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Polymethyl methacrylate (PMMA) and polyvinyl alcohol (PVA) can provide a rigid and anaerobic microenvi-
ronment for pure organic room temperature phosphorescent (ORTP) luminogens, leading to significantly
enhanced room temperature phosphorescence quantum yield (®p) and extended lifetime. However, their brit-
tleness and hydrophilicity limit further expansion of the application range of ORTP luminogens. Herein, two
novel ORTP luminogens named as PM-BTDA and OM-BTDA were designed and synthesized based on isomeri-
zation and intramolecular charge transfer effects. Interestingly, PM-BTDA showed longer RTP and afterglow
(667.19 ms and 10 s) lifetimes, as well as higher ®p (0.26) than OM-BTDA (527.17 ms, 8 s, and 0.21) in PVA film,
but with long-lived visible afterglow for OM-BTDA rather than PM-BTDA in PMMA and polyvinyl chloride (PVC)
films. More importantly, OM-BTDA@PVC film demonstrated an outstanding flexibility and mechanical force
responsive behaviors, with continuously decreasing room temperature phosphorescent (RTP) intensity and
lifetime within the elongation ranges from 0 to 147.49 %. Based on Foerster resonant energy transfer (FRET)
from RTP of OM-BTDA/PM-BTDA to Rhodamine B (RhB) in PVA matrix, light yellow and red afterglows were
achieved, with emission maxima of 587-612 nm, energy transfer efficiency of 83 %, and ®p of 0.62. Based on
different fluorescence and afterglow colors and lifetimes, as well as excellent flexibility of OM-BTDA@PVC film,
complex dynamic digital encryption and various 3D models were successfully constructed. This work can be
expected to provide more inspirations and possibilities for ORTP luminogens in molecular design and more
application areas.

1. Introduction host-guest doping systems are used to provide a rigid environment for

phosphorescent molecules, limiting molecular vibration and rotation

As a substitute for traditional inorganic phosphorescent materials
containing heavy metals, ORTP materials have the advantages of low
cost, environmental friendliness, low toxicity, and easy structural
regulation [1-4]. However, it is difficult to form a large number of
triplet excitons through intersystem crossing (ISC) due to weak spin
orbit coupling (SOC) between singlet and triplet excitons [5-8]. Mean-
while, slow phosphorescence radiation rate easily leads to triplet exciton
quenching by molecular vibration and oxygen [9,10]. As a result, most
of ORTP materials can’t emit visible RTP. Currently, heavy atoms (Cl,
Br, I) or heteroatoms with lone pair electrons (N, O, S, P) are introduced
to enhance SOC [11-13]. Crystal engineering, H stacking, and
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while isolating non radiative transition pathways such as air or water
from deactivation [14-16]. Thereby, ORTP materials have made sig-
nificant progress in extending RTP lifetime and improving ®p. Even so,
ORTP materials are mainly limited to the field of information encryption
and data anti-counterfeiting [17,18].

The key factor affecting extensive application of phosphorescent
chromophores is the suppression of molecular motions and oxygen
diffusion, but which often leads to new problems [19,20]. For example,
PVA used as the host material has long, entangled molecular chains and
can form dense intramolecular and intermolecular hydrogen bonds,
providing a rigid environment similar to crystals, reducing non radiative
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transition deactivation of phosphorescent chromophores, and inhibiting
oxygen diffusion, thereby promoting the production of RTP [21-23].
However, owing to good water solubility, phosphorescence quenching
and rapid decay often occur for host-guest doping systems containing
PVA in aqueous environments [24,25]. PMMA is another commonly
used host material, with excellent solubility in organic solvents [26].
Host-guest doping systems containing PMMA can maintain stable
phosphorescence emission in aqueous environments, but poor flexibility
and stretchability are not conducive to mechanical force detection and
flexible three-dimensional modeling [27-29]. To make matters worse,
most of ORTP luminogens prefer to present bright and persistent RTP in
PVA or PMMA matrix [30,31], but with invisible afterglow in other
stretchable polymer matrices [32], such as polyvinyl chloride (PVC). As
we know that many organisms in nature show various defensive be-
haviors to hunt prey or deal with environmental threats, like mimosa,
chameleon, morning glory, water lily, and seaweed. To simulate the
above phenomenon, some fluorescent materials with mechanical stim-
ulus response have attracted the attention of researchers and made
significant progress [33,34], which show potential application value in
the fields of pressure sensors [35], actuators [36], information encryp-
tion [37], repeatable erasable paper [38], while ORTP materials with
mechanical stimulus response are still in the infancy stage.

To obtain ORTP materials with excellent flexibility and mechanical
stimulus responsiveness, it is crucial to conduct reasonable molecular
design based on the research progress of ORTP materials at home and
abroad. The lone pair electrons on the nitrogen atom of morpholine can
form n-n* transitions with the n system, effectively enhancing ISC ability
of ORTP luminogens [39]. Meanwhile, oxygen atoms on morpholine can
induce multiple supramolecular interactions, which are beneficial for
increasing molecular rigidity in aggregated state and inhibiting non
radiative transition process [40]. Besides, morpholine with a chair
shaped non-planar spatial conformation can effectively avoid intermo-
lecular n-r stacking and the resulting aggregation caused luminescence
quenching [39,40]. Our research group had reported that dicyanoani-
line derivatives showed long-lived RTP and thermally activated delayed
fluorescence (TADF) [41,42]. Furthermore, the dicyanoaniline unit
contains two strong electron withdrawing groups, which can be served
as an electron acceptor. Thereby, morpholine and dicyanoaniline
structural units are used as electron donor (D) and acceptor (A)
respectively, and the triplet energy levels and ISC rates are expected to
be tuned by changing the substitution position of morpholine. Of note,
the distorted D-n-A type molecular configuration can reduce the energy
gap (AEgt) between the lowest excited singlet state (S;) and triplet state
(T1), thereby increasing ISC rate and generating more triplet excitons,
which can more effectively counteract the phosphorescence quenching
caused by insufficient environmental rigidity and oxygen diffusion and
reduce the selectivity of phosphorescent chromophores towards the
polymer matrix [43-45]. Moreover, a small AEgr easily leads to a
shortened afterglow lifetime, which is a disadvantage for observation
and application of RTP [46]. If AEgy is adjusted to an appropriate value
to achieve a good balance between polymer matrix selectivity and
afterglow lifetime, ORTP materials with excellent flexibility and me-
chanical stimulus responsiveness are expected to be achieved. Here, two
luminogens named as PM-BTDA and OM-BTDA were designed and
synthesized, whose molecular structure and purity were confirmed. 1 %
PM-BTDA@PVA film showed longer RTP and afterglow (667.19 ms and
10 s) lifetimes, as well as higher ®p (0.26) than 1 % OM-BTDA@PVA
film (527.17 ms, 8 s, and 0.21). Furthermore, OM-BTDA could present
RTP lifetimes of 170.16 ms and afterglow lifetimes of 3 s in PVC films,
but with invisible afterglow for PM-BTDA in PVC films. Based on Foer-
ster resonant energy transfer (FRET) from RTP of OM-BTDA/PM-BTDA
to Rhodamine B (RhB) in PVA matrix, light yellow and red afterglows
were achieved, with emission maxima of 587-612 nm and energy
transfer efficiency of over 80 %. As the elongation increased, RTP in-
tensity and lifetime of 1 % OM-BTDA@PVC film continued to decrease.
Thus, 1 % OM-BTDA@PVC film will be expected to be used for
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mechanical force detection. Using different fluorescence and multi-color
afterglow, complex dynamic digital encryption was constructed by
turning on/off a 365 nm UV lamp. Finally, the intrinsic luminescence
mechanisms of two luminogens were discussed in detail by theoretical
calculations. This work not only obtained new long-lived multi-color
RTP host-guest doping systems, but also further expanded the applica-
tion scope of ORTP materials, provided theoretical guidance and
experimental support for further molecular designs.

2. Results and discussion

PM-BTDA and OM-BTDA were prepared via two-step reactions
(Scheme 1), and characterized by 'H NMR, 3¢ NMR, HR-MS, and high-
performance liquid chromatography (HPLC) (Figs. S1-S8). In various
diluted solvents, UV-Vis absorption maxima around 360 nm showed
shifts of less than 15 nm, outlining small dipole moments for ground
states of two luminogens. As the solvent polarity increased from n-
hexane to DMSO, fluorescence peaks presented significantly red shifts,
especially for PM-BTDA, demonstrating bigger intramolecular charge
transfer (ICT) effect for PM-BTDA than OM-BTDA. Of note, PM-BTDA
showed a single fluorescence peak, while OM-BTDA had a main emis-
sion peak at high energy level and a shoulder emission peak at low en-
ergy level, corresponding to located state (LE) emission and ICT
emission respectively (Fig. S9). Like the vast majority of reported liter-
atures [47,48], PM-BTDA and OM-BTDA could not give visible afterglow
at room temperature (RT) by switching on/off a 365 nm lamp. However,
powder PM-BTDA and OM-BTDA emitted long visible afterglow at 77 K,
lasting for 6 s and 4 s in turn (Fig. S18). Thereby, invisible afterglow of
powder PM-BTDA and OM-BTDA at RT was attributed to non-radiative
energy loss induced by molecular motions. In glassy DCM solution (107
M), PM-BTDA and OM-BTDA emitted bright green afterglow after
switching off the 365 nm lamp, with phosphorescence maxima at 517
nm and 492 nm, confirming their phosphorescence nature (Fig. S11b).
Possibly due to increasing ISC, PM-BTDA and OM-BTDA exhibited ag-
gregation caused quenching (ACQ) activity in THF-H0 solutions with
water factor = 10 % (Fig. S10). As further evidence, RTP spectra of
powder PM-BTDA and OM-BTDA could be measured, with RTP maxima
at 458 nm and 492 nm respectively (Fig. S11a), but without visible
afterglow.

In order to reduce triplet exciton quenching caused by molecular
motions and triplet oxygen, PM-BTDA and OM-BTDA were doped into
PVA matrix according to mass ratios of 0.1 %, 1 %, and 2 %, which were
named as 0.1/1/2% PM-BTDA@PVA and 0.1/1/2% OM-BTDA@PVA
films respectively. Furthermore, 1 % PM-BTDA@PVA and 1 % OM-
BTDA@PVA films sequentially emitted green and blue afterglow and
presented strongest RTP intensity and longest afterglow lifetimes
(Fig. 1a and Fig. S12), whose intrinsic mechanism lay in the formation of
a small amount of triplet excitons at low doping concentrations, but
excessive triplet excitons caused collision deactivation at high doping
concentrations. By contrast, 1 % PM-BTDA@PVA film had longer RTP
and afterglow lifetimes, as well as high ®p than 1 % OM-BTDA@PVA
film, which were 667.19 ms, 10 s, 0.26, 527.17 ms, 8 s, and 0.21, out-
lining obvious isomer effects (Fig. 1d-e and Table S2). The internal
mechanism was that the faster ISC process leads to faster triplet radia-
tion deactivation, leading to shorter RTP lifetime for 1 % OM-
BTDA@PVA film than 1 % PM-BTDA@PVA film. Of note, fluorescence
emission peaks of 1 % PM-BTDA@PVA and 1 % OM-BTDA@PVA films
were 453 nm and 501 nm respectively, while their RTP peaks red shifted
sequentially to 512 nm and 515 nm (Fig. 1b-c), corresponding sepa-
rately AEgr of 0.32 eV and 0.07 eV. Considering the small AEgy for 1 %
OM-BTDA@PVA film, RTP or thermally delayed activated fluorescence
(TADF) characteristics of 1 % PM-BTDA@PVA and 1 % OM-BTDA@PVA
films were investigated by temperature-variable phosphorescence
spectra (Fig. S13). As the temperature rose from 77 K to 298 K, emission
intensity of 1 % PM-BTDA@PVA and 1 % OM-BTDA@PVA films sharply
decreased, confirming their RTP rather than TADF characteristic.
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Scheme 1. The synthetic route of PM-BTDA and OM-BTDA, as well as the chemical structure of RB.
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Fig. 1. (a) Photographs of PM-BTDA@PVA and OM-BTDA@PVA films under 365 nm light irradiation at different doping concentrations. (b)-(c) The normalized
fluorescence and phosphorescence emission spectra of 1 % PM-BTDA@PVA and 1 % OM-BTDA@PVA films. (d)-(e) The time-resolved RTP decay curves of 1 % PM-

BTDA@PVA and 1 % OM-BTDA@PVA films.

Interestingly, OM-BTDA could exhibit persistent blue afterglow in
PMMA and PVC at different doping mass ratios, but not for PM-BTDA.
Compared to OM-BTDA, PM-BTDA had bigger bonding energy with
PVC matrix (Fig. S21a). Thereby invisible afterglow of 1 % PM-
BTDA@PVC film could not be attributed to weak intermolecular in-
teractions between PM-BTDA and PVC matrix. Firstly, PMMA and PVC
relative to PVA had weak intermolecular hydrogen bonds, which could
not effectively suppress oxygen diffusion and molecular motions, easily
leading to triplet excitons inactivation. Secondly, small AEgr contrib-
uted to boosting the formation of more triplet excitons, thereby
enhancing OM-BTDA’s competitiveness of phosphorescent radiation
relative to non-radiative deactivation of triplet excitons (Fig. 4c)
[55-57]. Thirdly, PM-BTDA had a smaller steric hindrance than OM-
BTDA, resulting in a faster radiation decay rate from triplet exciton to
singlet exciton. These factors worked together to lead to shorter RTP

lifetime for PM-BTDA than OM-BTDA in PMMA and PVC matrixes.
Based on the optimization of different doping ratios, lifetimes of after-
glow and RTP intensity, 1 % OM-BTDA@PMMA and 1 % OM-
BTDA@PVC films were selected as the objects of investigation, with
RTP and afterglow lifetimes of 167.29 ms, 3 s, 170.16 ms, and 3 s
respectively, as well as RTP emission maxima of 489 nm and 504 nm,
and ®p of 0.24 and 0.15 in sequence (Fig. S14). Although 1 % OM-
BTDA@PMMA and 1 % OM-BTDA@PVC films showed shorter RTP
and afterglow lifetimes compared with 1 % OM-BTDA@PVA film,
excellent water resistance and flexibility were conducive to expanding
application ranges of OM-BTDA. As shown in Fig. S15, placed in HoO
solution, 1 % OM-BTDA@PVA film presented invisible afterglow after
turning off the 365 UV lamp, but afterglow lifetimes of 1 % OM-
BTDA@PMMA and 1 % OM-BTDA@PVC films were almost unaffected.
The former was attributed to water solubility of PVA matrix, resulting in
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the loss of a rigid environment for OM-BTDA, while the latter was due to
the excellent water resistance for OM-BTDA, PMMA and PVC matrixes.
More importantly, flexible RTP film was suitable to be prepared as large
area, long-lasting, and transparent three-dimensional entities by various
stretching, folding, rolling, curling, and so on [49]. Moreover, flexible
RTP film was expected to be used as a mechanical force detector, which
was different from traditional mechanical force detection devices and
could provide intuitive optical signals. Due to very poor flexibility for 1
% OM-BTDA@PVA and 1 % OM-BTDA@PMMA films (Fig. S19), only
RTP performance of 1 % OM-BTDA@PVC film were tested after
stretching. Fig. 2b indicated that 1 % OM-BTDA@PVC films could be
stretched to 5.4 cm from 3 cm without breaking, whose afterglow life-
time and RTP emission maxima gave unobvious changes. However, RTP
intensity and lifetime continued to decrease as the elongation increased
(Fig. 2c—e). Subsequently, we investigated afterglow and RTP lifetimes
of 1 % OM-BTDA@PVC film before and after stretching (elongation =
60 %) under an argon atmosphere. The results showed that 1 % OM-
BTDA@PVC film had equivalent afterglow and RTP lifetimes before
and after stretching (Fig. S24). Therefore, we believed that triplet ex-
citons were more easily quenched after stretching due to the thinning
OM-BTDA@PVC film. Comparing RTP intensity between 1 % OM-
BTDA@PVC and 0.1 % OM-BTDA@PVC films (Fig. S14b), it could be
seen that 1 % OM-BTDA@PVC film showed higher RTP intensity than
0.1 % OM-BTDA@PVC film. Therefore, the continuously decreasing RTP
intensity and lifetime should be because continuously decreasing OM-
BTDA content and easy quenching by triplet oxygen as the doping film
became thinner. Furthermore, the influence of molecular conformation
and intermolecular interactions should be stable owing to the stable RTP
emission maxima.

To further investigate the mechanical properties of 1 % OM-
BTDA@PVC films, uniaxial tensile experiments (Fig. 2a) were carried
out (The films used for testing were prepared a standard dumbbell
shape, the thickness was measured three times at different locations by
using a millesima thickness gauge/AICE to take the average value). The
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stress-strain curve indicated that tensile strength of 1 % OM-
BTDA@PVC film significantly increased compared with the blank PVC
film (Fig. 2a), and 1 % OM-BTDA@PVC film showed better elongation at
break (129.87 %) than the blank PVC film (119.89 %) at the same tensile
speed, which suggested that host-guest doping of OM-BTDA and PVC
matrix could form more intermolecular interactions, leading to the
enhanced mechanical properties. Comparing the FTIR spectra between
1 % OM-BTDA@PVC and blank PVC films, 1 % OM-BTDA@PVC film
gave two new signals at 3441.04 and 3179.85 cm™, corresponding to
NH; and Ar-H of OM-BTDA (Fig. S20a). Furthermore, the glass transi-
tion temperature (64.39 °C) of 1 % OM-BTDA@PVC film was signifi-
cantly higher than that (46.20 °C) of blank PVC film, confirming strong
intermolecular interactions between OM-BTDA and PVC matrix
(Fig. S20Db). The visual interaction diagram of OM-BTDA and PVC matrix
showed multiple intermolecular interactions between NH,, CN, and O of
OM-BTDA and Cl of PVC matrix (Fig. S21b). Of note, 1 % OM-
BTDA@PVC film showed an outstanding tensile strength (19.39 MPa)
and a big elongation at break (147.49 %) at tensile speed of 10 min~". To
investigate the variation of RTP emission wavelength during the
stretching process, steady state and delayed RTP spectra of 1 % OM-
BTDA@PVC films with elongation of 20 % and 60 % were tested and
compared (Fig. S22). The results showed the two films had essentially
identical steady-state (504 nm) and delayed RTP emission maxima.
However, their RTP maxima continued to blue shift to 488,/486 nm from
504 nm, 494/493 nm, and 490/491 nm with the extension of delay time,
illustrating the existence of multiple RTP centers.

ORTP materials with long-lived red and near-infrared (NIR) emission
have aroused significant interest due to deep tissue permeability and
shielding of background spontaneous fluorescence [50,51]. However,
their construction faced a great challenge according to the energy gap
law [52]. Currently, more and more red and NIR materials have been
reported based on FRET [53,54]. Even so, the overlap degree between
the emission spectra of phosphorescent donors and the absorption
spectra of traditional dyes such as rhodamine B (RB) and fluorescein are
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Fig. 2. (a) Stress-strain curves of blank PVC film and 1 % OM-BTDA@PVC film with a thickness of 0.112 mm and different tensile speeds (10, 20, and 50 mm/min).
(b) Photographs of 1 % OM-BTDA@PVC stretching from original length 0 % (3 cm) to 80 % (5.4 cm) under 365 nm light irradiation. (c) Phosphorescence spectra of of
1 % OM-BTDA@PVC film stretching from original length 0 % (3 cm) to 80 % (5.4 cm). (d) The time-resolved RTP decay curves of 1 % OM-BTDA@PVC film stretching
from original length 0 % (3 cm) to 80 % (5.4 cm). (e) The variation tendency of RTP intensity and lifetime of 1 % OM-BTDA@PVC at different elongation.
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still unsatisfactory. Fig. 3b and c indicated that absorption spectrum of 3
% RB@PVA almost completely covered RTP spectra of 1 % PM-
BTDA@PVA and 1 % OM-BTDA@PVA films, implying good FRET effi-
ciency for 3 % RB&PM-BTDA@PVA and 3 % RB&OM-BTDA@PVA films.
To further investigate and optimize FRET efficiency, a series of doping
films were constructed by fixing the doping mass ratio (1:100) between
PM-BTDA/OM-BTDA and PVA and adjusting the doping mass ratios
between RB and PVA from 0.2 %, 1 % to 3 %, which were named as m%
RB&PM-BTDA@PVA and m% RB&OM-BTDA@PVA in turn according to
doping mass ratios (m%) of RB (Fig. 3a). The fluorescence spectrum of
0.2 % RB&PM-BTDA@PVA film showed two emission peaks at 450 nm
and 593 nm, corresponding to fluorescence emission maxima of PM-
BTDA and RB respectively. As the doping concentration of RB
increased, emission intensity at 450 nm continued to decline, accom-
panied by the continuous redshifts of the emission peak at 593 nm,
which were attributed to FRET (Fig. S16a) from triplet excitons of PM-
BTDA to singlet excitons of RB and enhanced intermolecular in-
teractions between RB molecules. Similar to fluorescence emission
spectra, the RTP spectrum of 0.2 % RB&PM-BTDA@PVA film also
showed two emission peaks at 474 nm and 587 nm (Fig. S16¢), corre-
sponding to RTP emission maxima of PM-BTDA and fluorescence max-
ima of RB respectively. The increased RB concentration resulted in
significantly improved FRET efficiency, reflecting in the continuous
decrease of RTP intensity at 474 nm. Meanwhile, fluorescence maxima
of RB red shifted to 612 nm from 596 nm and 587 nm due to enhanced
intermolecular interactions, leading to the obvious transition of after-
glow color from light yellow to red. To confirm that the maximum RTP
emission wavelength (587-612 nm) of 0.2 %/1%/3% RB&PM-
BTDA@PVA and 0.2 %/1%/3% RB&OM-BTDA@PVA films came from
the fluorescence emission of RB, we investigated fluorescence emission
spectra of 0.2 %/1%/3% RB@PVA films (Aex: 517 nm), and RTP emis-
sion spectra of 0.2 %/1%/3% RB&PM-BTDA@PVA and 0.2 %/1%/3%
RB&OM-BTDA@PVA films, which displayed good overlap in the long
wavelength region (Fig. S23). Besides, 1 % PM-BTDA@PVA and 1 %
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OM-BTDA@PVA films could not yield fluorescence emission under 517
nm excitation. Thereby, FRET from triplet excitons of PM-BTDA/OM-
BTDA to singlet excitons of RB was confirmed. Based on the calcula-
tion results of spectral integration area, 96.52 %, 97.05 %, and 99.22 %
of RTP emission spectra of 1 % PM-BTDA@PVA film were located within
the absorption spectra of 0.2 % RB@PVA, 1 % RB@PVA, and 3 %
RB@PVA films in turn, while corresponding values for 1 % OM-
BTDA@PVA film were 87.65 %, 88.43 %, and 94.89 % respectively,
indicating high FRET efficiency between PM-BTDA/OM-BTDA and RB.
Unfortunately, afterglow lifetimes of 3 % RB&PM-BTDA@PVA film
dropped down to 3 s from 7 s of 0.2 % RB&PM-BTDA@PVA film, whose
main internal reason should lie in the increased FRET efficiency
(Table S1), leading to an accelerated FRET rate. It was noteworthy that
FRET efficiencies of 0.2 % RB&PM-BTDA@PVA, 1 % RB&PM-
BTDA@PVA, and 3 % RB&PM-BTDA@PVA films were up to 38.13 %,
55.65 %, and 81.14 % respectively (Table S1), and with corresponding
RTP lifetimes of 433.57 ms, 312.72 ms, and 138.87 ms, as well as ®p of
0.23, 0.62, and 0.60 in sequence (Fig. S17a-c and Table S2). By contrast,
m% RB&OM-BTDA@PVA films showed higher FRET efficiency than m%
RB&PM-BTDA@PVA films, but with smaller ®p, shorter afterglows and
RTP lifetimes (Table S2). Notably, FRET efficiency and ®p of 3 %
RB&OM-BTDA@PVA film were up to 0.83 and 0.53 respectively.
Moreover, 0.2 % RB&OM-BTDA@PVC and 0.2 % RB&OM-
BTDA@PMMA films could not emit visible afterglow in H,O solution by
turn on/off a 365 nm UV lamp, which was ascribed to water solubility of
RB, causing intensified quenching of triplet excitons (Fig. S15).

3. Theoretical calculation

The geometry optimizations of PM-BTDA and OM-BTDA were per-
formed at the B3LYP/def2-TZVP level using D4 dispersion correction,
and all single-point calculations were performed at B3LYP/def2-TZVP
level. Then the highest occupied molecular orbitals (HOMO) and the
lowest unoccupied molecular orbitals (LUMO) distribution, energy

1% PM-BTDA@PV A Phos.
——0.2% RB@PVA Abs.
1% RB@PVA Abs.
3% RB@PVA Abs,

0.8 4

0.6 4

0.4

Normalized Intensity

o 250 300 350 400 450 500 550 600 650 700
Wavelength (nm)
1% OM-BTDA@PVA Phos.
——0.2% RB@PVA Abs./ TS
1% RB@PVA Abs. / |
3% RB@PVA Abs. |

(C)l 04

0.8 4

0.6 4

0.4+

Normalized Intensity

0.0 T T T T T T T T T
250 300 350 400 450 500 550 600 650 700

Wavelength (nm)

Fig. 3. (a) Photographs of RB&PM-BTDA@PVA and RB&OM-BTDA@PVA films under 365 nm light irradiation at different doping concentrations. (b)-(c) The
phosphorescence emission spectra of 1 % PM-BTDA@PVA and 1 % OM-BTDA@PVA films after 365 nm excitation, and the absorption spectra of 0.2 %/1%/3%

RB@PVA films.
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levels, and spin orbit coupling constants () between singlet and triplet
states were obtained. HOMO electron cloud density of two luminogens
mainly located on the morpholine unit and benzene bridge, while their
LUMO electron cloud density concentrated on dicyanoaniline, thereby
strong ICT effect was confirmed based on the obvious electron cloud
density migration. Compared with PM-BTDA, OM-BTDA had higher
HOMO and LUMO energy levels, as well as smaller optical gap.
Furthermore, OM-BTDA relative to PM-BTDA not only had a smaller
AEgr, but also larger £(S; — T1) and £(T; — Sp), contributing to boosting
the formation of more triplet excitons, accelerating phosphorescence
radiation, but shortening RTP and afterglow lifetimes for OM-BTDA than
PM-BTDA, which was consistent with the experimental results. Only
comparing AEgr (0.21 eV) and £(S; — T1) (0.278 cm ) of OM-BTDA and
AEgi12 (0.25 eV) and £(S; — Ta) (0.258 cm™ 1) of PM-BTDA, OM-BTDA
also had a stronger ability to form triplet excitons compared to PM-
BTDA.

4. Application

As shown in Fig. 5a, multiple geometric shapes including “/\”, “*”,
“[1”, and “o” were designed and fabricated by using 1 % PM-
BTDA@PVA, 0.2 % RB&PM-BTDA@PVA, 3 % RB&PM-BTDA@PVA
and 1 % OM-BTDA@PVA films. Based on different fluorescence and
afterglow, numbers “1-9” were appointed, while their dark states were
referred to as the number 0". These patterns were arranged in a “5x5"
matrix, and then dynamic digital encryption was implemented by
turning on/off 365 nm UV lamp. As time went on from 0 to 10 s, the
above matrix presented eight times different alterations, thereby form-
ing complex dynamic digital encryption. Then, various three-
dimensional (3D) models were prepared (Fig. 5b—c) by utilizing the
excellent flexibility of 1 % OM-BTDA@PVC film. Firstly, 3D airplane and
windmill models were constructed by folding and curling 1 % OM-
BTDA@PVC films. By turning on/off the 365 nm ultraviolet lamp, the
two 3D models presented green afterglow, lasting for 3 s. More

(a)

LUMoO
-2.00 eV
AE =371eV
-5.71eV
HOMO
PM-BTDA
T;=3.41 eV

(b)

S,=2.64 eV 10'77 ev== %6,2} v

&(S,-T)=0.197 em™

&(S,-T,)=0.258 cm™'
&(S,-T,)=0.126 cm™'
&(T,-S,)=0.274 em™
&(T,-S,)=0.795 em™
&(T,-S,)=0.176 em”
PM-BTDA

T,=2.89 eV
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importantly, 3D airplane and windmill models could be disassembled
and assembled multiple times without any decay in afterglow lifetime.
Finally, 1 % OM-BTDA@PVC film was stretched and woven into a bow,
which was clearly visible when the 365 nm ultraviolet lamp was turned
off.

5. Conclusion

In summary, isomerization and intramolecular charge transfer state
strategy were adopted to construct two novel long-lived ORTP lumi-
nogens. Experimental tests indicated that RTP and afterglow lifetimes,
as well as ®p of 1 % PM-BTDA@PVA film were up to 667.19 ms, 10 s,
and 0.26. Systematic studies confirmed that the small AEgr together
with large £(S; — T1) and &(T; — Sp) endowed OM-BTDA with long RTP
and afterglow lifetimes, as well as high ®p in PVA (527.17 ms, 8 s, and
0.21), PMMA (167.29 ms, 3 s, and 0.24), and PVC (170.16 ms, 3 s, and
0.15) matrixes. The excellent flexibility and the enhanced intermolec-
ular interactions of 1 % OM-BTDA@PVC film enabled mechanical force
responses and 3D modeling behaviors. By FRET from RTP of OM-BTDA/
PM-BTDA to RhB in PVA matrix, light yellow and red afterglows with
emission maxima of 587-612 nm were achieved, whose energy transfer
efficiency and ®p were up to 83 % and 0.62 in turn. Complex dynamic
digital encryption and various 3D models were successfully constructed
via different fluorescence, multi-color afterglows, and flexible PVC
doping films. This work not only obtained new long-lived multi-color
ORTP materials, but also can be expected to provide more inspirations
and possibilities for using ORTP materials in a more cutting-edge field,
as well as theoretical guidance and experimental supports for further
molecular designs.
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