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Ordinary metal salts have become a promising afterglow material because of the characteristics of wide sources, low cost, and
easy availability. However, their extremely weak afterglow efficiency makes them rarely used in practical applications. In this
study, we proposed a ligand engineering strategy to greatly enhance the afterglow efficiency of metal salts. Al,(SO,);, as a typical
metal salt, has only a photoluminescence quantum yield (PL QY) as low as 0.1% and an unmeasurable phosphorescent QY. After
doping with dual organic ligands, the PL QY of Al,(SO,); has increased by nearly 200 times, reaching 19.90%. Meanwhile, the
afterglow intensity of Al,(SO,); has increased by approximately 20 times, accompanied by a great increase in phosphorescent
lifetime from 416.15 to 2870.08 ms (a about 7-time increase). The enhancement mechanism of afterglow efficiency is ascribed to
the fact that the excited electrons from the dual ligands can be directly captured by oxygen defects (trap), then transferred to the
emitters (Al3+ ions), and ultimately achieving efficient afterglow luminescence. This study utilizes ligand engineering strategy to
improve the afterglow luminescence efficiency of metal salts, achieving their applications in deep ultraviolet (UV)-excited light

emitting devices and visual ethylene glycol recognition.
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1 Introduction

Ordinary metal salts such as Al,(SO,); and MgSO, have
been widely discovered to have the ability to emit afterglow
luminescence [1,2]. This phenomenon of continuous light
emission after switching off the excitation source in metal
salts is usually attributed to the electron-trap-associated
mechanism [3,4]. Metal salts as a type of common afterglow
materials show numerous advantages such as wide sources,
low cost, and easy availability. However, compared to other
types of inorganic afterglow materials, the afterglow effi-
ciency of metal salts is extremely low, which makes them
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difficult to be practically applied. To improve afterglow ef-
ficiency, most metal salts require rare earth (RE3+) ions
doping, combined with high energy ray (X-, y-, and B-ray) or
high-temperature excitation [5,6]. Unfortunately, even with
complex structural regulation or harsh excitation conditions,
satisfactory afterglow efficiency is still difficult to achieve.
Therefore, the development of a new strategy for greatly
improving the afterglow efficiency of metal salts is of great
significance for broadening their utility across diverse ap-
plications, encompassing lighting, display technologies, and
sensing domains.

Ligand engineering is an effective strategy for improving
the luminescence efficiency of optical materials [7-9]. Using
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RE’ ions as a typical example, it is known that the direct
excitation of RE*" ions is an inefficient process due to the
forbidden 4f transitions [10]. Surprisingly, RE’ ions will
emit strong luminescence once they are bound by a suitable
organic ligand, which is known as ligand-sensitized lumi-
nescence [11-13]. This process involves light absorption of
the ligand, intersystem crossing, and the non-radiative en-
ergy transfer from the ligand to RE’ ions. Although ligands
have achieved great success in sensitizing the luminescence
of RE’" ions, their effects on the afterglow luminescence of
metal ions have been rarely reported to date.

Herein, a strong ligand engineering strategy is developed
to significantly enhance the afterglow efficiency of metal
salts (Scheme 1). Pure Al,(SO,); powder has only one weak
afterglow efficiency, with a photoluminescence quantum
yield (PL QY) of 0.1% and an unmeasurable phosphorescent
QY. After doping with dual organic ligands (tetra-
phenylethylene (TPE) and 4-carboxyphenylboronic acid
(CPBA)), the PL QY of the formed AI’'/TPE/CPBA is sig-
nificantly increased to 19.90%, nearly 200 times that of Al,
(SO,); and the afterglow intensity is increased by about 20
times. Meanwhile, the lifetime of AT'/TPE/CPBA is also
increased by about 7 times. Because of the remarkable op-
tical characteristics, AI*/TPE/CPBA are suitable for use in
deep ultraviolet-excited light-emitting diodes (DUV-LEDs).
Since the luminescence of AI'/TPE/CPBA has a specific
response to ethylene glycol (EG), providing a new method
for the visual identification of EG.

2 Experimental

2.1 Materials and reagents

CPBA (98%), TPE (98%), and methanol (MeOH, 99.9%) are
received from Energy Chemical Co., Ltd. (China). Alumi-
num sulfate (Al,(SOy)s, 99.99%) is purchased from Adamas-
beta Reagent Co., Ltd. (China) Terephthalic acid (TPA, 99%)
is purchased from Shanghai Macklin Biochemical Technol-
ogy Co., Ltd. (China). 4-Aminobenzoic acid (PABA, 98%) is
obtained from Shanghai J&K Scientific Co., Ltd. (China).
Hexaphenylsilole (HPS, 95%), tetrakis(4-aminophenyl)
ethene (ETTA, 97%), and ethyl acetate (EA, 99.5%) are
purchased from Aladdin Reagent Co., Ltd. (China). Ethanol
(EtOH, 95%) is obtained from Shanghai Boer Chemical
Reagent Co., Ltd. (China). Dimethyl sulfoxide (DMSO,
AR), dichloromethane (DCM, AR), N,N-dimethylformamide
(DMF, AR), and EG (AR) are received from Shanghai
Lingfeng Chemical Reagent Co., Ltd. (China). All reagents
are dissolved using 18.2 MQ cm ultrapure water.

2.2 Apparatus

Absorption spectrum is determined by a Lambda 950 UV-
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Scheme 1 (Color online) Schematic illustration of ligand-doping strategy
enhancing afterglow luminescence of Al,(SO,)s.

visible-near infrared spectrophotometer (PerkinElmer,
USA). PL spectra, phosphorescence (phos.) spectra, and
phos. lifetimes are measured by an FLS1000 steady state/
transient fluorescence spectrometer (Edinburgh Instruments,
UK). The decay curve is measured by a HORIBA Fluor-
oMax spectrofluorometer (HORIBA Scientific, Japan).
Scanning electron microscopy (SEM) images are obtained
by a Helios G4 UC scanning electron microscope (Thermo
Fisher Scientific, USA). Elemental mapping is obtained by
energy dispersive X-ray spectroscopy (EDS) used in com-
bination with a Helios G4 UC scanning electron microscope.
Powder X-ray diffraction (XRD) pattern is determined by an
18KW/D/max2550VB/PC rotating X-ray powder dif-
fractometer (Rigaku Corporation, Japan). X-ray photoelec-
tron spectroscopy (XPS) spectra are analyzed using an
ESCALAB 250Xi X-ray photoelectron spectrometer (Ther-
mo Fisher Scientific, USA). Fourier transform infrared (FT-
IR) spectra are obtained on a Nicolet6700 FT-IR spectro-
meter (Thermo Fisher Scientific, USA).

2.3 Synthesis procedure of AI'’/TPE/CPBA

AI”'/TPE/CPBA are synthesized by a facile thermal poly-
merization treatment of TPE, CPBA, and Al,(SO,);. In de-
tail, Al,(SOy4); solution (1.0 M, 1.6 mL), TPE ethanol
solution (0.2 mg/mL, 1.0 mL), and CPBA powder (1.7 mg)
are added to a clean screw-neck glass bottle (10 mL) con-
taining 2.4 mL of ultrapure water, and then heated to 120 °C
for 300 min. The obtained products are designated as Al
TPE/CPBA. To explore the enhancement mechanism of
afterglow efficiency, a series of different organic ligands are
used for thermal polymerization with Al,(SO,);, following
the same synthesis steps as AI”'/TPE/CPBA. The obtained
products are designated as AI’JHPS/CPBA, AI’/ETTA/
CPBA, AI’/TPE/TPA, and Al’ /TPE/PABA.
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2.4 Recognizing procedure of EG

The A’ /TPE/CPBA powder (0.04 g) is fully dispersed in
the different organic solvents (200 pL), including EtOH,
DMSO, DCM, EA, DMF, EG, and MeOH. Then, the PL and
phos. photographs are taken at an excitation wavelength of
302 nm. Meanwhile, the PL and phos. spectra are tested with
the excitation of 300 nm.

To assess the recognition ability of the Al /TPE/CPBA for
EG in complex environments, simulated industrial EG
mixtures are prepared by introducing impurities into AR
grade EG. The preparation protocol involves sequentially
introducing 0.02 g each of water, acetic acid, formaldehyde,
sodium chloride (NaCl, 1 M), and ferric chloride (FeCls,
1 M) into a 20 mL centrifuge tube, followed by the addition
of EG (AR) to achieve a total mass of 10.0 g, resulting in EG
mixtures containing 1% impurities. The EG mixtures are
thoroughly shaken and mixed, and the recognition process
for EG mixtures is maintained identical to that used for EG
(AR).

2.5 Theoretical calculation

The energy levels of TPE and CPBA are calculated using
Gaussian 16 quantum chemistry software. According to the
density functional theory (DFT), the geometry of the ground
states of TPE and CPBA are optimized by B3LYP/6-31g (d);
then, TD-B3LYP/6-31g (d) method is used to obtain the
energy levels of TPE and CPBA molecules, setting charge
and spin multiplicity to 0 and 1 to obtain singlet states, 0 and
3 to get triplet states.

3 Results and discussion

To explore the afterglow efficiency enhancement of metal
salts by organic ligands, Al,(SO,); with a weak blue after-
glow luminescence is selected as a model metal salt.
Meanwhile, TPE (an aggregation-induced emission (AIE)
luminogen) and CPBA (a phosphorescent molecule) serve as
organic ligands. By the thermal polymerization, AI*'/TPE/
CPBA are synthesized (Figure S1, Supporting Information
online). The synthesis conditions, including reaction time
and temperature, are first investigated. As depicted in Figure
S2, the reaction time exhibits only a minor influence on the
afterglow performance of the AI’/TPE/CPBA. In contrast,
reaction temperature serves as a more critical parameter in
controlling the afterglow characteristics. As shown in Figure
S3, a reaction temperature of 120 °C yields optimal after-
glow performance, exhibiting both maximum afterglow in-
tensity and prolonged lifetime compared to other synthesis
conditions. Consequently, the optimal reaction conditions for
synthesizing AL’ /TPE/CPBA are established as 300 min at
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120 °C.

The resulting AI”/TPE/CPBA exhibit an irregular mor-
phology, as evidenced by the SEM image (Figure 1a). Ele-
ment mapping reveals that the ALI’/TPE/CPBA are
predominantly comprised of Al, S, and O as well as minor
amounts of B and C, suggesting a homogeneous synthesis
because of the uniform element distribution (Figure 1b).
Additionally, the XRD pattern of the AI”'/TPE/CPBA lar-
gely coincided with those of Al,(SO,); (Figure Ic), but
shows a wider diffraction band compared to Al,(SO,);. This
result reveals that Al,(SO,); is the main component of A/
TPE/CPBA, but the doping of dual ligands can disrupt the
crystallinity of the Al,(SO,)s.

Further structural analysis for AI’'/TPE/CPBA is per-
formed by XPS. High-resolution C s spectrum exhibits a
typical binding energy at 288.4 eV (Figure 1d), corre-
sponding to carboxyl or carboxylate groups [14,15], which
suggests the coordination between CPBA ligands and Al
ions by Al-O bond. High-resolution O 1s and Al 2p spectra
(Figure le, f) further reveal the presence of Al-O bond
[16,17]. Furthermore, high-resolution S 2p spectrum (Figure
1g) indicates that S is present in the form of sulfate anions,
proving the existence of Al,(SO,);. FT-IR spectrum (Figure
S4, Supporting Information online) shows that AL’ /TPE/
CPBA have three typical peaks at 3063, 1675, and 507 cm |,
corresponding to O-H, C=0, and Al-O, respectively [18].
The similar UV absorption spectra between A’ /TPE/CPBA
and Aly(SO,); (Figure 1h) clearly reveal that the AI’'/TPE/
CPBA are mainly composed of Al,(SO,);, with embedded a
small amount of organic ligands inside.

The effect of ligand-doping on the afterglow luminescence
of Al,(SO,); is clearly shown in Figure 2a. Pure Al,(SO,);
powder exhibits an extremely low afterglow intensity, and
almost no emission can be observed after the UV lamp is
turned off, which is a typical afterglow characteristic of
metal salts. After doping with TPE or CPBA, the afterglow
efficiency of Al,(SO4); shows an obvious improvement.
Remarkably, the afterglow efficiency of Al,(SO,); can be
maximally enhanced after introducing TPE and CPBA si-
multaneously. Detailed spectral analysis further reveals the
enhancement effect of organic ligands on the afterglow lu-
minescence of Al,(SO,);. As shown in Figure 2b, Al,(SO,);
powder has a blue excitation-independent afterglow emis-
sion, with a maximum emission at about 440 nm. After
doping with fluorescent TPE ligand (Figure SS5), no sig-
nificant change in the afterglow emission spectra occurs
(Figure 2c). Meanwhile, after doping with phosphorescent
CPBA ligand, the formed AI’’/CPBA have two afterglow
emissions at 424 and 520 nm, respectively (Figure 2d). Be-
cause CPBA ligand has a maximum phosphorescent emis-
sion at 520 nm (Figure S6), the afterglow emissions of the
AI’'/CPBA at 424 and 520 nm should come from Aly(SOy);
and CPBA, respectively. After the formation of the
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Figure 1 (Color online) Structural characterization of AI/TPE/CPBA. (a) SEM image and (b) surface element mapping of AI’'/TPE/CPBA. (c) XRD
patterns of A13+/TPE/CPBA, Aly(SOy);, TPE, and CPBA. (d) High-resolution C 1s spectrum, (e) high-resolution O 1s spectrum, (f) high-resolution Al 2p
spectrum, and (g) high-resolution S 2p spectrum of AI*/TPE/CPBA. (h) Absorption spectra of Al,(SO,)s, A13+/TPE/CPBA, TPE, and CPBA powders.

AL’ /TPE/CPBA, the phosphorescent emission peaks of
Aly(SO,); and CPBA remain (Figure 2e).

According to Figure 2f, after doping with TPE or CPBA,
the PL QY of Al,(SO,); can be increased from 0.1% to 3.90%
(AI’"/TPE) and 8.30% (AI’'/CPBA), respectively. When the
AI"/TPE/CPBA is formed, the PL QY greatly increases to
19.90%, achieving an approximately 200 times enhance-
ment. Due to the unmeasurable phosphorescent QY of
Al,(SO,);, we have compared the afterglow intensity of
Al,(SOy); before and after ligand doping through pseudo-
color analysis of phos. intensity (Figure 2g). Results show
that simultaneous doping of TPE and CPBA can achieve up
to about 20 times afterglow enhancement, which is sig-
nificantly higher than doping with TPE alone (9.59-times) or
CPBA alone (12.33-times). In addition to the increase in
afterglow intensity, ligand doping also achieves a great im-
provement in afterglow lifetime from 416.15 ms (Al,(SO,);)
to 2870.08 ms (A13+/TPE/CPBA) (Figure 2h).

To prove the universality of the ligand doping strategy for
improving the afterglow efficiency of Al,(SO,);, a series of
organic ligands have been used, including phosphorescent
molecules (TPA and PABA) (Figure S7) and AIE molecules
(ETTA and HPS) (Figure S8). All these ligands-doped
Al,(S0,); exhibit enhanced blue afterglow efficiency, although
the enhanced efficiency is not as good as the ALI’'/TPE/
CPBA (Figures S9 and S10), indicating that the afterglow
efficiency enhancement of Al,(SO,); by the developed li-
gand doping strategy is universal. Compared to conventional
rare-earth-doped afterglow materials, although the afterglow
performance of the prepared AL’ /TPE/CPBA is not excep-

tional, their advantages, including simple synthesis (one-step
thermal polymerization), mild reaction conditions (120 °C,
atmospheric pressure), readily available raw materials, and
low production costs, make them have significant industrial
application potential.

Furthermore, the enhancement mechanism of the after-
glow efficiency of Al,(SO,); is discussed (Figure 3). As a
typical inorganic metal salt, the afterglow luminescence of
Al,(SO,); is attributed to the electron-trap-associated me-
chanism. Specifically, when the Al,(SO,); is excited by UV
light, the electrons and holes can be generated. The elec-
trons from the valence band (VB) can be promoted to the
conduction band (CB) and then be captured by the trap
(oxygen defects from SO427). Subsequently, the stored
electrons escape gradually from the traps and recombine
with emitters (Al3+) by the CB to produce afterglow lumi-
nescence [19].

According to the VB-XPS spectrum, the VB of Al,(SO,);
is about 3.10 eV (Figure S11). Considering that the optical
bandgap energy of Al,(SO,); is 1.02 eV measured by the
(ahv)z—hv curve (Figure S12), the CB value of Al,(SO,); can
be calculated as 4.12 eV. Meanwhile, by the DFT calcula-
tions, the excited singlet states of TPE are 3.02 eV (S)), 3.59
eV (8,), and 3.66 eV (8S,), respectively. Although the energy
level of the S, state of TPE is lower than the VB of Al,
(80,);, according to the result that TPE can greatly improve
the afterglow efficiency of Al,(SO,);, suggesting that the
excited electrons at higher energy levels can directly be
captured by the trap. Similarly, the excited electrons from
CPBA can also be captured by the trap while still retaining
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Al“/TPE/CPBA.). The afterglow intensity values are obtained by pseudocolor analysis. (h) Phos. lifetimes of AI’'/TPE/CPBA (inset: phos. lifetimes of

AL(SO,);, AI’"/TPE, and A’ /CPBA.). Delay time: 2 ms.

SG
492 eV
SZ
4.35eV
412 eV 412eV
CB Qe CB Qe
S|
S, 3.66 eV HEsiey
S, 359ev
Less electronsg More electrons
© O O B BB Isc
TS O } Ligands engineering Teps ©
Weak, strong |
Emitters (AI**) Emitters (Al**)
VB ®@h* VB @ h*
3.10eV 3.10 eV
3.02eV CPBA
® Traps TPE L 243 eV
© Electrons ® Traps
o AL(SO,) EX © Electrons EX EM
2 473
S, @ AL(SO,), S,
TPE CPBA
AL(SO,), AF-TPE/CPBA

Figure 3 (Color online) The possible migration pathways of the excited electrons in Al,(SO,); and AL*'/TPE/CPBA.

from both TPE and CPBA are effectively captured by the
trap centers. This increased electron population in the traps

their original phos. emission (520 nm). Consequently, upon
the formation of the A13+/TPE/CPBA, the excited electrons
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leads to enhanced afterglow intensity and prolonged after-
glow lifetime following the cessation of light excitation.

Variable-temperature phos. spectra further confirm the li-
gand-enhanced defect luminescence. As shown in Figure
S13, the afterglow intensity of AI’"/TPE/CPBA remains re-
latively stable below 300 K, but undergoes significant ther-
mal quenching when the temperature exceeds this threshold.
This is because the electrons captured by Al,(SO,); defects
originate from organic ligands, and at elevated temperatures
(>300 K), intense molecular motion greatly promotes non-
radiative recombination pathways. This significantly reduces
the probability of excited electrons of ligands being captured
by defects, resulting in a decrease in the afterglow intensity
of the AI’’/TPE/CPBA.

Because of the excellent afterglow luminescence, Al
TPE/CPBA have a high potential for use in DUV-LEDs. As
shown in Figure 4a, the prepared DUV-LEDs emit bright
white light by using 250 nm UV chips. As the driving current
rises from 50 to 300 mA, the emission intensities of the
DUV-LEDs improve gradually (Figure 4b). Notably, the
chromaticity coordinates, color rendering index, and color
purity of the DUV-LEDs have only negligible variations with
changes in the driving current, showing the highly stable of
DUV-LEDs (Figure 4c and Table S1 , Supporting Informa-
tion online). These observations underscore the significant
potential of AI’"/TPE/CPBA in the advancement of novel
DUV-LEDs technology.

Sci China Chem  October (2025) Vol.68 No.10 4801

EG possesses significant toxicity, posing risks to both
animals and humans [20,21]. Specific identification of EG
facilitates the monitoring of environmental contamination
and prevents leaks and ingestion during industrial applica-
tions, thereby safeguarding the health of workers and the
public [22]. Remarkably, AI”*/TPE/CPBA offer a promising
solution for EG identification. As shown in Figure 4d, when
A’ /TPE/CPBA powder is dispersed in different organic
solvents (EG, MeOH, EtOH, EA, DMSO, DCM, and DMF),
the AI’’/TPE/CPBA show bright blue PL under UV excita-
tion only in an EG solution. From the PL spectra (Figure 4¢),
it can be seen that except for EG, all other organic solvents
can effectively quench the PL of the A13+/TPE/CPBA,
thereby achieving the visual recognition of EG. Meanwhile,
only when the AL’ /TPE/CPBA are dispersed in EG and
DCM, they exhibit two afterglow emissions at about 433 and
484 nm, respectively (Figure 4f), providing a phosphor-
escent channel for detecting EG. The EG-responsive after-
glow luminescence should be attributed to the differences in
a dissolution of three components of AI’'/TPE/CPBA in
different solvents. Furthermore, we have evaluated the ability
of AI’’/TPE/CPBA for EG recognition in complex environ-
ments. Comparative analysis of the spectral data obtained from
EG (AR) and EG mixtures containing 1% impurities reveals
that the presence of these impurities has a negligible impact on
the EG recognition capability of A’/ TPE/CPBA (Figure
S14), suggesting a promising practical application potential.
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4 Conclusions

In conclusion, a powerful ligand engineering strategy is
developed for greatly enhancing the afterglow efficiency of
Al,(SO,);. The doping of organic ligands simultaneously
enhances the afterglow intensity and lifetime of Al,(SO,);.
The ligand-enhanced afterglow luminescence is proven to
be attributed to the fact that more electrons (from the ex-
cited electrons of the ligands) can be captured by the trap,
and then transferred to the emitters, thereby achieving ef-
ficient afterglow luminescence. To the best of our knowl-
edge, this is the first case of organic ligands enhancing the
afterglow luminescence of metal ions. This work not only
provides the possibility for designing and preparing metal
salts with ultra-highly efficient afterglow luminescence, but
also is of great significance for understanding the dynamics
of excited state electrons in organic-inorganic afterglow
materials.
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