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Zero-dimensional (0D) hybrid metal halide (HMH) glasses are emerging luminescent materials and have
gained attention due to their transparent character and ease of processing. However, the weakening of
photoluminescence quantum efficiency from crystal to glass phases poses limitations for photonics
(G-C)
recrystallization from 0D HMH glass counterparts composed of distinct organic cations and inorganic
anions. The G-C scintillators maintain excellent transparency and exhibit nearly 10-fold higher light yields
and lower detection limits than those of glassy phases. The general in situ recrystallization within the
glass component by a facile heat treatment is analyzed via combined experimental elaboration and

applications. Here we develop high-performance glass-ceramic scintillators via in situ

structural/spectral characterization. Our results on the development of G-Cs can initiate more
exploration on the phase transformation engineering in 0D HMHSs, and therefore make them highly

rsc.li/chemical-science

Introduction

Zero-dimensional (0D) hybrid metal halides (HMHs) are widely
used as light-emitting diodes, sensors, scintillators, etc. because
of their excellent optical properties and good structural
tunability.” Due to the unique molecular structure of 0D metal
halide crystals, that is, consisting of mutually isolated inorganic
anions and organic cations, the design synthesis of 0D HMH
crystals with diverse structures and optical properties has been
continuously pursued.'®*® Recently, our group initially reported
on the glass formation process and scintillation applications of
an (ETP),MnBr,-based transparent medium, which has sparked
broader interests in 0D HMH glasses.” Generally, strictly
manipulating the organic-inorganic components and avoiding
irreversible decomposition before melting simultaneously is the
key to obtaining luminescent 0D HMH glasses, which in turn
leads to easy processing and high transparency.**>*
Vitrification is a thermally dependent phenomenon that
involves the conversion of a material from a solid to a stable
liquid or glassy state, which is characterized by the absence of
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promising for large-area scintillation screen applications.

long-range molecular order.>* Only a few crystals feature
a capacity to afford such stable transitions to either of these
states following amorphization without compositional
decomposition.”®** Hybrid glasses representing a relatively
novel class of materials, dominated by metal-organic frame-
work glasses, coordination polymers glasses and HMH glasses
discussed herein, are capable of undergoing glass transition by
connecting both organic and inorganic parts in a cooperative
manner.*”~** Unlike single-crystal materials that are challenging
to grow to sufficient size, organic-inorganic hybrid glasses offer
enhanced processability and moldability.*”*° These glasses can
be used as a matrix to disperse pre-prepared MOF crystals or
other nanoparticles to obtain functional hybrid crystal-glass
composites with improved physicochemical properties and
which have been extensively studied.*~** However, there is still
a lack of understanding on how to achieve in situ recrystalliza-
tion from the melt within the hybrid glass matrix to obtain
unique glass-ceramics (G-Cs) with outstanding and intriguing
properties.**

Here, we have successfully designed and prepared a series of
0D HMH based glasses by modulating diverse organic cations
and inorganic anions in their constituents. Flexible
manufacturing of optical fibers and large-size glass wafers
further demonstrates the excellent processability of these 0D
HMH glasses. *'P solid-state NMR and Mn K-edge EXAFS for
selected Mn-based 0D HMH glass show that the tetra-
coordination structure of the phosphorus and Mn lumines-
cent center was retained after vitrification, so that the charac-
teristic emissions are preserved. But the simple melting-process

© 2023 The Author(s). Published by the Royal Society of Chemistry
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can result in a remarkable decrease of quantum efficiency,
which also inevitably occurred in previous research,* restricting
the applications of these 0D HMH glasses. In situ recrystalliza-
tion in the 0D HMH glass phase has great potential to address
the issue although it is challenging in experiments and mech-
anisms. Herein we integrated the melt-processing and a step-
wise heating method to obtain corresponding G-Cs, exhibiting
enhanced light yield, a lower detection limit in X-ray scintilla-
tion applications, and improved imaging resolution in X-ray
imaging compared to conventional glass. Therefore, this work
provides a simple and feasible pre-treatment strategy to effi-
ciently modulate the nature of 0D HMH glasses with superior
scintillation performances for optical radiation detection.

Results and discussion

Six different ionic liquids were selected here as organic ligands
to synthesize single crystals of (BTP),MnBr, (BTP = benzyl-

triphenylphosphonium), (MTP),MnBr, (MTP = methyl-
triphenylphosphonium), (ETP),MnBr, (ETP =
ethyltriphenylphosphonium), (BuTP),MnBr, (BuTP = butyl-

triphenylphosphonium), (1-EP),MnBr, (1-EP = 1-ethylpyridine)
and (1-BuP),MnBr, (1-BuP = 1-butylpyridine). Detailed crystal-
lography data of these crystals were collected, and they are
composed of different organic ligands with (MnBr,)*” inorganic
tetrahedra (ESI Fig. 1 and 2 and ESI Table 11), and the as-grown
crystals of these 0D HMHs can be easily melted at different
temperatures. Upon melting, (BTP),MnBr,, (MTP),MnBr,,
(ETP),MnBr, and (BuTP),MnBr, give transparent blocks,
whereas (1-EP),MnBr, and (1-BuP),MnBr, were obtained as
opaque blocks (Fig. 1a). To clearly understand this phenom-
enon, we monitored the temperature rise and fall process of the
HMHs using differential scanning calorimetry (DSC). As the
temperature increases, all six 0D HMHs melt before the
decomposition temperature, but they exhibit differences during
the subsequent temperature decrease (ESI Fig. 31). When the
temperature decreases, the 0D HMHs with higher melting
temperature (Ty,), assembling from larger quaternary phos-
phonium organic ligands, changed from the molten state to the
amorphous state, while the 0D HMHs with lower T;,, and con-
taining smaller pyridinium organic ligands recrystallized from
the molten state to the crystalline state again (ESI Fig. 41). The
transparent blocks of (BTP),MnBr,, (MTP),MnBr,, (ETP),-
MnBr,, and (BuTP),MnBr, with amorphous diffraction peaks
display glass transition temperatures (T,) instead of a fixed T,
in the monitored DSC curves. This T, ranges from 42 °C to 74 °
C, commonly observed in glass samples (Fig. 1b). The appear-
ance of the T, indicates that (BTP),MnBr,, (MTP),MnBr,,
(ETP),MnBr,, and (BuTP),MnBr, underwent a transformation
from the crystalline to glassy state after the melting and cooling
process. Conversely, (1-EP),MnBr, and (1-BuP),MnBr, show
exothermic peaks due to recrystallization during cooling, which
prevents the formation of the glassy state (ESI Fig. 57).
Besides organic cations, the physical and chemical proper-
ties of HMHs are dominantly determined by the inorganic
anions in the crystal structure.*>*® We attempted to broaden the
synthetic pathway for HMH glasses to encompass various metal
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types of 0D HMH compounds through alterations of the inor-
ganic anionic components. As an example, we selected an ionic
liquid of ETPBr as the organic ligand to synthesize various
metal ions containing 0D HMH, including Co**, Ni**, Zn>" and
Bi** with their corresponding crystal structures shown in ESI
Fig. 6 and 7,7 and the corresponding crystal data shown in ESI
Table 2.1 Surprisingly, pure ETPBr without the introduction of
any metal ions, as well as the HMHs of (ETP),CoBr,, (ETP),-
NiBr,, (ETP),ZnBr,, and (ETP);Bi,Bry crystals can also form
corresponding glass samples after melting, showing different
body colors (ESI Fig. 8 and 9%). The ionic liquid of ETPBr
without metal ions melts at approximately 207 °C, forming
organic small molecule glass with a T, of around 48 °C once
cooled (Fig. 1c). When organic ligands are combined with
different inorganic polyhedra, such as (MnBr,)*", (CoBr,)*",
(NiBr,)>~, (ZnBr,)>~ tetrahedra and (Bi,Bro)’~ dimer to form 0D
HMHs, the Ty, decreases compared to ETPBr and can form
related hybrid glasses possessing different UV absorption
spectra (ESI Fig. 107). Monitoring of the T, for various 0D HMH
glasses revealed a correlation between the T, and the atomic
number of the metal ion. One can find that T, increases grad-
ually with an increase in atomic number of metal ions.

Similarly, the alteration of the halogen ions can also preserve
the glass transition ability of 0D HMHs. As an example, we
synthesized (ETP),MnCl, and successfully obtained the corre-
sponding glass sample with a specific T, (ESI Fig. 11 and ESI
Table 37). The successful preparation of these diverse 0D HMH
glasses indicates that screening of appropriate ionic liquids is
critical to achieve the glass transition of 0D HMH crystals at
a low T,. The existence of low T, for 0D HMH glass affords it
a unique ability to bend and fold near the T, indicating an
excellent workability under mild conditions (Fig. 1d). Using this
property, we prepared optical fibers with a diameter of about
400 pum, and a uniform distribution of elements was observed in
the fibers using EDS (Fig. 1e and ESI Fig. 121). Likewise, we can
create glass discs that are 10 cm in diameter and have excellent
light transmission properties (Fig. 1f).

The conversion of 0D HMHs from crystals to glasses can be
verified by XRD patterns (Fig. 2a). To further explore the struc-
tural transformations in detail, >'P solid-state nuclear magnetic
resonance (NMR) and extended X-ray absorption fine structure
(EXAFS) techniques were employed to investigate the coordi-
nation modes of P and Mn ions in the selected 0D HMH of
(BTP),MnBr, as an example. Fig. 2b illustrates that the peak
positions of *'P spectra for the (BTP),MnBr, glass sample align
perfectly with those of the crystal, unequivocally confirming the
retention of the four-coordinated P atom in (BTP),MnBr,.*” To
examine the phase transformation of (MnBr,)*>  tetrahedra
during crystalline-glass transition of (BTP),MnBr,, we recorded
the Mn K-edge EXAFS data of (BTP),MnBr, glass and crystal (ESI
Fig. 131), respectively. The Fourier transforms of the Mn K-edge
EXAFS spectra of (BTP),MnBr, glass and crystal are similar,
exhibiting two peaks at 1.5 A and 2.2 A, which can be attributed
to the Mn-Br bond (Fig. 2c). The Mn-Br bond lengths in the
(BTP),MnBr, glass were fitted to be approximately 2.53 A and
2.63 A, which are comparable to those of the (BTP),MnBr,
crystal (Fig. 2d and ESI Table 41).*® The near-identical Mn K-
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(a) Schematic diagrams of the different 0D HMH melt products obtained by modulating the organic and inorganic components. Pink

sphere, P; blue, N; gray, C; green, Mn; orange, Br; light blue, Co; white, Zn, orange-red, Bi; dark blue, Ni. (b) DSC up-scans for (BTP),MnBr,,
(MTP),MnBr,, (ETP),MnBr,, and (BuTP),MnBr,4 glasses. (c) DSC up-scans for ETPBr, (ETP),MnBr,, (ETP),CoBry, (ETP),NiBr,, (ETP),ZNnBr, and
(ETP)3Bi>Brg glasses. (d) Optical images of glass samples at different bending levels. (e) SEM picture of glass fibers. (f) The glass wafer with

a diameter of 10 cm, captured at 298 K.

edge EXAFS curves of the (BTP),MnBr, glass and crystal confirm
the complete preservation of the (MnBr,)*~ tetrahedral
component within the glass structure upon vitrification.*
Likewise, the similarity of glass and crystal phases in IR spectra
and Raman spectra further demonstrate the retention of
organic and inorganic components in the glass (ESI Fig. 14 and
151).5°5! In considering the analysis results of XRD, *'P solid
NMR, EXAFS, IR spectra, and Raman spectra of (BTP),MnBr,
glass and crystal, we can conclusively describe the structure
transition of (BTP),MnBr,. When the (BTP),MnBr, crystals
vitrify to glass, the regularly arranged crystal structure changed
into a disordered glass structure, but the organic cations and
the (MnBr,)*" tetrahedra in the crystal were preserved in the
glass phase, supported by *'P solid NMR and Mn K-edge EXAFS
(Fig. 2e and f) as discussed above.

Due to the retention of the tetra-coordinated structure of
Mn*" in (BTP),MnBr, glass, its fluorescence emission and decay
lifetime are similar to that of the crystal (ESI Fig. 16 and 177).
During the crystal-glass transition, the quantum efficiency and
scintillation performance of the glass decreases, making the

12240 | Chem. Sci, 2023, 14, 12238-12245

glass sample substantially less promising for optical functional
applications (ESI Fig. 18 and ESI Table 57). Intriguingly, the DSC
curve of (BTP),MnBr, glass shows an exothermic peak at about
130 °C higher than T, indicating the recrystallization of the
glass during a stepwise temperature heating (Fig. 3a). This
result was further confirmed by temperature-dependent XRD
characterization, proving the in situ transformation of the
amorphous (BTP),MnBr, glass into its crystalline phase again
upon heating (Fig. 3b). Although the exothermic peak of crys-
tallization was not monitored on the DSC curves of the other 0D
HMH glasses, all of them could afford the in situ crystallization
of 0D HMH glass by heat treatment. The XRD of the 0D HMH
glasses after heat treatment at different temperatures indicated
that this phenomenon is general in 0D HMH glasses (ESI Fig.
197).

By holding the glass samples at 130-150 °C, we achieved in
situ recrystallization inside the glass, resulting in (BTP),MnBr,
G-C. Fig. 3c shows that the smooth surface of the glass changed
into stacked microcrystals with a grain size of about 1 um. After
recrystallization at 130 °C, the transmittance of the glass is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) PXRD patterns of the (BTP),MnBr, crystal and glass. (b) 3P solid-state NMR patterns of the (BTP),MnBr, crystal and glass. (c) Measured
Fourier-transformed Mn K-edge EXAFS spectra of the (BTP),MnBr,4 crystal and glass. (d) Fitting of the EXAFS of (BTP),MnBr,4 glass confirmed
a four-connected Mn(i) node. (e and f) Schematic diagrams of the crystal (e) and glass (f) structure of (BTP),MnBr4 as an example.

greatly preserved, and the as-formed G-C still has 60% trans-
mittance between 500 and 1500 nm (Fig. 4a). As the recrystal-
lization temperature increases, the grain size increases and the
sample transmittance decreases (ESI Fig. 20 and 217). By
comparing the light yield with that of the standard scintillator

LuAG:Ce, the G-C demonstrated a nearly 10-fold improvement
over the glass sample, achieving an excellent light yield of 85
500 ph MeV ™" (Fig. 4b and ESI Fig. 221). Furthermore, the
(BTP),MnBr, G-C exhibited a lower detection limit than the
glass sample, with a detection limit of 43.4 nGy s ', well below
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(a) DSC curve of (BTP),MnBr4 glass. (b) Variable temperature-dependent PXRD patterns of (BTP),MnBr, glass. (c) Demonstration of in situ

recrystallization of HMH glasses and SEM images of glass and post-recrystallization G-C.
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(a) Light transmittance of (BTP),MnBr4 glass and G-C (inset shows photographs of (BTP),MnBr,4 glass and G-C). (b) X-ray radio lumi-

nescence (RL) spectra of (BTP),MnBr,4 glass and G-C under X-ray irradiation. (c) Linear relationship between the dose rate and RL intensity for
(BTP)2MnBr4 glass and G-C scintillator. (d) Comparison of light yield and detection limits of different scintillation blocks. (e) Modulation transfer
functions (MTF) of X-ray images obtained from (BTP),MnBr,4 glass and G-C. (f) Photograph and X-ray image of a 4 cm diameter circuit board.

the required metering rate for X-ray diagnostics (5.5 uGy s~ ),
significantly reducing the radiation dose required for use in
medical examinations (Fig. 4c). When compared to other high-
performance bulk hybrid scintillation materials, the large-area
(BTP),MnBr, G-C via such a recrystallization processing tech-
nique demonstrates a higher yield and lower detection limit
than those of scintillation glass, placing it on par with scintil-
lation ceramics and single crystals (Fig. 4d).>*>**5>>%

To demonstrate the practical application of the as-obtained
HMH G-Cs as scintillators in X-ray imaging, we compared the
spatial resolution of (BTP),MnBr, G-C to that of glass samples.
The (BTP),MnBr, G-C exhibited excellent spatial resolution
(14.25 Ip mm ™), surpassing obviously that of the (BTP),MnBr,
glass (9.25 Ip mm ') due to the outstanding transmittance and
high light yield (Fig. 4e). Images of the X-ray standard resolution
test template provide further evidence of the superior spatial
resolution achieved by (BTP),MnBr, G-C (ESI Fig. 231). Subse-
quent imaging experiments demonstrated the practicality of
(BTP),MnBr, G-C in X-ray imaging applications. Clear circuit
structures and the fine needles inserted into a chicken that were
not visible under fluorescent light could be successfully
captured under X-ray irradiation (Fig. 4f and ESI Fig. 247).

Conclusions

In summary, we have developed a general in situ recrystalliza-
tion process within the 0D HMH glass components to prepare
high-performance glass-ceramics. Four quaternary phospho-
nium ionic liquids can be amorphized in combination with
(MnBr,)*” to form 0D HMH glasses with very low T, and good

12242 | Chem. Sci, 2023, 14, 12238-12245

processing properties. By utilizing ethyltriphenylphosphonium
(ETP) with vitrification capability as organic cations, the lumi-
nescent center in 0D HMH glasses can be expanded to diverse
polyhedra composed of different metal and halogen ions. *'P
solid-state NMR and EXAFS tests support that the 0D HMH
glass retains the coordination environment of organic cations
and inorganic polyhedra of HMH crystals after vitrification, but
the photoluminescence quantum efficiency and scintillation
performance are reduced. By applying an in situ recrystallization
strategy through holding the glass phase at 130 °C, the G-Cs
originating from 0D HMH glass were successfully generated,
showing 10-fold light yield and reduced detection limit in
comparison to the glass phase as scintillators. The excellent
transmittance and greatly improved scintillation performance
of large-area G-Cs make them great candidates for X-ray
imaging applications. The concept of exploiting recrystalliza-
tion of 0D HMH glass toward G-Cs is expected to open the
gateway for developing high performance scintillators, and
allow them to become an emerging optical functional material.

Experimental section

Synthesis. Growth of (BTP),MnBr,, (MTP),MnBr,,
(ETP),MnBr,, (BuTP),MnBr,, (1-EP),MnBr, and (1-
BuP),MnBr, single crystals

Specifically, BTPBr (1 mmol), MTPBr (1 mmol), ETPBr (1 mmol),
BuTPBr (1 mmol), 1-EPBr (1 mmol) or 1-BuP (1 mmol) and
MnBr, (0.5 mmol) were dissolved in ethanol under stirring
conditions. Then, crystals of (BTP),MnBr,, (MTP),MnBr,,
(ETP),MnBr,, (BuTP),MnBr,, (1-EP),MnBr, and (1-BuP),MnBr,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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were gradually precipitated with the volatilization of ethanol,
and the crystals were collected.>®

Growth of (ETP),CoBr,, (ETP),NiBr,, (ETP),ZnBr, and
(ETP);Bi,Br, single crystals

Specifically, ETPBr (1 mmol) and CoBr, (0.5 mmol), NiBr, (0.5
mmol), ZnBr, (0.5 mmol) or BiBr; (0.66 mmol) were dissolved in
dichloromethane (99.9%, 2 mL) under stirring conditions.
Then, the counter-solvent ether was added and left for one to
two days, and the crystals of (ETP),CoBr,, (ETP),NiBry, (ETP),-
ZnBr, and (ETP);Bi,Bry were gradually precipitated and
collected.

Fabrication of hybrid metal halide (HMH) glass

The HMH glass was obtained by heating HMH crystal at 130-
250 °C under air conditions, and cooling the melt to room
temperature.

Fabrication of (BTP),MnBr, glass-ceramic (G-C)

The pre-prepared (BTP),MnBr, glass precursor was kept in an
air atmosphere at 130-150 °C for 30 min, and the sample was
removed after natural cooling, and the obtained sample was
ground and polished to obtain (BTP),MnBr, G-C.

Characterization

The single crystal data was collected using the XtaLAB AFC12
X-ray four-circle single crystal diffractometer (Rigaku) equip-
ped with a CCD-detector, graphite monochromator and Cu Ko
radiation source. Powder X-ray diffraction (PXRD) patterns and
the variable temperature-dependent PXRD measurements
were taken on an Aeris PXRD diffractometer (PANalytical
Corporation, the Netherlands) operating at 40 kV and 15 mA
with monochromatized Cu Ko radiation (A = 1.5406 A). Vari-
able temperature-dependent PXRD was conducted from room
temperature to 150 °C with a heating rate of 10 °C min~* and
data was collected after holding at 25 °C, 60 °C, 120 °C, 130 °C,
and 150 °C for 10 minutes. The photoluminescence excitation
(PLE), photoluminescence (PL) and PL decay spectra
measurements were performed on an FLS1000 fluorescence
spectrophotometer (Edinburgh Instruments Ltd., UK). The
photoluminescence quantum yields were recorded using
a Hamamatsu Quantaurus-QY spectrometer (model C11347-
11). The PLQYs were calculated based on the equation: nqp =
Is/(Er — Es), in which I5 denotes the luminescence emission
spectral area of the sample, Ey is the excitation light spectral
area of the null integrating sphere, and Es is the excitation
light spectral area of the excited sample. Differential scanning
calorimetry (DSC) measurements were carried out on a TA DSC
Q2000 mainly focusing on its thermotropic behavior. The
sample was heated at a scan rate of 5 °C min ™. After cooling to
room temperature, the second up-scan was performed using
the same procedure as the first scan. Thermogravimetric
analysis (TGA) was conducted on a TG 209F3 from 30 to 500 °C
in an argon atmosphere with a ramping rate of 10 °C min .
The light transmittance spectra were recorded using a Lambda

© 2023 The Author(s). Published by the Royal Society of Chemistry
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750 spectrophotometer (PerkinElmer, USA) in the range from
300 to 1500 nm. Raman data was collected on an XploRA PLUS
(A =785 nm). Fourier-transform infrared (FTIR) was performed
on a Bruker VERTEX 70. A solid state NMR experiment was
carried out on a Bruker 600 MHz (14.1 T) magnet with AVANCE
NEO consoles using a Bruker 3.2 mm HXY magic angle spin-
ning (MAS) probe. The Larmor frequency for *'P was deter-
mined to be 242.99 MHz. *'P spectra were acquired with one
pulse and referenced to 85% H;PO, solution (0 ppm). The Mn
K-edge extended X-ray absorption fine structure (EXAFS)
spectra were collected at beamline BL14W1 of SSRF operated at
3.5 GeV in “top-up” mode with a constant current of 220 mA.
The energy was calibrated according to the absorption edge of
pure Mn foil. EXAFS data from the solid samples were recorded
in transmission mode with high-flux ion chambers with a 32-
element Ge solid-state detector, respectively. The duration of
the measurement was about 0.5 h for each sample. The
extended XAFS (EXAFS) data were analyzed using the
DEMETER software package.* Radioluminescence spectra at
room temperature (RT) were recorded using an FLS1000 fluo-
rescence spectrophotometer (Edinburgh Instruments Ltd.,
Edinburgh, U.K.). The (BTP),MnBr, glass, G-C and the
commercial scintillator LuAG:Ce were tightly attached to the
circular window of an integrating sphere with an X-ray source
(Amptek Mini-X tube with a Mo target and a maximum power
output of 6 W). The LY values can be calculated from the total
ratio of the number of emitted photons for (BTP),MnBr, glass,
G-C and the commercial scintillator LuAG:Ce at the equivalent
absorbed X-ray energy. X-ray detection limits were calculated
from the linear relationship between the RL intensity and the
X-ray dose of the corresponding samples. Noise data were
obtained in the absence of samples. The detection limit of the
corresponding sample was obtained when the signal-to-noise
ratio was 3. X-ray imaging was acquired by using a comple-
mentary metal oxide semiconductor camera. MTF measure-
ments can be used to evaluate the fundamental spatial
resolution performance of an imaging system. The spatial
resolution can be determined by the spatial frequency value
when MTF = 0.2. The MTF curve was calculated by the slanted-
edge method.
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