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High-temperature X-ray detection holds promising potential in practical applications in the development of
industry. Organic—inorganic manganese-based halide (OIMH) scintillators have undergone a research
upsurge due to their high X-ray attenuation ability, low preparation cost, outstanding
photoluminescence performance, and flexible structures. However, the thermal quenching effects of
OIMH materials limit their applications at high temperatures. Herein, we report two zero-dimensional
OIMH scintillators, (4-NH3TBP)MnBrs (4-NH3TBP = 4-aminobutyl triphenylphosphonium) and (4-
DMATBP)MnBry4 (4-DMATBP = (4-(dimethylamino)butyl)triphenylphosphonium) single crystals, which
were developed through rational molecular design. Their abnormal temperature-dependent
luminescence behaviors under ultraviolet lamp excitation and X-ray irradiation are observed. Notably, the
(4-DMATBP)MnBr4 single crystal exhibits an anti-thermal-quenching effect under ultraviolet light and X-
ray irradiation, which can be attributed to the participation of intrinsic crystal defects, rigid crystal
structure and longer Mn—Mn distance. Density functional theory calculations further demonstrate that Br
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an impressive light yield of 46722 photon per MeV at 130 °C, indicating its feasibility for application in

DOI: 10.1039/d4sc08499¢ high-temperature X-ray detection. The transparent single crystal possesses a robust resolution of 42 lp
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Introduction

High-temperature scintillators have been widely used in petro-
leum exploration, space nuclear exploration, and reactors.'” As
the core of detectors, scintillators with high light output, excel-
lent thermal stability, and resistance to pressure are required.*”
Traditional high-temperature scintillators (NaL:Tl*, CsI:Tl', and
LaBrs:Ce*) and the commercially available scintillators
(YAG:Ce, SrSi,0,N,:Eu**, and LuAG:Ce**) with low thermal
quenching (TQ) show negligible emission loss, and have been
applied to petroleum exploration.>**® However, the poor scintil-
lation performance under extreme temperatures and high-cost
synthesis processes of the above scintillators limit their applica-
tions."* Therefore, materials with excellent scintillation perfor-
mance at high temperatures that can be prepared through facile
low-temperature synthesis routes are needed.
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mm™t in X-ray imaging and shows high imaging quality at high temperatures.

Organic-inorganic manganese halides (OIMHs) have
attracted extensive research interest due to their low toxicity,
flexible structures, and high emission quantum efficiency, and
thus show great application prospects in light-emitting diodes
(LEDs), X-ray scintillation, and  anti-counterfeiting
technologies.”*™® OIMHs always possess a low-dimensional
structure with highly localized excitons, which promotes radi-
ative recombination and accounts for their high photo-
luminescence quantum yield (PLQY)."* However, most OIMHs
suffer from serious PL quenching as the temperature increases
(>100 °C) due to the electron-photon-coupling-induced non-
radiative relaxation,” hampering their application in high-
temperature scintillation imaging. Anti-thermal quenching
(ATQ) materials with minimal emission loss at elevated
temperatures could meet the demands for commercial appli-
cations. Many research works towards obtaining ATQ OIMH
materials have been carried out.’® Notably, defect engineering
and structural modulation are the most common strategies to
realize ATQ properties."** Defect engineering can provide extra
states that can serve as a carrier storage bank and release
carriers to the emissive centers at higher temperatures. More-
over, structure modulation can affect the structural rigidity and
symmetric sites through chemical substitution, further regu-
lating the emission behaviors.'®
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Yang's group synthesized a (TTPhP),MnCl, (TTPhP' = tet-
raphenylphosphonium cation) material with an ATQ effect
through organic cation engineering; the material shows a low
thermal quenching effect up to 200 °C under ultraviolet (UV)
light (the maximum intensity is about 1.2 times higher than the
initial intensity) and a weak TQ property under X-ray irradia-
tion.” Very recently, Xu and coauthors successfully prepared
a 1D CssCu;Clgl, scintillator by adjusting the ratio of CI” and I
the scintillator exhibits slight emission loss when being heated
to 160 °C.>* However, the low optical transmittance and severe
light scattering of the above scintillator screens deteriorate their
X-ray imaging performance. The X-ray imaging resolution of the
(TTPhP),MnCl, and CssCusClel, scintillator screens can only
reach 4 Ip mm™" at 200 °C and nearly 18 Ip mm™" at 150 °C,
respectively.”*** The unsatisfactory X-ray imaging resolution can
be ascribed to the TQ properties of the above materials during
the heating process under X-ray irradiation. In terms of high-
resolution X-ray imaging, single-crystal perovskite scintillators
have been praised for their high transparency, strong X-ray
attenuation capability, suppressed light scattering, excellent
X-ray energy response, and low detection limit.'>***” Therefore,
an optically transparent single crystal scintillator with weak TQ
would be attractive for high-temperature X-ray detection and
imaging.

Recent advances in OIMHs have focused on tailoring tri-
phenylphosphine derivatives through strategic functionaliza-
tion with alkyl chains, rigid phenyl groups, and alkoxy groups to
enhance their luminescence properties.**** Notably, the intro-
duction of amine functionalities to these systems remains
underexplored despite their potential to modulate electronic
structures through protonation effects. To address this gap, we
designed a novel series of butyltriphenylphosphonium salts
incorporating amine cations at the alkyl chain termini. Inter-
estingly, different from the reported monoprotonated struc-
tures, the as-synthesized organic salts are diprotonated. This
unique protonation state induces enhanced thermal stability,
as evidenced by their glass transition temperatures (7)
exceeding those of reported OIMHs crystals,"*>** which is
conducive to subsequent scintillation application of the OIMH
glass.

In this work, we successfully synthesized two OIMH single
crystal scintillators through introducing two methyl (-CH,)
groups at the end of the alkyl chain of the organic cation, which
adjusted the rigidity and anion-cation interactions. The (4-
NH;TBP)MnBr, single crystal (4-NH;TBP = 4-aminobutyl tri-
phenylphosphonium) has a weak TQ effect, while the (4-
DMATBP)MnBr, single crystal (4-DMATBP = (4-(dimethyla-
mino)butyl) triphenylphosphonium) possesses ATQ properties.
Both crystals exhibit green emission under UV light and X-ray
radiation, as well as high thermal stability. Notably, the (4-
DMATBP)MnBr, single crystal exhibits an ATQ effect and
attains enhancement within the temperature range of 30-200 °
C; the maximum intensity is 3.85 times higher than the initial
intensity under UV excitation. Moreover, the light yield of the (4-
DMATBP)MnBr, single crystal reaches 46 722 photon per MeV
at 130 °C due to its ATQ properties under X-ray irradiation,
which is 3.19 times higher than that at 30 °C. Such a significant
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radioluminescence (RL) improvement with increasing temper-
ature under X-ray excitation has rarely been reported. The ATQ
effect can be mainly attributed to its rigid crystal structure,
longer Mn-Mn distance, and the participation of trap states,
according to the single-crystal X-ray diffraction (SCXRD), elec-
tron paramagnetic resonance (EPR), thermoluminescence (TL),
and density functional theory (DFT) results. Additionally, the
transparent (4-DMATBP)MnBr, single crystal shows a high
spatial resolution of up to 42 Ip mm ™" for X-ray imaging at room
temperature and exhibits high-quality imaging at high
temperatures.

Results and discussion
Synthesis and characterization of OIMH single crystals

The organic phosphonium salts were synthesized via a facile
reflux reaction procedure (ESI Scheme 1, please see the ESI for
experimental detailst). White crystalline products with blue
emission were obtained through recrystallization (Fig. Sia, b,
S2a and bt). Attenuated total reflection Fourier-transform
infrared (ATR-FTIR) and NMR measurements verified that the
target products had been successfully synthesized (Fig. Sic, d,
S2¢ and df). The difference between 4-NH;TBPBr and 4-
DMATBPBF lies in the methyl functional groups attached to the
terminal N atom. As shown in Fig. S3a and b, single-crystal X-
ray diffraction measurement (SCXRD) revealed that the 4-NH;-
TBPBr crystal adopts a triclinic crystal structure, while 4-
DMATBPBr crystallizes in a monoclinic space group (Table S17).
The powder X-ray diffraction (PXRD) patterns of the ground
powders are consistent with the simulated results based on the
SCXRD data (Fig. S3ct), indicating the successful preparation of
the functional phosphonium salts in high purity. The thermal
properties of 4-NH;TBPBr and 4-DMATBPBr were evaluated
through thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). As shown in Fig. S4 and Table S2,+
the melting temperature (T},) and decomposition temperature
(Tq) of 4-DMATBPBr were higher than those of 4-NH,TBPBr,
indicating that the introduction of the -CH; groups improved
the thermal stability.

Mn-based metal halide crystals of (4-NH;TBP)MnBr, and (4-
DMATBP)MnBr, were grown through the solvent evaporation
method (please see the Synthesis section in the ESIT). Intrigu-
ingly, the (4-DMATBP)MnBT, crystals tended to grow as laminar
single crystals with a maximum size of 5 mm x 7 mm x
0.5 mm via slow solvent evaporation in a CH;OH and HBr
solution (ESI Scheme 21). The crystal structures of (4-NH;TBP)
MnBr, and (4-DMATBP)MnBr, were determined via SCXRD
measurements, and the detailed crystallographic data are
available in Tables S1 and S3.1 The (4-NH;TBP)MnBr, crystal
adopts the triclinic P1 space group, whereas (4-DMATBP)MnBr,
crystallizes in the monoclinic space group P2,/n. The crystallo-
graphic asymmetric units of (4-NH;TBP)MnBr, and (4-
DMATBP)MnBr, are shown in Fig. S5, in which one Mn atom is
coordinated by four Br atoms to form a [MnBr,]*~ tetrahedral
cluster. The [MnBr,]*~ tetrahedral clusters are separated by the
organic cations, giving rise to zero-dimensional structures for
both (4-NH;TBP)MnBr, and (4-DMATBP)MnBr, (Fig. 1a and b).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Single-crystal structures and temperature-dependent luminescence properties. Crystal structures of (a) the (4-NH3TBP)MnBr4 and (b) (4-
DMATBP)MnBr, crystals (pink: H, grey: C, light purple: N, orange: Br, purple: P, blue: Mn). (c) Comparison of the simulated and experimental XRD
patterns of the (4-NH3zTBP)MnBr4 and (4-DMATBP)MnBr, crystals. (d) Temperature-dependent PL spectra of the (4-DMATBP)MnBr, crystal. (e)
Temperature-dependent normalized integrated PL intensity of (4-NHsTBP)MnBr4 and (4-DMATBP)MnBr4 crystals under 360 nm light excitation
upon being heated to 200 °C. (f) Temperature-dependent normalized integrated RL intensity of (4-NHzTBP)MnBr, and (4-DMATBP)MnBr,

crystals upon being heated to 200 °C.

Notably, the shortest Mn-Mn distances in the (4-NH;TBP)
MnBr, and (4-DMATBP)MnBr, crystals are 6.608 A and 7.606 A,
respectively. PXRD measurement proved the high phase purity
of the as-synthesized single crystals via comparison to the
simulated results (Fig. 1c). Thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) measurements
were performed to investigate the thermal properties of the
crystals. As shown in Fig. S6 and Table S4,t the T4 values of the
(4-NH,TBP)MnBr, and (4-DMATBP)MnBr, crystals are 288 and
314 °C, while their Ty, values are 244 and 262 °C, respectively.
The thermal analysis illustrates that the crystals remain in the
solid state below 200 °C.

Optical properties of the OIMH single crystals

The ultraviolet-visible spectra of the OIMH crystals in Fig. S7{
show several groups of peaks in the range of 250-500 nm, which
originate from the d-d transitions of Mn>". The bands at 294,
365, 377, 438, 450, and 460 nm correspond to the electronic
transitions of Mn>" from the ground state °A, to the excited
states “Ty(F), “E(D), "T,(D), *A//*E(G), *T, (G), and T, (G),
respectively.*® The photoluminescence excitation (PLE) and PL
spectra of the Mn-based crystals were obtained and shown in
Fig. S8a and b.{ The (4-NH;TBP)MnBr, and (4-DMATBP)MnBr,
crystals both exhibit green emission from the ‘T; — °A;

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

transition of Mn>" in a typical tetrahedral coordination geom-
etry (Fig. S8c and df). Furthermore, the (4-NH;TBP)MnBr,
crystal shows a brighter greenish emission peak at 519 nm with
a PLQY of 63.5% and a full width at half maximum (FWHM) of
50 nm. In contrast, the (4-DMATBP)MnBr, crystal shows an
emission peak at 520 nm with a FWHM of 45 nm and a lower
PLQY of 26.9% at room temperature (Fig. S8et). The time-
resolved PL (TRPL) spectra of (4-NH;TBP)MnBr, and (4-
DMATBP)MnBr, crystals indicate average lifetimes of 276 and
125 us, respectively (Fig. S97).

The temperature-dependent luminescence spectra of (4-
NH;TBP)MnBr, and (4-DMATBP)MnBr, crystals under 360 nm
ultraviolet light and X-ray excitation were collected to investi-
gate the emissive mechanism. As shown in Fig. 1d and S10a,}
the PL intensity of the (4-DMATBP)MnBr, crystal increases with
temperature, while (4-NH;TBP)MnBr, exhibits a decreasing
trend as the temperature rises. As displayed in Fig. 1e, the
temperature-dependent integrated PL intensity of the (4-
DMATBP)MnBr, crystal reaches a maximum at 130 °C, which is
3.85 times higher than the initial intensity at 30 °C. The
temperature-dependent PLQY measurement shown in
Fig. S10b} reveals a trend consistent with the temperature-
dependent PL intensity, achieving a maximum PLQY value of
98.60% at 130 °C. However, the PLQY of (4-NH;TBP)MnBr,

Chem. Sci., 2025, 16, 9375-9384 | 9377
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exhibits a decreasing trend consistent with the weak TQ effect
under ultraviolet light excitation. Notably, the temperature-
dependent integrated RL intensity under X-ray irradiation
suggests that (4-NH;TBP)MnBr, exhibits a nearly zero-TQ effect
up to 200 °C, whereas the (4-DMATBP)MnBr, crystal shows an
ATQ effect (Fig. 1f and S117). Additionally, the RL intensity of (4-
DMATBP)MnBr, reaches a maximum at 130 °C, which is 1.71
times greater than that at room temperature. Therefore, the
prepared Mn-based halide crystals exhibit great potential for
application at high temperatures.

Radioluminescence properties of scintillators

To investigate the radioluminescence properties, we further
evaluated the performance of the two single-crystal scintillators,
including their light yield (LY) and limit of detection (LOD). As
displayed in Fig. 2a, the two OIMHs exhibit analogous X-ray
absorption coefficients («) slightly lower than those of the all-
inorganic scintillators. The X-ray source used for the test
exhibits a characteristic peak and photon energy of 22 keV
(Fig. S127). The attenuation efficiency of (4-NH;TBP)MnBr, and
(4-DMATBP)MnBr, at an X-ray energy of 22 keV (Fig. 2b) shows
that they can absorb nearly 100% of the X-rays at a thickness of
1 mm. To derive the light yield (LY) values of (4-NH;TBP)MnBr,
and (4-DMATBP)MnBr,, the commercially available LuAG:Ce
crystal was selected as a reference scintillator (LY = 25000
photon per MeV). To minimize morphology-dependent differ-
ences in the RL measurement, the samples were pressed into
wafers of the same size as the standard scintillator. The light
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yields of (4-NH;TBP)MnBr, and (4-DMATBP)MnBr, were calcu-
lated to be 36 572 photon per MeV and 14 663 photon per MeV,
respectively (Fig. 2c).

Notably, the light yield of (4-DMATBP)MnBr, crystal reaches
a maximum of 46 722 photon per MeV at 130 °C, which is 3.19
times higher than that at room temperature (Fig. 2d). (4-
NH;TBP)MnBr, also demonstrates excellent performance with
a high LY value of about 40 000 photon per MeV within the
temperature range of 30 °C to 200 °C (Fig. 2e). The higher light
yields at high temperatures support their application in high-
temperature detection scenarios.

The limit of detection (LOD) is a crucial parameter for
scintillators. A photomultiplier tube (PMT) was employed to
record the light output under low-dose-rate X-ray irradiation. As
shown in Fig. 2f and S13,} the LuAG:Ce standard scintillator
and the two OIMH single crystals exhibit a linear dependence
between the RL intensity and the X-ray dose rates. The LOD of
LuAG:Ce was derived to be 39.01 nGy s, while those of the (4-
NH;TBP)MnBr, and (4-DMATBP)MnBr, crystals are 12.66 nGy
s and 46.15 nGy s~ ". All the measured LODs are below the
standard for medical imaging (5.5 pGy s '); such low LOD
values are advantageous for obtaining high-quality X-ray
images.**

Luminescence properties and crystal structure

In order to clarify the differences in the luminescence proper-
ties of the single crystals, we measured the Mn-Mn distance in
the OIMHs, since a longer Mn-Mn distance would afford

a b c
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Fig. 2 X-ray scintillation performance characterization of (4-NH3TBP)MnBr, and (4-DMATBP)MnBr, crystals. (a) Absorption coefficients of (4-
NH3TBP)MnBr,4 and (4-DMATBP)MnBr, crystals, as well as those of LUAG:Ce, BGO, YAG:Ce, Csl, as a function of photon energy. (b) Thickness-
dependent attenuation efficiency of the above crystals under 22 keV X-ray irradiation. (c) RL spectra of (4-NH3zTBP)MnBr4 and (4-DMATBP)MnBr,
crystals and a commercial LUAG:Ce scintillator under X-ray excitation (40 kV, 100 pA). Temperature-dependent light yields of (d) (4-DMATBP)
MnBr4 and (e) (4-NHsTBP)MnBr4 crystals within the temperature range of 30 to 200 °C. (f) Linear relationship between RL intensity and X-ray
irradiation dose rates of (4-NHzTBP)MnBr4 and (4-DMATBP)MnBr,4 crystals, as well as that of the standard scintillator LUAG:Ce; the corre-
sponding LOD was determined as the dose rate at which the SNR is equal to 3.
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a higher PLQY due to the concentration quenching effect.>*3>%¢
However, the shortest Mn-Mn distances of the (4-NH3;TBP)
MnBr, and (4-DMATBP)MnBr, crystals are 6.608 A and 7.606 A,
while their PLQY values are 63.5% and 26.9%, respectively,
indicating that the Mn-Mn distance is not the major factor
affecting the PLQY of the two OIMH single crystals.

It has been reported that the emission efficiency can be
regulated by tuning weak interactions to suppress non-radiative
transitions. Therefore, inhibiting the motion of the [MnBr,]>~
anions could result in a higher PLQY by decreasing the non-
radiative transitions.””?®* As shown in Fig. S14,f SCXRD
measurement demonstrated that the [MnBr,]>~ anions in the
(4-NH;TBP)MnBr, crystal are fully ordered while those in the (4-
DMATBP)MnBr, crystal are relatively disordered over four
positions. Hirshfeld surface calculations were performed using
the CrystalExplorer package to shed more light on the weak
interactions between [MnBr,]*~ and the surrounding cations.*
The 2D fingerprint plots in Fig. S15a and bf show the
substantial differences between the Br-H interactions in these
two OIMH compounds. The cyan-blue area in the red box clearly
indicates the stronger Br---H-C(N) interactions between
[MnBr,”~ and the organic cations in (4-NH;TBP)MnBr,
compared with those in the (4-DMATBP)MnBr, crystal, possibly
originating from the three hydrogen atoms of the -NH; group at
the end of the cation. Additionally, we measured the Mn---H-C
(N) bond length between [MnBr,]>~ and the organic cations to
evaluate the interaction distance between the anions and
cations (Tables S5 and 67). The calculated average Mn---H
distances for the (4-NH;TBP)MnBr, and (4-DMATBP)MnBr,
crystals are 8.19 and 8.64 A, suggesting a shorter interaction
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in the (4-NH;TBP)MnBr, crystal. Overall, the motion of
[MnBr,]>~ in (4-NH;TBP)MnBr, is restricted due to the
pronounced anion-cation interactions. The more rigid struc-
ture of (4-NH;TBP)MnBr, reduces the thermal vibration of
[MnBr,]*~ and suppresses the non-radiative transition, afford-
ing an improved PLQY.

As (TPPen),MnBr, (TPPen = pentyltriphenylphosphonium)*®
has a similar structure to (4-NH;TBP)MnBr, and (4-DMATBP)
MnBr,, we compared their Br-H interactions. The interaction
distance between anions and cations in the (TPPen),MnBr,
crystal is longer than those of the present two compounds,
indicating that the introduction of the N atom and methyl
groups shortens the interaction distance and leads to stronger
interactions (Fig. S15ct). Moreover, the N atom provides
a cationic center, resulting in the longer shortest Mn-Mn
distance.* Thus, the (4-NH;TBP)MnBr, and (4-DMATBP)MnBr,
crystals have more rigid structures. As reported, rigid crystal
structures can reduce emission loss during the heating process,
leading to weak TQ behavior.**

Exploration of the anti-thermal-quenching mechanism of the
luminescence of the (4-DMATBP)MnBr, crystal

To clarify the mechanism of the anti-thermal quenching
behavior in the (4-DMATBP)MnBr, crystal, we performed
temperature-dependent XRD, high-temperature SCXRD, TL,
EPR, and temperature-dependent TRPL. The temperature-
dependent XRD (Fig. 3a) results illustrate that no phase tran-
sition is observed when the (4-DMATBP)MnBr, crystal is heated
to 200 °C, in good agreement with the DSC results. Further-

distance and stronger interaction between anions and cations more, single-crystal structures were collected at several
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Fig. 3 Correlation mechanistic investigation of fluorescence properties. (a) Temperature-dependent XRD patterns of the (4-DMATBP)MnBr4
crystal in the range of 30 to 200 °C and returning to 30 °C after being heated to 200 °C. (b) Nonlinear fitting of the normalized integrated PL
intensity of the (4-DMATBP)MnBr, crystal. (c) TL curves of (4-NH3zTBP)MnBr4 and (4-DMATBP)MnBr4 crystals pre-irradiated under X-ray irra-
diation. (d) EPR spectra of 4-DMATBPBr and (4-DMATBP)MnBr, crystals. (e) EPR spectra of (4-DMATBP)MnBr, crystals after different treatments.

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

Chem. Sci., 2025, 16, 9375-9384 | 9379


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc08499c

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 26 1404. Downloaded on 28/11/1404 10:53:16 ..

(cc)

Chemical Science

temperatures and refined (Table S7t). The crystal structure
remained unchanged, suggesting that the ATQ trend in the
luminescence intensity is independent of phase transition.
Additionally, the shortest Mn-Mn distances and average Mn-Br
bond lengths at the corresponding temperatures are listed in
Table S8.71 It is evident that both the volume and the shortest
Mn-Mn distance increase as temperature rises due to lattice
expansion. The increasing Mn-Mn distance could suppress the
energy transfer process between Mn atoms, thus inhibiting
concentration quenching at high temperatures.* This could be
further supported by the fact that the longer shortest Mn-Mn
distance in the (4-DMATBP)MnBr, crystal compared with that in
(4-NH;TBP)MnBr, leads to a weaker TQ effect. Thus, the ATQ
property of the (4-DMATBP)MnBr, crystal could be attributed to
the longer Mn-Mn distance.

The observed PL intensity of (4-DMATBP)MnBr, first
increases (303-403 K) and then decreases (>403 K) with
increasing temperature. To obtain the charge carrier dynamics
and the activation energy of thermal quenching, the following
equation was applied for fitting:***>*

I

Iy =
AE,
1+ 4 exp< — —TQ)
K

where I, corresponds to the intensity of photoluminescence at T
= 0 K, I(T) represents the emission intensity at an increasing
temperature T, A is a coefficient, AE, refers to the thermal
activation energy, and « is the Boltzmann constant. The
temperature-dependent PL of (4-DMATBP)MnBr, crystal can be
fitted well by this model within the temperature range of 130-
200 °C. As shown in Fig. 3b, AEq was calculated to be 0.669 eV;
this high thermal activation energy accounts for the suppressed
non-radiative recombination at higher temperature.

It has been reported that thermally-activated energy transfer
from the trap state to the emissive state plays a vital role in
abnormal thermally enhanced PL behavior.>*"*** Subse-
quently, we performed TL measurements to further investigate
the trap state. As presented in Fig. 3¢, no obvious peak appeared
for (4-NH;TBP)MnBr, while a peak at 52 °C was observed for the
(4-DMATBP)MnBr, crystal. Through fitting the TL curve with
a Gaussian function, the trap energy level was estimated to be
0.65 eV via the following equation:

Etrap = TmaX/SOO

where Ty,.x represents the temperature of the peak center.*
Temperature-dependent TRPL measurements (Fig. S16 and
Table S9t) further revealed that the average lifetimes of (4-
DMATBP)MnBr, first increase with increasing temperature and
then decrease gradually, which is consistent with the
temperature-dependent PL spectra. In particular, the decay
lifetime of (4-DMATBP)MnBr, reaches a maximum of 254 ps at
130 °C, which is nearly twice as long as the initial lifetime (125
us). The results suggest that the process of carriers being trap-
ped and detrapped from the trap level to the emissive state leads
to a longer lifetime' and enhanced emission with increasing
temperature.
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EPR measurement can provide more information about the
trap states in crystals; thus, we conducted EPR measurements of
the as-synthesized compounds. As shown in Fig. 3d and S17,}
the pure phosphonium salts exhibit no signal in their EPR
spectra, while the as-prepared OIMH crystals present greatly
different spectra. Notably, the spectrum of (4-NH;TBP)MnBr,
demonstrates only one resonance line, whereas the spectrum of
(4-DMATBP)MnBr, is complicated and consists of numerous
contributions. The EPR signals in the OIMHs originate from
Mn”", as the pure phosphonium salts are EPR-silent. The EPR
spectrum of (4-DMATBP)MnBr, was fitted using the spin
Hamiltonian function (see the EPR measurements section in
ESI} for details).* The fitting result is displayed in Fig. S18,
and matches well with the experimental data. The EPR results
indicate that the local surroundings of the Mn** in (4-DMATBP)
MnBr, are quite different from those in (4-NH;TBP)MnBr,.
Considering the similar structure of these two crystals, this is
possibly due to nearby defects. Additionally, we further per-
formed EPR spectroscopy of the crystals after subjecting them
to different treatments. As shown in Fig. 3e, the EPR spectra of
the crystals after X-ray irradiation and heating exhibit the same
profiles as the untreated ones do, confirming that the trap states
originate from intrinsic defects in the (4-DMATBP)MnBr,
crystal.

DFT calculations were performed to reveal the defect type,
and several possible vacancy structures were proposed. As
shown in Fig. S19,7 the possible vacancy defect structures
include four different Br vacancies, [MnBr,]”~ vacancy, and
organic (C,4H3oNP") vacancy. The density of states (DOS) and
projected DOS (PDOS) calculations were plotted to determine
the major contributions to the conduction band minimum
(CBM) and valence band maximum (VBM). As shown in Fig. 4a,

——TDOs Brdp C2p Hls
Mn 3d

TR
) il ’M“ /‘ A i 2 VBM
w_ L /\\f VH ) ; "/\N‘ E CBM

1 Defect level

Density of States
53
Energy (eV)

Pure Vi, Voo Vi Vi VausYcaoe

6
6 CB .G =%
6 | <)

Trap Level

b - VB

Fig. 4 Proposed mechanism of anti-thermal-quenching behavior of
the luminescence under X-ray irradiation. (a) DOS and partial DOS
plots for the (4-DMATBP)MnBr, crystal. (b) Energy diagram of the pure
(4-DMATBP)MnBr,4 crystal and possible vacancy defects. The values of
VBM, CBM, and defect levels are derived from the corresponding
density of states. (c) Possible mechanism of anti-thermal-quenching
property of the luminescence.
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in the perfect (4-DMATBP)MnBr, crystal, the density states of
the VBM are mainly contributed by Mn-d orbitals and C-p
orbitals, while the C-p orbitals and P-p orbitals are dominant
in the CBM for spin-up states. However, for the spin-down
states, the Br-p orbitals and C-p orbitals primarily contribute
to the VBM, which is quite different from the case for the spin-
up states. The asymmetric DOS diagram indicates the ferro-
magnetic nature of the (4-DMATBP)MnBr, crystal.*®

Fig. S201 shows the DOS and PDOS plots corresponding to
the six possible vacancy defect structures in contrast to the
perfect crystal structure. The defect levels corresponding to the
different structure defects are shown in Fig. 4b and S217 for the
spin-up and spin-down states. Notably, shallow and deep trap
levels can be introduced in the different structure defects. For
the spin-down states, the AE,, (the energy gap between defect
levels and CBM) values for Vi, to Vg, were distributed over
a wide range of 0.64 to 0.72 eV, while for Vypg,, and Vg, u, ~ps
they were 0.24 and 0.28 eV, respectively. However, for the spin-
up states, the AE,,, values for the different structure defects are
in the range of 0.09 to 0.28 eV. Considering that halogen defects
are widely present in metal halides,*"** the Br-vacancy structure
was regarded as the most probable defect contributing to the
trap level. Moreover, the calculated trap state level of Vg, is close
to the TL result (0.65 eV), further suggesting the possibility of
Vg in the crystal structure.

Based on the above analysis, we proposed a possible mech-
anism for the luminescence under ultraviolet excitation and X-
ray irradiation. In the (4-NH;TBP)MnBr, crystal, the rigid crystal
structure inhibits the non-radiative recombination process of
the crystal at high temperatures, leading to negligible emission
loss as the temperature increases. However, for the (4-DMATBP)
MnBr, crystal, the trap level makes a significant contribution.
The rigid crystal structure and the longer shortest Mn-Mn
distance of the (4-DMATBP)MnBr, crystal inhibit concentration
quenching at high temperatures, which is beneficial to the ATQ
effect. Additionally, carriers will be trapped by the trap states,
which can then serve as a carrier bank. As shown in Fig. 4c, the
luminescence intensity is enhanced as the temperature
increases due to the release of carriers from trap states to the
emissive state of Mn>", resulting in the ATQ effect. Notably,
under different excitation light sources, the anti-thermal
quenching effect of the emission behavior is not all the same.
Under X-ray irradiation, the atoms will be ionized through the
photoelectric effect, and the electrons in the inner shell of the
atoms will be excited and ejected out of the atoms, forming hot
electrons and deep holes. Then, some amount of free excitons
will be generated in the conduction and valence bands.*”
However, under ultraviolet (UV) light excitation, the valence
electrons are excited to the excited state and return to the
ground state to generate the green emission. The different
relaxation and photophysical processes would result in the
different temperature-dependent PL and RL intensities.

X-ray imaging of single-crystal scintillators

Due to their excellent scintillation performance and high
optical transparency, the prepared OIMH single crystals can be

© 2025 The Author(s). Published by the Royal Society of Chemistry
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employed as high-quality X-ray imaging materials. The crystals
were also ground and pressed as polycrystalline wafers with
a thickness similar to that of the single crystal. However, the
preparation of a transparent (4-NH;TBP)MnBr, single crystal
with large size was difficult, and thus its X-ray imaging is not
discussed. As shown in Fig. S22, the polycrystalline wafers
show low transmittance owing to the pronounced light scat-
tering;***® the transmittance of the (4-DMATBP)MnBr, wafer is
approximately 50% in the range of 500-800 nm and that of the
(4-NH,TBP)MnBr, wafer reaches only 40%. The (4-DMATBP)
MnBr, wafer with a spatial resolution of 8 line pair per milli-
meter (Ip mm ") shows higher X-ray imaging quality than the
(4-NH;TBP)MnBr, wafer (Fig. S231). The X-ray imaging resolu-
tion of the (4-DMATBP)MnBr, single crystal (~0.5 mm thick)
was measured to be 30 Ip mm ™, which is much higher than
that of the wafer (Fig. 5a). Furthermore, the copper mesh with
a rib pitch of 12 pm (namely, 42 Ip mm ') can be clearly
distinguished, highlighting its application potential in high-
quality X-ray imaging (Fig. 5b). Moreover, as shown in Fig. 5c,
the obvious gray value change proves the high imaging quality,
indicating that the X-ray imaging resolution can reach up to 42
Ip mm™".

Based on its ATQ behavior under X-ray irradiation, the as-
synthesized (4-DMATBP)MnBr, single crystal was applied for
high-temperature X-ray imaging. As demonstrated in Fig. 5d,
the greenish emission intensity under 365 nm ultraviolet exci-
tation first gradually becomes stronger and then decreases
slightly with increasing temperature. Moreover, the single
crystal maintains its high transmittance, as evidenced by the
sharp visibility of the letter “K”. Subsequently, the focused
images of a copper mesh at different temperatures under X-ray
irradiation are shown in Fig. 5e. The self-built X-ray imaging
system is demonstrated in Fig. 5f. Benefitting from the high
optical transparency of up to 95% (Fig. 5g), the X-ray images
exhibit high contrast during the heating process (Fig. 5h).
Notably, the single-crystal scintillator could give clear resolu-
tion, and there is no obvious reduction in the contrast of images
in the range of 30-200 °C (Fig. S24%). To further investigate the
X-ray imaging quality at high temperature, we selected two
miniature electronic components as the imaging objects and
performed X-ray imaging experiments (Fig. S25t). The struc-
tures of electronic components at variable temperatures can be
recognized, demonstrating the (4-DMATBP)MnBr, single crystal
to be an ideal candidate for high-temperature X-ray imaging
with high quality. Notably, the wires connecting the pins,
indicated by the white arrows, are clearly distinguishable
during the heating process. For comparison, we systematically
evaluated the commercial LuAG:Ce scintillator under the same
temperatures. LUAG:Ce exhibits a spatial resolution approach-
ing nearly 25 Ip mm™' at room temperature (Fig. S26af).
Moreover, similar to the (4-DMATBP)MnBr, single crystal, the
LuAG:Ce scintillator demonstrates excellent X-ray imaging
performance at elevated temperatures (Fig. S26b-et). When
observing the images of the copper mesh at various tempera-
tures under X-ray irradiation using LuAG:Ce, there are no
significant alterations, and the decrease in image contrast is
hardly noticeable (Fig. S26b-d¥). Likewise, Fig. S26et presents
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Fig. 5 X-ray imaging of the (4-DMATBP)MnBr, single crystal. (a) X-ray imaging of a lead-made line pair card at room temperature. (b) X-ray
images of the copper mesh with a rib pitch of 12 um (X-ray dose rate: 4.98 mGy s%). (c) Change in the gray values along the dashed line. (d)
Optical images of the (4-DMATBP)MnBr, crystal under an ultraviolet lamp (365 nm) at different temperatures. (e) Temperature-dependent X-ray
images of a copper mesh (rib pitch: 20 um). (f) Schematic diagram of the high-temperature X-ray imaging device. (g) Transmittance plot of the
(4-DMATBP)MnBr,4 crystal. (h) Gray value changes of the (4-DMATBP)MnBr, crystal along the dotted line in (e) at different temperatures.

the internal structure of electronic component B within the
temperature range of 30-200 °C. It can be seen that no
remarkable changes are observed. However, it should be noted
that the wires indicated by the white arrows become indistin-
guishable. Consequently, the (4-DMATBP)MnBr, single crystal
was proven to be an excellent high-temperature scintillator with
great application potential.

To further investigate the irradiation stability of the (4-
DMATBP)MnBr, single crystal under X-ray excitation, we per-
formed a long-term irradiation stability test. As displayed in
Fig. S27,} after exposure to X-rays with a dose rate of 14.77 mGy
s~ for 300 minutes (total X-ray dosage of 133 Gy), the RL
intensity of the (4-DMATBP)MnBr, single crystal remained at
91.6% of its initial value. The slight decrease in RL intensity
demonstrates the robust stability of the (4-DMATBP)MnBr,
single crystal in X-ray scintillation applications.

Conclusions

In summary, we successfully synthesized single crystals of (4-
NH;TBP)MnBr, and (4-DMATBP)MnBr, through a solvent
evaporation method; the crystals show abnormal weak-TQ or
ATQ behaviors originating from their rigid structure and sup-
pressed non-radiative recombination. Notably, (4-DMATBP)
MnBr, exhibits stronger ATQ ability than (4-NH;TBP)MnBr,.
Temperature-dependent SCXRD revealed that the Mn-Mn
distance of (4-DMATBP)MnBr, increases as the temperature

9382 | Chem. Sci,, 2025, 16, 9375-9384

rises, inhibiting the Mn-Mn energy-transfer-induced emission
quenching and anticipating their ATQ behavior. More impor-
tantly, TL and EPR spectra demonstrate that intrinsic defects
serve as a carrier bank that can release carriers to the excited
state as temperature increases and thus afford the ATQ prop-
erties of (4-DMATBP)MnBr,. Further DFT calculations revealed
that the defect could be ascribed to a Br-vacancy structure
defect. Subsequently, we evaluated the X-ray detection perfor-
mance and found that the (4-DMATBP)MnBr, single crystal
exhibits a high LY of 46 722 photon per MeV at 130 °C, showing
its potential for application in high-temperature detection.
Benefiting from its high optical transparency and outstanding
scintillation performance, the as-prepared single crystal (5 mm
x 7 mm X 0.5 mm) was directly adopted as a high-temperature
X-ray imaging screen. (4-DMATBP)MnBr, crystal exhibits an
impressive spatial resolution of 42 Ip mm™" at room tempera-
ture and maintains its excellent imaging quality at high
temperatures. These results suggest that the prepared OIMH
single crystals are promising candidates for high-temperature
X-ray detection, which could promote the development of
high-temperature scintillators.

Data availability

The data supporting this article have been included as part of
the ESLt Crystallographic data for 4-NH;TBPBr, 4-DMATBPBr
and (4-NH;TBP)MnBr, at 150 K, and (4-DMATBP)MnBr, at
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[2379301-2379308] and can be obtained from https://
www.ccde.cam.ac.uk/structures/.
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