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arrow green emission from
amanganese(II) bromide for efficient WLEDs and 3D
X-ray imaging

Mengzhu Wang, Xiaolong Li, Siwen Zou, Haixia Cui, Yongjing Deng, Jiangang Li,
Yi Jiang, Longlu Wang, Shujuan Liu, Qiang Zhao * and Yun Ma *

Developing efficient, narrow-band, and environmentally friendly emitters is crucial for advanced

optoelectronics. Herein, we report a zero-dimensional (0D) organic–inorganic hybrid manganese(II)

halide, (TPS)2MnBr4 (TPS = triphenylsulfonium), engineered via cation selection. This material

simultaneously achieves near-unity photoluminescence quantum yield (PLQY z 99.6%) and

exceptionally narrow green emission (FWHM = 40 nm) for a Mn2+ emitter. Structural analysis and

theoretical calculations reveal that the rigid TPS+ cation induces a specific crystal packing that minimizes

[MnBr4]
2− tetrahedral distortion through weaker hydrogen bonding interactions. This structural

optimization leads to suppressed electron–phonon coupling, explaining the narrow bandwidth while

maintaining high efficiency. These outstanding properties enable high-performance white light-emitting

diodes (WLEDs) and 3D X-ray Imaging. This work demonstrated targeted cation engineering as

a powerful strategy to overcome intrinsic Mn2+ limitations and presents a high-performance, eco-

friendly material for multifunctional optoelectronic applications.
Introduction

Zero-dimensional (0D) organic–inorganic hybrid metal halides
(OIMHs) offer a versatile platform for optoelectronics, providing
tunable structures while circumventing the toxicity and stability
issues of lead-based perovskites.1–5 Within this class, lead-free
manganese(II) halides, featuring [MnX4]

2− (X= Cl or Br or I)
tetrahedra, are highly attractive due to their earth abundance,
low cost, low toxicity, and characteristic bright green emission
suitable for RGB displays.6–15 This emission stems from the
spin-forbidden 4T1(G) / 6A1(S) d–d transition.16–21 However,
Mn2+ emitters face a signicant intrinsic challenge: strong
electron–phonon coupling inherent to this transition promotes
non-radiative decay,22 limiting photoluminescence quantum
yields (PLQY), and broadens the emission bandwidth (FWHM),
typically to the 45–75 nm range. This presents a major obstacle,
as achieving the ideal combination of near-perfect PLQY for
maximum brightness and narrow FWHM for exceptional color
purity is paramount for advancing many optoelectronic tech-
nologies, but is fundamentally difficult due to these Mn2+

photophysics. Therefore, developing strategies to attain this
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synergy within stable, cost-effective, and environmentally
benign Mn(II) halide frameworks remains a primary objective.

Recently, signicant research efforts focus on overcoming
these Mn2+ limitations through structural engineering,
primarily by employing bulky organic cations to isolate the
[MnX4]

2− units.23 This isolation effectively increases Mn–Mn
distances, suppressing quenching mechanisms and enabling
high PLQYs in many systems.24–31 However, simultaneously
reducing the FWHM requires more subtle control over the Mn2+

local environment. For example, Lin et al. have demonstrated
the FWHM of tetrahedral Mn(II) emission is highly sensitive to
the degree of structural distortion within the [MnX4]

2− unit and
the strength of hydrogen bonding interactions between the
cation and the anion.32 Specically, weaker hydrogen bonds and
reduced tetrahedral distortion were correlated with narrower
FWHM. Concurrently, preserving high PLQY requires careful
consideration of the electronic structure. Work by Fu et al.
highlighted that the band alignment between the organic cation
matrix and the Mn(II) halide unit, particularly in the excited
state, dictates whether photogenerated excitons remain
conned within the Mn(II) center or transfer to the organic
matrix.33 This implies that the choice of organic cation is critical
not only for structural isolation and FWHM modulation but
also for maintaining efficient radiative recombination
pathways.

This intricate interplay between structural factors (distor-
tion, H-bonding, rigidity) inuencing FWHM and electronic
factors governing PLQY necessitates a holistic design strategy.
Chem. Sci., 2025, 16, 21423–21432 | 21423
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We hypothesized that employing a specic organic cation pos-
sessing both signicant steric bulk and high conformational
rigidity could synergistically address both challenges. We
selected the triphenylsulfonium (TPS+) cation, anticipating that
its bulkiness would ensure effective isolation of [MnBr4]

2− units
for high intrinsic PLQY, while its dened, rigid structure could
impose a unique and highly ordered crystal packing. This
specic packing environment, we posited, might lead to
minimal tetrahedral distortion and potentially weaker/
optimized hydrogen bonding, thereby reducing electron–
phonon coupling to achieve a narrowed FWHM, while simul-
taneously ensuring favorable excited-state band alignment to
preserve the near-unity PLQY.

Herein, we demonstrate the success of this targeted cation
engineering strategy through the synthesis and comprehensive
characterization of a novel 0D manganese bromide hybrid,
(TPS)2MnBr4. This material achieves the highly sought-aer
combination of a near-unity PLQY (∼99.6%) and a substan-
tially narrowed green emission band with FWHM = 40 nm,
representing a signicant step towards ideal green emitters
based on Mn2+. We systematically investigate the structure–
property relationships, correlating the crystallographic features
and cation–anion interactions with the observed reduced elec-
tron–phonon coupling. Critically, we demonstrate the practical
impact of these exceptional properties by fabricating high-
performance devices for wide-color-gamut WLEDs and high-
resolution X-ray imaging. This work provides not only a bench-
mark material but also suggests a rational design pathway for
developing next-generation, high-performance, lead-free
manganese halide emitters for multifunctional optoelectronic
applications.

Results and discussion
Synthesis and characterization

Guided by the strategy employing the TPS+ cation to achieve
specic structural and photophysical properties, we success-
fully synthesized high-quality single crystals of the target 0D
manganese(II) halide hybrids (TPS)2MnBr4 and its chloride
analogue (TPS)2MnCl4. The latter serves as a crucial reference
compound to elucidate the impact of the halide anion and
associated structural changes.34 Both materials were prepared
using a facile solvent-antisolvent recrystallization method at
room temperature, starting from stoichiometric amounts of the
respective triphenylsulfonium halide (TPSX) and manganese(II)
halide hydrate (MnBr2$4H2O, 98%) precursors dissolved in
ethanol, with ethyl acetate acting as the antisolvent (Fig. S1).

The bulk phase purity and crystallinity of the as-synthesized
materials were conrmed by powder X-ray diffraction (PXRD).
As shown later (Fig. 1c and f), the experimental PXRD patterns
for both (TPS)2MnCl4 and (TPS)2MnBr4 powders exhibit sharp
diffraction peaks that match excellently with the patterns
simulated from their respective single-crystal X-ray diffraction
(SCXRD) data. We have carried out rietveld renements of the
powder XRD data for both (TPS)2MnCl4 and (TPS)2MnBr4, and
the results are now provided in the Fig. S2 and S3. For (TPS)2-
MnCl4, the renement yielded Rp = 7.01%, Rwp = 9.21%, and
21424 | Chem. Sci., 2025, 16, 21423–21432
GoF = 1.72. In addition, for (TPS)2MnBr4, the renement gave
Rp = 6.68%, Rwp = 8.59%, and GoF = 1.65. These renement
parameters are well within acceptable ranges, conrming the
high crystallinity and structural reliability of our samples. This
agreement veries the successful formation of the target crys-
talline phases and their consistency between single crystals and
bulk powder samples. The fundamental structural framework,
determined by SCXRD and discussed next, features isolated
[MnX4]

2− tetrahedra effectively separated by the bulky TPS+

cations, fullling the primary design criterion for suppressing
Mn–Mn interactions. The thermogravimetry analysis (TGA)
curve, presented in Fig. S4, reveals that (TPS)2MnBr4 is highly
stable upon heating. The onset of thermal decomposition
occurs at a high temperature of approximately 340 °C, indi-
cating its good thermal stability.
Crystal structure and photophysical properties

Detailed structural insights were obtained via single-crystal X-
ray diffraction (SCXRD) analysis for both (TPS)2MnCl4 and
(TPS)2MnBr4. (TPS)2MnCl4 crystallizes in the lower-symmetry
monoclinic P121/n space group (Fig. 1b). The structure deni-
tively conrms the targeted 0D arrangement, where individual
[MnCl4]

2− tetrahedral anions are effectively isolated from each
other by the large, sterically demanding triphenylsulfonium
cations. The shortest Mn/Mn distance is 9.290 Å (Fig. S5a),
validating our strategy of using bulky cations to suppress inter-
unit interactions, which is crucial for achieving high PLQY.
Within the asymmetric unit, there are two crystallographically
distinct Mn sites. The [MnCl4]

2− tetrahedra associated with
these sites exhibit notable distortion from ideal Td symmetry:
Mn–Cl bond lengths span from 2.346(7) Å to 2.373(5) Å, and the
Cl–Mn–Cl bond angles deviate signicantly, ranging from
104.57(2)° to 113.15(2)°. Crystallographic data of (TPS)2MnCl4
and (TPS)2MnBr4 were listed in Table S1. This degree of
distortion will be quantied later and correlated with the pho-
tophysical properties.

In contrast, (TPS)2MnBr4 adopts the higher-symmetry
rhombohedral R-3c space group (Fig. 1e). This structure also
maintains the 0D character with well-isolated [MnBr4]

2− tetra-
hedra (shortest Mn/Mn distance = 9.784 Å) (Fig. S5b). A key
difference is the presence of only one unique crystallographic
Mn site in the bromide structure, suggesting a more uniform
environment for the Mn2+ emitters compared to the chloride
analogue. The [MnBr4]

2− tetrahedra feature Mn–Br bond
lengths of 2.474 Å and 2.514 Å, and Br–Mn–Br angles varying
between 105.19° and 113.39°. Qualitatively, the range of bond
angles suggests a distortion, but critically, as will be shown
through quantitative analysis, the [MnBr4]

2− units in this
structure exhibit signicantly less distortion compared to the
[MnCl4]

2− units. This reduced distortion, inuenced by the
interplay between the TPS+ cation, the larger Br− anion, and the
resulting crystal packing and hydrogen bonding network is
hypothesized to be directly responsible for the anticipated
narrowing of the emission bandwidth, aligning with recent
ndings in related Mn(II) halide systems.32,35
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) View highlighting the coordination environment of the [MnCl4]
2− anion (purple polyhedron) with neighboring TPS+ cations in

(TPS)2MnCl4. (b) Crystal packing diagram showing the arrangement within the unit cell of (TPS)2MnCl4. (c) Comparison of experimental (red trace)
and simulated (black trace) PXRD patterns for (TPS)2MnCl4. (d) Analogous view showing the coordination environment of the [MnBr4]

2− anion in
(TPS)2MnBr4. (e) Crystal packing diagram for (TPS)2MnBr4. (f) Comparison of experimental (red trace) and simulated (black trace) PXRD patterns
for (TPS)2MnBr4.
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The steady-state photoluminescence (PL) and excitation
(PLE) spectra of (TPS)2MnCl4 and (TPS)2MnBr4 were investi-
gated at room temperature to evaluate their fundamental
optical properties (Fig. 2a and d). Both compounds display
Fig. 2 Room temperature PL excitation (PLE, blue shaded area) and e
(TPS)2MnBr4. Photoluminescence decay curves for (b) (TPS)2MnCl4 and (d
emitting manganese(II) halide.

© 2025 The Author(s). Published by the Royal Society of Chemistry
characteristic excitation proles consistent with tetrahedrally
coordinated Mn2+. Broad absorption bands span the UV-blue
region (∼280–500 nm). Absorption below ∼350 nm likely
involves contributions from the p–p* transitions of the TPS+
mission (PL, green shaded area) spectra for (a) (TPS)2MnCl4 and (c)
) (TPS)2MnBr4. (e) PLQY and FWHM performance distribution of Green

Chem. Sci., 2025, 16, 21423–21432 | 21425
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cations, potentially facilitating energy transfer to the Mn2+

centers. More importantly, distinct peaks between ∼350 nm
and 500 nm correspond to the parity- and spin-forbidden d–
d electronic transitions of Mn2+ from the 6A1(S) ground state to
various excited states (including assignments like 6A1(S) /
4E(D), 4T2(D),

4A1/
4E(G), 4T2(G),

4T1(G)).36,37 Upon excitation at
361 nm, both materials exhibit intense green emission char-
acteristic of the 4T1(G) /

6A1(S) transition within the isolated
[MnX4]

2− tetrahedra. (TPS)2MnCl4 emits with a peak maximum
at 520 nm, displaying a Full-Width at Half-Maximum (FWHM)
of 52 nm (approx. 0.236 eV). In striking contrast, (TPS)2MnBr4
emits slightly blue-shied at lem = 515 nm, consistent with the
weaker ligand eld of Br−, but crucially, its emission band is
signicantly narrower, with an FWHM of only 40 nm (approx.
0.186 eV). This substantial ∼25% reduction in FWHM for the
bromide analogue is a key achievement and directly supports
our hypothesis that the specic structural environment
imposed by the TPS+ cation in the bromide lattice effectively
suppresses factors contributing to spectral broadening.

The effectiveness of the TPS+ cation in isolating the Mn2+

emitters and minimizing non-radiative decay pathways is
dramatically highlighted by the measured PLQY, obtained
using an integrating sphere (Fig. S6). (TPS)2MnCl4 already
exhibits a high PLQY of 92.0%. Remarkably, (TPS)2MnBr4 ach-
ieves a near-unity PLQY of 99.6%. The temperature dependence
PLQY of (TPS)2MnBr4 is measured, as shown in Fig. S7. When
the temperature ranges from 80 K to 340 K, the PLQY remains
above 99.6%, proving the excellent luminescent performance at
room temperature. We have systematically investigated the
PLQY of (TPS)2MnBr4 as a function of the excitation power
density over a wide range, from 10−3 to 102 W cm−2, as shown in
Fig. S8. The data reveals a clear dependence: at very low power
densities (<10−2 mW cm−2), the PLQY is moderately reduced.
However, it rapidly rises with increasing power and then satu-
rates at our reported near-unity value (∼99.6%) across a broad
range of moderate to high power densities (from∼0.1 mW cm−2

to 100 mW cm−2). This behavior is a classic signature of the
saturation of non-radiative recombination centers, such as trap
states.38 At low excitation uences, these trap states effectively
compete with the radiative pathway for a fraction of the
photogenerated excitons, thus lowering the measured effi-
ciency. However, as the excitation intensity increases, these
limited non-radiative channels become saturated, allowing
most excitons to decay through the highly efficient intrinsic
radiative pathway of the Mn2+ centers. This conrms that the
true intrinsic quantum efficiency of our material is indeed near-
unity.These exceptionally high values conrm that the struc-
tural design successfully minimizes quenching processes,
allowing the radiative decay from the 4T1(G) state to dominate.

Time-resolved photoluminescence (TRPL) decay measure-
ments further probe the excited-state dynamics. Both
compounds exhibit luminescence decays on the millisecond/
sub-millisecond timescale, characteristic of the spin-forbidden
nature of the 4T1(G) /

6A1(S) transition. The decay curve of
(TPS)2MnCl4 is well described by single exponential function,
while the decay curves of (TPS)2MnBr4 is well described by
double exponential function (Fig. S9). The extracted lifetimes
21426 | Chem. Sci., 2025, 16, 21423–21432
differ signicantly: s = 2.90 ms for (TPS)2MnCl4 and s = 0.873
ms for (TPS)2MnBr4. The much shorter lifetime observed for the
bromide is attributed to the heavy atom effect of bromine,
which enhances spin–orbit coupling. This increased coupling
partially relaxes the spin selection rule, leading to a signicantly
higher transition probability compared to the chloride. In
addition, TRPL spectrum of (TPS)2MnBr4 is measured, as shown
in Fig. S10. As the delay time increases from 0 to 10 ms, the
emission wavelength of (TPS)2MnBr4 remains at 515 nm.
Overall, while both TPS-based halides are highly efficient
emitters due to excellent Mn2+ isolation, (TPS)2MnBr4 stands
out by simultaneously achieving near-unity PLQY and a signi-
cantly narrowed emission bandwidth (40 nm FWHM), as shown
in Fig. 2e and Table S2. This combination points towards
a unique structural environment in the bromide that minimizes
both non-radiative recombination and spectral broadening
effects.
Mechanism study

To elucidate the origin of the signicantly narrower emission
bandwidth observed for (TPS)2MnBr4 compared to (TPS)2-
MnCl4, we investigated their photoluminescence behavior as
a function of temperature from 80 K to 300 K (Fig S11). As ex-
pected for emission processes inuenced by lattice vibrations,
cooling leads to a marked increase in PL intensity and a signif-
icant narrowing of the emission band for both compounds. A
slight red shi in the peak position is also observed upon
cooling, typically associated with lattice contraction effects. The
thermal broadening of the emission band is a direct conse-
quence of electron–phonon coupling, the interaction between
the electronic states of the Mn2+ emitter and the vibrational
modes (phonons) of the surrounding lattice. The strength of
this coupling directly inuences the emission FWHM. We can
quantify this interaction by analyzing the temperature depen-
dence of the FWHM using the following standard model:39

FWHM ¼ 2:36
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sħuphonon

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
coth

ħuphonon

2kBT

r

where S is the dimensionless Huang–Rhys factor representing
the average number of phonons emitted during optical transi-
tion, ħuphonon is the energy of the effective phonon mode
coupled to the electronic transition, kB is the Boltzmann
constant, and T is the absolute temperature.

We extracted the FWHM values (in eV) from the temperature-
dependent spectra and plotted them against temperature
(Fig. 2a). Fitting these experimental data with the equation
above yielded the electron–phonon coupling parameters for
both compounds. For (TPS)2MnCl4: S = 2.67, ħuphonon = 32.3
meV. For (TPS)2MnBr4: S = 2.46, ħuphonon = 26.2 meV. Impor-
tantly, the Huang–Rhys factor for (TPS)2MnBr4 is distinctly
smaller than that for (TPS)2MnCl4. This lower S value provides
direct quantitative evidence for weaker electron–phonon
coupling in the (TPS)2MnBr4 lattice environment compared to
its chloride counterpart. The effective phonon energy coupled to
the transition is also slightly lower in the bromide. Therefore,
this intrinsically weaker electron–phonon coupling in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(TPS)2MnBr4, as reected by its lower S factor, is the funda-
mental physical reason why it exhibits a signicantly narrower
emission FWHM (40 nm vs. 52 nm) at room temperature and
maintains a narrower prole across the entire temperature
range studied. This nding strongly supports the hypothesis
that the specic structural arrangement facilitated by the TPS+

cation within the bromide lattice creates an environment less
susceptible to vibrational broadening effects.

Having established that (TPS)2MnBr4 exhibits weaker elec-
tron–phonon coupling (lower S factor) than (TPS)2MnCl4, we
now seek to correlate this difference with specic structural
features, namely the distortion of the Mn(II) tetrahedra and the
nature of intermolecular interactions. Recent studies on related
0D Mn(II) halides have suggested a strong link between reduced
tetrahedral distortion, oen inuenced by hydrogen bonding
strength, and narrower emission FWHM.32 First, we quantita-
tively assessed the distortion of the Mn(II) coordination tetra-
hedra using the calculated bond length distortion index (ltet)
and bond angle variance (dtet

2) based on the SCXRD data
(Fig. S12), using the following equations:40,41

ltet ¼ 1

4

X4
i

 
li � l

l

!2

dtet
2 ¼ 1

5

X6
i

ðqi � 109:47�Þ2

where �l is the average Mn–X (X= Cl or Br) bond length, li is the
individual Mn–X bond length, and qi is the individual bond
angle of the tetrahedron. These calculations conrmed that the
[MnBr4]

2− tetrahedra in (TPS)2MnBr4 (ltet = 1.25 × 10−5, dtet
2 =

9.23) possess a signicantly lower degree of distortion
compared to the [MnCl4]

2− units in (TPS)2MnCl4 (ltet = 3.38 ×

10−5, dtet
2 = 10.30). Fig. 3b and c represent the hydrogen bond

interactions in (TPS)2MnCl4 and (TPS)2MnBr4 crystals, respec-
tively. Obviously, the hydrogen bond interaction in (TPS)2MnBr4
(2.897–3.022 Å) is weaker than that in (TPS)2MnCl4 (2.680–2.944
Å). To further investigate the role of intermolecular interactions,
particularly hydrogen bonding (H/X), which can inuence
tetrahedral distortion, we employed Hirshfeld surface analysis
(Fig. 3d and g) and the associated 2D ngerprint plots (Fig. 3e
and h). The Hirshfeld surfaces visually map close contacts,
while the ngerprint plots provide a quantitative summary,
plotting the distance to the nearest nucleus inside (di) versus
outside (de) the surface. Comparing the ngerprint plots for
H/X interactions reveals distinct differences. The sharp
“spikes” corresponding to the shortest H/X contacts terminate
at a signicantly larger minimum di value for (TPS)2MnBr4 (diz
1.75 Å, Fig. 3e) compared to (TPS)2MnCl4 (di z 1.56 Å, Fig. 3b).
Since larger di and de values correspond to longer contact
distances, this indicates that the hydrogen bonding interactions
between the TPS+ cations and the [MnBr4]

2− anions are gener-
ally weaker and/or longer than those involving the [MnCl4]

2−

anions.
Based on these ndings, we propose a structure–property

correlation that the weaker hydrogen bonding network in
© 2025 The Author(s). Published by the Royal Society of Chemistry
(TPS)2MnBr4 exerts less external constraint on the manganese
tetrahedra, allowing them to adopt a less distorted geometry.
This reduced structural distortion, along with the potentially
altered lattice vibrational dynamics associated with the weaker
H-bonds, likely leads to the observed weaker electron–phonon
coupling (lower S factor). Consequently, the radiative transition
is less broadened by vibrational coupling, resulting in the
signicantly narrower emission FWHM (40 nm) observed for
(TPS)2MnBr4.

Furthermore, density functional theory (DFT) calculations
were performed on (TPS)2MnBr4 to provide further context on
its electronic structure (Fig. 3f and i). The calculated band
structure yields an indirect band gap (Eg) of 2.12 eV. Analysis of
the Density of States (DOS) reveals that the valence band
maximum (VBM) is primarily composed of hybridized Mn 3d
and Br 4p orbitals, while the conduction band minimum (CBM)
originates mainly from the orbitals of the TPS+ cations. The
calculated band structure shows relatively at bands near the
VBM. This lack of dispersion is a direct consequence of the
structural isolation of the [MnBr4]

2− units, conrming their
highly localized electronic nature and validating the assign-
ment of a 0D electronic dimensionality based on the crystal
structure.32Meanwhile, we have determined the exciton binding
energies (Eb) of both compounds by analyzing the temperature-
dependent PL intensities. The Arrhenius ts yield Eb = 54.0
meV for (TPS)2MnCl4 and Eb = 67.0 meV for (TPS)2MnBr4
(Fig. S13 and S14). These relatively high binding energies indi-
cate that the photo-excited states are well conned within the
[MnX4]

2− tetrahedra, which is consistent with the 0D electronic
dimensionality of our systems. This localization minimizes
inter-unit electronic coupling, contributing to the connement
of excitations and supporting the high observed PLQY, consis-
tent with principles established for achieving efficient emission
in such systems.
WLED application

To demonstrate the practical utility derived from the excep-
tional photophysical properties of (TPS)2MnBr4, particularly its
near-unity PLQY and narrow emission band, we fabricated and
evaluated a white light-emitting diode (WLED) device. The
device was constructed by encapsulating a mixture of the green-
emitting (TPS)2MnBr4 powder and a commercial narrow-band
red phosphor (K2SiF6:Mn4+, KSF) onto a standard blue InGaN
chip (lem z 460 nm), as depicted in the inset of Fig. 4a. Upon
electrical driving (20 mA), the optimizedWLED produced bright
white light (Fig. 4a and f) with excellent performance metrics:
a high luminous efficacy (LE) of 108 lm W−1, a suitable corre-
lated color temperature (CCT) of 6189 K for general lighting,
and a good color rendering index (CRI) of 86. The CIE 1931
chromaticity coordinates were (0.32, 0.33), located well within
the white region. The high LE achieved is a direct consequence
of the near-unity internal quantum efficiency (PLQY z 99.6%)
of the (TPS)2MnBr4 green phosphor, which minimizes energy
losses during the blue-to-green light conversion process. Most
signicantly for display applications, the narrow FWHM (40
nm) of the green emission from (TPS)2MnBr4 enables the
Chem. Sci., 2025, 16, 21423–21432 | 21427
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Fig. 3 (a) Temperature dependence of the emission FWHM (expressed in eV) for (TPS)2MnCl4 and (TPS)2MnBr4. Analysis of the estimated
hydrogen bonding for crystals (b) (TPS)2MnCl4 and (c) (TPS)2MnBr4. Hirshfeld surfaces for the (d) [MnCl4]

2− anion in (TPS)2MnCl4 and (g)
[MnBr4]

2− anion in (TPS)2MnBr4, visualizing intermolecular close contacts (red indicating contacts shorter than van der Waals radii sum). Cor-
responding 2D fingerprint plots summarizing all intermolecular contacts for (e) (TPS)2MnCl4 and (h) (TPS)2MnBr4, plotting distance to di vs. de the
surface. (f) Calculated electronic band structure along high-symmetry k-point paths for (TPS)2MnBr4, indicating a band gap of 2.12 eV. (i)
Calculated total and partial DOS for (TPS)2MnBr4.
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construction of highly saturated primary colors. As a result, the
fabricated WLED achieved a wide color gamut covering 109% of
the NTSC standard color space (Fig. 4c). This expansive gamut
signicantly surpasses what is typically achievable with broader
green emitters and indicates the potential of (TPS)2MnBr4 for
advanced liquid crystal display (LCD) backlighting requiring
vibrant and lifelike colors. The device also exhibited good
operational stability under varying electrical loads. When the
driving current was increased from 20 mA to 120 mA, the EL
spectral shape remained largely consistent (Dl = 0.8 nm)
(Fig. 4d), and the CIE 1931 chromaticity coordinates showed
only minimal dri (DCIE= (0.1, 0.1)) (Fig. 4e). Correspondingly,
the CCT and CRI values also displayed good stability across this
current range (Fig. 4b), indicating the robustness of the phos-
phor blend and packaging against increased operating power
and associated thermal effects. Despite the overall performance
of the (TPS)2MnBr4 being inferior to the recently reported
21428 | Chem. Sci., 2025, 16, 21423–21432
copper halides,42 it also provides a new pathway for high-
performance halide WLEDs.

To evaluate the long-term reliability, the WLED device was
subjected to continuous operation at a xed voltage of 5.0 V. As
shown in Fig. S15, the electroluminescence (EL) spectrum of the
WLED was recorded at different time intervals up to 20 hours.
The spectral shape and the relative intensities of the blue,
green, and red emission peaks remain remarkably stable,
indicating no signicant degradation or color shi of the
phosphor components during operation. In addition, the long-
term lumen maintenance was tracked over 200 hours of
continuous operation (Fig. S16). The device exhibits good
durability, maintaining over 80% of its initial luminous efficacy
(LE) aer approximately 100 hours. The T50 lifetime (time to
50% of initial LE) is estimated to be approximately 175 hours.
While further optimization of packaging is needed for
commercial standards, this result demonstrates the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) EL spectrum of the WLED (driven at 20 mA), composed of emission from the blue InGaN chip, green (TPS)2MnBr4, and red K2SiF6:Mn4+

(KSF) phosphor. Insets show photographs of the packaged device off (top) and emitting white light (bottom). (b) Variation of the CRI and CCT of
the WLED as a function of driving current (20–120 mA). (c) Color gamut of the WLED and the NTSC standard in CIE 1931 chromaticity coor-
dinates. (d) EL spectra of the WLED recorded at various driving currents (20–120 mA). (e) CIE 1931 chromaticity coordinates of the WLED plotted
for different driving currents (20–120 mA). (f) Photograph demonstrating the bright white light illumination produced by the fabricated WLED
device.
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fundamental stability of the (TPS)2MnBr4 phosphor under
operational conditions. We also assessed the device's resilience
to environmental factors, which is crucial for real-world appli-
cations. The WLED's luminous efficacy was measured aer
exposure to varying relative humidity (RH) levels (Fig. S17). The
device maintains over 80% of its initial LE even at a harsh 100%
RH, and notably shows excellent stability in the 40–60% RH
range, demonstrating good moisture resistance. Also, the
thermal quenching behavior of the packaged WLED was
investigated by measuring its LE as a function of operating
temperature, from 30 °C to 150 °C (Fig. S18). The device shows
excellent thermal robustness, retaining approximately 70% of
its initial efficacy even at a high temperature of 150 °C.
X-ray imaging application

Beyond its exceptional photoluminescence for WLEDs, the
near-unity quantum efficiency of (TPS)2MnBr4 strongly sug-
gested its potential as a high-performance scintillator for con-
verting high-energy X-ray photons into detectable visible light.
We therefore investigated its radioluminescence (RL) properties
and imaging capabilities. Upon exposure to X-rays, both
(TPS)2MnBr4 and (TPS)2MnCl4 exhibited green RL emission
(Fig. 5a). The RL spectrum of (TPS)2MnBr4 peaked at 515 nm,
perfectly matching its PL spectrum and conrming the emis-
sion originates from the 4T1(G) /

6A1(S) transition of the Mn2+

centers.43 Notably, the integrated RL intensity of (TPS)2MnBr4
© 2025 The Author(s). Published by the Royal Society of Chemistry
was signicantly higher than that of (TPS)2MnCl4 and dramat-
ically superior to a standard commercial Bi4Ge3O12 (BGO)
scintillator (Fig. S19) measured under identical conditions.
Specically, (TPS)2MnBr4 yielded an RL intensity 7.9 times
greater than BGO. Assuming a light yield (LY) of ∼10 000
photons per MeV for BGO,44 this translates to an exceptionally
high estimated LY of ∼79 000 photons per MeV for (TPS)2-
MnBr4. Using commercial LuAG:Ce (22 000 photons per MeV) as
the reference,45 we determined that (TPS)2MnBr4 exhibits a light
yield of approximately 78 000 photons per MeV (Fig. S20). Key
performance metrics for dosimetry and detection were also
evaluated. The RL intensity of (TPS)2MnBr4 demonstrated
excellent linearity (R2 = 0.999) with increasing X-ray dose rates
across a wide range (0.15 to 3.35 mGy s−1, Fig. 5b and c), which is
crucial for accurate radiation measurement. Furthermore,
a very low detection limit of 35.7 nGy s−1 was determined,
highlighting its high sensitivity, which is nearly two orders of
magnitude lower than typical dose rates used in medical
diagnostics.46

To assess its potential for high-resolution imaging, a scintil-
lator screen was fabricated from a (TPS)2MnBr4 wafer. Using the
slanted-edge method, the spatial resolution was determined
from the modulation transfer function (MTF) to be 18 lp mm−1

at MTF = 0.2 (Fig. S21 and. S22), indicating its capability for
resolving ne details.43,47 This was visually conrmed by
successfully imaging the internal structure of an electronic
chip, where features obscured in visible light were clearly
Chem. Sci., 2025, 16, 21423–21432 | 21429
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Fig. 5 (a) Comparison of RL spectra for (TPS)2MnCl4 (green shaded area), (TPS)2MnBr4 (blue shaded area), and a commercial BGO scintillator (red
shaded area). (b) RL spectra of (TPS)2MnBr4 recorded under various X-ray dose rates (0.15 to 3.35 mGy s−1). (c) Integrated RL intensity of
(TPS)2MnBr4 as a function of X-ray dose rate. (d) X-ray radiograph of an electronic chip obtained using a scintillator screen fabricated from
(TPS)2MnBr4. (e) Schematic diagram of the experimental setup used for X-ray imaging. (f) Demonstration of 3D X-ray imaging using the
(TPS)2MnBr4 scintillator. Photograph of the conch sample (left) and selected views from the reconstructed 3Dmodel (right) showing internal and
external structures from different perspectives.
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resolved under X-ray illumination using the (TPS)2MnBr4 screen
(Fig. 5d). The radiation stability of the scintillators is shown in
Fig. S23, under high-dose X-ray irradiation cyclicing, the radi-
ation luminescence intensity of the (TPS)2MnBr4 remained
stable, conrming its excellent radiation stability. Finally, we
demonstrated the suitability of (TPS)2MnBr4 for advanced three-
dimensional (3D) X-ray imaging reconstruction (Fig. S24). Using
a customized setup (Fig. 5e), multiple 2D X-ray projection
images of a conch shell were acquired at different rotation
angles (5° intervals over 180°) using the (TPS)2MnBr4 scintil-
lator screen. These projections were then processed using
AVIZO soware to reconstruct a high-delity 3D model of the
conch (Fig. 5f, Video S1). The reconstructed images clearly
reveal both the intricate internal structure and the external
morphology of the shell from various viewing angles, show-
casing the excellent performance of the (TPS)2MnBr4 scintillator
for complex tomographic imaging tasks.
Conclusions

In conclusion, we have successfully designed and realized a novel,
lead-free, 0D manganese(II) halide hybrid, (TPS)2MnBr4, which
simultaneously achieves a near-unity PLQY (z99.6%) and a nar-
rowed green emission band (FWHM = 40 nm). Through detailed
structural and spectroscopic analysis, supported by theoretical
calculations, we elucidated the crucial role of the rigid tri-
phenylsulfonium cation. Its specic steric and electronic charac-
teristics facilitate a crystal packing that minimizes distortion of
the [MnBr4]

2− tetrahedra and promotes weaker cation–anion
21430 | Chem. Sci., 2025, 16, 21423–21432
hydrogen bonding interactions compared to its chloride
analogue. This structurally optimized environment leads directly
to weaker electron–phonon coupling, fundamentally responsible
for the observed narrow emission, while the effective isolation of
emitters ensures the near-perfect quantum efficiency. The prac-
tical signicance of achieving this synergy was demonstrated
through the fabrication of high-performance devices for WLED
and 3D X-ray imaging reconstruction. This work validates targeted
cation engineering as a powerful strategy to overcome intrinsic
performance limitations in Mn2+-based emitters. It provides
a clear design principle, correlating reduced structural distortion
and weaker intermolecular interactions with suppressed electron–
phonon coupling, for developing future high-performance, envi-
ronmentally friendly manganese halide phosphors.
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