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Phosphor-converted white light-emitting diodes (PC-WLEDs) have attracted considerable attention in
solid-state lighting and display. However, urgent issues of thermal quenching and high cost remain
formidable challenges. Herein, a novel metal-organic framework (MOF) phosphor [CdACl;(AD)] was
facilely prepared using a mixture of CdCl, and acridine (AD) under solvothermal conditions. It shows
intensive green emission with a long lifetime of 31.88 ns and quantum yield of 65% while maintaining
95% and 84% of its initial emission intensity after remaining immersed in water for 60 days and being
heated to 150 °C, respectively. The low thermal quenching of this MOF material is comparable to or can
even exceed that of commercial inorganic phosphors. The combination of experiments and theoretical

calculations reveals that the alternating arrangement of delocalized AD m-conjugated systems and CdCl,
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phosphor with high thermal stability and optoelectronic performance. The successful fabrication of
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Introduction

Phosphor-converted white light-emitting diodes (PC-WLEDs)
have attracted great attention in the fields of solid-state
lighting owing to their high luminescence efficiency and long
lifetime characteristics."” The pre-coating of yellow or multiple
colored (blue, green, and red) phosphors onto blue or ultravi-
olet diode chips are two mainstream methods for preparing PC-
WLEDs.? However, the heat generated during the high drive
current applied to the inner diode chips causes a universal
thermal quenching (TQ) effect which can decrease the lumi-
nescent performance of phosphors.”** Therefore, the minimi-
zation of TQ for phosphors is an urgent problem for their
applications in WLEDs. Even though breakthrough progresses
have been made in zero-thermal quenching inorganic phos-
phors due to their rigid structures,””** high-cost (containing
certain expensive elements) and complicated preparation
methods (about 1000 °C high-temperature sintering process)
hinder the development of inorganic materials.” It is still a huge
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commercial diode chip suggests a promising and potential alternative to commercial phosphors.

challenge to develop new types of phosphors with low cost and
low TQ.

Metal-organic frameworks (MOFs) are a new type of organic-
inorganic hybrid materials constructed by metal cations/
clusters and organic ligands through strong coordination
bonds. Benefiting from their advantages, such as facile
synthesis routes, easy functionalization, excellent structural
stability and diversity, MOFs have been applied in numerous
areas, including catalysis, photoelectric devices, bioimaging,
nonlinear optics, and so on."®?* As a subclass of MOFs, lumi-
nescent MOFs have been proven to be futuristic phosphor
materials for PC-WLEDs technology owing to their excellent
optical properties, tunable energy levels, and wide range of
emission colors.” Despite promising results that were recently
achieved on MOF-based phosphors for PC-WLEDs with high
luminescent efficiency,** emission losses induced by lower
thermal stability still need to be addressed.

It has been demonstrated that the structural rigidity due to
the strong coordination bonds and bulky steric hindrance near
the metal ions can greatly enhance the stability of MOFs.?*>®
Following this proposition, a suitable selection of photoactive
organic ligands with various coordination numbers is indis-
pensable to construct MOFs with dramatic geometric frame-
works and excellent luminescent properties.**>* The
heterocyclic compound, acridine (AD), is an outstanding chro-
mophore, which plays an important role in molecular lumi-
nescent and optoelectronic materials. The larger m-conjugated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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system has an affinity to form denser m-stacking, leading to
outstanding photophysical properties by the introduction of
various organic and inorganic components.*® Our recent work
showed that the larger steric hindrance of AD cations arranged
in dense stacking mode can afford effective organic water-
resisting layers to maintain the long-term stability of organic-
inorganic hybrid perovskite (OIHPs) in water.**

On the other hand, the selection of proper inorganic
components is also a crucial factor. Among various metal ions/
clusters, metal halides initially gained worldwide attention
because of their unique crystallographic/electronic structures
with isolated building units and fascinating optical character-
istics.>* Metal halides are typically used in the construction of
OIHPs. As a type of emerging luminescent material, OIHPs have
attracted unparalleled interest in the fields of photovoltaics,
photodetectors, light-emitting diodes, and lasers.***” However,
physicochemical stability is still a critical issue in achieving
their effective practical applications. Different from the weak
electrostatic and hydrogen bond interactions in OIHPs,
vigorous coordination bonds between organic chromophore
ligands and metal halides would enable high thermal and water
stability for MOF materials. In this study, a cadmium halide
inorganic chains-based MOF [CdCl,(AD)] (1) was synthesized
through a facile solvothermal process. The AD organic chro-
mophores are arranged into an infinite 7-conjugated chain
featuring dense H-aggregation in an orderly fashion, promoting
the migration of charge carriers. The assembly of cadmium
halide inorganic chains and AD m-conjugated system provides
periodic distribution of electron donor and acceptor at the
molecular level. These structural features endow the title MOF
with high thermal and water stability, as well as photoelectric
performance. It can maintain 84% of the initial emission
intensity at 150 °C and exceed several commercial inorganic
phosphors.

Results and discussion

Light-yellow block crystals (Fig. S11) that were suitable for X-ray
single-crystal detection were isolated under solvothermal
conditions at 120 °C for 3 h. Powder X-ray diffraction (PXRD)
measurements revealed that the main diffraction peaks of the
as-prepared 1 match well with the simulated peaks from the
single crystal diffraction data (Fig. S2f), suggesting the
successful synthesis of the pure samples of the target complex.
Single crystal X-ray diffraction analysis reveals that 1 crystallizes
in a monoclinic system with the space group of P2,/c (Table
S1t). In the structure of 1, each asymmetric unit consists of one
Cd(u) cation, one AD ligand, and two chlorine anions. All Cd(u)
cations are five-coordinated by four chlorine anions and one
nitrogen atom from the AD ligand, forming a distorted trigonal
bipyramid geometry (Fig. S31). The Cd(u) cations are connected
by Cl anions to form an infinite 1D CdCl, inorganic chain along
the a-direction. The AD ligands hang on both sides of the chain
through the Cd-N bond (Fig. 1a).

Owing to the bulk m-conjugated AD molecules, adjacent
chains are linked to form a 2D layer structure through -7
stacking interactions (with a centroid-to-centroid distance of
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Fig. 1 (a) View of the 1D chain of 1 running along the a-direction. (b)
View of the 2D network of 1 running along the ab-plane extended by
7---7 stacking and C—H---Cl interactions between adjacent chains. (c)
3D structure extended by C-H---Cl interactions between the 2D
layers.

3.92 and 3.87 A) between the AD molecules (Fig. 1b). The C-H---
Cl hydrogen bonding interactions (H---Cl: 2.83 and 3.31 A)
further strengthen such a 2D layer, and further extend the layers
to a 3D network (Fig. 1c). The view along the a-direction
(Fig. S41) demonstrates that the 3D structure displays an
alternating arrangement of electronic acceptor in the CdCl,
inorganic chains and AD m-conjugated system electronic donor,
featuring special heterojunction at the molecular level. Based
on the above structure analysis, it can be concluded that the AD
organic chromophores are tightly anchored by the CdCl, inor-
ganic chains and arranged in an infinite w-conjugated system,
which helps afford delocalized 7 electrons for efficient charge
transfer.

The photophysical properties of 1 were investigated in a solid
state at room temperature. The solid-state UV-vis absorption
spectrum of 1 shows a broad absorption peak with a band edge
of about 490 nm (Fig. S5t1). The excitation spectrum also
features a broad region in the range of 300 to 470 nm. Upon
excitation at 400 nm, 1 displays strong green emission at
504 nm (Fig. 2a). Correspondingly, crystals (Fig. 2 inset) and the
powdered sample (Fig. S61) of 1 emit intense green light
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Fig. 2 Normalized excitation, emission spectra, (a) and photo-
luminescence decay curve (b) of 1 in solid state measured at room
temperature. The inset shows crystals of 1 under UV light.
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irradiated under the UV light (365 nm). The photoluminescence
(PL) decay curve measured at room temperature gives a long
lifetime of 31.88 ns (Fig. 2b). The single-exponential PL decay
curve and long-lived emission reveal charge transfer charac-
teristic of 1.°® In addition, the as-prepared 1 also features high
PL quantum yield (PLQY) of 65%. Herein, both the emission
lifetime and PLQY of 1 are longer and higher than the pristine
AD, AD-based cocrystals,® and organic-inorganic hybrid
perovskite.** The high PL performance of 1 can be attributed to
the fact that it features more rigid surroundings induced by
strong coordination bonds, 77 stacking, and hydrogen bond
interactions, which can greatly limit molecular thermal vibra-
tion and non-radiative relaxation.

To obtain insights into the photophysical properties of 1, the
frontier molecular orbitals, band gap, and density of states
(DOS) were investigated by the periodic density functional
theory (DFT) calculations. Owing to the alternately spatial
arrangement of inorganic and organic components, a complete
separation of molecular orbitals is displayed between the
highest occupied molecular orbitals (HOMOs) and the lowest
unoccupied molecular orbitals (LUMOs). This phenomenon is
in line with the AD-based cocrystal complex** and organic-
inorganic hybrid perovskite.** However, the electron density of
the HOMO in 1 is completely localized on the continuous AD Tt-
conjugated system (Fig. 3a and S7at), whereas the LUMO is
exclusively distributed on the CdCl, inorganic chains (Fig. 3b
and S7bt). The electron transition between the HOMO and the
LUMO involves electron migration from the AD w-conjugated
system to CdCl, inorganic chains. Meanwhile, it is worth noting
that w-bonds between the AD molecules delocalized along the a-
direction to generate a new type of 7 electronic channels
(Fig. S7at), which is in favor of charge separation and migra-
tion. By contrast, a reverse electron density distribution was
found in organic-inorganic hybrid perovskite,* which caused
the electron density to appear on the lead chloride inorganic
layer in HOMO and the AD organic components in LUMO. The
photophysical process in the cocrystal complexes shows elec-
tron transition from isophthalic acid derivatives to AD mole-
cules.® The entire difference stems from the charge state of the
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Fig. 3 View of the HOMO (a), LUMO (b), and relevant energy level/gap
(c) for the DFT optimized structure of 1. (d) Partial electronic density of
states (PDOS) of 1.
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AD compound. In 1, the AD molecules are electroneutral
(Fig. S7ct), whereas the protonated AD in the other two exam-
ples is electropositive, acting as an electron acceptor; the elec-
tronegative inorganic (lead chloride) or organic (isophthalic
acid derivatives) conformers are electron donors. In spite of
these differences, the title complex 1 has a HOMO and LUMO
energy level of —5.900 and —3.482 eV, respectively. The HOMO-
LUMO energy gap was calculated as 2.418 eV (Fig. 3c), which
may correspond to the PL emission peak around 504 nm (2.460
eV). These values are close to those for the AD-IPA and AD-IPB
cocrystal complexes.*® The total/partial electronic density of
states (TDOS/PDOS) analyses (Fig. 3d and S87) reveal that the 2p
orbitals of carbon atoms in AD, the 3p orbitals of chloride, and
the 3d orbitals of cadmium in 1 contribute more to the gener-
ation and collection of photoexcitation electrons. Therefore, the
molecular level heterojunction of 1 possesses completely sepa-
rate frontier molecular orbitals between the organic donors and
the inorganic acceptors. Such a special electronic structure
endows both long lifetime and high PLQY for 1 due to long-term
photoexcited electrons migrating from the delocalized AD
electronic channels to the electron-deficient CdCl, inorganic
chains.

High thermal stability and low thermal quenching are crit-
ical criteria for phosphors applied in PC-WLEDs." The ther-
mogravimetric analysis (TGA) curve (Fig. S97) indicates a weight
loss of 49.7% at a heating range from 270 to 350 °C, which can
be due to the loss of AD molecules (calculated value was 49.4%).
The decomposition temperature of 1 is higher than the melting
point of the pure AD (110 °C), implying highly enhanced
thermal stability of the AD phosphor owing to strong coordi-
nation bonds, -+ stacking, and hydrogen bond interactions
in the coordination polymer. Fig. S10t depicts the temperature-
dependent PL spectra of 1. It can be observed that the PL
intensity shows a gradually increasing trend from ambient
conditions (293 K) to 53 K accompanied by a distinct red-shift
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Fig. 4 PL spectra (a) and thermal quenching compared to 293 K (b) of
1 recorded in the temperature range of 303-443 K. (c) A comparison
of emission intensity values at 423 K (150 °C) compared to room
temperature for some developed phosphors.
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from green to yellow emission (Fig. S111). The function between
maximum PL intensity and corresponding temperature in the
range of 53-293 K was fitted as y = 554x°>*> with an R of 0.989
(Fig. S12t). Herein, the thermochromism of PL red-shift may
arise from denser mw-stacking of AD molecules under low
temperatures. Upon further heating from 303 to 433 K, the
emission peak was maintained at 504 nm without a change in
emission color (Fig. 4a). Meanwhile, the maximum PL intensity
only decreased by 16% of its initial emission intensity (Fig. 4b)
after being heated to 423 K (the working temperature of LEDs
can reach 150 °C at high drive current applied to the inner diode
chips). Additional fatigue resistance results (Fig. S131) show
a reversible change in PL intensity repeated at least six times
during heating-cooling cycles between 303 and 423 K. The
above results further verify that the [CdCl,(AD)] phosphor is
highly resistant to thermal quenching, ensuring its practical
applications. Fig. 4c and Table S37 list the thermal stability and
photophysical properties of some developed phosphors.
[CACL,(AD)] can maintain 84% of its initial emission intensity
(compared to room temperature) at 423 K. This value is close to
those of (LugoCep1)3Al5013,° NazScy(PO,4);3:Eu*',** Tb-MOF,*
SrAlgGagO;6:Cr¥*,* YMAS:Cr*",** and CaMgSi,04:Cr**,*> and
exceeds the values for [(AD)Pb,Cl;s],** K3LuSi,0,:Eu*",* ScBO;:-
Cr’',“ NaLaMgWOs,** as well as commercial phosphors
LSN:Ce*" and SCASN:Eu**.® The comparison revealed that the
phosphor reported in this work, [CdCl,(AD)], simultaneously
possesses outstanding optical performance, low thermal
quenching, and accessible synthesis. These merits enable it to
be a promising candidate for solid-state lighting.

Its water stability was examined by immersing the sample in
water for 60 days. The PXRD pattern of the recollected sample
could match the simulated one (Fig. 5a), confirming that
complex 1 maintains the crystal structure after remaining
soaked in water for 60 days. The SEM image (Fig. 5b and S14+)
shows negligible changes in morphology. The PL intensity of 1
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Fig. 5 PXRD pattern (a), SEM image (b), PL spectra (c), and time-
resolved PL decay curve (d) of 1 after being soaked in water for 60 days.
Insets show the solid sample soaked in water and recollected sample
radiated under UV (365 nm) light.
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retained 95% of the initial intensity after the same test time
(Fig. 5¢). Insets show the solid sample soaked in water and the
recollected sample radiated under UV (365 nm) light, which
exhibits intense green emission. The time-resolved PL
measurement shows a slight decrease in the PL lifetime to 30.05
ns (Fig. 5d). The PLQY also maintains a high value of 63%. To
date, achieving thermal and water stability is a thorny problem
for organic-inorganic hybrid perovskite, although this material
possesses excellent photoelectric properties. Most of the re-
ported works focus on surface modification.> > In our recent
work, the introduction of organic cations with bulk m-conju-
gated planes can strongly inhibit the ingression of water
molecules into the perovskite.** In this work, the direct coor-
dination of AD and CdCl, inorganic chains provides a new
strategy to enhance the stability of organic-inorganic hybrids.
The dense m-stacking of AD molecules around CdCl, inorganic
chains affords a compact organic water-resisting system to
prevent corrosion from water molecules. Meanwhile, the tight
anchor of the dense m-conjugated system by the CdCl, inor-
ganic chains through strong coordination bonds further
strengthens the rigid matrix with long-term stability.

As mentioned above, the m-conjugated chains of AD mole-
cules delocalized to generate long-range order electron chan-
nels (Fig. 6a and 3a). These channels are in favor of affording
more time for exciton hopping events, exhibiting high opto-
electronic efficiency. To verify this point, the excited state
activity of 1 was evaluated by photocatalytic degradation of dye
methyl orange (MO) in a neutral aqueous solution under irra-
diation. The maximum absorbance of MO at 464 nm was
detected to determine the decrease in the concentration of this
organic dye. In comparison with the blank experiments, the
presence of MOF photocatalyst can efficiently degrade 99.73%
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Fig. 6 (a) A schematic diagram of the arrangement of electrons and
hole transport channels in 1. (b) Percentage photocatalytic degrada-
tion of the methyl orange dye (20 mg L) in the presence of powdered
1 (10 mg) in a neutral aqueous solution. Insets show the photos of MO
aqueous solution after different illumination times. (c) Transient
photocurrent measurements of 1 under repeated on/off cycles of
illumination at 0 V vs. Ag/AgClL. (d) Electrochemical impedance spec-
troscopy Nyquist plots of the powder of 1 coated on ITO under dark
and illumination conditions without additional bias potential.
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of the MO dye within 80 min (Fig. 6b and S157). The kinetics of
photocatalytic dye degradation afforded the rate constant (k) of
0.0723 min~ " (Fig. S167), according to the pseudo-first-order
kinetic model of the Langmuir-Hinshelwood model: In(C/C,)
= kt, in which Cy and C is the initial and time ¢ concentration of
MO. The measurements of transient photocurrent for the
powder of 1 modified indium tin oxide (ITO) electrode show
minimum/maximum current density of 6.3/259.6 nA cm >
under dark/illumination conditions with on-off current ratio of
41, revealing efficient photo-induced charge separation effi-
ciency of 1 (Fig. 6¢). Nyquist plots for electrochemical imped-
ance spectroscopy reveal that the charge transfer resistance of 1
under illumination is significantly lower than that under the
dark conditions, suggesting the fastest charge transfer rate for
the excited state of 1 (Fig. 6d). Furthermore, the study of the
active species in the photocatalytic process of 1 suggest that the
singlet oxygen (*0,) and hole (h*) have significant roles for the
MOF photocatalyst (Fig. S171). High water stability also endows
long reusability for the photocatalyst of 1. It shows almost no
obvious decrease in the photocatalytic degradation of MO after
five repeated cycles (Fig. S187). The elemental compositions and
chemical states of 1 after photocatalytic degradation were
further investigated by PXRD, SEM, and X-ray photoelectron
spectroscopy (XPS). PXRD patterns (Fig. S19t) suggest that the
crystallinity of 1 was maintained after a long-term photo-
catalytic process. The SEM image reveals no obvious changes in
morphology, and a homogenous distribution of C, Cd, Cl, and N
atoms was detected from the elemental mapping images
(Fig. S207). Besides, these elements could also be detected by
the XPS spectrum. The high-resolution XPS spectra indicate the
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presence of the Cd** 2p; and Cd>* 2p, spin orbitals from the
main binding energy peaks at 406.1 and 412.8 eV, respectively
(Fig. S217).

Encouraged by its accessible synthesis, high physicochem-
ical stability and outstanding photophysical performance,
green and white LED devices were fabricated by coating 1 alone
or a mixture of 1 and commercial red phosphor N630 (w/w: 3 : 1)
on a commercial 365- or 460-nm diode chip, respectively, and
then dried at 100 °C. Fig. 7a depicts the PL spectra of green LED
devices under different drive currents (20-180 mA). It can be
observed that the PL emission peak of the green LED device
gradually enhances with the increase in drive currents without
a change in the emission color. Photographs of the green LED
device intuitively show that the emission light becomes brighter
(Fig. 7b). Meanwhile, there is a good linear relationship between
the maximum emission intensity and drive current, which can
be fitted as a function y = 0.68 + 0.92x with a correlation coef-
ficient (R?) of 0.998 (Fig. 7c). Detected by a thermal imager, the
operating temperature of the green LED device can be up to
161 °C at a drive current of 180 mA (Fig. 7d), suggesting that 1
can be used to high-power green LED. Fig. 7e shows PL spectra
of the white LED device fabricated with green phosphor of 1 and
commercial red phosphor N630 on a 460 nm chip under various
drive currents. Its emission intensity also exhibits a gradual
increasing trend. At a drive current of 180 mA, the LED device
generates white light with the CIE coordinate of (0.331, 0.334),
correlated color temperature (CCT) of 6821 K, and color
rendering index of 81.1. Therefore, the bright green [CdCl,(AD)]
phosphor can be considered as a promising green and white
LED.
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Fig. 7 PL spectra (a) and photographs (b) of [CdCl,(AD)] based-green LED device with a 365 nm chip under various drive currents. (c) Rela-
tionship between the maximum emission intensity and drive currents of the green LED device. (d) Thermal images of the green LED device under
various drive currents. (e) PL spectra of the white LED device fabricated with green phosphor [CdCI,(AD)] and commercial red phosphor N630 on
a 460 nm chip under various drive currents. (f) CIE-1931 chromaticity diagram of the white LED device under 180 mA drive current.
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Conclusions

In summary, one new MOF phosphor [CdCl,(AD)] (1) has been
synthesized successfully under facile solvothermal conditions.
In this MOF, the bulk m-conjugated AD photoactive molecules
are tightly anchored by the CdCl, inorganic chain through
strong coordination bonds and w---7v stacking interactions
between the AD molecules. Meanwhile, the CdCl, inorganic
chains were surrounded by AD organic components, affording
a dense stacking structure with high rigidity. Such structural
characteristics substantially minimize the emission loss with
increasing temperature and efficiently prevent the MOF from
thermal quenching and ingression of water molecules. In
addition, the alternating arrangement of the delocalized
organic m-conjugated channels and CdCl, inorganic chains
facilitates charge transfer, enabling the MOF's high emission
efficiency and photoelectric performance. The accessible
synthesis, outstanding optical performance, and low thermal
quenching enable this MOF to work as a promising phosphor
for green and white LED devices. Therefore, the findings of this
research provide new ideas for designing MOF-based phos-
phors with a low thermal quenching character for potential
solid-state lighting.
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