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A dicationic ionic liquid strategy to enhance the thermal stability 
of manganese bromide scintillators 
Guo-Yang Chen, a,b,d Hao-Wei Lin, a,b,c Abdusalam Ablez, a,b,d Xin-Pin Guo, a,b,d Yu-Wei Ren, a,b,d Jia-

Hua Luo, a,b,d Qing-Hua Zou, e Ke-Zhao Du, *f Ze-Ping Wang *a and Xiao-Ying Huang *a,b,c

Conventional organic-inorganic hybrid manganese halides (Mn-OIMHs) as scintillators face challenges in thermal stability. 
This work proposes a strategy of introducing dicationic ionic liquids (DILs) to construct dicationic Mn-OIMHs with improved 
thermal stability. Comparative studies for the structures and X-ray scintillation properties is done for a series of Mn-OIMHs, 
that is, dicationic AMnBr4 (A = PP2142+ (1,4-bis(N-methylpiperidinyl)-butane) for 1, P2142+ (1,4-bis(N-methylpyrrolidinium)-
butane) for 3, PP2152+ (1,5-bis(N-methylpiperidinyl)-pentane) for 5) and monocationic A2MnBr4 (A = PP14+ (N-methyl-N-
butylpiperidinium) for 2, P14+ (N-methyl-N-butylpyrrolidinium) for 4, PP15+ (N-methyl-N-pentylpiperidine) for 6). By 
leveraging the unique "dual charge centers" to enhance the electrostatic interactions and hydrogen bonding forces, the 
increased structural rigidity not only improves the photoluminescence quantum yield (PLQY) of materials, but also results in 
significantly enhanced thermal stability, enabling 1 maintaining 86% of its luminescence intensity at 450 K (vs. 300 K). 
Furthermore, compared to 2/4/6, the light yield (LY) of 1/3/5 is increased by several fold. Finally, a flexible scintillation film 
fabricated by embedding 1 in polydimethylsiloxane (PDMS) achieves a spatial resolution of 14.1 lp/mm, surpassing that of 
commercial CsI: Tl detectors (~10 lp/mm). This work provides an effective design strategy for the preparation of Mn-based 
X-ray scintillators with high thermal stability and excellent photophysical properties.

Introduction
High-temperature scintillators are indispensable for radiation 
detection in extreme environments such as petroleum 
exploration, space nuclear missions, and reactor monitoring.1, 2 
As core detector components, they require high light yield (LY), 
exceptional thermal stability, and mechanical robustness. 
Current high-temperature scintillators, including traditional 
scintillators (NaI:Tl,3 CsI:Tl,4 LaBr3:Ce5) and commercial 
scintillators (YAg: Ce,6 LuAg: Ce,7 BGO8) rely on energy-intensive 
solid-state synthesis (>1000 °C). This complex manufacturing 
process results in prohibitively high costs, severely limiting 
scalability.9 While organic scintillators (anthracene, 
polystyrene, triphenylmethane)10-12 offer cost advantages 
through low-temperature synthesis, their inherent limitations 
intensified molecular thermal motion and insufficient stability 
at elevated temperatures ， which preclude reliable high-
temperature operation. Addressing this challenge demands 
new scintillator materials synergizing high performance, 
thermal stability, and economically viable processing.13-15

Organic-inorganic metal halides (OIMHs) have a broad 
application prospect in solid state lighting,16, 17 optical anti-
counterfeiting,18, 19 radiation detection,13 X-ray scintillation,20, 21 
and other fields, due to their excellent luminescent properties. 
In recent years, traditional monocationic ionic liquids (MILs), 

which are composed of a single organic cation (such as 
pyridinium, piperidine, quaternary ammonium salts) paired 
with anions (such as Cl-, [BF4]-, [PF6]-) have emerged as the 
preferred platform for designing the organic components of 
OIMHs due to their structurally tunable cation, rich anion 
library, and excellent dissolution and processing 
performance.18, 19 Various low-dimensional luminescent OIMHs 
based on metal ions of tin(II) (Sn2+),22 copper(I) (Cu+),23 
antimony(III) (Sb3+),24 bismuth(III) (Bi3+),20 zinc(II) (Zn2+),25 and 
manganese(II) (Mn2+)26, 27 have been developed based on MILs. 
Among them, manganese-based OIMHs (Mn-OIMHs) have 
become important candidates for X-ray scintillation 
applications owing to their high photoluminescence quantum 
yield (PLQY > 50%) from d-d transitions, low-cost processability, 
and environmental friendliness.14 However, traditional Mn-
OIMHs synthesized based on MILs (typical with isolated 
tetrahedral  [MnX4]2- units) exhibit severe thermal quenching at 
elevated temperatures, where enhanced lattice vibrations 
dominate non-radiative transitions pathways, leading to drastic 
luminescence intensity reduction and ultimately limiting their 
high-temperature applications.28, 29 Therefore, developing Mn-
OIMHs with minimal energy loss and anti-thermal quenching 
(ATQ) at high temperatures has become a key area of current 
research.

Substantial research efforts have been devoted to optimizing the 
ATQ performance of organic-inorganic hybrid metal halides by 
enhancing structural rigidity, forming a clear research trajectory.30-33 
Strengthening hydrogen bonding has been identified as an effective 
strategy, as demonstrated by Ye et al. in their study of 
C5H6NMnCl3·H2O, where enhanced hydrogen bonding between the 
pyridine ring and the 1D Mn(Cl/O)6 chains resulted in a more rigid 
lattice that suppressed molecular vibrations and reduced non-
radiative transitions, thereby improving ATQ performance.34 
Subsequently, Li et al. successfully enhanced the structural rigidity of 
2D Dion-Jacobson phase perovskites by incorporating diammonium 
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cations into MAPbI3, leveraging alternating hydrogen bonds with the 
inorganic slabs.35 On the other hand, enhancing electrostatic 
interactions has also proven to be an effective approach for 
structural stabilization. For instance, Wang et al. introduced diphenyl 
guanidinium bromide (DPGABr) as a passivator, which significantly 
improved material stability by strongly anchoring halide anions via 
robust electrostatic interactions with the [PbX6]4- framework.36 Zhou 
et al. proposed a local electrostatic interaction strategy by employing 
a previously unexplored and rationally designed organic cation—
tetramethyl dipropylenetriamine (IDPA2+). This cation enables strong 
local electrostatic interactions with the [PbI6]4- octahedra, thereby 
inducing lattice compression in the perovskite structure and 
subsequently enhancing its structural stability.37 Based on this 
mechanism, we propose a 'dual charge centers' design concept, that 
is, introducing dicationic ionic liquids (DILs) with two positively 
charged centers to prepare dicationic Mn-OIMHs with enhanced 
structural rigidity and thereby significant ATQ performance. This 
design simultaneously achieves two objectives: enhancing overall 
electrostatic interactions through high charge density38 and 
maintaining a suitable positive electrostatic potential on the 
molecular surface to promote the formation of a directed hydrogen-
bonding network.39, 40 This synergistic effect is expected to provide 
an ideal platform for fabricating dicationic Mn-based OIMHs with 
rigid structures and excellent ATQ performance. Although dicationic 
hybrid metal halides have been previously reported41, 42 and have 
shown outstanding luminescence and scintillation performance, 
their thermal stability remains largely neglected. A systematic 
comparison of the structure-property relationships between 
dicationic structures and their monoatomic counterparts is even 
scarcer.

In this work, we successfully synthesized a series of 
dicationic Mn-OIMHs via solvothermal and ether diffusion 
methods, namely AMnBr4 (A = PP2142+, 1,4-bis(N-
methylpiperidinyl)-butane for 1; P2142+, 1,4-bis(N-
methylpyrrolidinyl)-butane as 3; PP2152+, 1,5-bis(N-
methylpiperidinyl)-pentane for 5). For comparison, a series of 
corresponding monocationic Mn-OIMHs were synthesized, 
namely A2MnBr4 (A = PP14+, N-methyl-N-butylpiperidinium for 
2;43 P14+, N-methyl-N-butylpyrrolidinium for 4;43 PP15+, N-
methyl-N-pentylpiperidine for 6) (Scheme 1). Electrostatic 
potential (ESP) analysis indicates that the dicationic structure 1 
exhibits stronger electrostatic interactions and a more 
abundant hydrogen bond network than those of monocationic 
structure 2, thereby conferring it with a more rigid structure. 
This feature of dicationic structures effectively suppresses non-
radiative transitions, stabilizes the luminescent center and 
significantly enhance their PLQY. Consequently, the enhanced 
structural rigidity enables 1 to exhibit outstanding ATQ behavior, 
with the luminescence intensity at 450 K retaining 86% of its 
value at 300 K, while that of 2 only maintains 5%. Furthermore, 
dicationic Mn-OIMHs 1/3/5 exhibited significantly enhanced 
light yield (LY) of 42,500, 13,420, and 21,132 ph/MeV, 
respectively, under X-ray radiation. These values represent 3.6-, 
1.6-, and 1.9-fold increases compared to that of their 
monocationic counterparts (compounds 2/4/6). Notably, the 

flexible scintillation film fabricated by incorporating 1 with 
polydimethylsiloxane (PDMS) achieves a spatial resolution of 
14.1 lp/mm, significantly surpassing that of commercial CsI: Tl 
detectors (~10 lp/mm). These results demonstrate that the 
incorporation of DILs indeed effectively enhances the structural 
rigidity and performance of Mn-OIMHs, validating the design 
rationale derived from our prior theoretical analysis. 

Results and discussion

Structure and Characterization

All MILs and DILs used for the synthesis of title compounds were 
obtained by simple organic synthesis, as detailed in Scheme S1. 

Single crystals of compounds 1-6 were successfully obtained through 
simple solvothermal or ether diffusion methods. As representative 
examples, compounds 1 and 2 form block-shaped crystals under 
ambient light conditions that exhibit bright green luminescence 
under UV irradiation (Figure S1). Single-crystal X-ray diffraction 
analysis shows that compound 1 crystallizes in the monoclinic space 
group P21/c, with [MnBr4]2- anions intercalated between [PP214]2+ 
cations (Figures 1a, b). By contrast, compound 2 adopts the C2/c 
space group and contains discrete [MnBr4]2- anions separated by 
[PP14]+ cations (Figures 1c, d).43 Detailed structural analysis (Tables 
S1, S4-S6,) reveals that the [MnBr4]2- units in compound 1 exhibits 
nearly ideal tetrahedral geometry, with uniform Mn-Br bond lengths 
ranging from 2.502 to 2.510 Å and Br-Mn-Br angles between 106.99° 
and 114.75°. On the other hand, the [MnBr4]2- tetrahedra in 

Scheme 1. Assembly pathways for compounds 1-6.

Figure 1. (a) The asymmetric unit of compound 1. (b) The 
packing diagram of 1 viewed along the b-axis. (c) The 
asymmetric unit of compound 2. (d) The packing diagram of 2 
viewed along the c-axis. Hydrogen atoms are omitted for 
clarity.
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compound 2 show significant distortion, reflected by Mn-Br bond 
lengths varying from 2.401 to 2.583 Å and Br-Mn-Br angles ranging 
from 100.9° to 123.1°. Complete structural data for compounds 3-6 
are provided in the Figures S2, S3.

We then calculated the aberrations of the individual 
[MnBr4]2- tetrahedra in 1-6 using the following equations (1) for 
bond angle aberrations (σ2) and (2) for bond length aberrations 
(∆d):44, 45

σ2 = 
1
5

6

n=1
(θn-109.47°)2          (1)

   ∆d = 
1
4

4

n=1
[

dn-d
d ]

2

                  (2)

where θn is the Br-Mn-Br bond angle, dn is the Mn-Br bond 
length, and d is the average Mn-Br bond length. Taking 1 and 2 
as examples, calculations show that the [MnBr4]2- of 1 exhibit 
smaller distortion. Its bond length distortion is 1.39×10−6, and 
its bond angle distortion is 8.13. By contrast, the [MnBr4]2- in 
compound 2 exhibits greater distortion, with a bond length 
distortion of 4.16×10−4 and a bond angle distortion of 40.03, 
consistent with its previously described structural 
characteristics (Figure 2a). As indicated in Figure 2b, dicationic 
structures 1/3/5 exhibits a higher crystal density (ρ) than that of 
monocationic structures 2/4/6. This suggests more efficient 
molecular packing, likely due to enhanced intermolecular 
interactions, as evidenced by the consistently higher Crystal Packing 
Index (CPI) and Kitaigorodskii's Packing Index (KPI)46, 47 values for 
compounds 1/3/5 than for compounds 2/4/6 (see Table S7 for 
detailed calculations). Additionally, the dicationic structures with 
smaller bond angle distortions (σ2) and denser environment 

exhibit superior photophysical properties, as primarily being 
manifested in improved PLQY and LY (Figures 2c-e). 

We have conducted an in-depth investigation into the 
mechanisms by which “dual charge centers” influence the 
structural rigidity. The introduction of dual charge centers (N+) 
in a dicationic structure significantly reshapes the molecular 
electrostatic potential (ESP) distribution. For systems driven by 
electrostatic interactions, ESP analysis provides critical 
mechanistic insights. In cationic systems, regions with high 
positive ESP (typically displayed as blue issurfaces) exhibit 

Figure 2. (a) Diagrams showing the bond lengths (Å) and bond angles of the [MnBr4]2- tetrahedra in compounds 1 and 2. Comparison 
of (b) the crystal density (ρ) and (c) bond angle distortion (σ2) for compounds 1-6. (d) Comparison of the PLQY for compounds 1-6. 
Error bars indicate the standard deviation of three independent measurements. (e) Comparison of the LY for compounds 1-6.

Figure 3. Visualization of the surface electrostatic potential of cations 
PP2142+ in 1 (a) and PP14+ in 2 (b). Schematic diagrams of hydrogen 
bonding interactions around cations PP2142+ in 1 (c) and PP14+ in 2 
(d). The yellow and red dashed lines represent hydrogen bonds 
acting on the piperidine ring and alkyl chain, respectively.
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enhanced electron affinity and dominate anion binding.38 
Figures 3a, b show that the positive ESP regions (blue) of the 
PP2142+ cation are significantly expanded compared to those of 
the PP14+ cation, indicating stronger electrostatic attraction to 
the [MnBr4]2- anion. Additionally, ESP analysis results can help us 
infer hydrogen bonding sites.38, 48 It can be observed that the 
alkyl chain surface of the PP14+ cation exhibits a distinct 
negative ESP (red), indicating a high electron density in this 
region that repels the surrounding [MnBr4]2- and inhibits 
hydrogen bonding formation. The piperidine ring region 
exhibits weak positive ESP (blue-white), with a more dispersed 
electron distribution, making it easier to form hydrogen bonds 
with the surrounding [MnBr4]2-. Therefore, in the monocationic 
structures, hydrogen bonds are mainly formed between the 
piperidine ring and the [MnBr4]2- unit. By contrast, the PP2142+ 
cation not only exhibits a significant positive ESP (blue) in both 
piperidine ring regions but also maintains a weak positive ESP 
(blue-white) across the entire alkyl chain surface under the 
synergistic neutralization of the dual high-charge centers (N+). 
This allows both the piperidine rings and alkyl chains to 
potentially form hydrogen bonds with the surrounding [MnBr4]2-. 
When examining the hydrogen bonds on the organic cation 
portions of 1 and 2 (Figures 3c, d), it is evident that the hydrogen 
bonds of the PP14+ cation in 2 primarily act on the piperidine 
rings, while the hydrogen bonds of the PP2142+ cation in 1 not 
only act on the two piperidine rings but also exhibit a 
significantly higher number of hydrogen bonds on the alkyl 
chain compared to the PP14+ cation, which effectively validates 
the previous statement. For compounds 3-6, the hydrogen 
bonding sites on the cation surface confirm the universality of 
this strategy in enhancing structural rigidity (Figures S4a–d).

Hirshfeld surface and two-dimensional fingerprint analyses 
further elucidate the weak interactions between the organic 
cations and [MnBr4]2- tetrahedra.49, 50 Regions of long-range 
weak interactions are depicted in blue, while short-range 
interactions are highlighted in red. As shown in Table S6, the 
bond lengths of all C–HBr hydrogen bonds are approximately 
3 Å. To quantitatively analyze these interactions, we analyzed 
the two-dimensional fingerprint spectra, focusing on the 
cationic region ((de, di) = (1.2 Å, 1.8 Å)) and the anionic region 
((di, de) = (1.8 Å, 1.2 Å)). Significant differences were observed 
in these regions: the density of red data points (representing C–
HBr contacts) is notably higher in 1 than in 2, clearly indicating 
a higher abundance of C–HBr hydrogen bonds in the crystal 
structure of 1 (Figures S5 and S6). This result is consistent with 
the rigid structural environment of 1. The Hirshfeld surfaces, 
and two-dimensional fingerprint analysis diagrams for 
compounds 3-6 are shown in Figures S7-S10, and the results are 
consistent with those for 1 and 2.

The above results qualitatively demonstrate that the dual 
charge centers play a crucial role in the dicationic structure: 
increasing the charge density through the dual positive charge 
enhances the electrostatic interactions with the inorganic anion 
framework. Additionally, the extra hydrogen bonding sites lead 
to a more abundant hydrogen bonding network, thus enhancing 
structural rigidity. The combined effect of these two factors 
results in a more compact crystal structure, as evidenced by the 
difference in crystal density (Figure 2b).

The PXRD patterns of the powder crystals are in agreement 
with the theoretical simulations, indicating the high purity of 
the grown single-crystal phases (Figure S11). According to the 
thermogravimetric analysis (TGA) curves, 1 starts to decompose 
at 335 °C, while 2 starts to decompose at 290 °C. The thermal 
decomposition temperature of 1 is significantly higher than that 
of 2, which is closely related to the more rigid structure of 
dicationic OIMHs (Figure S12), providing a new strategy for the 
preparation of highly thermally stable Mn-OIMHs.

Photoluminescence (PL) and Scintillation Property

To investigate the PL properties of these halides, we conducted 
comprehensive steady-state and time-resolved PL 
measurements (Figures 4a and S13). Both 1 and 2 exhibit similar 
excitation and emission profiles, with maximum emission peaks 
centering at 520 nm under 363 nm excitation, characteristic of 
the Mn2+ d-d transition (4T1→6A1). The emission spectra show 
FWHM values of 49 nm for 1 and 63 nm for 2, with 
corresponding CIE coordinates of (0.214, 0.692) and (0.274, 
0.656), respectively (Figure S14). Time-resolved measurements 
reveal comparable decay times of 341 µs for 1 and 351 µs for 2, 
respectively, Figure 4b. The emission wavelength remains 
constant at 520 nm across excitation wavelengths from 290-410 
nm, confirming Mn2+ as the sole emission center (Figures S15a, 
b). The PLQY of all compounds were determined from three 
independent measurements, with the average value reported 
as the final result. The measured PLQY values varied 
considerably across the series, reaching 81.33% for 1 and 
67.15% for 2 (Figures S16). While both possess suitable Mn-Mn 
distances (9.367 Å for 1 and 9.849 Å for 2) (Figures S17), which 
minimize energy transfer between Mn centers and thus exert 
limited influence on PLQY,14, 51 the key distinction lies in the 
differing degrees of structural distortion. The [MnBr4]2- 
tetrahedron in compound 2 exhibits markedly enhanced bond 
angle distortion, which is the primary factor accounting for the 
disparity in its PLQY. Lattice distortion perturbs the energy 
levels of Mn2+ ions, introducing disordered states that 
substantially influence the luminescent transition process.52 
This enhances non-radiative recombination pathways and 
reduces the effective emission of photons. By contrast, the 
lower lattice distortion of the [MnBr4]2- tetrahedron in 
compound 1 effectively suppresses non-radiative transitions, 
thereby enhancing luminescence intensity and PLQY. 
Furthermore, compared to the flexible structure of 2, the 
enhanced structural rigidity of 1 arises from strong electrostatic 
interactions and abundant hydrogen bonding sites on its alkyl 
chains. This rigidity stabilizes luminescent centers, suppresses 
non-radiative transitions via a molecular confinement effect, 
and ultimately elevates the PLQY of 1. Additionally, based on 
PLQY and lifetime, the radiation decay rate (kr) and non-
radiative decay rate (knr)53, 54 calculated using equations S1 and 
S2 are summarized in Table S8. The PLQY is highly dependent 
on the competition between kr and knr. The kr for 1 is 
approximately twice that of 2, while the knr is only one-quarter 
of that for 2, resulting in the higher PLQY of 1. Overall, we 
conclude that the enhancement of PLQY is due to a combination 
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of the smaller bond angle distortion of the dicationic structure and the rigid environment of the structure.
The temperature-dependent PL spectra of 1 and 2 were 

systematically studied in the temperature range of 77-450 K 
(Figures 4c-f). For compound 1, strong emission is maintained 
across the entire temperature range, with only a slight decrease 
in intensity and a gradual blue shift. At 450 K, the PL intensity 
remains as high as 86% of that at 300 K. This high thermal 
stability can be attributed to the stronger cation–anion 
interactions in 1, which suppress ionic motion through 
enhanced binding. By contrast, compound 2 exhibits a gradual 
decrease in PL intensity with increasing temperature, which is 
ascribed to enhanced lattice vibrations that promote lattice 
relaxation of the [MnBr4]2- luminescent centers, thereby 
suppressing exciton recombination.55 Between 77 and 300 K, 
the emission peak of 1 shifts gradually to longer wavelengths 
due to the magnetic coupling of Mn2+ clusters.56 The PL intensity 
of compound 2 decreases more sharply between 340 and 380 K 
than that of compound 1. To understand this TQ behavior, we 
performed variable-temperature PXRD measurements (Figures 
S18 and S19). For compound 2, a marked broadening in peak 
width (FWHM) is observed within this temperature range, 
implying enhanced local structural disorder induced by 
intensified thermal motions of the organic cations. Such 
disorder dynamically disrupts the coordination environment of 
the Mn2+ centers, promoting non-radiative decay and leading to 
the observed rapid decline in emission intensity.57 Furthermore, 
under the same experimental conditions, four complete 
heating-cooling cycles of photoluminescence spectroscopy 
were performed for compounds 1 and 2 between 300 K (cooling 
point) and elevated temperatures of 350, 400, and 450 K. The 
collected data are presented in Figures S20. Throughout 
multiple cycles, the luminescence intensity of compound 1 
remain highly consistent and fully reversible, with no signs of 
irreversible degradation, which confirms its excellent thermal 
stability. We compared several recently reported hybrid halides 
containing the [MnBr4]2- unit and calculated the ratio of the PL 
intensity at the maximum measured temperature to that at 
room temperature (300 K) using temperature-dependent 
fluorescence data (Figure S21). Notably, compound 1 
demonstrates ATQ performance, surpassing most reported 
[MnBr4]2--based hybrids. This excellent behavior originates from 
the structural design of the PP2142+ cation: its high charge 
density strengthens electrostatic interaction with the [MnBr4]2- 
framework, while the dual N+ centers enable the alkyl chains to 
form additional hydrogen bonding sites, thereby restraining 
vibrational disorder of the cation. These combined effects 

enhance the structural rigidity, stabilize the [MnBr4]2- emitter, 
and effectively suppress thermal non-radiative decay. 

To confirm that the outstanding ATQ performance of 
PP214MnBr4 originates from its rigid structure, we performed 
systematic variable-temperature X-ray diffraction analyses. 
variable-temperature XRD (Figure S18) shows that even when 
heated to 450 K, the diffraction peaks undergo no significant 
changes, collectively demonstrating excellent structural 
stability at the macroscopic level. Furthermore, single-crystal 
data collected at 300 K and 450 K (Table S9) confirm that the 
crystal structure remains consistent throughout the heating 
process, ruling out any influence of phase transitions on the 
ATQ behavior. More importantly, geometric analysis of the 
[MnBr4]2- tetrahedron between 77 K and 450 K (Tables S10 and 
S11) reveals minimal changes in bond lengths, bond angles, and 
structural distortion, providing atomic-scale evidence of its 
intrinsic structural rigidity. In summary, both variable-
temperature XRD and SCXRD results consistently indicate that 
the thermal stability and ATQ behavior of PP214MnBr4 over a 
broad temperature range can be attributed to its remarkable 
structural rigidity spanning from the microscopic chemical 
bonds to the macroscopic crystal lattice. 

In addition, the potential barrier between the radiative and 
non-radiative centers, defined as the thermal activation energy 
(Ea), serves as a measure of the ability to overcome the thermal 
quenching effect. A larger Ea value indicates greater exciton 
stability, higher radiative transition rates, and stronger 
resistance to   thermal quenching.58, 59 The exciton dynamics of 
1 and 2 were investigated using equation (3):60

         I0
I(T)

=1+Aexp-Ea KbT                    (3)

Where I0 and I(T) represent the intensity at 77 K and the 
measured PL intensity at different temperatures, respectively, 
during the fitting process, the integrated area of the PL 
spectrum is used as a substitute, kb is the Boltzmann constant. 
The fitted Ea values of 214 meV (1) and 186 meV (2) (Figures 
S22a, b) demonstrate that the reasonable structural design 
creates a higher potential barrier between radiative and non-
radiative centers for 1. This enhanced Ea effectively prevents 
thermal dissociation, accounting for thermal-resistant PL 
quenching of 1. Under the promotion of the dual N-
methylpiperidine rings, it reduces the disordered vibrations of 
the alkyl chains and effectively prevents exciton dissociation, 
resulting in higher RL intensities.61
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The X-ray absorption and radioluminescence properties of 
compounds 1-6 were further investigated. The absorption rates 
of high-energy X-ray photons (1 keV to 100 keV) for 1-6 are of 
the same order of magnitude as those of the commercial 
scintillator LuAg: Ce (Figure S23a-c). The X-ray attenuation 
efficiency of compounds with different thicknesses was also 
measured, showing an 80% X-ray attenuation efficiency at a 
thickness of 0.4 mm (Figures S23d-f). Under X-ray excitation 
(3.537 mGy/s), the RL spectra of 1-6 closely match their PL 
profiles, confirming identical emission pathways for both UV 
and X-ray excitation (Figures S24a-f). Quantitative analysis of 
the RL spectra (Figures 5a and S25a-c) reveals a LY of 42,500 
photons ph/MeV for 1 and 11,968 ph/MeV for 2. The 
scintillation performance of compounds 1 and 2 was 
benchmarked against recently reported Mn-based hybrid metal 
halide scintillators (Table S12), inorganic scintillators and key 
commercial references (Figure 5b). The former exceeding 
values for commercial benchmarks such as BGO (9,000 
ph/MeV),8 LYSO (24,900 ph/MeV),62 and emerging halide-based 
scintillators like Rb2CuCl3 (16,600 ph/MeV)63 and CsPbBr3 

quantum dots (21,000 ph/MeV)64. The excitation source of X-
rays has a high energy, resulting in an increasing temperature 
during the scintillation test. Therefore, we performed RL 
measurements of the temperature dependence of 1 and 2. The 
samples were placed on a heating device under the X-ray source 
and the radioluminescence was collected using a fiber optic 
spectrometer. As shown in Figures 5c-f, 2 exhibits nearly 
complete RL luminescence quenching at 450 K, while 1 
demonstrates excellent ATQ behavior, RL luminescence 
intensity only decreases by about 20% at 450 K (vs. 300 K). The 
intensity of the radioluminescence enhances linearly with the 
increase in the X-ray dose rate (Figure 5g). Additionally, 1 
demonstrates exceptional sensitivity for low-dose detection, 
with a minimum detectable X-ray dose rate of 3.0 µGy/s signal-
to-noise ratio (SNR) = 3 below the threshold for diagnostic X-ray 
imaging (5.5 µGy/s) (Figure 5h). Remarkably, under prolonged 
irradiation (30 min at 3.537 mGy/s), 1 maintains stable RL 
intensity without significant degradation, highlighting its robust 
radiation hardness and potential for practical X-ray imaging 
applications (Figure 5i).

Figure 4. (a) Excitation and emission spectra of compounds 1 and 2. (b) Fitted lifetimes of compounds 1 and 2. Variable temperature emission 
spectra of compounds 1 (c) and 2 (d) at 77-450 K. Comparison of PL intensity at different temperatures for compounds 1 (e) and 2 (f) relative 
to 300 K.
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X-ray imaging 

Figure 5. (a) RL emission spectra of compounds 1, 2 and LuAg: Ce under X-ray irradiation. (b) Comparison of the LY of compounds 1 and 2 
with those of common commercially available inorganic scintillators. Variable temperature RL emission spectra of compounds 1 (c) and 2 
(d) at 140-450 K. Comparison of RL intensity at different temperatures for compounds 1 (e) and 2 (f) relative to 300 K. RL intensities of 
compound 1 under X-ray irradiation at different doses (32-331 μGy/s) (g) and the LOD at a SNR 3 (h). (i) X-ray radiation stability of compound 
1 after 11 cycles of X-ray irradiation at a dose of 3.537 mGy/s. In each cycle, X-ray irradiation was turned on for 20 s and then off for 20 s.
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To better study the potential application of 1 in X-ray imaging, 
we prepared a uniform flexible film with dimensions of 5 × 5 × 
0.2 mm using a powder of 1 and polydimethylsiloxane (PDMS). 
The flexible film exhibits high transparency and emits a bright 
green light under ultraviolet light (Figure 6a). We constructed a 
simple X-ray imaging system consisting of an X-ray source, an 
imaging object, a 1@PDMS scintillator, and a commercial 
camera connected to a computer display (Figure 6b). As shown 
in Figure 6c, we used a chip and headphones as detection 

targets to determine the X-ray imaging detection capability, and 
the internal structures of all samples could be clearly observed. 
To evaluate the imaging quality, we calculated the modulated 
transfer function (MTF) of the X-ray imaging of the inclined 
edge. The calculated spatial resolution was 14.10 lp/mm (MTF 
= 0.2) (Figure 6d), outperforming the spatial resolution of CsI: Tl 
(10 lp/mm),65 CsPbBr3  (9.8 lp/mm),66 and MAPbBr3 (3.1 
lp/mm),67 which are implied a better potential application in X-
ray imaging and detection.

Conclusions

In summary, we propose a strategy of incorporating cations of 
custom-designed dicationic ionic liquids into Mn-OIMHs to 
enhance their structural rigidity, thereby significantly improving 
the ATQ performance. ESP analysis reveals the mechanism 
behind the enhanced structural rigidity: on one hand, the high 
charge density generated by the “dual charge centers” 
significantly strengthens the electrostatic interactions between 
the organic cations and the anionic framework; on the other 
hand, the high charge nuclei (N+) neutralize the electron-rich 
alkyl chains, promoting hydrogen bond formation with Br-. The 

synergistic effect of enhanced electrostatic interactions and 
hydrogen bonding endows the dicationic Mn-OIMHs with a rigid 
structure, and thus not only enhances PLQY but also enables 1 
to maintain 86% of its luminescence intensity at 450 K (vs. 300 
K), achieving excellent ATQ behavior. Moreover, the strategy 
enhances the LY of Mn-OIMHs, with compound 1/3/5 achieving 
LY of 42,500, 13,420, and 21,132 ph/MeV, respectively, 
significantly higher than that of their monocationic 
counterparts (2/4/6). Additionally, the PDMS flexible film based 
on 1 exhibits high spatial resolution (14.1 lp/mm), confirming its 
high scintillator performance. This work not only establishes a 
new design paradigm for high-PLQY Mn-OIMHs but also lays a 
crucial material foundation for developing highly thermally 
stable and cost-effective X-ray imaging devices.
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The authors have cited additional references within the Supporting Information. CCDC Nos. 2475509, 
2475506, 2475508, and 2475507, contain the supplementary crystallographic data for compounds 1, 3, 
5, and 6, respectively. These data can be obtained free of charge from The Cambridge Crystallographic 
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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