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Organic—inorganic metal halide (OIMH) glass offers the advantages of large-scale production, high
transparency, and minimal light scattering. However, undesired crystallization in OIMH glass can occur,
leading to deteriorated transparency. Herein, a series of bisphosphonium organic cations were designed to
construct Mn-based metal halide crystals with a photoluminescence quantum yield (PLQY) near unity,
alongside the development of highly thermally stable OIMH glasses. Two strategies were employed to
lower the melting point of OIMH: alkyl chain elongation and fluorine substitution. The (Hex-3,4-2F)
MnBrs-MeOH (Hex-3,4-2F = hexane-1,6-diylbis((3,4-difluorobenzyl)diphenylphosphonium)) crystal delivers
a glass transition temperature of 100 °C and the highest T4/T,, ratio (0.82) among OIMHs. The resulting
OIMH glass exhibits a PLQY of 47.6%, achieves an impressive resolution of 25 l[p mm~t in X-ray imaging,
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DOI: 10.1039/d4sc04225h and remains transparent even after being heated at 90 °C for six weeks. These bisphosphonium-based
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Introduction

Scintillators are a category of material capable of converting
high-energy radiation into low-energy ultraviolet/visible light,
serving as a crucial component in indirect X-ray detectors,
which play a vital role in high-energy physics research, medical
radiography, and security inspections.** Currently, commercial
scintillators such as thallium-doped cesium iodide (CsI: Tl),
cerium-doped lutetium aluminum garnet (LuAG: Ce), and
bismuth germanate (BGO) often require extremely high
temperatures for preparation and, in some cases, exhibit strong
hygroscopicity. Therefore, the development of novel, cost-
effective, high-performance, and highly stable X-ray scintilla-
tors holds paramount significance.>**

Organic-inorganic metal halide (OIMH) exhibits exceptional
luminescent performance, holding promising prospects in
solid-state  lighting, backlight displays, optical anti-
counterfeiting, radiation detection, and various other
domains.””™® The commonly employed luminescent metal
centers include Pb, Sn, Sb, Cu, Mn, and others. Mn-based metal
halides, in particular, have attracted extensive attention due to
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OIMH glasses present a feasible design for the practical application of OIMH glasses in radiation detection.

their high luminescent efficiency, cost-effectiveness, and low
toxicity. Mn** ions can bond with halogen anions to form
octahedral and tetrahedral units to present colorful emissions.
The luminescent mechanism of Mn-based OIMH has been
thoroughly investigated.'” The highly localized excitons in low-
dimensional Mn-based OIMH facilitate effective radiative
recombination and yield remarkable PLQYs. Furthermore, the
PLQY of Mn-based OIMH can easily approach nearly 100% by
controlling the Mn-Mn distances and crystal field strength.

Despite the high PLQY and corresponding robust spacial
resolution (=25 lp mm™ ') of Mn-based OIMH single crys-
tals,'®" applying them in the field of radiation detection still
faces a series of challenges: (1) the growth of single crystal is
time-consuming and it is exceedingly difficult to control the
morphology of OIMH via the solution method; (2) the ability to
grow large-size single crystals is related to the inherent growth
characteristics of the material, for which universal principles
are lacking. Consequently, it is nearly impossible to obtain
large-area OIMH single crystal scintillation screens of suitable
dimensions. Increasing attention has been given to the glassy
state of Mn-based OIMH,**** since the first demonstration of
large-area (10 cm x 10 cm) amorphous (HTPP),MnBr, (HTPP =
hexyltriphenylphosphonium) glass prepared through a melt-
quenching method by heating the crystal to form a melt and
subsequently rapidly cooling it.*® The OIMH glass is highly
transparent with minimal light scattering, making it highly
suitable to serve as a scintillator.***

Preparing OIMH glass via the melt-quenching method
requires two essential prerequisites: (1) the melting tempera-
ture should be below the decomposition temperature to prevent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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OIMH from decomposing before melting. (2) No crystallization
should occur during the quenching process. Engineering of the
bulky organic cations provides opportunities to lower the
melting point of OIMH, thus minimizing the risk of decompo-
sition. Most of the reported OIMH glasses are based on phenyl
phosphonium cations, which are characterized by weak inter-
actions between cationic and anionic groups, resulting in lower
melting points.>**” These phenyl phosphonium cations also
exhibit favorable crystallization properties owing to the m—m
stacking effect.”®** However, the pronounced crystallization
ability of OIMH can facilitate the transformation from amor-
phous glass to crystalline form within a limited timeframe,
complicating the production of highly stable amorphous glass.
This recrystallization ultimately leads to devitrification and
significant light scattering, posing challenges for OIMH glass to
work as a promising scintillator.

The crystallization of amorphous glasses typically occurs in
the supercooled liquid region, namely the temperature range
between the glass transition temperature (T,) and melting
temperature (7,,) according to the crystallization theory of
amorphous glasses.*® Turnbull proposed the well-known crite-
rion to evaluate the glass-forming ability (GFA), measured by the
reduced temperature (Tyy: Try = To/Twm).** Subsequently, the
“two-thirds rule” was introduced.’*** When T, exceeds 2/3, the
crystallization nucleation is essentially inhibited due to the
sluggishness of the crystallization kinetics.** A smaller Ty,
implies a higher tendency for crystallization and a correspond-
ingly higher crystallization rate.*® Therefore, higher T, and
lower T, are advantageous for improving the stability of
amorphous glasses. In the case of OIMH glass, a common
approach involves elongating the alkyl chain of organic cations
to increase the cation size, thereby reducing Tr,,”” or adjusting
metal and halogen ions to control T,.*

The bisphosphonium organic cation refers to a cation con-
taining two P cores possessing a more bulky structure. This
configuration effectively separates the Mn(u) center, leading to
the formation of localized luminescent centers and enhancing
the luminescent efficiency. Furthermore, the increased steric
hindrance during motion and heightened molecular rigidity of
bulky organic cations result in a higher T,. However, the lack of
flexibility in bisphosphonium cations also leads to a high T,
(e-g. Tm = 295 °C for ((C;sH34P,)MnBr,)**) potentially leading to
the partial decomposition of OIMH before melting. Therefore,
there is an urgent need to develop new strategies to modulate
OIMH properties, aiming to strike a balance between process-
ing temperature, luminescent performance, and stability.

Herein, we develop a halide-substituted bisphosphonium
cation strategy to construct a series of bisphosphonium-based
manganese halide (BisPP)MnBr, (BisPP = bis-phosphonium)
single crystals with strong glass-forming ability. By connecting
two phenylphosphine cores with alkyl chains, we achieve a T,
significantly higher than that of monophosphonium cations.
The melting point (T, from 281 °C to 180 °C) and photo-
luminescence quantum efficiency (PLQY from 66.7% to 99.9%)
of these OIMHs single crystals can be fine-tuned by varying the
length of the alkyl chains and the substituent groups on the
benzene rings. Notably, the prepared (Hex-3,4-2F)MnBr,-MeOH
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(Hex-3,4-2F = hexane-1,6-diylbis((3,4-difluorobenzyl)
diphenylphosphonium)) crystal exhibits a T, of only 180 °C,
and a T, of up to 100 °C. Remarkably, its Ty, is as high as 0.82,
marking the highest value among the reported metal halides.
Additionally, the corresponding melt-quenched glass demon-
strates a notable PLQY of 47.6% and exceptional stability after
being heated at 90 °C for six weeks without any indication of
devitrification. The unprecedented spatial resolution (25 Ip
mm ') demonstrates significant promise in radiation detection
and offers a practical strategy for designing highly stable OIMH
glasses.

Results and discussion

The organic components of the OIMH were obtained through
the substitution reactions of a series of diphosphine
compounds with halocarbons in toluene (Scheme S1f). The
bisphosphine compounds used in this study include 1,4-bis(-
diphenylphosphino)butane, 1,5-bis(diphenylphosphino)
pentane, and 1,6-bis(diphenylphosphino)hexane. The resulting
benzylation white powders were washed with ethyl acetate and
dried to remove the residual solvent, yielding the bisphospho-
nium bromide salts. These bisphosphonium cations are shown
in Fig. 1a-c. Subsequently, the manganese metal halides single
crystals were prepared through a solvothermal method at 100 °C
(Scheme S2%), which involved the direct reaction between the
organic bisphosphonium bromide salt and MnBr,-4H,0. The
resulting compounds are denoted as (But-bz)MnBr, (But-bz =

butane-1,4-diylbis(benzyldiphenylphosphonium)),  (Pent-bz)
MnBr, (Pent-bz = pentane-1,5-
diylbis(benzyldiphenylphosphonium)) and (Hex-bz)MnBr,

(Hex-bz = hexane-1,6-diylbis(benzyldiphenylphosphonium)),
respectively. As shown in Fig. 1d-f, all three compounds
exhibit a zero-dimensional structure, with each Mn atom
coordinated with four Br atoms, forming a tetrahedral cluster.
These [MnBr4]*~ clusters are spatially separated by the bulky
bisphosphonium organic cations, with inter-cluster distances
exceeding 8 A. This spatial arrangement effectively inhibits
concentration-induced PL quenching, resulting in a higher
PLQY. Detailed crystallographic data are provided in Table S1.}
The agreement of experimental and simulated powder X-ray
diffraction (PXRD) patterns (Fig. 1g) supports the validity of
the crystal structure refinement.

To investigate the thermal properties of these (BisPP)MnBr,
crystals, thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were conducted. As displayed in
Fig. Sla-c,i the decomposition temperatures (T4) of (But-bz)
MnBr,, (Pent-bz)MnBr, and (Hex-bz)MnBr, were found to be
343, 346, and 342 °C, respectively. The high T4 of (BisPP)MnBr,
prevents the pre-melt decomposition, which is a prerequisite for
the preparation of glass by the melt-quenched method. The DSC
curves in Fig. 1h reveal that the T, of (But-bz)MnBr,, (Pent-bz)
MnBr, and (Hex-bz)MnBr, are 281, 268, and 225 °C, respec-
tively, while their glass transition temperatures are 109, 102,
and 98 °C correspondingly. In comparison to metal halides
based on monophosphonium cations, these bisphosphonium-
based metal halides exhibit higher T, T, and Tq. The bulky
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(a—c) Structures of the bisphosphonium cations with different alkyl chain lengths. (a) But-bz; (b) Pent-bz; (c) Hex-bz. (d—f) Crystal

structures of (d) (But-bz)MnBry; (e) (Pent-bz)MnBry; (f) (Hex-bz)MnBr, (grey: C, pink: H, blue: P, purple: Mn, green: Br). (g) Comparison of the
simulated XRD and experimental XRD patterns. (h) Differential scanning calorimetry (DSC) of crystalline (But-bz)MnBr4, (Pent-bz)MnBr,4, and

(Hex-bz)MnBr,4, showing the first and second heating processes.

bisphosphonium cation substantially enhances the thermal
stability of metal halides while simultaneously suppressing the
crystallization behavior.*” The elongation of the alkyl chains
between the two phosphonium cores increases the flexibility of
the bisphosphonium cations, which contributes to a decrease in
both T, and T,. OIMH with quaternary phosphonium cations
and metal-halide anions are considered ionic liquids in a broad
sense, so the reduction of Ty, is associated with the interactions
between the anions and cations. As illustrated in Fig. S2,} the
complexation strength between the bisphosphonium cation
and the metal-halide anion weakens as the alkyl chain becomes
longer, leading to a decrease in Tj,.

The prepared (But-bz)MnBr,, (Pent-bz)MnBr,, and (Hex-bz)
MnBr, crystals show bright greenish emission under 360 nm
light. As shown in Fig. 2a, all three compounds exhibit single-
peak emission. The luminescent lifetimes, presented in
Fig. 2b, fall within the microsecond range. Furthermore, based
on the photoluminescence excitation (PLE) spectrum in
Fig. S3,i the green emission can be attributed to the charac-
teristic emission of Mn** ions. Benefiting from large Mn-Mn
distances, all three crystals deliver high PLQY values of 99.9%,

16340 | Chem. Sci, 2024, 15, 16338-16346

96.0%, and 66.7% respectively (Fig. 2c). The optical properties
of the crystals are listed in Table S2.} Previous studies on
bisphosphonium-based manganese halides have also demon-
strated luminescent characteristics of isolated [MnBr,]*~ tetra-
hedra, confirming that bisphosphonium cations serve as
effective spacers. Subsequently, we obtained the transparent
OIMH glasses by melt-quenching these crystals (see the Mate-
rials and methods section for experimental details). The XRD
patterns of the resulting OIMH glasses exhibit broad diffraction
peaks, indicating a long-range disordered structure (Fig. S41).
Fourier transform infrared spectroscopy (FTIR) confirms that
the corresponding OIMH crystal and glass share the same
organic matrix (Fig. 2d). Furthermore, the Raman spectra reveal
that both the OIMH crystal and glass contain similar [MnBr,]>~
tetrahedra (Fig. 2e). The peaks observed in the 50-300 cm ™"
range of the Raman spectra can be attributed to the vibrations
of metal-halogen bonds, while those in the 500-4000 cm*
range are associated with the vibrations of organic cations. The
PL and PLE spectra of the OIMH glasses, shown in Fig. S5, also
exhibit characteristics of the emission of Mn>". The results
indicate that the OIMH glasses prepared through the melt-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@) The emission spectra of (But-bz)MnBry, (Pent-bz)MnBr,, (Hex-bz)MnBr, crystals under 360 nm excitation. (b) The time-resolved

photoluminescence decay curves of (But-bz)MnBr,, (Pent-bz)MnBr,, and (Hex-bz)MnBr, crystals. (c) PLQY plots of (But-bz)MnBr,, (Pent-bz)
MnBrg4, and (Hex-bz)MnBr,4 crystals. (d) Attenuated total reflectance (ATR)-Fourier transform infrared spectra of (BisPP)MnBr,4 crystals and glasses.
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quenching method feature an amorphous nature when
compared to their crystalline counterparts. As shown in
Fig. S6éa-c,i the DSC curves of (But-bz)MnBr, and (Pent-bz)
MnBr, glasses show exothermic cold crystallization peaks
during heating, followed by a remelting peak. In contrast, the
(Hex-bz)MnBr, glass does not exhibit cold crystallization, sug-
gesting its superior stability relative to (But-bz)MnBr, and (Pent-
bz)MnBr, glasses. The glass transition temperature, surpassing
room temperature, also indicates the ability of the melt-
quenched glass to operate stably at ambient conditions.
Despite the similar compositions of these three compounds,
the PLQY of (Hex-bz)MnBr, (66.7%) is lower than that of (But-
bz)MnBr, (99.9%) and (Pent-bz)MnBr, (96.0%). Additionally,
the full width at half maximum (FWHM) of (Hex-bz)MnBr, is
broader, indicating the significant differences in the crystal
field within this compound.®® The ground state of Mn>" is rep-
resented by °A;, and its excitation and de-excitation processes
involve the spin flip of excited electrons. We employed DFT
calculation to simulate the ground- and excited-state electronic
configurations of these three crystals, as illustrated in Fig. S7.
For the ground states of all three compounds (Fig. S7a-c}), the
alpha HOMO orbitals are primarily contributed by Mn and Br,
while the beta LUMO orbitals are mainly constituted by C and P.
To investigate the origin of the PLQY difference, we simulated
the excited dynamic of electrons on Mn>*. Upon excitation,
energy transfer from Mn>" to the organic moieties may occur,
potentially reducing luminescent efficiency.>® As shown in the
excited state density plots of (But-bz)MnBr, and (Pent-bz)MnBr,
(Fig. S7d and ef), the excited electrons and holes are localized

© 2024 The Author(s). Published by the Royal Society of Chemistry

on [MnBr,]*", facilitating highly efficient radiative recombina-
tion and near-unity PLQYs. Conversely, in the excited state of
(Hex-bz)MnBr, (Fig. S7f}), electron transfer from Mn*"* to the
organic moiety leads to significant non-radiative recombination
and inferior PLQY. For comparative analysis, we synthesized
(Hex-bz)MnBr,-MeOH crystal containing methanol molecule.
The crystal structure of (Hex-bz)MnBr,-MeOH is depicted in
Fig. S8.1 As shown in Table S3,i the (Hex-bz)MnBr, crystal
exhibits the lowest radiative decay rate and the highest non-
radiative decay rate, likely due to the flexible bridging chain
that increases thermal vibrational relaxation and enhances
electron transfer. In contrast, the introduction of hydrogen
bonding in the (Hex-bz)MnBr,-MeOH crystal suppresses
various non-radiative recombination processes, resulting in
a higher PLQY. Although the longer alkyl chain in (Hex-bz)
MnBr, allows for lower processing temperature and improved
stability of the corresponding melt-quenched glass, it adversely
affects the electronic structure, leading to a lower PLQY.
Therefore, it is imperative to modify the bisphosphonium
cation to achieve a balance between stability, luminescence
efficiency, and a lower melting point.

Fluorine is the most electronegative element, and its intro-
duction can significantly alter the electronic configuration. Its
presence also influences the atoms to which it is bonded,
thereby modulating intermolecular interactions and affecting
molecular packing, which impacts melting points.

In this study, we selected three di-fluoro-substituted bro-
mobenzyl compounds: 3,4-difluorobenzyl bromide, 2,3-
difluorobenzyl bromide, and 2,6-difluorobenzyl bromide to

Chem. Sci., 2024, 15, 16338-16346 | 16341
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prepare BisPP-Br and (BisPP)MnBr, (Fig. S9%). Under identical
reaction conditions, each di-fluoro-substituted bromobenzyl
underwent nucleophilic substitution reactions with 1,6-bis(di-
phenylphosphino)hexane, yielding the desired bisphospho-
nium bromides. Subsequently, the bisphosphonium bromides
reacted with MnBr,-4H,0 through a solvothermal method to
obtain the bisphosphonium metal halides, denoted as (Hex-3,4-
2F)MnBr,-MeOH, (Hex-2,3-2F)MnBr,-MeOH, and (Hex-2,6-2F)
MnBr,-MeOH. The crystal structures of these three crystals are
shown in Fig. 3a and S10a and b,} with crystallographic data
provided in Table S4.} It is noteworthy that the crystal struc-
tures of all three crystals are similar, all containing crystalline
methanol (Fig. 3b). The experimental XRD pattern of the crys-
tals confirms the accuracy of the structural refinement results
(Fig. S11}). As shown in the DSC curves in Fig. 3c, the melting
points of (Hex-3,4-2F)MnBr,-MeOH, (Hex-2,3-2F)MnBr,-MeOH
and (Hex-2,6-2F)MnBr,-MeOH crystals are 180, 197, and 208 °C,
respectively. In contrast, the unmodified (Hex-bz)MnBr,
exhibits a higher melting point of 225 °C, indicating a decrease
in melting points for the fluorinated derivatives. Moreover, the
glass transition temperatures of the fluorinated derivatives

View Article Online
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remain at around 100 °C, endowing them with excellent glass-
forming ability. A comparison of the T, with other materials
is provided in Table S5.1 To our knowledge, the T, of (Hex-3,4-
2F)MnBr,-MeOH marks the highest value among the reported
OIMHs, surpassing even the SiO, (~0.73). Under the excitation
of 360 nm light, all three crystals exhibit similar green light
emission, which is also observed in their corresponding melt-
quenched glasses (Fig. 3d). The FTIR spectra of the crystals
and the glasses indicate that the melt-quenched glasses possess
the same organic cations as the crystals. Notably, the peak at
1500 cm ™' shifts due to the varying substitution positions of
fluorine atoms (see Fig. S12}). Raman spectra in Fig. S13%
suggest that the melt-quenched glasses possess the same
[MnBr,]>~ moieties as the crystals. Additionally, the PLE spec-
trum of the glass in Fig. S14} confirms that Mn ions serve as the
luminescent centers. When compared to the original (Hex-bz)
MnBr,, the (Hex-3,4-2F)MnBr,-MeOH, (Hex-2,3-2F)MnBr,-
‘MeOH, and (Hex-2,6-2F)MnBr,-MeOH crystals exhibit
enhanced PLQYs of 91.6%, 76.7%, and 85.0%, respectively
(Fig. S15%). Moreover, their melt-quenched glasses also
demonstrate an increase of PLQY in comparison with the glass
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(a) Crystal structure of (Hex-3,4-2F)MnBr4-MeOH(grey: C, pink: H, blue: P, purple: Mn, green: Br, orange: F, Red: O). (b) The asymmetric

unit of (Hex-3,4-2F)MnBr4-MeOH crystal. (c) DSC curves of the crystals, showing the first and second heating processes. (d) The emission spectra
of the crystals and glasses under 360 nm excitation. (e) Temperature-dependent XRD patterns of (Hex-3,4-2F)MnBr,-MeOH. (f) UV-Vis
transmittance spectrum of (Hex-3,4-2F)MnBr, glass. (g) Visualization of the electrostatic potential on the molecular surface, with molecules

listed sequentially from left to right as Hex-bz, Hex-3,4-2F, Hex-2,3-2F,

16342 | Chem. Sci, 2024, 15, 16338-16346

Hex-2,6-2F.
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derived from (Hex-bz)MnBr, (Table S6f). The mechanism
behind the PLQY improvement will be discussed in the subse-
quent text.

First, we investigated the influence of the solvent molecule
within the crystal. Taking (Hex-3,4-2F)MnBr,-MeOH as an
example, we explored the structural changes of the crystal
during the melting process. As shown in Fig. 3e, we conducted
temperature-dependent X-ray diffraction tests. The results
reveal that near the melting point, the crystal undergoes a phase
transition from the crystalline state to the amorphous state,
corresponding to the solid-to-liquid transformation. Upon
cooling to room temperature, the melt is frozen and retains its
amorphous nature, giving rise to the formation of amorphous
glass. Meanwhile, we conducted the thermogravimetric-
infrared (TG-IR) experiment to investigate the melting
behavior. During the melting process from 140 to 190 °C,
methanol was identified as the decomposing gaseous
product(Fig. S16}). The weight loss (3.02%) observed on the TG
curve agrees with the theoretical content (2.87%) of methanol
within the crystal (Fig. S17}). In addition, the solid-liquid
transition had been visually confirmed (Fig. S18}). Conse-
quently, the removal of solvent facilitates the transition from
crystal to the amorphous state, which also implies that the
resulting glass possesses enhanced stability, as the reversion of
glass to the crystalline state requires the involvement of the
same solvent.*® Fig. S19a-ci confirm that the OIMH glasses
based on fluorine-substituted organic cations do not undergo
recrystallization upon heating, demonstrating exceptional
thermal stability against recrystallization. The (Hex-bz)MnBr,-
‘MeOH crystal containing methanol molecule was used for
comparison. Despite the DSC curve of (Hex-bz)MnBr,-MeOH
exhibiting a lower endothermic peak than that of (Hex-3,4-2F)
MnBr, without methanol (Fig. S20%), temperature-dependent
XRD test revealed that during the heating process, (Hex-bz)
MnBr,-MeOH first underwent a solvent removal before trans-
forming into the solvent-free (Hex-bz)MnBr, state (Fig. S21af).
In contrast, (Hex-bz)MnBr, without methanol maintains its
crystalline state until melting (Fig. S21b}). Therefore, the pres-
ence of methanol within the present OIMH crystal implies that
the crystallization of this compound requires the participation
of solvent molecules to support the crystal structure. In other
words, the recrystallization of (Hex-bz)MnBr,-MeOH and (Hex-
3,4-2F)MnBr,-MeOH can be largely suppressed and hence
guarantees the higher stability of the corresponding glass. It is
worth noting that the prepared (Hex-3,4-2F)MnBr, glass
exhibits bright green emission and high transparency in the
visible region (Fig. 3f and S22}), indicating its potential to work
as an excellent scintillator.

The subsequent discussion delves into the impact of fluorine
substitution. The introduction of fluorine would significantly
influence the distribution of molecular surface electrostatic
potential due to its high electronegativity. For systems that are
predominantly governed by electrostatic interactions, various
physical properties can be analytically interpreted through
electrostatic potential.** In the case of ionic crystals, the elec-

trostatic potential directly affects the Ilattice energy,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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consequently influencing the melting point.*> As shown in
Fig. 3g, a comparison of the surface electrostatic potentials of
Hex-bz and di-fluorine-substituted variants (Hex-3,4-2F, Hex-
2,3-2F, Hex-2,6-2F) reveals a decrease in the minimum values
of surface electrostatic potential following the fluorine substi-
tution. This reduction may weaken the interactions between
cations and anions, potentially lowering the material's melting
point.** Fig. S23] illustrates the surface electrostatic potential
distribution of organic cations. As the fluorine substitution
positions move away from the positive charge center (P core),
the minimum surface electrostatic potential decreases. This
phenomenon may facilitate the reduction of cation-cation
repulsion, thereby decreasing the liquid-phase enthalpy and
often leading to a decrease in melting point.*> To confirm the
role of fluorine in lowering the melting point, we synthesized
the solvent-free (But-3,4-2F)MnBr, with a shorter alkyl chain
between the two phosphonium cores (see Fig. S241). The DSC
curve in Fig. S25} delivers a melting point of 245 °C, signifi-
cantly lower than that of the unmodified (But-bz)MnBr,
(281 °C).

The enhanced PLQY in the fluorine-substituted crystals is
intricately controlled by the methanol solvent within the crystal
and fluorine substitution. Hirshfeld analysis of (Hex-bz)
MnBr,-MeOH and (Hex-3,4-2F)MnBr,-MeOH reveals that
a strong interaction exists between [MnBr,]*~ tetrahedron and
methanol (Fig. S26%). The strong interaction reduces the non-
radiative relaxation induced by the thermal vibrations of the
[MnBr,]*>~ tetrahedron, consequently leading to the improve-
ment in PLQY.* The peaks in the bottom-left corner of the
fingerprint plots suggest similar hydrogen bonding interactions
in both crystals. However, the crystals show different degrees of
enhancement in PLQY, indicating that the improvement in
crystal PLQY is not solely governed by the solvent. The intro-
duction of fluorine alters the surface electrostatic potential of
the molecules and affects the dipole moment of the cations.
This effect may inhibit Forster resonance energy transfer
between organic cations and [MnBr,]*~ anion, preventing
energy loss and consequently enhancing the PLQY.* In the case
of the melt-quenched glass, methanol molecules have been
removed, indicating that the increased PLQY of fluorine-
modified glass is likely attributed to fluorine modification.

(Hex-3,4-2F)MnBr,-MeOH, with the lowest melting point,
high glass stability, and outstanding luminescent properties,
prompts us to explore its application in X-ray detection and
imaging. The key performance parameters of scintillators
include light yield (LY), limit of detection (LOD), and imaging
resolution. We measured the light yield by comparing the
samples with commercial scintillators. LuAG: Ce served as the
primary reference scintillator (LY = 25000 ph MeV '), while
BGO (LY = 8600 ph MeV ') was used as a secondary reference.
The samples and references, having the same size and
geometric shape, were placed in quartz dishes, which were then
placed inside an integrating sphere and subjected to X-ray
irradiation. The emitted photons were fully collected to obtain
the absolute light intensity. The obtained light intensity was
corrected through X-ray attenuation efficiency, yielding the

Chem. Sci., 2024, 15, 16338-16346 | 16343
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(a) The emission energy spectra of standard scintillators and (Hex-3,4-2F)MnBr4-MeOH crystal and (Hex-3,4-2F)MnBr4 glass under the

excitation of X-ray. (b) Comparison of the attenuation efficiency under 22 keV X-ray irradiation for standard scintillators and (Hex-3,4-2F)
MnBr4-MeOH crystal and (Hex-3,4-2F)MnBr,4 glass. The attenuation efficiency data were acquired from XCOM database. (c) The linear response
of (Hex-3,4-2F)MnBr4 glass to X-ray at different dose rates. (d) An X-ray image of a lead-made line pair card; (e) [il, liil.[iii] photographs taken
under the ambient light; [iv], [V] [vilphotographs taken under X-ray irradiation. (f) The XRD patterns of the (Hex-3,4-2F)MnBr,4 glass after

continuous heat treatment.

corrected light yields of 20 900 and 9400 ph MeV " for the (Hex-
3,4-2F)MnBr,-MeOH crystal and (Hex-3,4-2F)MnBr, glass,
respectively (Fig. 4a and b), representing 2.43 and 1.09 times
that of BGO. Subsequently, we recorded the light output under
varying low-dose-rate X-ray irradiation using a photomultiplier
tube. As shown in Fig. 4c, the light output of the (Hex-3,4-2F)
MnBr, glass exhibits a good linear response to incident X-rays
and delivers a detection limit as low as 64.6 nGy s ', well
below the standard for medical imaging (5500 nGy s~ ).

We then conducted a conceptual demonstration of (Hex-3,4-
2F)MnBr, glass for application in X-ray imaging, and a custom
X-ray imaging system was built by combining a portable X-ray
source, scintillation screen, reflector, and camera. The X-ray
image of a line pair card shows a high spatial resolution of 25
line pairs per millimeter (Fig. 4d). This spatial resolution is
competitive with various metal halide glasses (Table S7%). As
demonstrated in Fig. 4e, the pins of the chip (the spacing
between two pins is 0.5 mm) and the wires connecting the pins
can be clearly distinguished. The copper mesh used for trans-
mission electron microscopy (TEM) testing, with a frame width
of approximately 20 um, also exhibits distinguishable struc-
tures, highlighting its potential for high-quality X-ray imaging.
The thermal stability of glassy scintillators against
recrystallization-induced devitrification is important for long-
term X-ray imaging applications. It is noteworthy that the
(Hex-3,4-2F)MnBr, glass maintains its transparent and amor-
phous nature even after being heated at 90 °C for six weeks due
to the suppressed recrystallization trend (see Fig. 4f and S277),
showing exceptional thermal stability and highlighting the
potential in high-temperature X-ray imaging.

16344 | Chem. Sci, 2024, 15, 16338-16346

Conclusions

In conclusion, we have developed a series of Mn-based OIMHs
with strong glass-forming ability. By employing bulky bisphos-
phonium cations as templates, effective segregation of Mn
luminescent centers is achieved, leading to a high PLQY of
nearly 100%. Due to the rigidity of the bisphosphonium
framework, all OIMH amorphous glasses exhibit glass transi-
tion temperatures around 100 °C, demonstrating exceptional
thermal stability. By extending the alkyl chains between the two
phosphorus cores in the cation, we successfully lowered the
melting point of the resulting OIMH from 281 °C to 225 °C.
Additionally, employing a fluorine-substitution strategy further
reduced the melting point to 180 °C while preserving a high Ty,
ultimately achieving the highest T;, value of 0.82 among the
reported OIMH materials. The glass obtained through melt-
quenching (Hex-3,4-2F)MnBr,-MeOH crystal exhibits a high
PLQY of 47.6% and an impressive X-ray spatial resolution of up
to 25 Ip mm™'. The bisphosphonium-based OIMH represents
a category of materials with enhanced environmental resilience.
The numerous modifiable sites on the bisphosphonium offer
ample opportunities for the functionalized design of OIMH
glasses, such as designing bisphosphoniums with thermally
activated delayed fluorescence characteristics. In summary, this
halide-substituted bisphosphonium cation strategy for con-
structing OIMH glass with low melting temperature, high PLQY,
and transparent appearance can be extended to other families
of OIMH materials, paving the way for various applications such
as light emitting diode (LED), X-ray detection and imaging,
optical communication and sensors.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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