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Developing exciplex-based organic long-persistent luminescence (OLPL) materials with high stability is very
important but remains a formidable challenge in a single-component system. Here, we report a facile
strategy to achieve highly stable OLPL in an amorphous exciplex copolymer system via through-space
charge transfer (TSCT). The copolymer composed of electron donor and acceptor units can not only
exhibit effective TSCT for intra/intermolecular exciplex emission but also construct a rigid environment
to isolate oxygen and suppress non-radiative decay, thereby enabling stable exciplex-based OLPL

emission with color-tunable feature for more than 100 h under ambient conditions. These single-
Received 29th April 2024 t OLPL L d trat bust antibacterial activit inst Escherichi i q
Accepted 29th July 2024 componen copolymers demonstrate robust antibacterial activity against Escherichia coli under
visible light irradiation. These results provide a solid example to exploit highly stable exciplex-based OLPL
DOI: 10.1035/d45c02839b in polymers, shedding light on how the TSCT mechanism may potentially contribute to OLPL in a single-

rsc.li/chemical-science component molecular system and broadening the scope of OLPL applications.

Introduction

Organic long-persistent luminescence (OLPL) has drawn a lot of
attention owing to its unique optical phenomenon and important
applications in many fields."™ A set of strategies including H-
aggregation,’** host-guest doping,'>'® self-assembly,"”*® exciplex
formation'?* and many other methods' to realize OLPL have
been proposed. Among them, the exciplex strategy, which utilizes
the synergistic effect of long-range charge transfer and diffusion
between selected donor (D) and acceptor (A) moieties to form
stable radical anions and cations as well as gradual electron-hole
recombination among radical anions and cations, has been
proved to be one of the most successful strategies.>*>* Over the
past few years, binary D-A doping®® and trap-assisted ternary D-A
doping® as well as single- and multiple-component ionic crystal
systems* > have been reported to develop highly efficient
exciplex-based OLPL materials. Despite these significant devel-
opments, most exciplex-based OLPL materials rely on multi-
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component charge transportation/recombination under inert
environments, wherein the phase separation from a homoge-
neous mixture in multi-component subjects and strict operating
conditions are inevitable, imposing great constraints for practical
applications over long timescales.

Notably, besides a multivariate physical blending system,
single-component charge-transfer emission can also be ach-
ieved by through-space charge transfer (TSCT) in a copolymer
system composed of a non-conjugated polymeric backbone as
well as pendant D and A units to develop efficient thermally
activated delayed fluorescence (TADF) emission.*** This TSCT
copolymer can support efficient charge transfer to regulate
singlet-triplet energy splitting and to modulate the carrier
separation/recombination between the physically separated D
and A units by controlling the D/A feed ratios; also, the chem-
ically connected copolymer not only can effectively suppress
phase separation for long-time operation but also may poten-
tially facilitate the formation of an interpenetrating rigid poly-
meric environment for inhibition of non-radiative decay. For
instance, efficient and full-color TSCT emissions can be realized
between physically separated but spatially proximate D and A
groups connected by non-conjugated polyethylene and/or pol-
ynorbornene backbones.***¢ Inspired by the ingenious strategy
in realizing single-component TSCT emission and physically
blended exciplex-based OLPL emission, we deduce that the
realization of OLPL emission in a single-component copolymer
under ambient conditions is reasonable. Theoretically, by
carefully implanting pendant D and A groups in a copolymer,
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Fig. 1 Schematic representation and mechanism for achieving single-component OLPL polymers. (a) An illustration of a single-component
OLPL polymer and chemical structures of the copolymer as well as a plausible OLPL process under UV light. (b) OLPL mechanism of copolymer
materials. (c) Exciton generation and utilization in OLPL materials after charge recombination.

the efficient TSCT effect to facilitate the charge transfer process
for achieving charge separation between D and A moieties could
be anticipated, thus allowing the formation of stable radical
anions and cations; thereafter, electrons stabilized by the
radical anions can hop among the acceptors for the formation
of a stable charge separation state. Eventually, the gradual
recombination of electrons and holes originating from radical
anions and cations could enable OLPL emission.

To verify our deduction, we design and synthesize a class of
exciplex-based OLPL materials through efficient TSCT in a single-
component copolymer system by bonding the strong electron-
donating molecule N,N-dimethyl-4'-vinyl{1,1"-biphenyl]-4-amine
(DMB) and the strong electron-accepting molecule diphenyl(4-
vinylphenyl)phosphine oxide (DPPO) in a non-conjugated poly-
ethylene backbone (Fig. 1a).”® In this design, DMB forms a quite
stable cation and the phosphine-oxide-based DPPO can not only
allow effective charge separation to achieve a stable anion upon
interacting with DMB but also afford a rigid environment to
suppress non-radiative decay for the realization of OLPL emission.
Notionally, an exciplex can boost an effective charge transfer (CT,
II) process between the highest occupied molecular orbitals
(HOMOs) of DMB and DPPO (Fig. 1b), thus facilitating the
construction of stable radical anions and cations; then, electrons
can hop from stable DPPO radical anions to DPPO to form charge-
separated states (CS, III). Finally, the gradual charge recombina-
tion (CR, IV) of DPPO radical anions and DMB radical cations
produces OLPL emission (V). OLPL lasts for a long time after
photoexcitation ceases. And, because of the small splitting energy
between singlet and triplet states (AEgy) of the TSCT polymer,
efficient intersystem crossing (ISC) and reverse ISC (RISC) to boost
TADF emission can be achieved (Fig. 1c) for utilization of triplet

excitons. Indeed, stable OLPL from a single-component

© 2024 The Author(s). Published by the Royal Society of Chemistry

amorphous copolymer was readily achieved and this OLPL emis-
sion can remain for more than 100 h under ambient conditions
without any encapsulation. More significantly, owing to their
highly efficient generation of triplet excitons, OLPL polymers can
effectively eliminate at least 78.24% of Escherichia coli (E. coli)
when exposed to visible light irradiation via photodynamic
therapy. This demonstrates promising antibacterial results for in
vitro applications. Our work in purposefully designing and devel-
oping single-component exciplex-based OLPL materials through
an ingenious TSCT tactic may not only open up a new way for the
development of highly stable OLPL but also further propel the
application of exciplex-based OLPL in the field of biology.

Results and discussion

Molecular design and characterization

Three copolymers, PDD-99, PDD-199 and PDD-299, were
synthesized by radical polymerization of DMB and DPPO
monomers with different molar feed ratios of 1:99, 1:199 and
1:299, respectively. In addition, we prepared the homopolymer
P-DPPO through the radical polymerization of DPPO for further
study of the stable exciplex-based OLPL emission mechanism.
The chemical structures of these polymers were characterized
by nuclear magnetic resonance spectra, gel permeation chro-
matography and Fourier transform infrared spectra (Scheme S1,
Fig. S1-S7 and Table S17). Powder X-ray diffraction analysis,
thermal property analyses and electrochemical properties are
presented in the ESI (Fig. S8-510 and Table S271). PDD-99, PDD-
199 and PDD-299 can form an amorphous state in the solid
form (Fig. S81) and display good thermal stability (Fig. S91). The
HOMO energy levels of DPPO and DMB were estimated from the
onset of the oxidative wave of cyclic voltammetry (CV)
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experiments (Fig. S10 and Table S21). And with the aid of optical
bandgaps (E,) determined from the absorption spectra, the
lowest unoccupied molecular orbital (LUMO) levels of DMB and
DPPO were deduced to be —1.52 and —2.91 eV, respectively. The
matched energy levels of the HOMO and LUMO indicate that
efficient exciplex emission can be achieved between DMB and
DPPO. To gain insight into the electron features of the copoly-
mers, theoretical calculations of HOMO and LUMO electron
density and their orbital energy levels were performed. The
modeled polymers composed of DMB and DPPO units in molar
ratios of 1:2,1:5 and 1: 10 were constructed. As expected, the
frontier molecular orbital distributions of HOMO and LUMO
localize on the DMB and DPPO (Fig. S11+), respectively, which
indicate the TSCT characteristics of the copolymers. And the
separated frontier molecular orbitals enable a small AEgy that
facilitates efficient ISC and RISC processes through regulating
the molar feed ratios between DMB and DPPO units (Fig. S127).

Photophysical properties

PDD-99, PDD-199 and PDD-299 powders show broad featureless
steady-state photoluminescence (SSPL) spectra with main
emission peaks at ~486 nm, which is substantially redshifted
compared to the SSPL emission of DMB and DPPO monomers
(Fig. 2a, S13 and S147). Moreover, the broad SSPL band of PDD-
299 shows strong dependence on solvent polarities (Fig. S157).
These results indicate a distinct CT transition between the DMB
and DPPO units in PDD-299, suggesting the formation of an
exciplex in these single-component copolymers through
TSCT.*>* Strikingly, after turning off the excitation source,
PDD-99, PDD-199 and PDD-299 powders exhibit a notable
emission with broad OLPL bands (delayed time: 10 ms) at about
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486 nm with lifetimes of about 500 ms (Fig. 2a, b, S16, S17 and
Table S37); and, with short delayed time (2 ms), simultaneous
emissions involving OLPL (486 nm) and room temperature
phosphorescence (530 nm) are observed (Fig. 2a), indicating the
presence of multiple luminescent centers (Fig. S18t). The
behavior of the lifetime decay profiles of the OLPL band in PDD-
299 powder exhibits inverse-power functions of time ¢~ ™ (m =
0.9), which indicates the presence of CS intermediate states
(Fig. 2b) as testified by electron paramagnetic resonance (EPR)
measurements showing an enhanced signal after UV excitation
(Fig. S197). These results demonstrate that OLPL from a single-
component exciplex copolymer was achieved, though there is
still a huge gap in the OLPL duration compared to the reported
multi-component systems, possibly due to the fast intra-/
intermolecular CR between the DMB and DPPO units in the
copolymer. The decay profiles of single-component OLPL
copolymers closely depend on the molar feed ratios of the DMB
and DPPO units and the intensity of excitation light, which are
similar to multi-component OLPL systems.** When the molar
feed ratio between DMB and DPPO units changes from 1:99
(PDD-99) to 1:199 (PDD-199) to 1:299 (PDD-299), the duration
of OLPL is significantly improved (Fig. 2b, S16 and S17%). The
increased OLPL features may be attributed to the enlarged
distance between DMB and DPPO units for reducing the
recombination probability of radical cations and anions at
higher molar concentrations of DPPO units. The OLPL can be
facilely excited by low excitation power and the OLPL properties
of PDD-99, PDD-199 and PDD-299 gradually increase when the
excitation power density increases from 3.3 to 13.9 mW c¢cm >
(Fig. 2b, S16 and S17t). These results clearly indicate the
gradual accumulation of charge carriers in the developed
copolymers. To explore the influence of temperature on the
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Fig. 2 Photophysical properties of OLPL polymer powders. (a) Steady-state PL, room temperature phosphorescence (delayed time: 2 ms) and
OLPL (delayed time: 10 ms) spectra of PDD-99, PDD-199 and PDD-299 (Acx = 410 nm) under ambient conditions. (b) Excitation intensity-
dependent OLPL decay profiles (A = 486 nm) of PDD-299 under ambient conditions. (c) Temperature-dependent OLPL decay profiles (Aem =
486 nm) of PDD-299 ranging from 300 to 80 K. (d) OLPL spectra (delayed time: 10 ms) and (e) corresponding CIE coordinates of PDD-299 under

different excitation wavelengths under ambient conditions.
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Fig. 3 Proposed mechanism of OLPL materials under ambient conditions. SSPL (a) and OLPL (b, delayed time: 10 ms) spectra of P-DPPO and
PDD-299 powders. (c) Excitation spectra for P-DPPO and PDD-299 powders through monitoring various OLPL emission peaks. (d) Scheme for
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emission from a single-component copolymer system.

exciplex-based OLPL, OLPL decay measurements of PDD-299 at
different temperatures were carried out (Fig. 2c). The stable
decay profiles varied from 80 to 300 K indicate that non-
radiative transitions by molecular vibrations have been nearly
suppressed in PDD-299 powder. The decay profiles of PDD-99
and PDD-199 powders exhibit the same trend as those of PDD-
299 (Fig. S207), showing stable decay profiles at temperatures
below 300 K. However, at higher temperatures, the duration for
PDD-299 is significantly reduced (Fig. S21}). The suppressed
non-radiative deactivation at room temperature may be due to
the fact that the main unit of DPPO provides a dense and rigid
network environment within the copolymer.

Surprisingly, color-tunable OLPL is observed in the single-
component copolymers under different excitation (Fig. 2d, S22
and S2371). With a change of excitation wavelength from 380 nm
to 460 nm, the OLPL spectra of PDD-299 exhibit a significant
redshift from blue-green to yellowish-green with the main peaks
from 480 to 520 nm (Fig. 2d), respectively. PDD-99 and PDD-199
also show obvious color-tunable OLPL emissions with varied
emission peaks ranging from 480 to 520 nm when the excitation
wavelength is changed from 380 nm to 460 nm (Fig. S22 and
S231) and the corresponding Commission International de
I'Eclairage (CIE) coordinates present obvious excitation-
dependent properties. As shown in Fig. S24,1 the lifetimes of
PDD-99, PDD-199 and PDD-299 initially increase when the
excitation wavelength increases from 360 to 420 nm, and then
the lifetimes gradually decrease when the excitation wavelength

© 2024 The Author(s). Published by the Royal Society of Chemistry

increases from 420 to 460 nm. To investigate the origin of the
color-tunable properties of the copolymers, we measured the
OLPL spectra and decay profiles of homopolymer P-DPPO
(Fig. S25 and S26t). The OLPL spectra of P-DPPO exhibit
obvious excitation-dependent properties (Fig. S25t), showing
varied main emission peaks ranging from 450 to 480 nm when
the excitation wavelength is changed from 350 to 430 nm. By
comparing the excitation-dependent OLPL spectra between the
PDD copolymers and P-DPPO (Fig. S22, S23, and S257), the main
emission peak ranging from 450 to 480 nm of the PDD copol-
ymers should mainly derive from P-DPPO due to the major
components of DPPO units in the PDD copolymers; besides, the
emission peaks ranging from 480 to 520 nm of the PDD
copolymers should principally be caused by exciplex emission.
Therefore, the color-tunable OLPL emission in the PDD copol-
ymers may arise from different luminescent centers including
homopolymer P-DPPO and exciplex emission upon being
excited at different wavelengths.

Mechanism of OLPL polymers

To further verify the involvement of dual luminescent centers in
exciplex-based OLPL, additional photophysical property inves-
tigations based on PDD-299 and P-DPPO were carried out.
Compared to P-DPPO, PDD-299 exhibits broader and red-
shifted SSPL and OLPL spectra (Fig. 3a and b), suggesting
again the existence of an exciplex as verified by the red-shifted
excitation spectra (Fig. 3c and S27f). Moreover, PDD-299

Chem. Sci., 2024, 15, 14880-14887 | 14883
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exhibits a main excitation peak at ~416 nm and a shoulder peak
at ~400 nm, similar to P-DPPO (Fig. 3c). Interestingly, with
decreasing temperature, a red-shifted emission peak from 520
to 550 nm is observed and becomes the dominant emission in
the OLPL spectra of PDD-299 powder, which is also identical to
that of the P-DPPO powder (Fig. S28%), indicating that the
emission from homopolymer P-DPPO should be involved in the
emission of PDD polymers. To figure out the origin of the
emission bands at 530 nm, the concentration-dependent OLPL
emission based on P-DPPO was studied. Red-shifted emission
bands from 500 to 520 nm are observed with increasing
concentration of P-DPPO from 1.5 to 20 mg mL ™" (Fig. $297) in
solution, thus suggesting that the emission peaks from 520 to
550 nm may derive from the radiative decay from the DPPO
aggregates due to the shortened distance between DPPO units
at low temperatures.”” These observations provide further
evidence that the OLPL emission in the PDD copolymers arises
from the two emissive species including homopolymer P-DPPO
and exciplex emission.

Based on the comprehensive experimental findings, we can
propose a plausible mechanism for achieving OLPL in a single-
component copolymer system through TSCT under ambient
conditions, as illustrated in Fig. 3d. Under photoexcitation, the
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copolymer system can effectively achieve CT, CS and CR
processes between donor and acceptor units to enable exciplex-
based OLPL emission. The effective separation of the HOMO on
donor and LUMO on acceptor in the exciplex results in
a minimal energy gap between the lowest excited singlet (*CT)
and triplet (*CT) states of the exciplex.**™** After the CR process,
'CT and *CT excitons are generated. Due to the small energy gap
between 'CT and the lowest triplet energy of acceptor (*LE,), the
processes of ISC and RISC could occur, which is like the process
in TADF materials, thus affording OLPL emission from 'CT of
the exciplex. Furthermore, as the main component in the
copolymer, unit A can also realize OLPL emission, enabling the
co-occurrence of emission from exciplex and homopolymer for
color-tunable OLPL under different excitations. Notably, due to
the relatively large energy gap between 'CT and *LE} of aggre-
gates, the TADF activity between 'CT and °LE, is significantly
suppressed, thus leading to much enhanced phosphorescence
from aggregates under cryogenic conditions.

Stability performance of OLPL polymers

To verify the much-enhanced stability of exciplex-based OLPL
from the single-component copolymer system, a binary
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Fig. 4 Stability properties and in vitro antibacterial activity of OLPL polymers. (a) SSPL and OLPL (delayed time: 10 ms) spectra of BDD under

ambient conditions. (b) Decay profiles of OLPL emission of BDD (

Aem = 500 nm) and PDD-299 (A¢m, = 486 nm) under ambient conditions. (c—e)

OLPL spectra ((c) and (d); delayed time: 10 ms) and corresponding intensity profiles (e) of BDD (c) and PDD-299 (d) at different kept times under
ambient conditions. Inset shows the OLPL (delayed time: 10 ms) spectrum of BDD after being placed in the atmosphere for 100 hours. Note that
the excitation wavelength is fixed at 410 nm. (f) Schematic illustration of the inactivation of E. coli killed by PDD-299 under light irradiation. CFU
number (g) and original images (h) of E. coli after different treatments (n = 3; mean + SD). (i) Scanning electron microscope (SEM) images of E. coli
after different treatments; red circles indicate bacterial structural damage.
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exciplex BDD was prepared by physically blending DMB and
DPPO at a molar ratio of 1:299. As shown in Fig. 4a, the BDD
powder shows almost uniform SSPL and OLPL spectra.
Compared to SSPL spectra of DMB and DPPO, the red-shifted
and broad featureless SSPL spectra of BDD confirm the
formation of the exciplex. The decay profiles exhibit obvious
power-law emission behavior, which demonstrates that the
OLPL emission of BDD also originates from intermediate CS
states (Fig. 4b). Although BDD exhibits slightly longer decay
times than PDD-299, the stability of BDD is significantly lower
than that of PDD-299 under ambient conditions. Compared to
the pristine state (Fig. 4c-e), after being kept for 100 hours
under ambient conditions, the OLPL intensity of BDD is largely
decreased. In contrast, PDD-299 powder exhibits excellent
stability (Fig. 4d), showing obvious OLPL emission with
aretained OLPL intensity of 70% (Fig. 4e) after being placed for
100 hours under ambient conditions. The poor long-term
stability of BDD may be caused by phase separation of the
multi-component host-guest system, thus leading to the
aggregation of DPPO units. PDD-299 powder presents a much
stabler exciplex-based OLPL in a variety of atmospheres than
multi-component OLPL materials that need inert environ-
ments (Fig. S307), showing slightly enhanced OLPL intensity in
argon and decreased OLPL intensity in oxygen compared to
that in air.

In vitro antibacterial activity of OLPL polymers

In light of the effective population of triplet excitons through
gradual recombination of radical anions and radical cations,
we investigated the potential application of PDD-299 as an in
vitro antibacterial (Fig. 4f) through photodynamic therapy for
generation of singlet oxygen (Fig. S317). The generated singlet
oxygen can disrupt the antioxidant defense mechanisms of
bacterial cells, ultimately leading to the bacterial damage and
death. E. coli, a typical Gram-negative bacterium, which can
pose potential harm to human health, was selected. Here,
using visible light as the excitation source and physiological
saline as a standard reference, we investigated the bactericidal
capability of PDD-299 through plate colony counting. The
78.24% inactivation efficiency of E. coli induced by PDD-299
after continuous irradiation under visible light for 4 h is
significantly higher compared to the inactivation efficiency of
saline and the control group without light irradiation (Fig. 4g
and h); these results are comparable to those for recently re-
ported in vitro antibacterial materials (Table S47}).*°
Compared to E. coli treated with saline, which remained intact
or was slightly wrinkled after light irradiation, the membrane
of E. coli cells treated with PDD-299 showed significant struc-
tural damage after light irradiation (Fig. 4i), further indicating
the exceptional antibacterial capability of PDD-299 under
visible light irradiation.

Conclusions

In summary, we have succeeded in proposing an ingenious
approach to achieve color-tunable exciplex-based OLPL with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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high stability in an amorphous single-component copolymer
system. The tactic involves the effective charge transfer
between DMB donor and DPPO acceptor through TSCT to
enable stable radical anions and cations for affording intra/
intermolecular exciplex emission. The single-component
copolymers yield quite stable exciplex-based OLPL emission
for 100 h under various atmospheres due to the rigid polymer
for isolating oxygen and suppressing non-radiative decay. In
addition, benefiting from the dual luminescent centers of
localized emissions from DPPO homopolymer and charge
transfer exciplex, color-tunable single-component OLPL
polymers are also realized under different excitation wave-
lengths. Moreover, the single-component OLPL copolymer
system disrupts the cell membrane of E. coli upon light irra-
diation, resulting in E. coli inactivation and showcasing an
outstanding antibacterial performance. This study provides
a simple molecular design strategy for the development of
amorphous single-component exciplex-based OLPL mate-
rials, offering an important insight into the construction of
highly stable OLPL materials and expansion of OLPL
applications.
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