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Metal-organic frameworks (MOFs), characterized by their high porosity, large specific surface area, and
tunable pore structures, have emerged as promising host materials for advanced functional applications.
In this study, two organic dyes, fluorescent bleacher (CBS) and coumarin (C6), exhibiting blue and green

fluorescence, respectively, were co-encapsulated into europium (Eu)-based MOFs, where Eu®* served as

the central metal to

introduce

red emission. The ligand employed was 9-butylcarbazole-2-

carboxylhydrazide thiophene (Cz). A white fluorescent powder, coumarin/fluorescent bleacher/carbazole
derivatives@Eu (C6/CBS/Cz@Eu), was synthesized using an in situ encapsulation method. The C6/CBS/
Cz@Eu was incorporated into PVA to prepare a film. The resulting C6/CBS/Cz@Eu film demonstrated

a high-quality white light emission under excitation by commercial 400 nm light-emitting diode (LED)
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chips, achieving ideal Commission Internationale de I'Eclairage (CIE) chromaticity coordinates of (0.34,

0.35) and a correlated color temperature (CCT) of 5267 K. This strategy offers a versatile and scalable
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1 Introduction

In recent decades, the growing demand for efficient and envi-
ronmentally sustainable light sources has positioned solid-state
lighting (SSL) as a critical component of modern life. Among
various SSL technologies, white light-emitting diodes (WLEDs)
have emerged as the most promising candidates due to their
high luminous efficiency," extended operational lifespan,> low
power consumption,® and minimal environmental impact.*
These advantages enable WLEDs to play a pivotal role in both
general lighting and display technologies.” Commercial WLEDs
are typically fabricated by combining a blue LED chip with
a yellow-emitting phosphor. However, this conventional
approach suffers from significant drawbacks, including poor
color temperature stability and suboptimal luminous
efficiency.’

To improve the white-light performance of WLEDs,
numerous strategies have been explored to incorporate fluo-
rescent powders into diverse host matrices. Among these,
metal-organic frameworks (MOFs) have garnered significant
attention. MOFs are a class of nanoporous crystalline materials
that are constructed from metal ions or clusters coordinated
with organic ligands.” The concept of MOFs gained widespread
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method for the design and fabrication of white light-emitting materials, beneficial for the development
of next-generation white light-emitting diode (WLED) technologies.

recognition in the mid-1990s when Tranchemontagne, D et al.®
synthesized layered compounds exhibiting reversible gas
adsorption properties. Kitagawa, S et al® introduced three-
dimensional MOFs capable of reversible gas uptake at room
temperature. Due to their tunable luminescence, high thermal
and chemical stability, and structural versatility, MOFs have
emerged as excellent fluorescent materials for various photonic
applications.” Their well-defined pore architecture and
modular composition make them particularly attractive as host
matrices for dye encapsulation in advanced luminescent
systems.

Ligands employed in the construction of MOFs include
carboxylate compound salts' and heterocyclic compounds.™
Among these, carbazole (Cz) and its derivatives represent
a versatile class of nitrogen (N)-containing aromatic
compounds with a wide range of applications, including pho-
tocatalysis,*® organic dye synthesis,"* agrochemical develop-
ment,” and supramolecular recognition.'® Structurally, Cz
features a rigid m-conjugated system, where the N atom acts as
a key coordination site,"” enabling interactions with metal ions
or guest molecules. Furthermore, the Cz framework allows for
facile functionalization with a variety of electron-donating or
electron-withdrawing groups, such as hydrazine, thiophene,
and pyridine. These modifications offer a means to fine-tune
the electronic configuration and photophysical behavior of the
resulting materials. Therefore, Cz-based ligands exhibit excel-
lent thermal stability and optoelectronic performance, making
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them ideal candidates for the development of next-generation
luminescent and nonlinear optical materials.

Wang et al.*® synthesized N-doped carbon dots (N-CDs)
through a solvothermal method and integrated them with
aluminum-based frameworks using an in situ hydrothermal
method to fabricate a composite material denoted as MIL-
53(Al)-NH,@N-CDs. With the unique fluorescence characteris-
tics of this hybrid structure, the researchers developed an LED
device exhibiting adjustable multicolor emission, presenting
a promising strategy for the advancement of high-performance,
tunable LED technologies. Wei et al.’ prepared three types of
dye-loaded MOF composites through an encapsulation tech-
nique. In particular, they embedded eosin Y (EY), a fluorescent
dye, into zirconium (Zr)-based MOFs (DUT-52), yielding a self-
calibrating fluorescence sensor for pesticide detection. This
study highlighted a new and effective platform for applications
in chemical sensing and environmental monitoring. Hu et al.*
designed and synthesized a series of rare earth metal-organic
frameworks based on carbazole. White light emission was
achieved by adjusting the molar ratios of Eu®*, Tb**, and Y**. It
can be used as a temperature sensor, exhibiting excellent
luminescence and color-change sensing capabilities for di-
methylformamide (DMF). Liu et al.** prepared a dual-lumines-
cent composite material comprising europium-based metal-
organic frameworks and coumarin 7 using solvothermal
method and post-modification strategy. They researched their
reusability and temperature sensing mechanism, indicating the
potential of Eu-MOF complexes functionalized with coumarin 7
as dual-mode optical thermometers for temperature sensing
applications.

Despite these developments, the most commonly employed
approach for dye loading in MOFs remains the immersion
method. This technique, which typically relies on electrostatic
adsorption, is susceptible to environmental fluctuations that
can compromise reproducibility and material stability.
Furthermore, the electrostatically adsorbed dyes often necessi-
tate post-synthesis curing to ensure structural integrity. In
contrast, the in situ encapsulation technique (also referred to as
the “one-pot method”) incorporates all essential components
(e.g., metal ions, ligands, and guest molecules) during the MOF
synthesis. This strategy facilitates the direct formation of
coordination bonds between the guest dye and the metal
centers, yielding structurally robust composites with superior
optical and thermal stability.

Most MOF crystals are typically obtained in their powder form,
which poses obvious limitations for their direct application in
optical sensors and optoelectronic devices. Specifically, when
integrated with WLED chips, the powdered composite materials
require additional processing steps such as mixing, dispersion,
and coating, which can introduce complexity and variability into
the fabrication process.” To overcome these challenges and
broaden the practical applicability of MOF-based luminescent
systems, it is necessary to develop its films capable of delivering
stable and high-quality white light emission.

In this study, europium (Eu*") was selected as the central
metal ion, and 9-butylcarbazole-2-carboxylic acid thiophene
served as the organic ligand for constructing MOF materials
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using a solvothermal synthesis method. The resulting MOFs
were further functionalized through an in situ encapsulation
strategy to incorporate coumarin (C6) and CBS dyes, yielding
a composite luminescent material. By tuning the feed ratio of
the incorporated dyes, the emission characteristics of the
resulting MOF-based system can be modulated to achieve high-
quality white light emission. This approach offers a pathway for
the development of luminescent materials for use in SSL
applications.

2 Experimental

2.1. Chemicals and materials

Europium nitrate hexahydrate (Eu(NO;);-6H,0) was obtained
from Shanghai Macklin Biochemical Co., Ltd The organic dyes
C6 and CBS, along with polyvinyl alcohol (PVA), were purchased
from Aladdin Reagents. Absolute ethanol was supplied by
Sinopharm Chemical Reagent Co., Ltd All reagents were of
analytical grade and were used as received, without further
purification.

2.2. Instruments and measurements

The morphology and particle size distribution of the synthe-
sized samples were examined using scanning electron micros-
copy (SEM, Hitachi Regulus 8100, Japan) and transmission
electron microscopy (TEM). The elemental composition and
spatial distribution of Cz@Eu and C6/CBS/Cz@Eu microstruc-
tures were analyzed by energy-dispersive X-ray spectroscopy
(EDS, EDAX Octane Elect Super, 70 mm, USA). X-ray photo-
electron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher
Scientific, USA) was employed to characterize the chemical
composition and bonding states of the samples. Crystalline
structures were analyzed using powder X-ray diffraction (XRD)
using an X'Pert PRO diffractometer (Shimadzu XRD-6000) with
Cu-Ka radiation over a 26 range of 5°-50°. Thermogravimetric
analysis (TGA) was performed under a N, atmosphere to assess
the thermal stability, indicating that C6/CBS/Cz@Eu remains
stable up to ~500 °C. Fourier-transform infrared spectroscopy
(FTIR, Spectrum Two, PerkinElmer, USA) was used to identify
functional groups and verify chemical structures. Fluorescence
spectra were recorded using a fluorescence spectrophotometer
(F-7100, Hitachi High-Technologies, Japan).

2.3. Synthesis of Cz@Eu

To synthesize Cz@Eu, 0.3059 g of Eu(NO3);-6H,0 and 0.1003 g
of 9-butylcarbazole-2-carboxylic acid thioether were dissolved in
30 mL of anhydrous ethanol in a polytetrafluoroethylene
(PTFE)-lined stainless steel autoclave (KH-100, China). The
sealed reactor was heated at 150 °C for 24 h, then allowed to
cool naturally to room temperature. The resulting yellowish
suspension was centrifuged at 8000 rpm for 30 min (TG-18,
Sichuan, China), and the precipitate was washed with ethanol
and ultrapure water to remove any unreacted precursors. The
purified product was then dried under vacuum at 60 °C for 10 h,
yielding a yellowish powder (C, 8.755; H, 1.753; N, 1.435; S,
0.716%).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.4. Synthesis of C6/CBS/Cz@Eu

The synthesis procedures for C6/Cz@Eu and CBS/Cz@Eu are
detailed in the SI. For the preparation of the ternary composite
C6/CBS/Cz@Eu (Fig. 1a), 0.3059 g of Eu(NO3);-6H,0, 0.1003 g of
9-butylcarbazole-2-carboxylic acid thiophene, 0.001 g of C6, and
0.003 g of CBS were dissolved in 60 mL of anhydrous ethanol
within a PTFE-lined stainless steel autoclave (KH-100, Sichuan,
China). The sealed reactor was heated at 150 °C for 24 h and
then allowed to cool to room temperature. The resulting
product was centrifuged at 8000 rpm (TG-18, Sichuan, China)
for 30 min. The collected precipitate was washed with ethanol
and ultrapure water, then dried under vacuum at 60 °C for 10 h
to obtain a dark yellow crystalline solid (C, 19.58; H, 2.527; N,
1.41; S, 0.713%)

2.5. Synthesis of luminescent films C6/CBS/Cz@Eu (Mw. 85
000-124 000)

To fabricate the luminescent film, 1.0 g of PVA (Mw. 85 000-124
000) was dissolved in 50 mL of distilled water in a round-bottom
flask. Subsequently, 100 mg of C6/CBS/Cz@Eu powder was
added to the solution. The mixture was maintained at 85 °C in
an oil bath and stirred continuously for 2 h to ensure uniform
dispersion. The resulting injection molding fluid was then cast
onto a quartz plate and vacuum-dried at 60 °C for 3 h to form
a solid C6/CBS/Cz@Eu film.

2.6. White glowing demonstration

The optimized C6/CBS/Cz@Eu thin film, cast onto a quartz
substrate, was mounted on a commercial near-ultraviolet (UV,
400-nm) LED chip.
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Fig. 1 (a) Simulated composite structure diagram of C6/CBS/Eu@Cz.
(b) SEM image of C6/CBS/Cz@Eu. (c) XRD patterns and (d) Fourier
transform infrared spectra of Eu@Cz, C6/Eu@Cz, CBS/Eu@Cz, and C6/
CBS/Eu@Cz.
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3 Results and discussion

3.1. Physical characterization

The morphology of the synthesized materials was investigated
using SEM and TEM. As shown in Fig. Sla, Cz@Eu formed
uniformly spherical particles with an average diameter of ~200
nm. In contrast, SEM image of C6/Cz@Eu (Fig. S1b) revealed
smooth, spherical MOF structures with an increased particle
size of ~400 nm, suggesting successful incorporation of the C6
dye. Similarly, CBS/Cz@Eu (Fig. Sic) exhibits rough-surfaced
spherical particles, also ~400 nm in size. Remarkably, co-
encapsulation of both dyes in the C6/CBS/Cz@Eu composite
(Fig. 1b) produced a different nanoflower-like morphology while
preserving the ~400 nm dimension. This hierarchical structure
not only contributes to improved structural stability but also
enhances the specific surface area by offering more accessible
active sites. TEM images (Fig. S1d and e) further confirmed the
uniform spherical structure of Cz@Eu and the distinct
morphological features of the C6/CBS/Cz@Eu composite.
Preliminary results from SEM and TEM confirm the successful
synthesis of C6/CBS/Cz@Eu.

Comparative EDS and elemental mapping analyses of
Cz@Eu (Fig. S2-54) confirm the presence of C, N, O, Eu, and S.
Similarly, the elemental mapping of C6/CBS/Cz@Eu (Fig. 3)
indicates the presence of these elements.

Combining FTIR results (Fig. 1d) for the ternary composite
C6/CBS/Cz@Eu, a characteristic hydrazide N-H stretching
vibration is observed at ~3500 cm ', along with a metal-oxygen
(Eu-O) stretching band in the 500-600 cm ' range, and the C=
O stretching vibration confirms the successful coordination
between Eu*" and the organic ligand. XRD analysis was con-
ducted using a MiniFlex 2 diffractometer with Cu-Ka radiation
(A = 0.1542 nm) at a scanning rate of 10° min~* over a 26 range
of 3°-50°. The resulting diffraction patterns for Cz@Eu, C6/
Cz@Eu, CBS/Cz@Eu, and C6/CBS/Cz@Eu are depicted in
Fig. 1c. In Fig. S5, the XRD pattern of Cz@Eu shows diffraction
peaks corresponding to Cz; the XRD pattern of C6/Cz@Eu
shows a Cé6 diffraction peak; and the XRD pattern of CBS/
Cz@Eu shows diffraction peaks corresponding to CBS. These
results indicate that Cz@Eu, C6/Cz@Eu and CBS/Cz@Eu were
successfully prepared. The XRD pattern of C6/CBS/Cz@Eu
closely aligns with those of both C6/Cz@Eu and CBS/Cz@Eu,
indicating that the crystallinity of the framework is retained
following dye encapsulation. The consistency of these diffrac-
tion peaks confirms the successful formation of the ternary
composite material. These results provide preliminary confir-
mation of the successful synthesis and co-encapsulation of C6/
CBS/Cz@Eu.

The XPS spectrum of the C6/CBS/Cz@Eu composite (Fig. 2)
confirms the presence of C, N, O, Eu, and S. Compared with
Cz@Eu high-resolution XPS spectra (Fig. S6), the Eu 3ds/,, N 1s,
and O 1s peaks remain consistent with those observed in
Cz@Eu, suggesting preservation of the coordination environ-
ment. However, two additional peaks appear in the C 1s region
at 285.74 eV and 295.53 eV, corresponding to C-S and C=0-S
bonds, respectively. These features provide strong evidence for

RSC Adv, 2025, 15, 29989-29994 | 29991
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Fig. 2 XPS full spectrum and high resolution XPS spectra of Eu 3d, C
1s, O 1s, N 1s, and S 2p of C6/CBS/Cz@Eu.

successful incorporation of S-containing groups from the C6
dye into the MOFs framework.

3.2. Stability properties of materials

3.2.1. Thermal stability properties of materials. Thermal
stability was evaluated using TGA, which measures the mass
loss of a material as a function of temperature, providing
insights into structural decomposition and thermal events (e.g.,
endothermic or exothermic transitions). TGA confirms that the
C6/CBS/Cz@Eu composite exhibits excellent thermal stability.
TGA was performed on Cz@Eu, C6/Cz@Eu, CBS/Cz@Eu and
C6/CBS/Cz@Eu, and the resulting curves are presented in
Fig. S7. For the four samples, an initial weight loss is observed
at ~100 °C, corresponding to the desorption of physically
adsorbed water molecules. A second significant weight loss
occurs between 200 °C and 400 °C, which is attributed to the
removal of residual solvent (anhydrous ethanol) within the MOF
pores and the decomposition of organic linkers. Notably, the
decomposition of the MOF framework in Cz@Eu, C6/Cz@Eu
and CBS/Cz@Eu occurs slightly earlier than in the C6/CBS/
Cz@Eu composite, indicating a marginal improvement in
thermal stability upon dye encapsulation. A third major weight
loss is observed above 400 °C, signifying the complete break-
down of the MOF structure. Overall, the thermal decomposition
profiles of Cz@Eu and C6/CBS/Cz@Eu are highly comparable;
C6/CBS/Cz@Eu remains relatively stable within a certain
temperature range and demonstrates relatively good thermal
stability. Significant mass loss only begins to occur at higher
temperatures, indicating that its structure is less likely to be
damaged in a hot environment, suggesting that the incorpora-
tion of C6 and CBS dyes does not compromise the structural
integrity or thermal robustness of the composite material.

3.2.2. Chemical stability of materials. Figure S8 shows the
chemical stability of C6/CBS/Cz@Eu prepared by in situ encap-
sulation and impregnation methods in organic solvents,
assessed by UV spectrophotometry. For both preparation
methods, the same mass of material was dispersed in the same
volume of anhydrous ethanol and subjected to three ultrasonic
treatments at 1-h intervals. The resulting suspension was
filtered, and the UV absorption spectra were recorded. The
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a and b absorption curves correspond to the UV absorption
spectra of samples ¢ and d, respectively. The absorption curve of
a showed absorption peaks at 360 nm and 455 nm, and litera-
ture review revealed that they were the UV characteristic
absorption peaks of CBS and C6, respectively. This indicates
that the material prepared by the impregnation method had
already dissolved most of the dyes into the solution. The
absorption curve b also showed a weak UV characteristic
absorption peak of CBS at 360 nm, suggesting that CBS material
is not suitable as a ligand and that a fraction of CBS dyes has
decomposed. These results indicate that the in situ encapsula-
tion method used in this study provides better chemical
stability than the material prepared by impregnation method.
C6/CBS/Cz@Eu also showed good stability.

3.3. Fluorescence properties of Eu-MOFs

3.3.1. Cz and Cz@Eu fluorescence properties. Fig. S9a
illustrates the fluorescence spectra of the ligand 9-butylcarba-
zole-2-carboxylic acid hydrazide thiophene and the Cz@Eu
complex. Under excitation at 350 nm, the ligand Cz exhibits
a broad emission band centered at ~460 nm, corresponding to
a blue fluorescence. Upon coordination with Eu®* to form
Cz@Eu, the emission shows four peaks at 428 nm, 450 nm, 535
nm, and 620 nm. This spectral broadening and red-shift indi-
cate a significant enhancement in luminescent properties
resulting from metal-ligand interactions within the MOF
structure. The colorimetric behavior of the materials was
further analyzed using the Commission Internationale de
I'Eclairage (CIE) 1931 chromaticity diagram. The CIE (x, y)
coordinates of the Cz ligand shift from (0.45, 0.26) to (0.48, 0.44)
in Cz@Eu (Fig. 3a and b), reflecting a clear transition from blue
to red emission. These results confirm the successful coordi-
nation of the Cz-based ligand with Eu®** and demonstrate the
potential of Cz@Eu as a tunable fluorescent material for
photonic applications.

o1 11111 1]
00 01 02 03 04,05 06 07 08

Fig. 3 (a) Color temperature image of Cz. (b) Color temperature
image of Cz@Eu. (c) Color temperature image of C6/Cz@Eu. (d) Color
temperature image of CBS/Cz@Eu. (e) Color temperature image of
C6/CBS/Cz@Eu.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3.2. C6 and C6/Cz@Eu fluorescence properties. C6 is
a widely studied and highly efficient organic fluorescent dye
known for its strong green emission, making it a promising
candidate for use as a green light-emitting unit. In Fig. S8b, C6
shows a broad emission band centered at ~575 nm when
excited at 300 nm. Under 300 nm excitation, the pristine C6/
Cz@Eu exhibits characteristic peaks at 490 nm, 545 nm, and
615 nm, associated with Eu-based transitions. However, upon
C6 encapsulation, the emission spectrum of the composite
shifts from the original red-dominated profile to one exhibiting
a pronounced green luminescence. The CIE 1931 (x, y) chro-
maticity coordinates of C6/Cz@Eu are (0.31, 0.39) (Fig. 3c),
consistent with a strong green emission. These results confirm
the successful incorporation of C6 into the MOF matrix and
demonstrate its capability to modulate the photoluminescent
properties of the host material. Therefore, C6 serves as an
effective green luminescent unit for developing MOF-based
materials aimed at high-quality white light emission.

3.3.3. CBS and CBS/Cz@Eu fluorescence properties.
Further investigations were conducted to evaluate the integra-
tion of blue-emitting guest molecules into the Cz@Eu frame-
work, a critical step toward achieving full-spectrum white light
emission. Fluorescent brighteners such as CBS-127 are known
for their strong blue luminescence in both solid and solution
phases. In this study, CBS was selected as a representative blue-
emitting dye. In Fig. S9c, CBS exhibits broad emission bands
centered at 360 nm and 385 nm under 350 nm excitation. When
embedded within the Cz@Eu framework and excited at 450 nm,
the CBS/Cz@Eu composite shows three emission peaks at 425
nm, 460 nm, and 485 nm, indicating a significant shift in the
emission profile from the red-dominated spectrum of Cz@Eu to
the blue region. The chromaticity coordinates of CBS/Cz@Eu, as
determined from the CIE 1931 diagram (Fig. 3d), are (0.25,
0.35), confirming its blue luminescent characteristics. These
results validate the effective encapsulation of CBS into the MOF
structure and highlight its potential as a blue light-emitting
component.

3.3.4. C6/CBS/Cz@Eu fluorescence properties. C6/Cz@Eu
and CBS/Cz@Eu have been previously demonstrated as effective
green- and blue-emitting systems, respectively. To achieve white
light emission, both dyes were co-encapsulated within the
Cz@Eu framework using a one-pot in situ synthesis approach,
resulting in the successful formation of the ternary composite

Fig. 4 (a) Photograph when a 400 nm LED chip is turned on (b) by C6/
CBS/Cz@Eu. (b) Photograph of a rough white light-emitting LED
assembled with a thin film of C6/CBS/Cz@Eu on a 400-nm LED chip.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

C6/CBS/Cz@Eu. In Fig. S9d, the emission spectrum of C6/CBS/
Cz@Eu under 400 nm excitation spans nearly the entire visible
range, combining blue, green, and red emissions. This broad-
spectrum luminescence results in a composite material with
CIE 1931 chromaticity coordinates of (0.34, 0.35) and
a moderate correlated color temperature (CCT) of 5267 K in
Fig. 3e, closely approximating the ideal white light coordinates
of (0.33, 0.33). The high CCT (5000 K-6500 K) of LEDs corre-
sponds to cool white, close to natural light, with clearer and
sharper light, suitable for environments such as offices and
study rooms that require focus and efficient work, and can also
reduce visual fatigue. The spectral balance and stability ach-
ieved through co-encapsulation validate the synergistic inter-
action of the dyes within the MOF matrix. These results
underscore the potential of C6/CBS/Cz@Eu as a high-perfor-
mance white fluorescent powder.

3.4. Manufacturing of coarse WLED

In Fig. S10,we used the same slit width and gain, with 400 nm as
the excitation wavelength, and separately detected the fluores-
cence properties of Cz@Eu, C6/Cz@Eu, CBS/Cz@Eu and C6/
CBS/Cz@Eu. We calculated the CIE color temperature values of
four materials based on their fluorescence properties (Fig. S11).
Fig. 4a illustrates an operational image of a 400-nm LED chip,
while Fig. 4b depicts the assembled WLED incorporating a thin-
film composite of C6/CBS/Cz@Eu. The luminescent film was
fabricated by dispersing the C6/CBS/Cz@Eu composite within
a PVA matrix. This film exhibited high-quality white emission,
along with excellent thermal stability and sustained lumines-
cent performance under continuous operation. For practical
device implementation, the composite film was directly applied
onto a 30 W ultraviolet-visible (UV-vis) LED chip array (400 nm
excitation). Upon activation, the device emitted bright white
light with CIE 1931 chromaticity coordinates of (0.34, 0.35),
closely approximating the ideal white point of (0.33, 0.33).
These results demonstrate the efficacy of the C6/CBS/Cz@Eu
composite as a robust and efficient white-light-emitting mate-
rial, affirming its promise for integration into next-generation
SSL technologies.

4 Conclusions

In summary, C6 and CBS dyes were co-encapsulated into self-
synthesized Eu-based MOFs (Cz@Eu) through an in situ
encapsulation method. This method effectively addressed the
common challenge of poor stability in dye-loaded MOF mate-
rials and enabled the development of high-quality WLEDs.
Upon excitation at 400 nm, the C6/CBS/Cz@Eu composite
exhibited bright, well-balanced white light emission. By
embedding the composite into a PVA matrix and applying it to
a 400-nm LED chip, a functional WLED device was fabricated.
The device achieved optimal CIE coordinates of (0.34, 0.35) and
a moderate correlated color temperature (CCT) of 5267 K, con-
firming its suitability for practical lighting applications.
Importantly, this facile and versatile synthetic strategy allows
for the incorporation of other luminescent guest molecules,
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offering extensive tunability in both structural and photo-
physical properties. Given the vast diversity of porous MOF
architectures and fluorescent dyes, this method provides
a scalable pathway for designing novel white-light-emitting
composites. The realization of stable, high-performance white
light emission in this work makes a little progress in advancing
next-generation SSL technologies.
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