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An aromatic moiety-free strategy is proposed for the effective 

excited state manipulation of the neutral luminescent 

manganese(II) halide. Interestingly, compared to the traditional 

monodentate ligand-based manganese(II) complexes, the 

dramatic enhancement of photoluminescent quantum yield of 

0.413 is achieved by incorporating tri(pyrrolidin-1-yl)phosphine 

oxide (TPPO) as the new ligand without any aromatic moiety into 

the manganese(II) complex. The designed aromatic moiety-free 

neutral luminescent manganese(II) bromide (TPPOMnBr2) 

featuring intense green emission (512 nm) and short emission 

lifetime (0.564 ms) is employed to realize efficient X-ray imaging 

with high spatial resolution value of 11.3 lp mm-1 and low 

detection limit of 34.95 nGy s-1, making it a promising candidate 

for high-performance X-ray detection in the future. 

X-ray scintillators converting the high-energy X-ray radiation

into the ultraviolet or visible light have received great interests

for their potential applications in various fields ranging from

healthcare to security.1-3 In the past few decades, many types

of materials have been discovered for X-ray scintillator.4-6

Currently, inorganic materials (e.g., Tl-doped CsI/NaI, CaWO4,

Bi4Ge3O12, (Lu,Y)2SiO5, YTaO4, Lu3Al5O12:Ce, etc.) represent an

important class of the commercial X-ray scintillators.4-7 These

inorganic scintillators usually show strong radioluminescence

(RL) and high X-ray attenuation efficiency. However, they still

have some limitations in applications. For instance, the Tl-

doped CsI/NaI scintillators are sensitive to the humidity. The

preparation of the ceramic-type scintillators needs very high

temperature (above 800 oC). The inorganic scintillators may

not be suitable for the fabrication of the flexible device due to 

the inherent brittleness of the crystal, and they also cannot be 

processed by solution method.4-7 Recently, the lead-based 

perovskite-type emitters are emerging as a new class of X-ray 

scintillators, which shows highly efficient photoluminescent 

quantum yield (PLQY), excellent solution processability, and 

inherent flexibility, etc.8 The lead-based perovskite scintillators 

usually suffer from their poor stability and toxicity.8 Thus, it is 

necessary to further develop new high-performance 

scintillators with stable structure, excellent solution 

processability, and low toxicity for practical application. 

As the cheap transition-metal complex, manganese(II) 

emitters have drawn increasing attention owing to their 

appealing photophysical properties, flexible structural design, 

and eco-friendly nature, showing great potentials for X-ray 

scintillator.7,9,10 In general, the luminescent manganese(II) 

complexes can be divided into the ionic and neutral ones.9,10 

The hydrophobic nature of the neutral complexes makes them 

good candidates for stable X-ray scintillator. However, the 

luminescent efficiency of the neutral manganese(II) complexes 

is far behind that of the ionic ones, especially for the 

manganese(II) complexes based on the monodentate ligands, 

hindering their application in high-performance X-ray 

imaging.9a,11-14 For example, most of the reported 

monodentate ligand-based manganese(II) complexes exhibit 

very low PLQYs or are non-emissive at room temperature.9a,11-

14 Therefore, from the perspective of molecular design, how to 

effectively tune the excited states (e.g., enhancement of the 

PLQY, etc.) of such class of manganese(II) complexes will be 

the research focus. 

In this communication, we proposed an aromatic moiety-free 

strategy for the effective manipulation of the excited state of 

the neutral manganese(II) complex (TPPOMnBr2). We selected 

the tri(pyrrolidin-1-yl)phosphine oxide (TPPO) as the new 

monodentate ligand, which does not contain any aromatic 

moiety. TPPO ligand featuring a twisted cycloalkane structure 

with multiple C-H bonds can provide the steric hindrance and  
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Fig. 1. (a) The photograph of the TPPOMnBr2 crystal under the room light (left) and UV light of 365 nm (right). (b) The crystal structure and (c) its 
molecular packing of TPPOMnBr2 (CCDC no. 2336965, the hydrogen atoms omitted for clarity) at room temperature. (d) The PLE spectrum 
monitoring at 512 nm, (e) PL spectrum (λex = 277 nm), and (f) luminescent decay curve (λex = 277 nm) of TPPOMnBr2 in crystal state at room 
temperature. 

enhance the distance among the complex molecules, 

potentially suppressing the excitation energy migration among 

manganese(II) centres. The prepared complex exhibits both 

intense photoluminescence (PL) under UV light and 

radioluminescence under X-ray radiation in crystal state. 

Notably, compared to the traditional monodentate ligand-

based manganese(II) complexes, a remarkable enhancement 

of the PLQY of 0.413 is realized for the manganese(II) complex. 

The designed aromatic moiety-free neutral complex 

TPPOMnBr2 showing bright green emission and short emission 

lifetime was also used to demonstrate the efficient X-ray 

imaging with high spatial resolution value of 11.3 lp mm-1 and 

low detection limit of 34.95 nGy s-1, indicating its great 

potentials for high-performance X-ray detection. 

The target complex TPPOMnBr2 was prepared by stirring 

the MnBr2·4H2O and free ligand tri(pyrrolidin-1-yl)phosphine 

oxide in stoichiometric ratio in the mixed solvents of CH2Cl2 

and ethanol at 25 oC for 12 h under air (Scheme S1). The 

complex TPPOMnBr2 can be crystallized as the light green, 

bulk crystals with large size in centimetre by slowly 

evaporating the mixed solvents of CH2Cl2 and ethanol at room 

temperature. The crystals show excellent stability to the air 

and moisture under ambient condition. The photograph of the 

TPPOMnBr2 crystal under the room light is shown in Fig. 1a. 

The structure of TPPOMnBr2 in crystal state was confirmed by 

the single crystal X-ray diffraction (XRD) at room temperature 

(Fig. 1b). The complex crystallizes in the monoclinic P21/c 

space group and possesses a zero-dimensional structure at the 

molecular level (Table S1). From the crystal structure in Fig. 1b, 

similar to the reported manganese(II) complexes,9 the 

manganese(II) ion adopts slightly distorted tetrahedral 

configuration (bond angles of 104.52o for O-Mn-O, and 115.50o 

for Br-Mn-Br), and coordinates to two bromide ions and two 

oxygen atoms from the phosphine oxide ligands. The bond 

lengths are 2.479 and 2.495 Å for the Mn-Br bonds, 2.008 and 

2.019 Å for the Mn-O bonds, respectively (Table S2), which are 

also consistent with the reported analogues.9,10 Moreover, no 

solvent molecule was embedded in the crystal, indicating the 

molecules of the complex can tightly pack with each other via 

van der Waals interactions (e.g., the weak interactions 

between Br atom and H atom of carbon-hydrogen bond) to 

form the stable crystal at room temperature (Figs. 1c and S2). 

The shortest distance between the adjacent metal centre of 

the complex is 9.173 Å in crystals, which could effectively 

suppress the excitation energy migration among manganese(II) 

centres to avoid the PL quenching.7 The experimental powder 

XRD pattern well agreed with the simulated one, implying the 

pure phase of the obtained crystals (Fig. S1). 

Under the excitation of the UV light, the crystals of the 

complex emit bright green luminescence peaking at 512 nm 

with a narrow full width at half maximum (FWHM) of 52 nm 

and 1931 Commission Internationale de l’Elcairage (CIE) 

coordinates of (0.20, 0.63) (Figs. 1a and 1e, Table S3), which is 

attributed to the characteristic 4T1(G) → 6A1 radiative 

electronic transition of manganese(II) centre.10 Notably, the 

PLQY of TPPOMnBr2 is remarkably enhanced to 0.413 in crystal  



Fig. 2 (a) Calculated energy-band structure and (b) PDOS of 
TPPOMnBr2 in crystal state. Partial charge density plots for the CBM (c) 
and VBM (d) (the hydrogen atoms omitted for clarity). 

state at room temperature (Fig. S3c), which is much higher 

than that of the most reported monodentate ligand-based 

manganese(II) analogues (e.g., triphenylphosphine oxide-

based ones, etc.),9a,11-14 indicating the effective manipulation 

of the excited state by the incorporated tri(pyrrolidin-1-

yl)phosphine oxide ligands. The emission spectrum of the 

complex after 2 months in wet environment is the same as 

that of the fresh sample (Fig. S3a), implying the high stability 

to the moisture. The excitation and emission map for 

photoluminescence from complex shows three bands 

consistent with its excitation spectrum. No obvious shift in 

emission can be observed with the change of excitation, 

implying the direct d-d transition in manganese(II) centre (Fig. 

S3b). The increased PLQY may be attributed to the high triplet 

energy level of the aromatic moiety-free ligand and the tight 

molecular packing in crystals, suppressing the nonradiative 

deactivation process.  The photoluminescence excitation (PLE) 

spectrum monitoring at 512 nm for the complex shows 

multiple band (Fig. 1d), the three bands from the low energy 

band to high energy band could be attributed to the electronic 

transitions of 6A1 → 4T1(G)/4T2(G)/4A1(G)/4E(G), 6A1 → 
4E(D)/4T1(P), and 6A1 → 4T1(F)/4A2(F) in the tetrahedral 

manganese(II) centre.9a From Fig. 1f, the luminescent lifetime 

for TPPOMnBr2 was determined to be 0.564 ms (single index), 

which is similar to the timescale of the lifetime for the typical 

manganese(II) bromides.9a 

In order to have a deeper insight into the electronic 

structure of the designed complex, the energy-band structure 

in crystal state was further calculated based on the crystal data 

by using Cambridge sequential total energy package (CASTEP). 

Fig. 2a shows the calculated band structure of TPPOMnBr2.  

Fig. 3. (a) X-ray absorbance of high-energy photons of TPPOMnBr2 and LuAG:Ce. X-ray attenuation efficiencies of TPPOMnBr2 and LuAG:Ce with 
different X-ray photon energy (b) and thicknesses (c). (d) The RL intensity of TPPOMnBr2 crystal and LuAG:Ce. (e) Linear dependence between RL 
intensity of TPPOMnBr2 crystal and X-ray dose rate with the lowest detection limit (LOD) confirmed at the signal-noise ratio (SNR) of 3. (f) X-ray 
irradiation stability of TPPOMnBr2 crystal upon X-ray irradiation for 20 cycles. X-ray irradiation was switched on for 30 s and then switched off for 
20 s in each cycle. Note: The photon energy range of the X-ray light involved in testing is from 5 keV to 30 keV. 



Fig. 4. (a) The spatial resolution of X-ray imaging for TPPOMnBr2-based film scintillator. X-ray images of a metallic spring in the capsule (b) and 
circuit board (c) based on the TPPOMnBr2-based film scintillator. (d) MTF curve of TPPOMnBr2-based film scintillator measured by the slanted-
edge method. 

The flat band edges of valence band maximum (VBM) and 

conduction band minimum (CBM) of TPPOMnBr2 were 

observed, suggesting negligible wavefunction overlap and 

electronic coupling.15 The VBM and CBM were composed of 

Mn 3d and Br 2p atomic orbitals according to the calculated 

projected density of states (PDOS) (Fig. 2b). In addition, as 

shown in Figs. 2c and 2d, the charge density distributions of 

CBM were mainly located in the vacancy of the TPPOMnBr2 

tetrahedral centre, only a little CBM was localized in ligands, 

implying the ligands participated in the emission of the 

complex in a small amount. The VBM was contributed by the 

TPPOMnBr2 tetrahedral centre, and no obvious charge density 

overlap between MnBr2O2 unit, indicating the individual 

MnBr2O2 unit was the emission centre, and exhibited a strong 

quantum confinement effect.16 

The high PLQY of TPPOMnBr2 makes it a promising 

candidate for using as X-ray scintillator. The X-ray absorption  

and radioluminescence properties of TPPOMnBr2 were further 

investigated. The absorbance of high-energy X-ray photons (1 

MeV to 103 MeV) of TPPOMnBr2 shows almost the same order 

of magnitude values as that of the commercial scintillator 

Lu3Al5O12:Ce (LuAG:Ce) (Fig. 3a). The X-ray attenuation 

efficiency of TPPOMnBr2 with different X-ray photon energy 

and thicknesses were also measured, which exhibited 80% of 

X-ray attenuation efficiency at the thicknesses of 0.4 mm (Fig. 
3b and 3c). Under the excitation of the X-ray radiation, 
complex TPPOMnBr2 emits an intense green 
radioluminescence which is same as the PL spectrum under 
the UV light (Fig. S4). The intensity of the radioluminescence 
enhances linearly with the increase in X-ray dose rate (Figs. S5 
and S6). As shown in Fig. 3e, the limit of detection was 
determined to be 34.95 nGy s-1 for TPPOMnBr2 (signal-to-noise 
ratio at 3), indicating the low limit of detection of the designed 
complex. TPPOMnBr2 exhibits high relative light yield of 10567 
photons MeV-1 by using LuAG:Ce (22000 photons MeV-1) as the 
reference,9c demonstrating the high efficiency of 
radioluminescence (Fig. 4d). The stability of TPPOMnBr2 to the 
X-ray irradiation was also evaluated by monitoring the RL 
intensity change upon X-ray irradiation for 20 cycles (Fig. 3f). 
The RL intensity of TPPOMnBr2 only decreased by 1.6% after 
20 cycles of X-ray irradiation, indicating the excellent stability 
to the X-ray irradiation.

 

Considering the excellent radioluminescence properties 

of TPPOMnBr2, the X-ray imaging performances were further 

investigated by doping TPPOMnBr2 into poly(methyl 

methacrylate) (PMMA) with a weight ratio of 1:1. The film 

containing TPPOMnBr2 was prepared by a drop-coating 

method. The prepared film scintillator also showed intense 

green radioluminescence originated from the TPPOMnBr2 

emitter. The PLQY of the TPPOMnBr2-doped PMMA film was 

determined to be 0.148 (Fig. S3d), which is lower than that in 

the crystal state. To estimate the spatial resolution of the 

TPPOMnBr2-based film scintillator, by using X-ray imaging of 

the standard resolution test pattern plate, the clear alternately 

shaded stripes could be observed around the spatial resolution 

value of 10.5 lp mm-1 (Fig. 4a). The spatial resolution of the 

film scintillator was also evaluated by the modulation transfer 

function (MTF) calculation from the standard X-ray slant edge 

test.9c At a MTF value of 0.2, the spatial resolution of the film 

scintillator was determined to be up to 11.3 lp mm-1 (Fig. 4d), 

implying the high spatial resolution of the film scintillator. The 

X-ray imaging ability of the film scintillator was further

demonstrated by X-ray imaging of a metallic spring in the

capsule and the circuit board. Owing to the difference in X-ray

absorbance between the metals and the plastics, the

structures of the spring (Fig. 4b) and the circuit (Fig. 4c) could

be clearly shown in the X-ray images, indicating the high-

performance in X-ray imaging of the TPPOMnBr2-based film

scintillator.

In summary, we developed an aromatic moiety-free 

strategy to tune the excited states of the neutral luminescent 

manganese(II) halide. The tri(pyrrolidin-1-yl)phosphine oxide 

(TPPO) was employed as the new ligand to design 

manganese(II) complex. The prepared TPPOMnBr2 not only 

showed a bright green photoluminescence with short excited 

state lifetime under UV light but also exhibited an intense X-

ray excited luminescence with high relative light yield of 10567 

photons MeV-1. It should be noted that, owing to the high 

triplet energy level of the aromatic moiety-free ligand, steric 

hindrance from the multiple C-H bonds, and the tight 

molecular packing in crystals, the dramatic increase of the 

PLQY of 0.413 is achieved by suppressing the nonradiative 

deactivation process, which is much higher than that of most 

of the traditional monodentate ligand-based manganese(II) 



complexes. Finally, TPPOMnBr2 was further used as the film 

scintillator by solution processed method to demonstrate the 

application in X-ray imaging with high spatial resolution value 

of 11.3 lp mm-1 and low detection limit of 34.95 nGy s-1, 

suggesting its great potentials for high-performance X-ray 

detection. This molecular design strategy will provide valuable 

guidance in developing highly efficient neutral manganese(II) 

emitters for low-cost, eco-friendly, and stable X-ray 

scintillators. 
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