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Low-dimensional-networked metal halides are attractive for the screening of emitters applied in solid-

state lighting and displays, but the lead toxicity and poor stability are obstacles that must be overcome

in industrial applications. Herein, we aim at the discovery of bright and stable photoluminescence in

zero-dimensional (0D) Mn2+-based metal halides. By manipulation of Cl/Br transmutation, the nature of

the halogen can be confirmed as a pivotal factor to tune the PL behaviors, and the optimum Mn2+

emission with a high PLQY of 99.8% and a short lifetime of 0.372 ms can be achieved in

(C24H20P)2MnBr4. The thermal quenching behaviors have been discussed in depth, indicating that the

synergistic effect of good chemical stability of organic groups, a long Mn� � �Mn distance of 10.447 Å and

a relatively large activation energy (DE = 0.277 eV) provides a platform for achieving excellent thermal

stability in (C24H20P)2MnBr4. Moreover, the as-fabricated white LED device with a high luminous efficacy

of 118.9 lm W�1 and a wide color gamut of 105.3% National Television System Committee (NTSC) shows

that (C24H20P)2MnBr4 can be employed as a desirable narrow-band green emitter for LED displays. This

work provides a new understanding of fine tailoring halogens, and proposes a feasible approach to

achieving high thermal stability emitters toward the targeted practical applications.

1. Introduction

Organic–inorganic hybrid metal halides (OHMH) have become
an emerging hotspot in the field of optical functional materials
and devices, but the toxicity of lead and intrinsic instability
restrict their further industrial applications.1–5 Note that the
construction and development of high-performance lead-free
OHMHs should be emphasized, as well as their abundant
photoluminescence (PL) properties, to optimize and meet the
requirements of white light-emitting diodes (LEDs) in solid-
state lighting and displays.6–9

Recently, low-dimensional-networked OHMHs have been
the focus of research on bright and stable emitters.10–13 A
variety of organic and inorganic components, the controllable
structural dimensions (2D, 1D and 0D), and the doping of
luminescent ions can all be used to tune their PL emission,
which endows a lot of opportunities and superiorities for the
development of white LEDs.14–17 The possibility of Pb2+ being
substituted by nontoxic cations (Mn2+, Sn2+, Zn2+, Cu2+, Cu+,
Sb3+, etc.) can eliminate the barrier of toxicity in the process of
industrialization.8,18–24 However, most low-dimensional-networked
OHMHs exhibit PL emission from self-trapped excitons (STEs) with
a large Stokes shift,25 which makes them difficult to excite using
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blue light, thereby limiting the luminous efficiency of white LED
devices. Meanwhile, the poor thermal stability is another intuitively
negative factor restricting their application in the LED area. Finding
bright and stable emitters remains a tricky and immense challenge.
Remarkably, an emerging alternative is zero-dimensional (0D)
Mn2+-based OHMHs with a near-unity photoluminescence quantum
yield (PLQY).26–34 Divalent manganese (Mn2+) is an important
luminescent ion, whose emission color is dependent on its coordi-
nation environment. Six-coordinated Mn2+ exhibits broad-band
orange-red emission, whereas four-coordinated Mn2+ shows narrow-
band green emission.35 In particular, narrow-band green emitters
present huge demand in solid-state displays. Kovalenko et al.
reported a series of Mn2+-based/doped fully inorganic and hybrid
metal halides, which all exhibit bright green emission with a full
width at half maximum (fwhm) of 40–60 nm and relatively high
PLQYs of 70–90%.27 Seshadri et al. and Xia et al. further found a
correlation between the Mn� � �Mn distances and PLQYs to unravel
the near-unity green emission in 0D Mn2+-based OHMHs, where the
high PLQY is associated with a long Mn� � �Mn distance.28,29

However, the effect of finely tailoring the halogens (Cl and Br)
on the PL behaviors has not been discussed. More to the point, there
is no in-depth evaluation and analysis of the thermal stability of
such materials, which is a crucial research subject to guide their
practical application in solid-state lighting and displays.

In this work, we first emphasize the effect of finely tailoring
the halogens (Cl and Br) on the PL behaviors of the emission
wavelengths, lifetimes, and PLQYs, taking (C24H20P)2MnCl4�xBrx

(x = 0, 1, 2, 3, 4) as a case. Consequently, the nature of the
halogen is confirmed as a core factor to tune the PL, and the
optimum Mn2+ emission with a high PLQY of 99.8% and a short
lifetime of 0.372 ms can be achieved in (C24H20P)2MnBr4.
Importantly, we further evaluate the electronic features and
optical absorption according to density functional theory (DFT)
calculations, and elaborate the thermal quenching behaviors
from the perspectives of chemical stability and crystal structure.
Not only that, a white LED device with a high luminous efficacy
of 118.9 lm W�1 and a wide color gamut of 105.3% National
Television System Committee (NTSC) can be fabricated based on
a green emitter of (C24H20P)2MnBr4, a red emitter of K2SiF6:Mn4+

and an InGaN blue chip (lmax = 450 nm). Our realizable cases
expose a new understanding of fine tailoring of halogens and
thermal quenching behaviors toward the discovery of high-
performance low-dimensional lead-free emitters in solid-state
lighting and displays.

2. Experimental section
2.1 Materials and preparation

All purchased materials and solvents are as follows: tetraphenylpho-
sphonium chloride (C24H20PCl, 98%, Aladdin), tetraphenylphospho-
nium bromide (C24H20PBr, 98%, Aladdin), manganese chloride
(MnCl2, 99%, Aladdin), manganese chloride tetrahydrate (MnBr2�
4H2O, 98%, Aladdin), N,N-dimethylformamide (DMF, 99.5%,
Aladdin), and ethyl ether (C4H10O, 99.7%, Sinopharm). MnBr2�
4H2O needs to be heated at 120 1C for 6 h to remove the crystal

water for later use. (C24H20P)2MnCl4�xBrx (x = 0, 1, 2, 3, 4) were
synthesized by dissolving a desired amount of C24H20PCl/C24H20PBr
and MnCl2/MnBr2 into 2 mL DMF under vigorous stirring at 50 1C.
The heating was stopped, and ethyl ether was added to the above
DMF solution, and it was filtered to form the powder products,
which were then dried at 60 1C for 24 h. If ethyl ether slowly diffused
into the DMF solution at room temperature (RT), the single-crystal
products were gradually precipitated. Finally, (C24H20P)2MnBr4,
K2SiF6:Mn4+ and an InGaN blue chip were used to fabricate LED
devices.

2.2 Characterization

Powder X-ray diffraction (PXRD) patterns were collected using an
Aeris powder diffractometer (PANalytical Corporation) with
Cu-Ka radiation (l = 1.5406 Å), operating at 40 kV and 15 mA.
The step size of 2y was 0.0111, and the counting time was 2 s per
step. Rietveld refinements were performed using TOPAS 4.2.
Single-crystal X-ray diffraction data were collected on an Agilent
Technologies Gemini EOS diffractometer at RT using Mo-Ka
radiation (l = 0.71073 Å). Photoluminescence excitation/emis-
sion (PLE/PL) spectra, PL decay curves, and photoluminescence
quantum yields (PLQYs) were obtained by using an FLSP9200
fluorescence spectrophotometer at RT. Temperature-dependent
spectra were measured on a Hitachi F-4600 fluorescence spectro-
photometer with a heating apparatus as the heating source.
Diffuse reflectance spectra were measured on a Hitachi UH4150
UV-vis-near-infrared spectrophotometer, and BaSO4 was used for
calibration. Thermogravimetric analysis (TGA) was performed on
SETARAM 131 LABSYS equipment under an argon stream with a
heating rate of 10 1C min�1 from RT to 800 1C. The emission
spectra, correlated color temperature (CCT), luminous
efficacy, and CIE coordinates of the LED devices were measured
on an integrating sphere spectroradiometer system (ATA-100,
Everfine).

2.3 Computational methods

Density functional theory (DFT) calculations were performed
by using the Vienna Ab initio Simulation Package (VASP)36–38

and projector-augmented-wave (PAW)39,40 potential. The
original structures were obtained by experiments, and they
were optimized using the semilocal Perdew–Burke–Ernzerhof
(PBE) functional within the generalized-gradient approxi-
mation (GGA).41 G-Centered 2 � 1 � 1 k-meshes were used
to sample the Brillouin zone. To correct the van der Waals
interactions, the DFT-D3 correction method of Grimme42,43

was employed. The kinetic energy cut-off for the electron
wave functions was 400 eV and all structures were fully
relaxed until the force on each atom was o0.03 eV Å�1. For
electronic calculations, a more advanced Heyd–Scuseria–
Ernzerhof (HSE)44 hybrid functional was used to exchange
and correlate, which provided accurate results in electronic
properties in our former hybrid organic–inorganic halide
perovskites.29
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3. Results and discussion
3.1 Synthesis and structure evolution

Metal halides of (C24H20P)2MnCl4�xBrx (x = 0, 1, 2, 3, 4) are
synthesized by the co-precipitation method, and the ratio of the
Cl and Br contents can be manipulated specifically by designing
different raw materials. Fig. 1a depicts the crystal structure of
(C24H20P)2MnCl4�xBrx (x = 0, 1, 2, 3, 4), where the isolated
tetrahedron of [MnX4]2� is surrounded by C24H20P organic
molecules. This unique structure makes it possible for 0D
Mn2+-based halides to have a long Mn� � �Mn distance, leading
to highly-efficient narrow-band green emission from tetrahed-
rally coordinated Mn2+, which highlights good application
prospects in LED displays. As shown in Fig. S1 (ESI†), the PXRD
patterns of (C24H20P)2MnCl4�xBrx (x = 0, 1, 2, 3, 4) were collected
at RT, and the characteristic diffraction peaks gradually shifting
to lower angles indicate qualitatively that the cell volume is
increasing with the replacement of Cl by Br. All peaks can be
indexed to a monoclinic cell (C2/c) with parameters close to
previously known (C24H20P)2MnBr4.26 Meanwhile, we also

synthesized single-crystals of (C24H20P)2MnCl4�xBrx (x = 0, 1, 2,
3, 4) (Fig. S2, ESI†), and the crystallographic information files
(CIFs) are presented in the ESI.† In addition, the powder refine-
ments performed using TOPAS 4.2 (Table 1 and Fig. 1b–g) show
an isomorphic structure and linearly increasing cell volume with
x(Br) increasing. This is in good agreement with the fact that the
Br ion is bigger than the Cl ion and proves that the suggested
chemical formula is close to the real one. Therefore, fine tailoring
of halogens can be realized in this 0D Mn2+-based metal halide,
which provides an experimental basis for designing bright and
stable narrow-band green emission by Cl/Br transmutation.

3.2 Tunable photoluminescence and electronic structure

In what follows, the optical properties of (C24H20P)2MnCl4�xBrx

(x = 0, 1, 2, 3, 4) affected by manipulation of Cl/Br transmuta-
tion are discussed. From the normalized photoluminescence
excitation (PLE) and photoluminescence (PL) spectra in Fig. 2a,
a series of Mn2+-based halides (C24H20P)2MnCl4�xBrx (x = 0, 1,
2, 3, 4) all exhibit green emission peaks of 515 nm under
excitation at 365 nm. The PLE spectra monitored at 515 nm
show three distinct bands from 200 to 500 nm, which correspond
to the unique electronic transitions of tetrahedrally coordinated
Mn2+ ions.45 Accordingly, (C24H20P)2MnCl4�xBrx (x = 0, 1, 2, 3, 4)
show narrow-band emission with a fwhm of 46 nm, which is
derived from the d–d transition (4T1 - 6A1) of tetrahedrally
coordinated Mn2+ ions. As shown in Fig. S3 (ESI†), the Mn2+ ions
are always four-coordinated with halogen ions of Cl/Br, which
forms a relatively stable crystal field environment for Mn2+

centers, and thus the emission wavelengths of (C24H20P)2

MnCl4�xBrx (x = 0, 1, 2, 3, 4) remain unchanged with the
replacement of Cl by Br. Compared with the commercial
narrow-band green-emitting b-Sialon:Eu2+,46 the PL spectra of
(C24H20P)2MnCl4�xBrx (x = 0, 1, 2, 3, 4) are narrower, which
enables them to achieve a wide color gamut for liquid crystal
displays (LCDs) in solid-state displays.47 Fig. 2b presents the decay
curves under excitation at 365 nm, monitored at 515 nm. Among
them, the decay curves of (C24H20P)2MnCl4 and (C24H20P)2MnBr4

are fitted by a single-exponential function: I(t) = I0 + A exp(�t/t).
On the contrary, the decay curves of (C24H20P)2MnCl4�xBrx (x = 1,
2, 3) are fitted by a double-exponential function: I = A1 exp(�t/t1) +
A2 exp(�t/t2), and the average lifetimes can be obtained by using
the calculation formula t = (A1t1

2 + A2t2
2)/(A1t1 + A2t2). We

speculate that the hybridization of Cl and Br leads to an addi-
tional non-radiative transition channel, such as vacancy defects,
thereby reducing their luminous efficiency. In consideration of
previous work,48 the formation energy of Cl vacancies is lower
than that of Br vacancies, further indicating that the increase of Br
inhibits the formation of defects, which in turn contributes to the
improvement of the PLQYs. In fact, as shown in Fig. 2c, the PLQYs
of (C24H20P)2MnCl4�xBrx (x = 0, 1, 2, 3, 4) under 450 nm excitation
show an increasing trend with the replacement of Cl by Br, and
(C24H20P)2MnBr4 exhibits the highest PLQY of 99.8%. Moreover,
the variation of the green emission intensity can be given intui-
tively under 365 nm lamp irradiation (Fig. 2d), which verifies the
brightest green luminescence of Mn2+ in (C24H20P)2MnBr4.

Fig. 1 (a) The crystal structure of (C24H20P)2MnCl4�xBrx in which the
[MnX4]2� isolated tetrahedron is surrounded by C24H20P organic mole-
cules. Difference Rietveld plot of (C24H20P)2MnCl4�xBrx: (b) x = 0; (c) x = 1;
(d) x = 2; (e) x = 3; and (f) x = 4. (g) Linear cell volume increasing with
increasing x(Br) concentration.

This journal is The Royal Society of Chemistry 2021 J. Mater. Chem. C, 2021, 9, 2047�2053 | 2049
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Narrow-band emitters with relatively short fluorescence life-
times can weaken the image-retention phenomenon so that
they can be well used in fast-response backlight displays.49 As
shown in the inset of Fig. 2b, the values of the lifetimes are
calculated to be 2.467, 0.815, 0.563, 0.431, and 0.372 ms,
corresponding to x = 0, 1, 2, 3, and 4, respectively. This not
only proves that the narrow-band green emission is derived
from the 4T1–6A1 transition of Mn2+, but also confirms that the
lifetimes of Mn2+ decrease gradually with the replacement of Cl
by Br. Accordingly, high-performance narrow-band green emis-
sion with a short lifetime of 0.372 ms can be achieved in
(C24H20P)2MnBr4, which shows great application prospects in
solid-state displays.

The electronic features of the (C24H20P)2MnCl4�xBrx

(x = 0, 4) compounds were calculated using the HSE func-
tional, as shown in Fig. 3. The calculated bandgap of
(C24H20P)2MnCl4 is 3.64 eV, slightly larger than that of
(C24H20P)2MnBr4 (3.57 eV). This is in line with experimental
trends, i.e. 4.13 and 3.82 eV, respectively (Fig. S4, ESI†). We
could also find that among these compounds, the valence
band maximum (VBM) mainly consists of halogen p and
Mn d orbitals, while the conduction band minimum (CBM)
is mainly contributed by the organic molecule (C24H20P)
p orbitals. Besides, the sharp peaks near the VBM
indicate that the valence bands of (C24H20P)2MnCl4 and
(C24H20P)2MnBr4 are nearly dispersionless, showing negli-
gible electronic coupling between [MnX4]2� clusters.50 In
addition, the optical absorption properties of these com-
pounds were also investigated by the HSE method. We

calculated the absorption coefficient using the following

formula: a ¼ o
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e12 þ e22

p
� e1

� �r
, where e1 and e2 are the

real and imaginary parts of the complex dielectric function,

Table 1 Main parameters of the processing and refinement of (C24H20P)2MnCl4�xBrx (x = 0, 1, 2, 3, 4) powders

x Space group Cell parameters (Å), volume (Å3) Rwp, Rp, RB, w2

0 C2/c a = 11.0782 (17), b = 19.529 (3), c = 20.370 (3), V = 4405.1 (11) 3.57, 2.49, 0.12, 1.86
1 C2/c a = 11.1307 (8), b = 19.5916 (18), c = 20.4642 (12), V = 4460.7 (6) 3.00, 2.30, 0.1, 1.70
2 C2/c a = 11.2004 (13), b = 19.671 (3), c = 20.562 (2), V = 4528.1 (1) 3.65, 2.75, 0.15, 2.10
3 C2/c a = 11.2683 (13), b = 19.725 (3), c = 20.666 (3), V = 4590.3 (11) 3.25, 2.39, 0.11, 1.96
4 C2/c a = 11.3266 (7), b = 19.7842 (14), c = 20.6981 (14), V = 4634.3 (5) 2.58, 2.01, 0.07, 1.59

Fig. 2 (a) Normalized photoluminescence (PL) and photoluminescence excitation (PLE) spectra of (C24H20P)2MnCl4�xBrx (x = 0, 1, 2, 3, 4). (b) PL decay curves of
(C24H20P)2MnCl4�xBrx (x = 0, 1, 2, 3, 4) under excitation at 365 nm, monitored at 640 nm, and their lifetimes, which gradually decrease with the replacement of Cl
atoms by Br. (c) PLQY dependence on the halogen contents (Cl and Br) for (C24H20P)2MnCl4�xBrx (x = 0, 1, 2, 3, 4) under 450 nm excitation, and (C24H20P)2MnBr4

exhibiting the highest PLQY of 99.8%. (d) Photographs of (C24H20P)2MnCl4�xBrx (x = 0, 1, 2, 3, 4) under daylight and a UV lamp of 365 nm.

Fig. 3 HSE calculated total and projected densities of states of (a)
(C24H20P)2MnCl4 and (b) (C24H20P)2MnBr4.
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respectively. As depicted in Fig. S5 (ESI†), the absorption of
both (C24H20P)2MnCl4 and (C24H20P)2MnBr4 starts at about
4 eV, which is in the ultraviolet range.

3.3 Thermal quenching property and application for LEDs

Thermal stability is another critical criterion for evaluating the
performance of luminescent materials in LED applications.
Temperature-dependent PL spectra of (C24H20P)2MnCl4�xBrx

(x = 0, 1, 2, 3, 4) under 365 nm excitation are shown in
Fig. S6a–e (ESI†). Unsurprisingly, the emission intensity of
Mn2+ decreases with the increase of the temperature from RT
to 200 1C, and the thermal stability is gradually optimized with
the replacement of Cl by Br (Fig. S6f, ESI†). The thermogravimetric
(TG) results in Fig. S7 (ESI†) further show that their chemical
stability is improved with the increase of Br.

As the most excellent narrow-band green emitter,
(C24H20P)2MnBr4 not only shows a high PLQY of 99.8% and a
short lifetime of 0.372 ms, but also shows the best thermal
stability. Accordingly, the corresponding thermal quenching
property of (C24H20P)2MnBr4 is discussed in detail. As illu-
strated in Fig. 4a, the emission intensity of (C24H20P)2MnBr4

at 200 1C still retains 82.6% of that at RT, showing unprece-
dented excellent thermal stability compared with almost all
metal halides previously reported.51–53 To fully explain the
thermal quenching mechanism, the TG curve in Fig. 5a first
indicates that (C24H20P)2MnBr4 is stable before 425 1C. When
the temperature continues to rise above 425 1C, we consider
that the decomposition of the organic ligands leads to mass

loss, and thus the selection of organic molecules is particularly
important for designing hybrid luminescent materials with
high thermal stability. In addition to the influence of the
chemical stability, another channel leading to the decrease of
the luminescence intensity with increasing temperature is
thermally activated concentration quenching.54,55 As shown in
Fig. 5b, this unique 0D structure endows (C24H20P)2MnBr4 with
a larger closest Mn� � �Mn distance of 10.447 Å, which allows all
Mn2+ centers to emit spontaneously, and provides a platform
for eliminating thermally activated concentration quenching by
prohibiting energy migration with increasing temperature.
Not only that, the activation energy DE of (C24H20P)2MnBr4

was calculated by using the following Arrhenius formula:
IT/I0 = [1 + A � exp(�DE/kT)]�1, where I0 and IT are the emission
intensity at RT and the experimental temperature, A is a constant,
and k is the Boltzmann constant (k = 8.617 � 10�5 eV K�1).56

Fig. 4 (a) The temperature-dependent normalized PL intensity of (C24H20P)2MnBr4, and the inset showing a visual TQ behavior. (b) The thermal
activation energy DE of (C24H20P)2MnBr4 analyzed by using the Arrhenius equation. (c) Configurational coordination diagram showing the thermal
quenching of Mn2+ emission. (d) Emission spectrum and photographs of the fabricated white LED device based on (C24H20P)2MnBr4, K2SiF6:Mn4+ and an
InGaN chip (lem = 450 nm). (e) The color gamut of the NTSC standard (black dotted line) and the fabricated white LED (red line, 104%) in the CIE 1931
system. (f) Emission spectra of the white LED under different driving currents from 20 to 300 mA.

Fig. 5 (a) Thermogravimetric (TG) curve of (C24H20P)2MnBr4. (b) Crystal
structures of (C24H20P)2MnBr4 with the closest Mn� � �Mn distance of 10.447 Å.
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The value of DE is obtained to be 0.277 eV (Fig. 4b), and the
configurational coordinate diagram of Mn2+ can be used to
understand the thermal quenching property. As shown in
Fig. 4c, the electrons transition from 4T1 to 6A1 under light
excitation, and then the excited electrons relax to the lowest
energy level of 6A1 through vibrational relaxation, and eventually
back to the ground state of 4T1, accompanied by the radiative
transition of Mn2+. Importantly, a nonradiative transition will
occur when the excited electrons reach the crossing point of 4T1

and 6A1, resulting in the thermal quenching of Mn2+ emission.
It is more difficult for the excited electrons to overcome the
energy barrier when the value of DE is higher. Therefore,
(C24H20P)2MnBr4 with a relatively large activation energy
(DE = 0.277 eV) exhibits excellent thermal stability.

All the indicators indicate that (C24H20P)2MnBr4 can be
employed as a desirable narrow-band green emitter for LED
displays. As we all know, the water stability and blue light
stability of (C24H20P)2MnBr4 are very important for LED appli-
cations. Here, the emission intensity maintains 67.9% of the
pristine value over an aging time of 120 h at 85% relative
humidity, as shown in Fig. S8 (ESI†). Meanwhile, we encapsu-
lated a single-component LED device using (C24H20P)2MnBr4

and a blue chip to evaluate the blue light stability (Fig. S9,
ESI†). After the LED device is continuously operated for
12 hours under a current of 20 mA, the luminous intensity still
maintains 49.8% of the initial intensity, indicating that
(C24H20P)2MnBr4 has relatively good blue light stability. In addition,
the white LED device fabricated from (C24H20P)2MnBr4, K2SiF6:
Mn4+ and an InGaN chip (lem = 450 nm) presents a high luminous
efficiency of 118.9 lm W�1 and a suitable correlated color tempera-
ture (CCT) of 6496 K, and the corresponding photographs are
shown in the inset of Fig. 4d. Importantly, the white LED device
covers a wide color gamut of 105.3% NTSC in the CIE 1931 color
space, as shown in Fig. 4e, which indicates that (C24H20P)2MnBr4

has great potential for practical applications as LCD backlights. In
order to further evaluate its performance in high-power white LED
applications, the emission spectra were measured under different
currents. The current-dependent emission spectra from 20 to
300 mA change synchronously (Fig. 4f), and their CCT and CIE
chromaticity coordinates have not changed significantly. It can be
concluded that the narrow-band green emitting (C24H20P)2MnBr4 is
a promising candidate for high-performance LEDs.

4. Conclusions

In summary, 0D Mn2+-based metal halides (C24H20P)2MnCl4�xBrx

(x = 0, 1, 2, 3, 4) with bright and stable narrow-band green emission
at 518 nm have been reported, emphasizing the effect of Cl/Br
modification on the PLQYs and lifetimes and unveiling the origin
of thermal quenching behaviors. The nature of the halogen has
been confirmed as a core factor to tune the PL behaviors, and the
optimum Mn2+ emission with a high PLQY of 99.8% and a short
lifetime of 0.372 ms can be achieved in (C24H20P)2MnBr4. According
to the theoretical results, the calculated bandgap of (C24H20P)2

MnBr4 is 3.57 eV, which is close to the optical band gap obtained

experimentally. Remarkably, it is concluded that the synergistic
effect of good chemical stability of organic groups, a long Mn� � �Mn
distance of 10.447 Å and a relatively large activation energy
(DE = 0.277 eV) provides a platform for achieving excellent thermal
stability in (C24H20P)2MnBr4. Based on that, an as-fabricated white
LED device with a high luminous efficacy of 118.9 lm W�1 and a
wide color gamut of 105.3% NTSC can be obtained, suggesting that
(C24H20P)2MnBr4 can be employed as a desirable narrow-band
green emitter for LED displays. This work provides a versatile
insight into tailoring halogens to control the PL properties, and
exposes a deep understanding of thermal quenching behaviors for
0D Mn2+-based metal halides.
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