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ABSTRACT
Some zeolitic imidazolate frameworks (ZIFs) represent a new family of glass formers, with hitherto unknown photonic
functionalities. In this work, we report the discovery of broadbandwhite light emission in ZIF-62, achieved through a vitrification-
pressurization-annealing strategy. In this strategy, visible (blue) light emission was realized after the vitrification of ZIF-62,
subsequently enhanced and broadened upon pressurization. Additionally, a sharp redshift (37 nm) of the emission peak occurred
in pressurized ZIF-62 glass as the annealing temperature exceeded a critical annealing temperature (1.07Tg). This implies that the
photoluminescence of ZIF-62 can be precisely tailored. The photoluminescence quantum yield of ZIF-62 glass reached 12.2% after
annealing at 1.13Tg for 30 min. The origin of the observed phenomena was revealed by conducting structural analyses. Based on
the annealed ZIF-62 glass with the best photoluminescent performance, a white light-emitting diode (LED) was fabricated, which
exhibited a luminous efficacy of 4.2 lm/Wand a high operational stability, i.e., retaining 36.8% of the efficacy after 72 h of operation.
This work demonstrated the feasibility of the development of one-component white LEDs by utilizing the annealed ZIF-62 glass.
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Introduction

olid-state white light-emitting diodes (LEDs) have emerged as
n attractive solution for next-generation illumination owing to
heir exceptional energy efficiency, long operational lifespans,
nd environmental sustainability [1]. They are typically fabricated
y combining a blue GaN-based LED with either a single yellow
hosphor or a combination of red and green phosphors. Thus,
his is an open access article under the terms of the Creative Commons Attribution-NonCommercial Li
ork is properly cited and is not used for commercial purposes.
2026 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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phosphors play a crucial role in white LEDs because their perfor-
mance directly determines the luminous efficacy, color rendering
index (CRI), color temperature, reliability, and device lifespan
[2]. Nowadays, various types of white LED phosphors have
been developed, which can be classified into inorganic crystal
phosphors [3], organic phosphors [4], perovskite nanocrystals
[5], and inorganic glass/ceramic-based phosphors [6, 7]. Each
phosphor has achieved impressive performance along many
cense, which permits use, distribution and reproduction in any medium, provided the original
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imensions but suffers from distinct limitations, such as poor
oisture resistance and low chemical stability. To overcome
hese limitations, it is crucial to develop novel luminescent
eolitic imidazolate frameworks (ZIFs), a subset ofmetal–organic
rameworks (MOFs), as white light phosphors [8, 9].

OFs are microporous crystals composed of metal ions coor-
inated to organic ligands, possessing a large surface area that
nables various applications in gas sorption [10–12], gas sep-
ration [13], catalysis [14], and ion transportation [15]. Some
IFs can be vitrified to the glass state via melt-quenching,
ith their porosity being inherited from the crystal state to a
reat extent [16, 17]. For instance, ZIF-4 (M(Im)2) and ZIF-62
M(Im)2-x(BIm)x) are good glass formers, where M is the central
etal node such as Zn2+ or Co2+, and Im and BIm are the
inkers of imidazole (C3H3N2

−), and benzimidazole (C7H5N2
−),

espectively. ZIF-62 demonstrates ultrahigh glass-forming ability
nd a wide temperature window of molten state between its
iquidus and decomposition temperatures [18, 19]. Thus, ZIF-62
an be readily vitrified using the spark plasma sintering (SPS)
echnique to produce hot-pressed ZIF-62 glass [20]. Owing to the
d10 close-shell configuration of Zn, Zn-based ZIF crystals have
een considered photoluminescent-inactive in the visible regions
21]. However, given that both Im and BIm show luminescence
ue to their outstanding optical absorption and π–π* electronic
ransition in p-orbital [22], the Zn-based ZIF-62 crystal is expected
o exhibit luminescent properties that differ from those of its link-
rs. Its luminescence behavior should depend on π–π* transition
n p-orbital of the linkers and ligand-to-ligand charge transfer
LLCT). Nevertheless, the ZIF-62 crystal only exhibits strong
ltraviolet light emission from π–π* transition in the linkers, but
ot visible-light emission fromLLCT, because of its wide bandgap
around 3.58 eV). Therefore, the ZIF-62 crystal is not considered
white light phosphor.

n this work, we first discovered that vitrification-pressurization-
nnealing of ZIF-62 crystals enables white-light emission. Specif-
cally, the vitrification of ZIF-62 crystals enabled broadband blue-
ight emission, and subsequent annealing of the ZIF-62 glasses
acilitated the generation of broadband white-light emission,
istinctly different from that observed in the ZIF-62 crystals.
oreover, the broadband blue-light emission of ZIF-62 glass
as significantly enhanced by annealing at 1.07Tg (where Tg is
he glass transition temperature), and simultaneously, a redshift
as induced. We clarified the structural and electronic origin
f both the emission enhancement and the redshift. Finally, we
ucceeded in fabricating ZIF-62 glass-basedwhite LEDswith high
hotoluminescence quantum yield (PLQY) and good thermal
tability.

Results and Discussion

.1 Characterizations of ZIF-62 and Glasses

igure 1a shows the schematic unit cell structure of a ZIF-62
rystal. The synthesized ZIF-62 was used for fabricating melt-
uenched ZIF-62 glass (MQG) [23, 24]. Then, hot-pressed glass
HPG) was obtained by subjecting the MQG to the SPS process.
oth HPG and MQG (in tablet form) were annealed at various
emperatures above their Tg, noted as HPGxxx-yy and MQGxxx-yy,
of 11
where xxx denotes the annealing temperature (in K) and yy refers
to the annealing time (in min), respectively. Figure 1b illustrates
the preparation procedure of the studied samples, along with
their optical images under natural light. Their characteristics are
shown in Tables S1 and S2, where their chemical compositions
were determined through liquid 1H NMR spectroscopy (Figure
S1), their crystalline or amorphous structure was identified
from the X-ray diffraction (XRD) analysis (Figure 1d), and Tg
and melting point (Tm) were determined from the differential
scanning calorimetry (DSC) curves in Figure 1c.

The endotherm (440–600 K) in the DSC upscan curve of ZIF-62
crystal (Figure 1c) is caused by the desolvation of DMF, whereas
the endotherm (between 684 and 719 K) is due to melting [16].
Upon hot-pressing (HP) at 60 MPa, the Tg of MQG decreases
from 593 K to around 550 K. This decrease was attributed to the
pressure-inducedweakening of the intermediate-range structural
connectivity [18]. Upon annealing at 673 K (i.e., 80 K above
ambient pressure Tg) for 30 min, Tg of HPG increases to around
563 K, implying that the partially distorted structure recovers to a
more thermodynamically stable state (Figure S2). The XRD pat-
terns (Figure 1d) and the high-energy synchrotronXRD (HEXRD)
patterns (Figure S3a) confirm the crystalline nature of ZIF-62 and
the non-crystalline nature of MQG, HPG, and HPG673-30 samples.
Further, the XRD patterns (Figure S3b) prove that HPG annealed
at various temperatures remains glassy. The tetrahedral Raman
active vibrations in ZIF-62, MQG, HPG, and HPG673-30 samples
occur at nearly the same frequencies with similar amplitude
(Figure 1e), confirming that the organic ligands remain intact
in the glass state [18, 25]. However, compared to the Zn─N
stretching modes of crystalline ZIF-62, those of the three glasses
slightly shift to a higher frequency, while the C─N stretching
modes shift to a lower frequency, indicating the vitrification-
induced distortion in the tetrahedral network (Figure S4a,b,d)
[20]. These adjustments make Z─N bonds stronger and C─N
bonds weaker compared to ZIF-62. Interestingly, the three treated
glasses exhibit stronger fluorescence than that of crystalline ZIF-
62, with HPG673-30 featuring the strongest fluorescence. This
highlights the significant impact of the subtle tetrahedral rear-
rangement on the electronic structure of the glasses (Figure S4c),
leading to enhanced photoluminescence (PL). We characterize
the crystal-to-glass transition of ZIF-62 by in situ heating trans-
mission electronmicroscopy (TEM). Themorphologies of ZIF-62,
MQG, and MQG673-30 samples are shown in the first column in
Figure S5a–c, respectively. The selected area electron diffraction
(SAED) patterns (second column in Figure S5a–c) confirm the
ordered structure of ZIF-62 crystal and the disordered structure
of MQG andMQG673-30, respectively [26]. Energy dispersive X-ray
spectroscopy mapping analysis, as collected from the high-angle
annular dark-field imaging scanning TEM images, confirms the
homogeneous distribution of Zn, C, and N elements in the
samples (the fourth, fifth, and sixth columns in Figure S5a–c).

2.2 Photoluminescence Performance of ZIF-62
Crystal and Glasses

Figure 2a–d shows the 2D (excitation-emission) fluorescence
spectra of ZIF-62, MQG, HPG, and HPG673-30, respectively. ZIF-
62 exhibits a narrow emission peak at 300 nm under excitation
at the wavelength of 250 nm (Figure S6a) and extremely weak
Advanced Materials, 2026
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FIGURE 1 Synthesis and characterization of ZIF-62 crystal and glasses. (a) Unit cell structure of ZIF-62 crystal. (b) Flow chart of melting applied
to ZIF-62, hot-pressing (HP) applied to melt-quenched glass (MQG) powder, tableting, and annealing applied to MQG, and annealing applied to hot-
pressed glass (HPG). (c) Thermogravimetric curve (magenta color) of ZIF-62 crystal and DSC curves of ZIF-62, MQG, HPG, and HPG673-30. (d) XRD
patterns of simulated ZIF-62, ZIF-62, MQG, HPG, and HPG673-30. (e) Raman spectra of ZIF-62, MQG, HPG, and HPG673-30.
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road emission peaks at around 400–600 nm under excitation
t 320, 370, and 410 nm (Figure S6b–d). Interestingly, the
eak broad emissions are strongly enhanced and red-shifted
hrough vitrification, HP, and annealing at 673 K for 30 min
Figure 2b–d; Figure S6b–d). However, the narrow peak of native
IF-62 weakens with vitrification, HP, and annealing at 673 K for
0 min, which is attributed to the lack of periodic arrangement of
m/BIm rings (structural disorder), suppressing π*-π transitions
n Im/BIm rings (Figure 2e; Figure S7a,b). In addition, the
arrow emission peak of ZIF-62 exhibits a slight blueshift (to a
horter wavelength) upon vitrification, HP, and annealing at 673
for 30 min (Figure S6). This blueshift could result from the

cission and renewal of some Zn─N coordination bonds during
itrification and HP, leading to a distortion of tetrahedral units
n MQG and HPG [27]. The enhancement of the broad emission
eaks is assigned to the enhanced possibility of LLCT in the
ramework. The red-shifting of the broad emission peaks in the
nnealed HPG and HPG673-30 can be attributed to LLCT induced
ed-edge effect [28], leading to an increase of electron population
n the lower energy level of theπ–π*molecular orbitals in Im/BIm
ings. Their emission positions coincide with the edge position of
heir absorption spectra (Figure S8a–c) [29]. The proposed energy
ransfer process (redshifting) of the PL in ZIF-62, MQG, HPG,
nd HPG673-30 is shown in Figure 2e. Upon excitation <300 nm,
he electrons at the ground state level (S0) are jumped to the
xcited state level (S1) in the ZIF-62 crystal. Then the electrons
t S1 return to S0, resulting in a light emission at 300 nm.
pon melt-quenching, hot-pressing, and annealing at 673 K,
he structural network in ZIF-62 is distorted at both short-and
edium-length scales [20], leading to the splitting of the excited
tate level (S1) intomultiple lower-energy sublevels such as S2 and
dvanced Materials, 2026
S3. The number of spheres represents the photon population at
the corresponding energy levels. Such enhancement and redshift
also appear at both MQG and HPG samples annealed at lower
temperatures (Figures S9 and S10).

The optical images in Figure 2f illustrate the emission colors of
ZIF-62, HPG, and HPG673-30 under excitation of 365 nm laser.
Upon vitrification, HP, and annealing at 673 K for 30 min, the
broad emission of ZIF-62 is significantly enhanced, accompanied
by a color shift fromblue to cold-white. These results indicate that
the HPG673-30 is a highly promising candidate for application in
white LEDs. The chromaticity coordinates of ZIF-62 (0.210, 0.216),
MQG (0.195, 0.179), HPG (0.205, 0.202), and HPG673-30 (0.256,
0.295) under 370 nm excitation are marked in the CIE 1931 color
spaces (Figure 2g). The color point of HPG673-30 lies in the cold-
white lighting region, whereas those of ZIF-62, MQG, and HPG
are in the blue lighting region. The chromaticity coordinates of
ZIF-62, MQG, HPG, and HPG673-30 under 250, 320, and 410 nm
excitation are shown in Figure S11. We find that ZIF-62, MQG,
HPG, and HPG673-30 emit much weaker cold-white light under
250 nm excitation compared to other excitation wavelengths
(Figure S6). Therefore, HPG673-30 is regarded as an excellent
candidate for cold-white light emitting under 370 nm excitation.

Figure 2h and Table S3 show the absolute internal PLQY values
for ZIF-62, MQG, HPG, and HPG673-30 under excitation at 280,
320, 365, and 405 nm, respectively. The internal PLQY of ZIF-
62 under excitation at 280 nm sharply decreases from 4.52% to
1.75% upon vitrification, hot-pressing, and annealing at 673 K for
30 min. In contrast, the internal PLQY of ZIF-62 crystal under
excitation at 320 nm first increases from 3.32% to 11.74% upon
3 of 11
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FIGURE 2 Photoluminescence (PL) performance of ZIF-62 crystal and glasses. (a–d) 2D fluorescence (excitation/emission) spectra of (a) ZIF-
62, (b) MQG, (c) HPG, and (d) HPG673-30. (e) Schematic of proposed energy transfer process of ZIF-62, MQG, HPG, and HPG673-30. The number of
spheres represents the photon population at the corresponding energy levels. (f) Optical images of ZIF-62, HPG, and HPG673-30 under 365 nm laser.
(g) Commission Internationale de l’E´clairage (CIE) chromaticity coordinates of PL spectra of ZIF-62,MQG,HPG, andHPG673-30 under 370nmexcitation.
(h) Absolute PLQY of ZIF-62, MQG, HPG, andHPG673-30 under excitation at 280, 320, 365, and 405 nm, respectively. (i,j) Temperature-dependent integral
PL (i) and lifetime (j) of HPG673-30 under excitation of 375 nm. The curves represent linear fits as a function of temperature.
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itrification and then decreases to 5.94% by hot-pressing and
nnealing at 673 K for 30 min. Evidently, it is enhanced from
.04% to 12.19% upon vitrification, hot-pressing, and annealing at
73 K for 30 min for ZIF-62 under excitation at 365 nm. However,
t remains nearly unchanged (around 12%) in ZIF-62, MQG, HPG,
nd HPG673-30 under excitation at 405 nm. Similarly, the external
LQY under 365 nm excitation (Table S4) is enhanced in ZIF-62
pon vitrification, HP, and annealing at 673 K for 30 min. The
luorescence lifetime for ZIF-62 at 430 nm under excitation at
75 nm (Figure S12) is extended by vitrification,HP, and annealing
t 673 K for 30 min.
of 11
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rea
Additionally, we find that the PL intensity of HPG673-30 decreases
with increasing measurement temperature (Figure S13), due to
the increased possibility of non-radiative transition. By integrat-
ing the PL over the wavelength, we find that the integrated
value linearly decreases with temperature (Figure 2i). Similarly,
the fluorescence lifetime of emission at 430 nm for HPG673-30
linearly decreases with increasing temperature (Figure 2j). This
temperature-dependent PL and lifetime behavior indicate that
MQG673-30 (Figure S14) also exhibits excellent thermal stability
in the typical operating temperature window of LEDs (around
400 K).
Advanced Materials, 2026
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TABLE 1 Photoelectric parameters for three fabricated LEDs (LED-1, -2, and -3) and a commercial white LED (CWLED) fabricated via combining
an ultraviolet (365 nm) chip.

Device
CCT
(K) Ra

Chromaticity
coordinate

Current (mA)
Efficacy
(lm/W)x y

LED-1 48 180 85.2 0.231 0.254 60 1.91 This
work

LED-2 12 382 81.8 0.254 0.300 60 4.22 This
work

LED-3 8448 91.8 0.294 0.293 100 3.15 This
work

CWLED >7000 68 0.35 0.39 110 Ref. [3]

FIGURE 3 Device performance of fabricated white LEDs based on ZIF-62 glasses. (a,b) PL spectra of LED-1 (a) and LED-2 (b) under 60mV driving
current, with photographs of the lighted LEDs shown in the insets. (c) PL spectrum of LED-3 (made by adding the commercial red phosphor (CaAlSiN3:
Eu2+)) under 100 mV driving current. (d) Photograph of LED-2. (e) Operational stability of LED-2 under continuous operation at a driving current of
60 mA. (f) Chromaticity coordinates of the three as-fabricated LEDs are marked in CIE 1931 color spaces.
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.3 LED Performance of ZIF-62 Glasses

ased on the above-reported promising results, we fabricated
ix LEDs (LED-1, -2, -3, -4, -5, and -6) based on ZIF-62 glasses
see Methods Section) and evaluated their performances. Table 1
resents the photoelectric parameters of the LED-1, -2, -3, and a
ommercial white LED (CWLED) [3], including correlated color
emperature (CCT), CRI (denoted as Ra), and luminous efficacy.
igure 3a–b shows the PL spectra of LED-1 (combining bulk
PG and a 365 nm ultraviolet chip, an LED as an excitator for
xciting the LED) and LED-2 (integrating bulk HPG673-30 and a
65 nm ultraviolet chip), respectively, under a driving current
dvanced Materials, 2026
of 60 mA. The chromaticity coordinates of LED-1 (0.231 and
0.254) and LED-2 (0.254 and 0.300) appear in the blue and
cold-white lighting regions in CIE 1931 (Figure 3f). The working
demonstration of LED-1 and LED-2 is shown in Movies S1 and
S2, respectively. Compared with the CWLED utilizing a single
YAG: Ce3+ phosphor [30], LED-1 and LED-2 exhibit the advantage
of higher Ra. However, their CCTs are significantly higher than
those of CWLED, leading to a pronounced cold tone of the
emitting light owing to the weak red-light component. Figure 3c
shows the PL spectrum of LED-3, which is obtained under a
driving current of 100 mA. Note that LED-3 is composed of
bulk HPG , a 365 nm ultraviolet chip, and the commercial
5 of 11
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ed phosphor (CaAlSiN3: Eu2+). By introducing the commercial
ed phosphor into LED-3, the CCT decreases to 8448 K and
a increases to 91.8. This indicates that a slightly warm white
ED-3 is achieved under the chromaticity coordinate (0.294 and
.293), as shown by CIE 1931 in Figure 3f, but it exhibits a
uch smaller luminous efficacy (3.15 lm/W) than CWLED. The
uminous efficacy of the fabricated coldwhite LED-1 and LED-2 is
lso smaller than that of CWLED, respectively. It is worth noting
hat the luminous efficacy of LED-2 is 2.2 times higher than that
f LED-1, indicating that annealing is an effective strategy to
mprove the luminous efficacy of ZIF-62 glass. The photographs
f the lighted LED-1, LED-2, and LED-3 are shown in insets of
igure 3a–c, respectively. The zoom-in optical image of the lighted
ED-2 is shown in Figure 3d, while those of the as-fabricated
ED-1, LED-2, and LED-3 are shown in Figure S15. The PL spectra
nd photoelectric parameters of LED-4 (combining 400 nm chip
nd HPG), LED-5 (combining 400 nm chip and HPG673-30), and
ED-6 (combining 400 nm chip, HPG673-30, and commercial red
hosphor) are shown in Figure S16 and Table S5, respectively.
ptical images of the lightedLED-4, LED-5, andLED-6 are shown
n Figure S17.

o evaluate the electric current-dependent LED performance,
he PL spectra and luminous efficacies of LED-1, LED-2, LED-
, and LED-5 are measured under various driving currents
rom 10 to 100 mA, respectively. The luminous efficacy of the
abricated LEDs gradually decreases with increasing driving
urrent (Figures S18–S21) due to the decrease in external quantum
fficiency [31]. Figure 3e demonstrates the decay of an initial
uminous efficacy (L0) of 4.2 lm/W for LED-2 at the constant
riving current of 60 mA with continuous operation time. After
h of continuous operation, the real working luminous efficacy
L1) drops to 3.04 lm/W, remaining at 72.3% of L0. After 72
, L1 drops to 1.54 lm/W, i.e., 36.8% of L0. The L1 of LED-2
ecreases slowly when the operating time exceeds 3 h, implying
n improved operational stability at lower L1 values. To detect
possible structural change of HPG during LED operation at
round 400 K, the initial glass was annealed at 423 K for 30 min
nd 9 h in atmospheric air, and subsequently wasmeasured using
he Fourier-transform infrared (FTIR) spectroscopy. The results
Figure S22) exhibit that all characteristic bands, which are asso-
iatedwith the vibrationmodes of the imidazolate/benzimidazole
inkers, including the C─N stretching (1140–1500 cm−1), and ring
tretching modes (1500–1600 cm−1), remain unchanged upon
nnealing. Importantly, no Zn─O vibration bands are observed,
ndicating that no detectable oxidation of the sample occurs
uring annealing. These results suggest that the LED operation
emperature does not induce structural degradation of the glass,
.e., is not responsible for the decay of the luminous efficacy.
owever, it is still unknown whether or not the interaction
etween high-energy UV light and glass could induce the forma-
ion of defects (color center), and thereby cause the decay of the
uminous efficacy. This will be an interesting aspect to be studied
n detail.

.4 Structure Analysis of ZIF-62 Crystal and
lasses

o elucidate the difference in the electronic structure variations
nderlying the changes in PL, the atomic-scale (short-range)
of 11
structure of ZIF-62 crystal and the three glasses were char-
acterized by solid-state 67Zn, 15N, and 13C NMR spectroscopy.
Compared to ZIF-62, the 67Zn NMR spectra (Figure 4a; Figure
S23a) of MQG, HPG, and HPG673-30 have broadened asymmetric
line shapes with low-frequency tails, and the resonance peak
shifts to a lower frequency. The broadening and characteristic
line shape are attributed to a continuous distribution of CQ due
to structural disorder in the glassy state, verifying the short-
range disorder of [N─Zn─N] tetrahedra in ZIF-62 glasses [32].
However, there is no detectable difference in the 67Zn NMR
spectra among the three ZIF-62 glasses, indicating that chemical
integrity was retained upon HP and annealing. Compared to
the resonance peak (around 204 ppm) for N (in Im) in the 15N
NMR spectrum of crystalline ZIF-62 (Figure 4b; Figure S22),
those of the three glasses are broader and shifted to a higher
chemical shift of 205 ppm. This reveals the ground-state de-
shielding effects on sigma (σ) electron clouds around nitrogen
atoms, indicating that σ electron transfers from ligand (Im/BIm)
to zinc metal in the three glasses [33]. This σ electron transfer
is corroborated by a slight decrease in chemical shifts for Zn
nuclei of MQG, HPG, and HPG673-33 relative to that of the ZIF-
62 crystal. Consequently, the σ electron between Zn and N (in
Im) moves closer to the Zn nucleus upon vitrification, whereas
no further movement is observed upon HP and annealing at
673 K for 30 min. This does not contribute to any π-electron
conjugation effect on the redshift of theweak broadband emission
in MQG [34–36]. In addition, another weak resonance peak of
N (in BIm) at 190 ppm is broader in the three ZIF-62 glasses,
with a slightly detectable shift in the resonance signal [37],
further indicating that σ electron transfer also occurs in BIm
linkers.

Similar to the 67Zn and 15N NMR spectra, two populations of
13C are found in the 13C CPMAS NMR spectra of ZIF-62, MQG,
HPG, and HPG673-30 (Figure 4c), i.e., C-nuclei in BIm and Im
(insets of Figure 4c) of the ZIF-62 crystal and the three glasses.
The most pronounced decreased chemical shifts are ascribed
to the carbon nuclei from the imidazole units (peaks 8, 9, and
10) for the three ZIF-62 glasses compared with that for the
native ZIF-62 crystal. Such lower chemical shifts correspond
to increased electron density, implying possible charge transfer
from N to C nuclei, resulting in charge delocalization in the
linkers. The difference in 13C signals indicates structural dis-
tortion of Im and BIm linkers upon vitrification, hot-pressing,
and annealing. This may play a dominant role in governing
the enhancement of the weak broadband emission in the three
glasses.

To further probe the structural evolution of ZIF-62 caused by
vitrification, hot-pressing, and annealing, HEXRD analysis is per-
formed. The glass nature of MQG, HPG, and HPG673-30 is verified
by the lack of sharp Bragg peaks in the reciprocal-space S(Q)
curves (Figure 4d). Figure 4f shows that the first sharp diffraction
peak (FSDP) in MQG is enhanced by HP and annealing both at
673 K for 30min and at other temperatures (Figure S24), implying
an increase in the connectivity of [N─Zn─N] tetrahedra, i.e., a
higher degree of medium-range order in annealed HPG [38]. The
real-space G(r) data (Figure 4e) of all the samples are obtained by
applying the Fourier transformation to the S(Q) data. The atom-
atompair correlations of C─C(N) (1.36 Å, 1), Zn─N (2.02 Å, 2) and
(4.17 Å, 4), Zn─C (3.03 Å, 3), and Zn─Zn (5.94 Å, 5) are marked in
Advanced Materials, 2026
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FIGURE 4 Structure analyses of ZIF-62 and glasses. (a–c) 67Zn (a), 15N (b), and 13C (c) MAS NMR spectra of ZIF-62, MQG, HPG, and HPG673-30.
(d) Faber-Ziman structure factors S(Q) of ZIF-62, MQG, HPG, and HPG673-30. (e) Reduced pair correlation functions G(r) of ZIF-62, MQG, HPG, and
HPG673-30. (f) The differences in S(Q) (∆S(Q)) of S(Q)MQG-S(Q)MQG, S(Q)HPG-S(Q)MQG, and S(Q)HPG673-30-S(Q)MQG. (g) The differences in G(r) (∆G(r))
of G(r)MQG-G(r)MQG, G(r)HPG-G(r)MQG, and G(r)HPG673-30-G(r)MQG, respectively.
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he G(r) curves. The Zn─Zn correlation in the glasses is notably
eaker than that in the crystalline counterpart, confirming that
he glasses possess a higher distortion of the intermediate-range
tructure of Zn-linker-Zn. However, as shown in ΔG(r) curves
Figure 4g; Figure S25), the short-range correlations of C─C(N)
1.36 Å), Zn─N (2.02 Å), Zn─C (3.03 Å), and Zn─N (4.17 Å) are
isually strengthened upon annealing both at 673 K for 30 min
nd at other temperatures. This implies that the coordination
n─N and covalent C─C(N) bonds get strengthened through the
ecovery of the structural defect generated during vitrification
nd hot pressing.

.5 Mechanism of Photoluminescence in ZIF-62
rystal and Glasses

o understand the interplay between electronic structures and PL
f the studied samples, X-ray photoelectron spectroscopy (XPS)
easurements are conducted for ZIF-62, MQG, and MQG673-30.
s seen in Figure S26, the peaks in Zn 2p, N 1s, and C 1s spectra
f the ZIF-62 crystal become narrower through annealing. The
arrowing of the XPS peaks means a more uniform electron
istribution around the Zn, C, and N atoms since the recovery
dvanced Materials, 2026
of the structural defect via annealing. This is confirmed by an
increase in the glass network connectivity, i.e., an increase in Tg,
upon annealing (Figure 1c; Figure S2a).

In addition, the electronic structure of the ZIF-62 is calculated
using periodic density functional theory (PDFT) to gain insight
into the PL mechanism. As shown in Figure 5a, we observe a flat
band electronic structure with a bandgap of 3.58 eV. Based on the
analysis of the total/partial density of states (DOS) (Figure 5b), the
electronic density is mainly determined by the p-orbitals of C and
N atoms. Furthermore, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
are dominated by the p-orbital of C and N in the Im and BIm
rings (Figure S27). This indicates that the PL of ZIF-62 crystal is
primarily attributed to the π–π* interaction within the rings. The
electronic structure of Im (Figure 5c) shows that ‘pyridine-like’ N
contributes one π electron in its p-orbital, forming its aromaticity,
while its lone-pair electrons are located in a sp2-orbital without
being involved in its molecular conjugation. The other ‘pyrrole-
like’ N atom contributes its lone-pair electrons to the conjugated
aromaticity. Therefore, the Zn─N (‘pyrrole-like’) coordination
can influence the π electron distribution in the p-orbital of N,
thereby affecting the PL in crystalline ZIF-62.
7 of 11
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FIGURE 5 Electrical structure and mechanism of PL in ZIF-62 crystal and glasses. (a) Band structure and (b) corresponding total/partial density
of states (TDOS/PDOS) of ZIF-62. (c) Electronic structure of Im. (d,e) PL (under excitation from 360 to 410 nm) peaks redshift as a function of annealing
temperature for 30min inMQG (d) andHPG (e), respectively. (g) Schematic representation of the enthalpy relaxation fromZIF-62melting-liquid toward
a MQG cooled at the standard rate of 10 K/min (left panel) and the reflection of such relaxation on the potential energy landscape (PEL) (right panel).
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n addition, the Zn─N (‘pyrrole-like’) bonds in crystalline ZIF-62
re expected to require lower energy barriers for the “free-
otation” during vitrification. The weak Zn─N (‘pyrrole-like’)
ond involves delocalizing the π-lone pair electrons of N to Zn,
herefore increasing its conjugation area. On the other hand, the
trong Zn─N (‘pyridine-like’) bond contributes its conjugation
rea, but only one π-electron to slightly increase the conjugation
rea. Therefore, the charge transfer from N to both Zn and C
uclei occurs to a different extent upon vitrification, causing an
ncrease in the conjugation area of the entire tetrahedral units in
Figure 5f). Upon hot-pressing, the framework structure of MQG
ecomes more defective and denser, accompanied by a reduced
ntermediate-range structural hindrance (decreased Tg) and a
ecreased pore size [20]. This induces LLCT in the framework,
esulting in the enhancement and broadening of the weak broad
of 11
emission. Upon annealing at 673 K for 30 min, the pressing-
induced structural defects in HPG recover via strengthening
of the Zn─N (‘pyrrole-like’) bond and increasing intermediate-
range structural connectivity (increased Tg). Therefore, this
annealing opens some new channels for increasing the possibility
of LLCT in the glass framework, leading to the formation of
some new p-orbitals between LUMO and HOMO with reduced
bandgap energy (Eg). Consequently, the PL peaks for HPG show
a redshift after annealing at 673 K for 30 min (Figure 2e).

Figure 5d,e shows the dependence of the PL peak redshift (under
excitation from 360 to 410 nm) on the annealing temperature (Ta)
for 30 min duration in MQG and HPG samples, respectively. The
annealing temperature-dependent PL spectra and peak positions
of MQG and HPG, excited from 360 to 410 nm, are shown in
Advanced Materials, 2026
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igures S28 and S29. The PL peak redshift in MQG only slightly
ncreases with increasing Ta and then sharply increases above
critical Ta, i.e., 1.07Tg (633 K) (Figure 5d). In contrast, in the
ase of HPG, the PL peak position sharply increases with Ta
bove 1.03Tg (613 K) (Figure 5e). That is, the sharp redshift of
L in MQG occurs at a Ta that is 20 K higher than that in HPG,
mplying that HPG undergoes a higher degree of distortion of the
ntermediate-range structure (around 0.5–2 nm) compared with
QG. The activation energy for the relaxation (α relaxation) of
he distorted structure toward a less distorted structure is lowered
y hot-pressing, and hence, a lower Ta is needed for relaxingHPG
ompared toMQG. Figure S30 shows the evolution of the PL peak
osition ofMQGwith varying the annealing time at 1.13Tg (673 K)
nder 375 and 410 nm excitation. It is revealed that the PL peaks
nder 375 and 410 nm excitation exhibit a pronounced redshift
ith extending the annealing time up to 10 min, and then remain
early unchanged up to 60 min. However, an annealing duration
f 30 min is chosen in this work to achieve the maximum redshift
ecessary for cold-white LED fabrication.

he existence of the criticalTa for causing the sharp redshift in PL
ould be interpreted in terms of relaxation kinetics. The critical
a of 633 K for MQG corresponds to the viscosity of 108.5 Pa⋅s, as
etermined by extrapolating the literature viscosity-temperature
ata using the Mauro-Yue-Ellison-Gupta-Allan (MYEGA) model
18, 39]. At this viscosity, the distorted intermediate-range struc-
ure has a high probability of fulfilling the kinetic (diffusional)
ondition for rearranging itself to a less distorted state during
nnealing for a certain period. Such structural rearrangement
hould be concomitant with the translational and rotational
otions of the organic linkers toward energetically favorable
ositions. During such structural rearrangement, a small amount
f undercoordinated Zn and N (‘pyrrole-like’) atoms in free
rganic linkers, generated during vitrification and hot pressing,
hould be re-coordinated via forming stable Zn─N (‘pyrrole-
ike’) bonds with a slightly higher binding energy [40–43]. The
trengthening of the Zn─N bond is inferred by the enhancement
f the correlations of the Zn─N bonds as demonstrated by the
G(r) curves of HPG in Figure 4g and Figure S24. This might
ncrease the possibility of the energy transfer from N to Zn,
hereby enlarging the conjugation domains of π electrons within
he p-orbital of the individual linker [44].

ore importantly, the structural defects are recovered to form a
elaxed glass network, thereby reducing the distances between
inkers and increasing the probability of LLCT to tailor the π
lectrons transition in the p-orbital, inducing a redshift of the
roadband PL peak (Figure 5f). Consequently, the structural
elaxation upon annealing above criticalTa reduces both enthalpy
nd potential energy in MQG and HPG (Figure 5g), resulting
n a slightly yellow shade in appearance (Figure 1b). For the
bove reasons, the extent of the redshift of PL increases with
a above 1.03Tg and 1.07Tg for HPG and MQG, respectively. To
urther improve the performance of the MOF glass-based LEDs,
he optimal Ta still needs to be identified, which can maximize
heir PL redshift. However, it is important to note that the upper
imit of Ta should not exceed the decomposition temperature
f MOF glasses. The PLQY of the MOF glass could be further
mproved by densifying the framework structure through hot-
ressing and thereby suppressing the non-radiative transfer of
hotons. Furthermore, introducing the mixed-node and mixed-
dvanced Materials, 2026
ligand effect into MOF glasses could be another route to enhance
the PLQY. Beyond improving the LED performance of MOF
glasses, it is also important to explore the applications of the
LEDs, which are fabricated by usingmetal–organic hybrid glasses
and inorganic–organic hybrid glasses through our pressurization-
annealing approach [45–49].

3 Conclusions

The broadband white light emission of ZIF-62 was observed
through the vitrification-pressurization-annealing approach. In
contrast, ZIF-62 crystal exhibited both the strong narrowband
ultraviolet light emission and the weak broadband visible
light emission. The weak broadband visible light emission was
enhanced by vitrification, hot-pressing, and annealing.Moreover,
a significant redshift was induced by annealing at a temperature
above 1.07Tg. These phenomenawere attributed to the decrease in
the bandgap caused by enhancing LLCT. The LLCT could result
from an extension of the conjugation area from the aromatic
moieties of Im and BIm rings to the weak Zn─N (‘pyrrole-like’)
bond. The enhancement of the Zn─N interactions was verified
by high-energy synchrotron X-ray diffraction measurements.

Based on the above-mentioned results, we fabricated the broad-
band white LEDs using the ZIF-62 glass that was annealed
at 1.13Tg (673 K) for 30 min. The annealed glass exhibited a
high internal PLQY of 12.2%. The resultant LED exhibited a
luminous efficacy of 4.2 lm/W and retained 36.8% of its original
luminous efficacy after 72 h of continuous operation. Therefore,
the optimally processed ZIF glasses are promising candidates for
developing high-performance solid-state white LEDs.
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