faint afterglow with a
duration of 0.3 s was observed (Figure S19), and its lifetime
was measured as 28 us (Figure S20). As such, it could be cer-
tainly deduced that the outstanding afterglow performance of
PVA-Tpy film was closely correlated with hydrogen bonding
between phosphors and PVA chains. By the means of being
doped with PVA matrix, the lifetime was improved by more
than 19,000-fold compared with that of the Tpy phosphor in
the powder state. Overall, these results definitely proved that
the ultralong RTP ascribed to the synergistic effect of the self-
assembly and aggregation of Tpy molecules via 77— stacking
interactions and the vibrational restriction by confinement
from hydrogen bonding interactions.

2.3 | Theoretical simulations to verify the
excimer phosphorescence

The aggregation of Tpy molecules and hydrogen bonding
interactions in the PVA matrix was further elucidated by
molecular dynamics simulations (Figure S21). Indeed, the
Tpy molecules tend to clump togther through 7—m stack-
ing interactions, especially for the situation of high doping
concentration (Figure S21a). The number of cofacial dimer,
hydrogen bonds, and aggregation degree are all increased as
the doping concentration raised (Figure S21b,d).

To better understand the observed long-lived afterglow
emission from a purely organic system, we calculated the

optoelectronic properties of Tpy monomer and dimer in sin-
glet and triplet excited states using density functional theory
with B3LYP functional!’®! and the 6-31G(d,p) basis set!”"]
(Figure 3 and Figures S22-S24). The Tpy monomer and
dimer display similar highest occupied molecular orbital
(HOMO) energies, lowest unoccupied molecular orbital
(LUMO) and spatial distribution (Figure 3A). Strikingly, both
HOMO and LUMO are uniformly distributed over the per-
fectly cofacial dimer owing to intense 77—z stacking, which
is considered to play a critical role in the formation of triplet
excimer.l%®) As shown in Figure 3B, the lowest singlet (Eg;
= 4.44 eV) and triplet (Er;= 4.14 eV) excited states of Tpy
monomer are quite close with a narrow energy gap (AEgt =
0.30 eV), which promotes the singlet-triplet ISC process. "]
In addition, singlet-triplet splitting energy was further nar-
rowed down to 0.14 eV for the dimer, indicating more
favorable ISC to form a triplet excimer. The T; spin density
of the Tpy dimer is mainly distributed on one molecule of
the dimer complex and slightly on the other one (Figure 3C),
which is indicative of a minor difference in RTP emission
between the Tpy monomer and dimer. However, the phos-
phorescence peaks of monomer and excimer are close to their
corresponding fluorescent emission as evidenced by pure LE
and excimer emission in dilute and highly concentrated solu-
tions, respectively (Figure S25). The delayed emission of
dilute and highly concentrated Tpy solution undergo double-
exponential and triple-exponential decays with lifetime of
2.65 us and 9.82 us, respectively (Figure S57). It was also
found that the maxima of excimer phosphorescence and flu-
orescence of Tpy solution are almost overlap ascribed to
low AEqr. As such, the triplet excimer of PVA-Tpy film is
probably not originated from direct ISC of excited dimer.
Taken together, we proposed a rational mechanism that led
to ultralong excimer RTP as depicted in Figure 3D. The
ground-state Tpy monomers (S;) were excited to singlet state
(S;) upon excitation and a portion of the excited monomers
would revert to S; by radiative transition (LE). Meanwhile,
partial singlet monomers underwent a spin-forbidden ISC
process to the triplet state (T ). Theoretically, monomer phos-
phorescence should be observed. However, the strong m—m
stacking interactions in the compact aggregates greatly facil-
itates the energy transfer from triplet monomer to an adjacent
molecule in the S, ultimately resulting in harvesting triplet
excimer (T;*).[7% In addition, the multiple hydrogen bonds
immensely stabilized the Tpy aggregates by geometric con-
finement, and thus promoting the emission of triplet excimer.
Consequently, ultralong excimer RTP was finally achieved
via tardily radiative transition from T * to Sy.

2.4 | Proof of universality and regulation of
RTP properties

For the sake of verifying the generality of our approach and
regulating the phosphorescence properties, we systemati-
cally investigated the impact of the chemical structure of
Tpy derivatives on their RTP properties. A series of Tpy
derivatives with different substituent groups on the 4,4’.4"
positions of Tpy core were rationally selected as shown in
Figure 4 and Figure S1. It was found that the introduction
of planar molecules such as Tpy-TriMe, Tpy-MeOH, Tpy-
COOH, and Tpy-TriCOOH into the PVA matrix exhibited
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ground-state geometry. (D) Simplified Jablonski diagram for interpreting ultralong excimer RTP.
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FIGURE 4

Molecular structures of Tpy derivatives and optical properties of RTP films doped with Tpy derivatives. (A) Molecular structures of Tpy

derivatives (Tpy-TriMe, Tpy-MeOH, Tpy-COOH, Tpy-TriCOOH). (B) Prompt and delayed emission spectra of the Tpy derivatives-doped PVA films (delayed
time: 0.05 ms), insets show the corresponding photos under 254-nm ultraviolet (UV) excitation (left) and after photo-excitation ceases (right). (C) Molecular
structures of Tpy derivatives with larger conjugation (Qpy-pyz, Qpy, Tpy-Ph-NH,, m-bisTpy-OH). (D) Prompt and delayed emission spectra of the Tpy
derivatives-doped PVA films, insets show the corresponding photos under UV excitation (left) and after photo-excitation ceases (right), in the cases of PVA-
(Tpy-Ph-NH,) and PVA-(Qpy-pyz) films, 365 nm UV light was used.
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The large-area fabrication and applications of RTP films. (A) Photographs of a roll of flexible, transparent and large-scale PVA-Tpy film under

daylight, 254-nm ultraviolet (UV) light and after erasing UV irradiation, respectively. (B) The processibility and remoldability of PVA-Tpy film, photographs
were taken under 254-nm UV excitation (left) and after the removal of the UV irradiation (right). (C) The illustration of afterglow display by using large-area
PVA-Tpy film as an imaging screen, photographs are corresponding patterns under 254 nm UV light and turning off UV light with photomasks. (D) The
spatial-time-resolved encryption system by painting with PVA-(Tpy-Qpy-pyz) (“petals”) and PVA-(Tpy-Ph-NH,) (“leaves” and “rachis”), the photographs
show the corresponding chrysanthemum pattern under 365-nm UV-on/off illuminations.

similar emission profile to those of PVA-Tpy film (Figure 4B
and Figures S26-S27). Except for the PVA-(Tpy-TriMe),
the RTP spectra and the fluorescent emission of excimer
almost overlap. All films exhibited satisfying RTP perfor-
mance with lifetime ranging from 331.3 to 379.3 ms (Figure
S28). Importantly, the modification of Tpy skeleton with
hydrogen-bonding donor or acceptor such as hydroxymethyl
and carboxylic groups had a narrower phosphorescent emis-
sion band and lower AEgy compared with Tpy (Table S3)
On the contrary, a broader phosphorescence spectrum and
larger AEgt were observed for PVA-(Tpy-TriMe) film. No
obvious afterglow was observed for PVA-Tpy-Tributyl and
PVA-Tpy-Triester films (Figure S29) due to nonplanar struc-
tures of corresponding chromophores (Figure S1) leading to
the lack of parallel alignment.[®!] As such, we can conclude
that the planar structure of organic phosphors is one of the
key factors to obtain excellent RTP performance.
Encouraged by the above successful cases, we further
extended the conjugation of chromophores to study its effect
on afterglow properties. Tpy derivatives with larger conjuga-
tion including 2,3,5,6-tetra(pyridin-2-yl)pyrazine (Qpy-pyz),
2,2";6',2"",6" 2" -quaterpyridine (Qpy), TPy-Ph-OH, Tpy-
Ph-NH,, p-bisTpy, and m-bisTpy-OH were designed and
synthesized (Figure 4C and Figure S1). All compounds
were fully characterized by 'H and '3C NMR (Figures
S30-S39), and high-resolution electrospray ionization-time
of Flight mass spectrometer. With the extension of aro-

matic conjugation, bluish-green afterglow was observed in
the cases of PVA-(TPy-Ph-OH), PVA-(Tpy-Ph-NH,), PVA-
(p-bisTpy), PVA-(m-bisTpy-OH) RTP films (Figure 4D and
Figure S40-S41). Impressively, golden afterglow with char-
acteristic excimer emission was observed for PVA-(Qpy-pyz)
film. In the case of PVA-(Tpy-Ph-NH,) film, only excimer
emission located at 452 nm was observed in the photolu-
minescence spectrum, which was consistent with excimer
emission at the concentrated solution state (Figure S42). The
delayed spectrum of PVA-(Tpy-Ph-NH,) film exhibited a
dominating emission at 498 nm with intense green after-
glow. It further evidenced that the delayed emission of these
RTP films originated from triplet excimer. Only dimly green
afterglow was observerd for PVA-Qpy, PVA-(TPy-Ph-OH),
PVA-(p-bisTpy), PVA-(m-bisTpy-OH) RTP films because of
intense molecular vibrations. The lifetimes of these RTP
films were in the order of tens of milliseconds (Figure S43).
Additionally, we studied the RTP properties of films with
phosphors containing single or double pyridine units as dis-
played in Figure S50. Compared with Tpy and its derivatives,
the phosphorescence emission wavelength of these RTP films
is still located in the range of 470-485 nm (Figure S50a—c),
except for a shorter lifetime of tens of milliseconds (Figure
S50d). These results manifested that the substituent groups
and conjugation of Tpy derivatives play critical roles in the
photophysical properties of RTP films including prompt and
delayed emission, AEgt and lifetime.
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2.5 | Afterglow display and time-resolved
information encryption

Generally, the self-standing and flexible RTP films with
excellent performance are suitable for various applications
including afterglow display, information encryption and anti-
counterfeiting. By facilely doping Tpy derivatives into PVA
matrix, aqueous precursor solution could be obtained in a
large-scale. Subsequently, various transparent, flexible, and
large-area RTP materials were successfully fabricated includ-
ing films, fibers, coatings, patterns (Figure 5 and Figures
S44-S48). As shown in Figure 5SA and Video S3, a roll of
transparent and flexible ultralong RTP film was successfully
obtained by air drying and thermal annealing processes of the
PVA-Tpy precursor solution on a preset template. The PVA-
Tpy film demonstrated excellent thermal reprocessing for
recycling based on the physical crosslinking of PVA chains
(Figure 5B). By using this transparent and large-area film as
an imaging screen, we were capable of realizing intelligent
display as various fluorescent and afterglow patterns through
the photomask method (Figure 5C). Taking advantage of the
strong adhesion of PVA to various substrates such as paper,
glass and cotton threads, we used the PVA-Tpy material as
an afterglow paint and coating for anticounterfeiting (Figures
S45-S48, Videos S4-7).

As a proof-of-concept, a spatial-time-dual-resolved
encryption system was further developed on-demand.!®’]
The PVA-(Tpy-Ph-NH,) and PVA-(Tpy-Qpy-pyz) were
used as cryptographic paints to enable a chrysanthemum
pattern (Figure 5D). Under the excitation of UV light, a
cyan chrysanthemum pattern was visible to naked eye. In
sharp contrast, a vivid chrysanthemum pattern with golden
“petals”, blue-green “leaves” and ‘“stem” were observed
immediately after the removal of UV light. The “petals”
region faded into dark state, whereas “leaves” and “stem”
regions remained blue-green afterglow at the delay time of
0.5 s. Benefiting from their excellent transparency, process-
ability, and formability, these ultralong RTP materials have
promising applications in the fields of information encryption
and storage, intelligent display, anticounterfeiting.

3 | CONCLUSION

In summary, we have outlined a fundamental strategy to
fabricate flexible, multicolor, and large-area excimer RTP
with ultralong afterglow emission. Experimental results and
theoretical calculations jointly unveil that the ultralong
RTP originates from triplet excimer emission by synergistic
effects of the self-assembly and geometric confinement. Tpy
molecules were self-assembled and aggregated into uniform
aggregates to enable the formation of excimer complexes,
which is beneficial to promoting the ISC process by reducing
AEgr. The confinement by strong hydrogen-bonding inter-
actions immensely restricts the motion of chromophores to
inhibit energy dissipation. Adjusting the molecular struc-
ture of Tpy derivatives modulates the hydrogen-bonding
interactions and aggregation, which leads to tunable RTP per-
formance. Taking advantage of the excellent performance of
these RTP materials, afterglow display, anticounterfeiting and
time-resolved encryption systems were achieved on-demand.

WILEY 12

The current study not only points out the important role of
aggregation and hydrogen bonding interactions in the genera-
tion of long-lived RTP but also provides fundamental insights
into excimer phosphorescence.
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