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Recent progress with the application of organic
room-temperature phosphorescent materials
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Organic materials with room-temperature phosphorescence (RTP) emission have attracted extensive
attention owing to their extraordinary properties, including long lifetime, large Stokes shift, and stimuli-
responsiveness, and show bright prospects in broad fields. Numerous design strategies, such as creating a
rigid environment through crystallization and supramolecular assembly, can be employed to improve the
luminescent characteristics of RTP materials by restricting nonradiative transition, enhancing intersystem
crossing, and so forth. This review summarizes recent progress with organic room-temperature
phosphorescent materials from the perspective of practical applications, including luminescence and
display, environmental detection, and bioimaging, and the challenges and prospects will be discussed at

the end, which should assist with future research on the application of RTP materials.
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1 Introduction

Organic room-temperature phosphorescent materials are a hot
topic with their unique luminescent performance, such as long
lifetime and large Stokes shift. According to the luminescence
mechanism, the critical steps of phosphorescence emission that
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are different from fluorescence emission are intersystem crossing
(ISC) and radiative transition from the lowest triplet state (T;) to
the ground single state (S,), which give phosphorescent materials
longer emission wavelength and lifetime. Enhancing the ISC
process to obtain more triplet excitons and inhibiting
nonradiative relaxation pathways by providing rigid environment
are effective ways to enhance RTP emission."

Recently, there has been a boom in organic materials with
room-temperature phosphorescence (RTP) emission due to
their low toxicity and easy preparation compared with metal
complexes.>® Meanwhile, there are many diverse strategies
to construct RTP materials. Molecular engineering including
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introducing heavy atoms (Cl, Br), heteroatoms (N, S, P) and
carbonyls®" can directly address the weak spin-orbit
coupling (SOC) effect and ultrafast triplet exciton deactivation
and then endow pure organic luminophores with long-lived
and strong RTP."* Crystallization can suppress nonradiative
relaxation by restricting intermolecular motions to improve
RTP  performance.””™  Both polymer doping and
polymerization can have the same effect, whereby the
nonradiative relaxation is inhibited by providing a rigid
environment or hydrogen bond network.'®"*' Supramolecular
assembly supplies host molecules with a hydrophobic cavity,
such as cucurbit[r]uril and cyclodextrin, for guest molecule
phosphors, which prevents luminophores from being
quenched by oxygen and water.”>>® Host-guest doping of
small molecules realizes efficient RTP emission with effective
energy transfer by modulating energy levels between
them.>”° Based on these strategies, the constructed RTP
materials are endowed with various luminescent properties
in different physical conditions, which makes them exhibit
tremendous application value in various fields including
light-emitting diodes, anti-counterfeiting, sensors, and
bioimaging. In this review, we summarize the recent progress
with the application of organic RTP materials constructed by
the above strategies.

2 Luminescence and display
2.1 Organic light-emitting diodes

Light-emitting diodes (OLEDs) recently emerged and exhibit
excellent performance in display screens, and the search and
development for high external quantum efficiency (EQE) and
high-performance OLEDs is still a hot topic. The internal
quantum efficiency (IQE) of emitting materials is essential to
improve the device EQE, while only 25% of single excitons
can be utilized to emit light in fluorescent materials;
therefore, the harvesting of both single and triplet excitons to
achieve a theoretical IQE of 100% makes phosphorescent
materials attractive.*’ > Since Ceroni et al. realized the
application of pure organic RTP materials in OLEDs for the
first time in 2013,>*® OLEDs based on them have made great
progress.

In 2019, Zhang and coworkers designed a series of single
molecules with RTP emission through introducing different
substituents onto biscarbazole (BCZ) (Fig. 1), which
possessed aggregation-induced emission (AIE) characteristics
so that these molecules could exhibit phosphorescence with
a quantum yield of up to 64% in the solid state.’” Therefore,
the single molecular materials were applied in OLEDs as
emitting layers in a non-doped way, and the acetophenone-
modified BCZ realized an EQE of 5.8%.

In 2021, Ding et al constructed a pure organic RTP
polymer named P(DMPAc-O-TPTrz) with a donor-oxygen-
acceptor (D-O-A) geometry (Fig. 2a) and applied it towards
polymer light-emitting diodes (PLEDs).*® Different from the
conventional donor-acceptor geometry, the inserted oxygen
atom in the D-O-A geometry took effect in two aspects: one
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Fig. 1 Chemical structures of AIE (BCZ1-3) or aggregation-induced-
emission-enhancement (AIEE) (BCZ4)-type molecules (reproduced
with permission from ref. 37. Copyright 2019, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim).

is to decrease hole-electron orbital overlap to suppress the
charge-transfer fluorescence, and the other is to strengthen
the spin-orbital coupling effect, which facilitated ISC to
generate RTP. P(DMPAc-O-TPTrz) displayed RTP emission
with a wavelength of 486 nm and photoluminescence
quantum yield (PLQY) of 21.4% in the solid state due to the
AIE characteristic. The PLEDs were prepared with mCP
doping 15 wt% P(DMPAc-O-TPTrz) as the emitter layer and
an optimized EQE of 9.7% was achieved along with CIE
coordinates of (0.27, 0.41).

In the same year, Data et al. synthesized a heavy-atom-free
single molecule named SiAZ, whose emission channels could
switch between thermally activated delayed fluorescence
(TADF) and RTP with different host matrixes (Fig. 2b), and
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Fig. 2 (a) Molecular design from fluorescence polymers with a D-A
geometry to pure organic RTP polymers with a D-O-A geometry
(reproduced with permission from ref. 38. Copyright 2020, Wiley-VCH
GmbH). (b) Illustration of OLED device with 1% w/w SiAz in TCTA
(reproduced with permission from ref. 39. Copyright 2021, American
Chemical Society). (c) Illustration of phosphor-sensitizing mechanism
and molecular structures of PIM-TRZ, B-DPTZN, rubrene used in
devices (reproduced with permission from ref. 40. Copyright 2021
Wiley-VCH GmbH). (d) Molecular structures of CzSe and TMCzSe and
the twisting angles between the donor and acceptor units; hole and
electron distributions of T; for CzSe and TMCzSe (reproduced with
permission from ref. 41. Copyright 2022, Royal Society of Chemistry).
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successfully obtained heavy-atom-free RTP organic OLEDs.*’
The three host matrixes including Zeonex, bis[2-
(diphenylphosphino)phenyljether oxide (DPEPO) and tris(4-
carbazoyl-9-ylphenyl)amine (TCTA) could tune the singlet and
triplet excited state energies subtly due to their polarity
effect. Among them, the material based on TCTA had only
RTP emission, and the corresponding OLEDs achieved an
EQE of 4.06% and luminance of 22 561 cd m 2.

Though RTP-based OLEDs have attracted tremendous
attention due to various properties, the low PLQYs in the thin
film state restricted the development of highly efficient
OLEDs. Wang et al. innovatively designed a purely organic
phosphor-sensitizing fluorescence emitter and fabricated
highly efficient OLEDs with EQE up to 15.7% (Fig. 2c).*® This
is a new strategy for achieving electroluminescence with
100% IQE. Benzimidazole-triazine molecules (PIM-TRZ),
2,6-di(phenothiazinyl)naphthalene (b-DPTZN), and 5,6,11,12-
tetraphenylnaphthacene (rubrene) were selected as the host,
phosphorescent  sensitizer, and fluorescent emitter,
respectively. A facile Forster energy transfer occurred from
the phosphor sensitizer to rubrene in the system and the
PIM-TRZ host with RTP feature also played a key role in the
process. Therefore, the combination of these three
compounds resulted in the construction of cost-effective
high-performance OLEDs.

The short lifetime is also significant for obtaining highly
efficient OLEDs in addition to high PLQYs. In 2022, Wang
et al. fabricated two twisted donor-acceptor-donor (D-A-D)
type organic emitters named CzSe and TMCzSe, which had
different twist angles between the D and A units to modulate
the lowest triplet excited state from locally excited triplet
states (°LE) to triplet charge-transfer states (*CT) (Fig. 2d)."
CzSe only had RTP emission with °LE as the T; state while
TMCzSe possessed both RTP and TADF with *CT featuring
triplet excited states, which resulted in the higher PLQYs and
shorter lifetime for TMCzSe compared to CzSe. Furthermore,
the purely RTP-based OLEDs with CzSe achieved a high EQE
of 8.9% and the EQE of OLEDs based on TMCzSe reached
25.5% owing to the higher PLQY.

2.2 Anti-counterfeiting and data encryption

Anti-counterfeiting or data encryption based on RTP
materials is a common and popular application due to the
UV light irradiation characteristic and different lifetimes.
RTP materials constructed by various strategies have been
applied in this field,***° and herein some interesting recent
work involving multiple anti-counterfeiting or data
encryption based on time resolution or chemical response is
summarized briefly.

In addition to the simple anti-counterfeiting and data
encryption based on the on-off switching of UV light,"”° the
different lifetimes create a feasible way to realize multiple
anti-counterfeiting or data encryption by utilizing the time
resolution technique. In 2020, An et al. adopted molecular
engineering whereby a methylene linker was introduced to
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Fig. 3 (a) lllustration of the design concept and molecular structures
of CzPX and CzBX (X = Cl, Br); three encrypted information patterns
using CzBBr, CzBCl, and CzPBr (reproduced with permission from ref.
51. Copyright 2020, Wiley-VCH GmbH). (b) The chemical structures of
host and guest molecules and relative optical spectra; demonstration
of triple anti-counterfeiting using the TPB/TPP, TPB/TPA, and TPB
crystals (reproduced with permission from ref. 52. Copyright 2021,
Science China Press and Springer-Verlag GmbH Germany, part of
Springer Nature). (c) Illustration of enhanced RTP with a water-induced
hydrogen bridge network; demonstration of patterns written in P-BrNI
and P-HNI inks (reproduced with permission from ref. 53. Copyright
2021, Royal Society of Chemistry).

bridge the carbazole and halogenated phenyl ring to
construct RTP phosphors CzBX (X = Cl, Br) (Fig. 3a).>!
Compared to the donor-acceptor molecule CzPX, the sp’
methylene linkers could induce tetrahedron-like structures
that could restrain the nonradiative decay channel and
weaken the impact of the heavy-atom effect, and thus CzBX
exhibited increased phosphorescence efficiency and longer
lifetime. With the gradually decreased lifetimes of CzBCl,
CzBBr, and CzPBr, a multi-element pattern appeared with
different information so that multiple anti-counterfeiting and
data encryption were achieved.

The host-guest doping strategy is often employed to design
ultralong organic RTP materials. In 2021, Qin et al. chose N,N,
N',N-tetraphenylbenzidine (TPB) as a guest with triphenylamine
(TPA) and triphenylphosphine (TPP) as hosts to construct RTP
systems (Fig. 3b).>> These compounds are commercially
available. TPB alone emits a very weak phosphorescence with a
short lifetime, while the host-guest doping systems, TPB/TPP
and TPB/TPA, showed long RTP lifetimes of 362 and 199 ms,
respectively. In the RTP systems, the host molecules not only
provide a rigid environment to suppress nonradiative decay of
the guest, but also facilitate phosphorescence of the guest
through Forster resonance energy transfer (FRET). Similarly, an
anti-counterfeiting pattern “888” was designed with three
compounds and different figures emerged due to various
lifetimes of afterglow.

Copolymerizing phosphors with acrylamide is an
impressive strategy to afford an efficient RTP material,
because the rigid environment and hydrogen bond network
supplied by polyacrylamide can inhibit the nonradiative decay
process. In 2021, Ma et al. used this strategy to fabricate pure
organic URTP copolymers (P-BrNI and P-HNI), and, moreover,
enhanced their RTP lifetimes and quantum yields through
evaporating aqueous copolymer solution to form copolymer
films with water molecules as a hydrogen bridge (Fig. 3c).”*
Due to the distinguishable phosphorescence lifetimes of

© 2023 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3im00004d

Open Access Article. Published on 03 mis Meurth 2023. Downloaded on 01/11/2025 17:26:25.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Industrial Chemistry & Materials

P-BrNI and P-HNI, the two materials were applied as a
security ink and realized time-resolved multiple information
encryption.

The chemical-responsive RTP is also a feasible means to
realize multiple anti-counterfeiting. In 2021, Li et al
developed a host-guest doping system and realized anti-
counterfeiting printings to commercialize RTP materials.>* In
this work, triphenylphosphine oxide (OPphj) acted as a host
and a series of benzo(dibenzo)phenothiazine dioxide
derivatives (Pph, BPph, and DBPph) was chosen as guests
firstly (Fig. 4a). In these host-guest doping systems energy
transfer would occur from host to guest, but they displayed
different phosphorescence efficiencies and lifetimes due to
different abilities of the guest molecules in terms of energy
transfer and triplet emission. Besides, the pyridine-
substituted guest molecules (Ppy, BPpy, and DBPpy) exhibited
similar photophysical properties to the former guest
molecules, and the new host-guest doping systems could
respond to proton acid, showing reversible stimulus-
responsive RTP emission. Therefore, the BPpy/OPPh; system
was used as a security ink and stylus/thermal printing paper,
and then realized multiple anti-counterfeiting under the
function of acid and NH;.

In the same year, Ma et al. constructed circularly polarized
RTP  materials  (R/S-BPNaP) by  radical  binary
copolymerization of acrylamide and chiral binaphthyl
derivates (Fig. 4b).”> Choosing R-BPNaP as an example, when
inducing HBr into the copolymer system, the obtained
R-BPHP exhibited increased RTP emission intensity but
decreased lifetime because of the intermolecular heavy-atom
effect, which showed the acid-alkali responsive property. The
longer lifetime of R-BPNaP protected the number “5” hidden
in “8” written with R-BPHP.
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Fig. 4 (a) Energy transfer between donor (host) and acceptor (guest)

and molecular structures of acceptors; the production of anti-
counterfeiting marks using inkjet printing (reproduced with permission
from ref. 54. Copyright 2021, Wiley-VCH GmbH). (b) Illustration of
acid-alkali responsive structure of R/S-BPNaP and R/S-BPHP.
Photographs of number “8” written using aqueous R-BPHP and “5~
written using aqueous R-BPNaP on the same number “8” (reproduced
with permission from ref. 55. Copyright 2021, Elsevier B.V). (c) Schematic
illustration of the structure and preparation of the p(phNA-co-BrNpA)-
PMMA film and its anti-counterfeiting application (reproduced with
permission from ref. 56. Copyright 2022, Springer Nature).
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In 2022, Ma et al. reported another circularly polarized
phosphorescent material by homogeneously dispersing
phosphorescent chiral helical substituted polyacetylenes into
a poly(methyl methacrylate) (PMMA) matrix, and realized a
time-informed anti-counterfeiting application with
photoprogrammability.>® The chiral polymer was constructed
by copolymerizing chiral 4-isobutylphenyl-N-propanamide
derivative (phNA) and the RTP chromophore 4-bromo-1,8-
naphthalimide derivative (BrNpA) and the rigid matrix PMMA
was used to enhance the RTP emission. The p(phNA,-
BrNpA;)-PMMA film exhibited time-dependent tunable RTP
intensity because of the consumption of oxygen in the PMMA
matrix under continuous UV irradiation. Based on this
characteristic, the different copolymerization molar ratios of
the materials were utilized to fabricate lampshades and form
a lamp panel that could detect different digital patterns on
different time scales. Besides, the p(phNA;BrNpA;)-PMMA
film could also realize anti-counterfeiting application
involving CPL signal.

2.3 Others

In addition to the applications in OLEDs, anti-counterfeiting,
and data encryption, the unique luminescence performance
of RTP materials also makes them useful in printing and
visualization of latent fingerprints, two rare but meaningful
applications.

In 2019, Zhao et al. designed pure organic RTP materials
based on (4-(9H-carbazol-9-yl)butyl) triphenylphosphonium
with different halide anions, named CBTP-Cl, CBTP-Br, and
CBTP-1, whose luminescence could be tuned by changing the
halide anions (CI-, Br’, and I") (Fig. 5a).>” Tunable emission
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Fig. 5 (a) Synthetic routes for CBTP-Cl, CBTP-Br, and CBTP-I; the
luminescent images printed on the prepared paper using a commercial
inkjet printer equipped with an ink cartridge filled with Kl aqueous
solution (reproduced with permission from ref. 57. Copyright 2019,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). (b) The molecular
structure and two possible conformations of CzS-ph-3F and a proposed
diagram for the stimulus-responsive RTP effect based on conformational
change; application of stylus printing and thermal printing (reproduced
with permission from ref. 58. Copyright 2021, Wiley-VCH GmbH).
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colors of the polymer film containing CBTP-Cl could be
achieved by introducing various ratios of potassium iodide
(KI). The external heavy-atom effect had a key influence in
the process. Therefore, based on the special function between
the polymer film containing CBTP-CI and KI, the PEG matrix
containing CBTP-Cl was made into a paper substrate and
information was recorded successfully using a commercial
inkjet printer with KI as the ink.

In 2021, Li and coworkers constructed a purely organic
force-induced turn-on RTP material named Czs-ph-3F, which
comprised electron donor phenothiazine and acceptor
trifluorobenzene (Fig. 5b).>® The conformation of partial Czs-
ph-3F molecules would transfer from quasi-axial (ax) to
quasi-equatorial (eq) after grinding so that a self-doping
system formed and emitted green RTP. The transformation of
molecular packing has a significant effect on photoelectronic
properties.””®® The RTP emission would disappear under
heating or fuming. Based on this, the typing paper was made
from transparent encapsulation film with Czs-ph-3F layer
having no RTP and a stylus printer was used to print a
pattern successfully with force stimulus but no clear
afterglow was observed, while the pattern printed using the
thermal printer gave a clearer afterglow under the dual
actions of heating and pressure.

Fingerprints contain personal information, the detection
of which is significant in forensic investigations and
identification. In 2019, Ma et al designed two RTP
compounds (BrNpA-bisUPy and BrBA-bisUPy) by attaching
ureidopyrimidinone (UPy) units to the ends of two
phosphors, BrNpA and BrBA (Fig. 6a).®* Solid films of BrNpA-
bisUPy and BrBA-bisUPy exhibited fluorescence emissions
together with RTP at 587 and 490 nm, resulting in orange
and cyan emissions, respectively. Moreover, the UPy moieties
could form quadruple hydrogen bonding to protect
phosphors from quenching by oxygen and water so that the
RTP materials were insensitive to them. On account of the
hydrophobicity, BrBA-bisUPy would adhere to the ridges of

Fig. 6 (a) Chemical structures of BrNpA-bisUPy and BrBA-bisUPy and
preparation of a LFP and a photograph of the LFP under UV light
(reproduced with permission from ref. 61. Copyright 2019, American
Chemical Society). (b) Schematic illustration of the synthetic process
for three target products and changes in intermolecular interactions
under heating or water stimulus and the application for fingerprint
recording (reproduced with permission from ref. 62. Copyright 2022,
Springer Nature). (c) Photographs of a fingerprint developed by
CPsa@silica powder on black marble under 365 nm UV light on and off
with regional specific details (reproduced with permission from ref. 64.
Copyright 2022, Elsevier B.V).
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sebaceous fingerprints with simple experimental operation,
and the latent fingerprints were visualized with cyan
emission irradiated by UV light.

In 2022, Li et al. designed a polymer film (DPP-BOH-PVA)
by bonding arylboronic acid into poly(vinylalcohol) (PVA) and
applied it in various fields, one of which was fingerprint
recording (Fig. 6b).°* The polymer exhibited excellent RTP
properties with a lifetime of 2.43 s and a phosphorescence
quantum yield of 7.51%. RTP materials often respond to
external stimuli, which makes them widely applied.®® The
rigid hydrogen bond network brought by PVA could be
destroyed by water, so the RTP emission of the polymer film
was sensitive to the stimuli of water and heat. Based on the
water-sensitive RTP emission property, the fingerprint would
be recorded in the desiccative DPP-BOH-PVA film with the
wet protruding parts and untouched recessed position of the
fingerprint.

In the same year, Shao et al. studied in great depth latent
fingerprint imaging with carbonized polymers (CPs)
dispersed in silica gel medium.®** The CPs were synthesized
by one-step pyrolysis using ethylenediamine and phosphoric
acid as precursors and exhibited green RTP emission. To
realize application in visualizing latent fingerprints, the CPs
were dispersed in silica gel to form CPs@silica powder. The
fingerprint exhibited both fluorescent and phosphorescent
images, and ridges, furrows, and even regional details of the
whole fingerprint could be distinguished (Fig. 6¢). Especially,
the  high-resolved  phosphorescent fingerprints on
background fluorescence substrates could still be observed
when UV light was off. CPs@silica powder displayed
outstanding application value in visualization of latent
fingerprints.

3 Environmental detection

It is well known that there are many factors affecting the
luminescent properties of RTP materials, such as oxygen and
temperature, and thus chemical sensors based on RTP are
also an essential research direction and can produce practical
applications in environmental detection.

The spin triplet characteristic of ground state oxygen
means that O, can quench triplet excitons of RTP materials
easily, which also makes RTP materials ideal candidates for
detecting 0,.°>°® Usually, the decreasing phosphorescent
intensity and lifetime can both be utilized to realize
quantitative detection of oxygen.

In 2014, Ermolina et al. realized oxygen concentration
detection in the range of 0 to 100% based on the
phosphorescent intensity of diiodine-substituted boron
dipyrromethene (I,BODIPY) dye in Ar and O, (Fig. 7a).®” The
ILBODIPY was incorporated in a methylcellulose matrix,
which possessed a relatively high oxygen permeability and
good optical properties, and then the dye-impregnated matrix
was applied to detect O,. Moreover, the concentration of dye
molecules influenced the oxygen detection limit to some
extent, and the ratio of intensities in ambient conditions with
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Fig. 7 (a) O, sensor based on phosphor [,BODIPY in the range of 0-
100% (reproduced with permission from ref. 67. Copyright 2014,
Elsevier B.V). (b) Illustration of RTP emission quenched by O, and plots
of 7o/t against oxygen fraction for TBBU-doped film (reproduced with
permission from ref. 69. Copyright 2019 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim). (c) Illustration of quantitative detection of O, for
DCzC20Si-doped film (reproduced with permission from ref. 70.
Copyright 2021, Chinese Chemical Society).

different concentrations of oxygen was linear to the oxygen
concentration when the concentration of active substance
was 10° M. The dye-based sensor showed high selectivity
and fast response to oxygen. Later, in 2022, Wang et al.
adopted isomer engineering to design three donor-acceptor
isomers that were doped in polystyrene films, and two among
them could exhibit RTP emission, and likewise their linear
relationship between phosphorescent intensity and O,
concentration allowed quantitative detection of oxygen from
0 to 2.1 x 10° ppm.*® In 2019, Liang et al. constructed a
molecule named TBBU with a D-n-A geometry and in the
TBBU-doped film the ratio of the initial and decreasing
lifetimes caused by O, is linearly relative to the oxygen
fraction, which was employed for quantitative oxygen
detection (Fig. 7b).°® The TBBU crystals were different from
conventional RTP crystals in packing manners, with
molecules aligned in a head-to-tail manner with
intermolecular aromatic rings arranged side-by-side, so that
the oxygen molecules were allowed to disperse. Therefore,
the TBBU-doped film was fabricated to detect oxygen and
with increasing oxygen fraction from 0 to 21 vol% the change
in color and lifetime supplied the basis for quantitative
analysis of O,. Besides, a feasible and convenient method for
detecting the oxygen fraction was realized by combing the
experimental results with electronic equipment.

Similarly, in 2022, Wu et al. synthesized a silicon-based
crystal with RTP emission by bridging two carbazoles with
ethoxysilane (DCzC20Si) for oxygen sensing (Fig. 7c).”® The
DCzC20Si crystals could form oxygen diffusion channels
because silicon and ethoxy groups would increase the
distance among carbazoles. Likewise, a linear relationship
was achieved between the ratio of the lifetime and the
concentration of oxygen in the DCzC20Si-doped film, and
the lifetime-based oxygen sensor showed a high Stern-Volmer
constant of about 5.308 kPa™' and an oxygen quenching
efficiency of 99.1% when the oxygen concentration was up to
21%.

Temperature is also a significant external environmental
factor that affects RTP emission because high temperature
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will enhance nonradiative transition, and thus corresponding
RTP materials are developed for temperature sensing. In
2021, Ma et al. fabricated phosphorescent fluid materials that
were applied for quantitative analysis of temperature ranging
from 293 K to 353 K and visualizing the heat distribution of
irregular  surfaces.”' These flowable materials were
constructed from two organic acids (malic acid and citric
acid), B-CD and three organic dyes (7-chlorothiochroman-4-
one, 1-bromonaphthalene, and N-propyl-4-bromo-1,8-
naphthalimide), and the fluid material (RMM) composed of
N-propyl-4-bromo-1,8-naphthalimide, malic acid (MM), and
B-CD was utilized for temperature sensing research (Fig. 8a).
The functional relationship between the correlated color
temperature index mired value obtained from the CIE
coordination and temperature was fitted and used to
estimate the environmental temperature. Besides, the
qualitative observation of temperature in various surfaces
could be achieved due to the flowability, viscosity, and
sensitivity to temperature of RMM.

In 2022, Ji et al. developed a supramolecular architecture
(MP-G crystals) with RTP emission by assembling
4-(methoxycarbonyl)phenyl-boronic acid (MP) with water and
realized colorimetric detection of temperature in the range of
300 to 230 K based on crystalline transformation (Fig. 8b).””
The water in the MP-G crystals could form hydrogen bonds
to help enhance the RTP emission and the phosphorescence
quantum yield increased from 0.5% to 12.8% and the
lifetime increased from 72 ms to 880 ms compared to MP
crystals. When the temperature decreased from 300 to 230 K,
the color changed from green to blue and there was a linear
relationship with temperature in CIE coordinates, together
with crystalline transforming from MP-G to MP-B. Therefore,

o0l
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. '\'w-m
o \
100 180 260 260 300
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Fig. 8 (a) Structure of phosphors used to construct flowable materials
and their photographs; illustration of temperature quantitative
detection process by RMM (reproduced with permission from ref. 71.
Copyright 2021, Wiley-VCH GmbH). (b) Illustration of the luminescence
mechanism of the designed crystals and assembly architecture and
application for temperature sensing (reproduced with permission from
ref. 72. Copyright 2022, Royal Society of Chemistry). (c) Synthetic route
and cross-linked structures of nanospheres and competition
experiments with HCCP-HHTP-TA-doped films for the detection of
anisole in the presence of other VOCs (reproduced with permission
from ref. 73. Copyright 2022, American Chemical Society).
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MP-G crystals revealed potential value for low-temperature
sensing applications.

The quenching effect of small organic molecules on RTP
emission makes chemical sensors based on RTP materials
possible. In 2022, Yang et al constructed cross-linked
polyphosphazene nanospheres (HCCP-HHTP-TA) with strong
RTP and the RTP material exhibited highly selective
recognition toward anisole (a volatile organic compound,
VOC) when doped into the PVA matrix (Fig. 8c).”> The
multiple carbonyl groups (C=0), heteroatoms (N and P), and
heavy atoms (Cl) in HCCP-HHTP-TA and the rigidification
effect of the PVA matrix had a great influence on the RTP
performance. In the VOC detection experiment, the
phosphorescence intensity of the film at 482 nm was
quenched completely by anisole, but only a little by other
VOCs, showing good selectivity. The Stern-Volmer plot for
anisole also showed a good linear correlation that could be
used to quantify the anisole concentration. Besides, the
anisole sensing mechanism was confirmed to be Dexter
energy transfer due to the smaller AEgy value between the S;
of HCCP-HHTP-TA and the T; of anisole than that of HCCP-
HHTP-TA-doped films.

4 Bioimaging

Optical imaging plays a significant role in biomedical and
clinical research,”*”> where various luminescence types are
developed and applied, including fluorescence, delayed
fluorescence, phosphorescence, and so on.”*”® Among them,
great progress has been made recently with bioimaging based
on pure room-temperature phosphorescence. Compared with
fluorescence, RTP has a longer lifetime at longer wavelength,
which is beneficial for eliminating fluorescence background
interference and scattered light and gaining a higher signal-
to-noise ratio (SBR).”*®° Here we introduce recent research
findings from aspects of supramolecular and small molecular
systems.

4.1 Supramolecular system

Though RTP materials have many advantages in bioimaging,
the nonradiative decay and quenchers in aqueous solution
greatly hamper their practical application. In 2020, Ma et al.
reported visible-light-excited RTP in aqueous solution by
using a supramolecular host-guest assembly strategy and
utilized it in cell imaging for the first time.*" This work
constructed a TBP-CB[8] assembly system including a heavy-
atom-modified molecule (triazine derivative, TBP) with the
supramolecular host molecule cucurbit[8]uril (CB[8])
(Fig. 9a), where the cavity of CB[8] can protect TBP from
quenchers in solution and suppress the molecular motion,
resulting in a long lifetime of 0.190 ms with a 2:2 quaternary
complex structure in aqueous solution. The assembly system
was applied in HeLa cell imaging and the results displayed
bright-yellow phosphorescence with excitation wavelength up
to 405 nm.

588 | /Ind. Chem. Mater., 2023, 1, 582-594

View Article Online

Industrial Chemistry & Materials

00 %,
[v]

Fig. 9 (a) Chemical structures of TBP and CBI[8] and confocal
microscopic images of Hela cells. (reproduced with permission from ref.
81. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim). (b)
The construction and behavior of CBs/HA-BrBP supramolecular
pseudorotaxane polymers in aqueous solution (reproduced with
permission from ref. 82. Copyright 2020, Springer Nature). (c) Schematic
illustration and chemical structures of the photo-controlled NIR
phosphorescence of DTE-TP/CBI8] (reproduced with permission from
ref. 83. Copyright 2022, Wiley-VCH GmbH). (d) Schematic illustration of
the formation of supramolecular assembly 1/CB[8]/SC4AD (reproduced
with permission from ref. 84. Copyright 2022, Wiley-VCH GmbH).

Subsequently, Liu et al. combined host molecules cucurbit[]
uril (CB[7], CB[8]) with polymer hyaluronic acid (HA) conjugated
to a 4-(4-bromophenyl)pyridin-1-ium bromide (BrBP) phosphor
by means of host-guest interactions, creating two water-soluble
ultralong organic room-temperature phosphorescent
supramolecular polymers (Fig. 9b).%> Both CB[7]/HA-BrBP and
CB[8]/HA-BrBP showed RTP emission at 500 nm, while the latter
had better optical properties than the former with a lifetime of
4.33 ms and a quantum yield of 7.58%, benefiting from the
stronger host-guest interactions and hydrogen bond. Therefore,
CB[8]/HA-BrBP was applied for tumor cell imaging. Three types
of cancer cells including A549, HeLa, and KYSE-150 were
incubated with CB[8]/HA-BrBP, which emitted strong green
phosphorescence and overlapped with the mitochondrion
marker MitoTracker Red entirely. In addition, the standard
CCK-8 assay results indicated that CB[8]/HA-BrBP had low
cytotoxicity. Furthermore, through adding up-conversion
nanoparticles (UCNPs) to the supramolecular polymer, the new
system of UCNPs + CB[8]/HA-BrBP could realize
phosphorescence imaging towards cancer cells excited by near-
infrared light (980 nm) and visible light (488 nm), exhibiting
excellent application value.

Later, Liu and coworkers carried out further studies in
bioimaging based on supramolecular systems and made
great progress. In 2022, they constructed a macrocycle-
confined purely organic RTP supramolecular assembly by
combining diarylethene phenylpyridinium derivative (DTE-
TP) with CB[8] that could emit efficient NIR phosphorescence
at 700 nm (Fig. 9¢).** The guest molecule DTE-TP was folded
in the cavity of CB[8], and finally enhanced the
intramolecular charge-transfer interactions. Furthermore, the
DTE-TP/CB[8] could reversibly transfer between the open-
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form isomer (DTEqp-TP) and the closed-form isomer (DTEcg-
TP) with irradiation of UV light (365 nm) and visible light
(>600 nm). Therefore, DTE-TP/CB[8] was used successfully to
realize photo-controlled NIR phosphorescence lysosome-
targeted cell imaging with the results indicating that A549
cells (human lung cancer cell line) emitted NIR
phosphorescence at 650-750 nm and overlapped well with
the lysosome marker LysoTracker Green.

In the same year, the group reported three works using a
similar strategy of multilevel supramolecular assembly but
obtaining different results. The first work obtained a two-stage
confinement supramolecular assembly showing two photons
excited by near-infrared phosphorescence (Fig. 9d).** The host-
guest complex combined a guest molecule possessing a D-A
structure with the host molecule CB[8] which could promote
intramolecular charge-transfer by stacking the donor moiety
and acceptor moiety in the cavity, and achieved NIR
phosphorescent emission up to 800 nm with the two-photon
absorption. The second assembly with amphiphilic macrocycle
sulfonatocalix[4]arene (SC4AD) was beneficial for enhancing the
phosphorescence intensity and realizing cell imaging with the
formation of nanoparticles. The final supramolecular assembly
achieved outstanding two-photon cell imaging performance
with a higher signal-to-noise ratio compared to the one-photon
imaging; in addition, the product was applied in tissue and
in vivo imaging and exhibited a bright NIR phosphorescence
signal. The second work constructed a purely organic
supramolecular assembly with CB[8], 4-bromophenyl pyridine
salt having an alkyl chain length of 6 or 12 carbon atoms and
sulfonated p-cyclodextrin, which exhibited three-photon
absorption and phosphorescence emission at 510 nm.** The
third work reported a noncovalent macrocycle-confined
supramolecular assembly composed of a dodecyl-chain-bridged
6-bromoisoquinoline derivative, CB[7] and p-cyclodextrin-
grafted hyaluronic acid which could also achieve long-lived NIR
emission and was applied in targeted imaging of cancer cells.*®

4.2 Small molecular systems

Great developments have been made with purely organic RTP
materials constructed from small molecules in recent
years,” "% while the triplet state of small molecule is prone
to nonradiative decay, causing the decrease of lifetime or
even quenching of RTP, which limits the development of
small molecular RTP materials in bioimaging. In 2017, Pu
et al. proposed a top-down nanoparticle formulation to
synthesize water-soluble organic nanoparticles with ultralong
phosphorescence for in vivo afterglow imaging for the first
time,” and thus extraordinary achievements have been made
with RTP materials based on small molecules.

In 2021, Li and coworkers reported a doped system by
integrating an RTP host and an RTP guest, which was
encapsulated by the biocompatible amphiphilic copolymer
PEG-b-PPG-b-PEG (F127) to form nanocrystals, which could emit
persistent phosphorescence for 25 min in aqueous solution.”
Two phenothiazine derivatives M-CH; (CzS-CH; and CzS-C,Hs)
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Fig. 10 (a) lllustration of the RTP behaviors of the host-guest doping
systems based on M-CH3; and M-C,Hs and application for bioimaging
(reproduced with permission from ref. 91. Copyright 2021, Wiley-VCH
GmbH). (b) Design concept for highly efficient red-phosphorescence
material through molecular engineering and host-guest system and
bioimaging application based on the host-guest system (reproduced
with permission from ref. 92. Copyright 2021, Chinese Chemical
Society). (c) Molecular structures of the guest and host molecules and
applications in intravital phosphorescence imaging (reproduced with
permission from ref. 93. Copyright 2022, Springer Nature). (d) The
molecular design strategy for the AIP compounds (reproduced with
permission from ref. 94. Copyright 2022, Springer Nature). (e) Schematic
illustration of visible-light-excited afterglow bioimaging with red room-
temperature phosphorescence emission and molecular structures of
organic luminogens s-DTBT, d-DTBT, and t-DTBT (reproduced with
permission from ref. 95. Copyright 2022, Wiley-VCH GmbH).

and their corresponding dioxide derivatives M-C,Hs (CS-CHj;3
and CS-C,H;) were selected to be guest and host, respectively
(Fig. 10a). The M-CH; and M-C,H; nanocrystals were further
applied in in vivo imaging. Fetal bovine serum was chosen as
the aqueous medium for M-CH; and M-C,Hs nanocrystals
which was irradiated by a 365 nm handheld UV lamp for 30 s
before being injected into Balb/c nude mice to realize
phosphorescence imaging. The signal-to-background ratios
(SBRs) of subcutaneous phosphorescence imaging with M-CHj;
and M-C,H; nanocrystals reached 310 and 147, respectively. The
pre-excitation ability prevented the harm of UV light to the
living body. Besides, the application of nanocrystals in in vivo
cancer diagnosis was studied and the high-contrast labeling of
tumors in living mice was realized.

In the same year, Cai et al. fabricated a fused-ring host-
guest material with 5-phenyl-10,11-dihydro-5H-diindeno[1,2-
b:2',1-d]pyrrole (PDPy) as the guest molecule and
triphenylamine (TPA) as the host molecule, which led to
long-wavelength phosphorescence emission at 607 nm with a
long lifetime of 274 ms (Fig. 10b).”> A top-down method was
employed wusing PDPy/TPA to obtain water-soluble
nanoparticles with the amphiphilic polymer F127 as the
encapsulation matrix, and the nanoparticles were applied in
bioimaging. PDPy/TPA NPs were used in HeLa cells to realize
dual-channel bioimaging and the red (600-680 nm) emission
channel was assigned to be phosphorescence. The time-
resolved luminescence imaging in cells implied that the red
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phosphorescent signal was still intense after 120 ps; in
addition, the phosphorescence time-resolved imaging in vivo
also showed the phosphorescent signal after the removal of
light excitation for 7.5 min with SBRs of 21.58.

In 2022, Ding et al. constructed ultralong-lifetime near-
infrared organic small molecular phosphorescence materials
through the guest-host doped strategy and applied them in
tumor imaging in living mice.”® A series of pyrene derivatives
with high conjugation were selected as guest molecules and
the host benzophenone (BPO) functioned from two aspects,
assisting transfers and suppressing the nonradiative
transition of guest excitons (Fig. 10c). Among these obtained
materials, DMAPy/BPO was chosen to be encapsulated by the
biocompatible amphiphilic copolymer F127 to acquire
nanoparticles due to it having the longest wavelength and a
quite long lifetime. The SBRs of DMAPy/BPO NPs in
subcutaneous and armpit tumor phosphorescence imaging at
10 s reached 160 and 43, respectively.

In addition to the guest-host doped system, a single
molecular system has been revealed and utilized in
bioimaging too. In 2021, Zhang et al. synthesized two kinds
of single molecular RTP materials combining molecule
engineering and AIE.** The two compounds phenyl-(2,3,4,5-
tetraphenyl-1H-pyrrol-1-yl)methanone (TPM) and
(4-chlorophenyl)-(2,3,4,5-tetraphenyl-1H-pyrrol-1-yl)
methanone (TPM-CI) introduced an aromatic carbonyl group
based on tetraphenylpyrrole (TePP) to initiate spin-orbital
coupling and enhance ISC, leading to phosphorescent
emission when forming AIEgens (Fig. 10d). TPM and TPM-Cl
could form stable nanoparticles possessing two-photon
absorption characteristic at 80% water content with long
lifetimes of 18.5 us and 7.4 ps, respectively, which were
suitable  for  bioimaging.  Subsequently, TPM-based
nanoparticles were applied in HeLa cells to demonstrate the
biological imaging ability, and the results indicated that
TPM-based nanoparticles emitted bright phosphorescence
when irradiated with an 800 nm laser, proving the two-
photon biological imaging ability. The nanoparticles also
displayed time-resolved cell imaging capability with clear
phosphorescence signals after 100 ps; besides, the afterglow
imaging was realized in mice with SBRs reaching 7.14 + 0.65.

In 2022, Li and coworkers developed RTP materials on the
basis of single molecules possessing long-wavelength
excitation and phosphorescent emission simultaneously.”®
Sunlight and a mobile phone flashlight as safe light sources
were employed to realize red afterglow imaging of lymph
nodes in living mice. Three luminogens (DTBT) were
synthesized consisting of electron donor triphenylamine and
acceptor benzothiadiazole with different geometries and
numbers through the Suzuki reactions (Fig. 10e), the coated
water-soluble nanoparticles of which were obtained with
F127 as the encapsulating body. These nanoparticles could
still achieve red phosphorescent emission in the region of
630-660 nm with an obvious absorption band in the visible
region of 400-600 nm, but lifetimes decreased from the
millisecond level to the microsecond Ilevel, while the
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afterglow signals lasted a long time with 1 h for s-DTBT, 20
min for d-DTBT, and 2 min for t-DTBT, making them suitable
for afterglow imaging. Irradiated by sunlight, the s-DTBT
nanoparticles achieved high SBRs of 191 and 169 for imaging
subcutaneous tissue and axillary lymph nodes of living mice,
respectively, and 230 and 17 when excited with a mobile
phone flashlight.

5 Summary and outlook

To conclude, organic room-temperature phosphorescent
materials constructed by various strategies show different
luminescent properties and have been applied in different
fields. These differences in RTP emission properties including
wavelength, lifetime, and quantum yield mean that RTP
materials exhibit huge application value, and aimed at different
fields the need for RTP performance is diverse. Therefore, this
review mainly summarized the recent progress with organic
RTP materials with diversified properties towards application,
and it was found that the development direction of RTP
materials towards application is specific to a certain extent.
Though great progress has been made with these pure organic
RTP materials in diverse fields, there is still a huge research
space to fabricate even better applied RTP materials. To obtain
organic light-emitting diodes, phosphorescent
materials need to meet the characteristics of high quantum
yield and short lifetime, while RTP materials for anti-
counterfeiting and encryption applications often require rich

efficient

luminous colors and to perform differently under UV excitation.
Application in biological imaging demands phosphorescent
materials to have longer wavelengths and longer lifetimes to
eliminate fluorescence background interference and gain higher
signal-to-noise ratios. Moreover, the application scope should
be broadened due to the extraordinary optical properties of RTP
materials. Although there are various strategies to regulate the
luminescent behaviors of RTP materials by enhancing the ISC
process and suppressing nonradiative deactivation, the detailed
mechanism of some systems is still ambiguous. The deep
development of organic RTP materials will not only improve the
application value, but is also significant to the development of
the photochemical mechanism. Therefore, although it is
challenging to carry out deep studies into the RTP luminescence
mechanism, further exploration for RTP materials will be
helpful for understanding photoluminescence deeply and
promoting the practical application of photoelectric functional
materials in our lives.
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