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Abstract

Although organic-inorganic manganese(Il) halides have achieved significant advancements, research on the relationship
among their structure, photophysical properties, and scintillation performance remains understudied, especially in neutral
manganese(ll) chlorides. In this work, we design and synthesize three neutral manganese(Il) chlorides ((1-Bu),MnCl,,
(2-Bu),MnCl,, and (3-tBu),MnCl,) by incorporating phosphine oxide ligands with tunable steric hindrance. Interest-
ingly, the photoluminescence quantum yields (PLQYSs) of these green emissive complexes are highly dependent on the
combinations of the benzene ring and fert-butyl (/Bu) group, resulting in the PLQYSs in the range of 1.7% to 55.6%. The
PLQY of (2-tBu),MnCl, represents the highest value up to 55.6% among neutral monodentate manganese(Il) chlorides.
The rigidity of the benzene ring and steric hindrance of the /Bu groups effectively suppress the non-radiative transition
processes under UV excitation. Notably, as the X-ray scintillator, (1-/Bu),MnCl, and (2-tBu),MnCl, exhibit high light
yields of 13021.7 photons/MeV and 14562.3 photons/MeV, respectively, with a spatial resolution exceeding 10 Ip/mm
for X-ray imaging. This work demonstrates the rational design of the of rBu-modified manganese(II) chlorides as the
efficient luminescent materials for scintillators, thereby paving the way for the development of high-performance neutral
monodentate manganese(Il) complexes.
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1 Introduction

X-ray imaging is essential to disease diagnosis and thera-
peutic monitoring, enabling real-time assessment of
treatment efficacy and disease progression [1-3]. As the
promising low-temperature processable scintillator materi-
als, organic-inorganic manganese(II) halides have garnered
extensive attention owing to their excellent performance
in X-ray imaging, particularly for high-resolution medi-
cal diagnostics and industrial inspection [4—10]. Espe-
cially for manganese(Il) bromides, they often show higher
light yields (LYs) and spatial resolution than some of the
traditional inorganic scintillators (e.g. BGO, BaF,, and
LuAG:Ce) that suffer from high metal toxicity, high cost,
and stringent preparation conditions [11-14]. For instance,
(4-DEATBP)MnBr, (4-DEATBP = 4-(diethylamino)butyl)
triphenylphosphonium), (C,,H,,P),MnBr; (C,,H,,P
ethyltriphenylphosphonium) and (BTPP),MnBr, (BTPP =
benzyltriphenylphosphonium) in different film states such
as flexible film, glass or innogel have been studied with
high photoluminescence quantum yields (PLQYSs) ranging
from 47% to 100% and spatial resolution ranging from 14.1
Ip/mm to 25 lp/mm, meeting the requirements of medical
imaging detectors [15-17].

However, manganese(II) halides are currently dominated
by bromine-containing complexes, as previous studies
have emphasized the importance of heavy halogen atoms
in enhancing the PLQYs and the X-ray imaging perfor-
mance of scintillators [ 18—22]. In contrast, the development
of chlorine-based manganese(Il) scintillators, particularly
neutral monodentate manganese(Il) chloride scintillators
remains limited. In general, neutral manganese(II) chlo-
rides exhibit lower PLQYs (< 30%), LYs (< 10000 pho-
tons/MeV) and spatial resolution (< 10 Ip/mm) compared
to their ionic counterparts. This is attributed to the weaker
spin-orbit coupling and higher ligand field strength associ-
ated with chlorine [23-26]. Given the limited research on
neutral chloride-based manganese(Il) complexes, there is
no sufficient evidence to establish the correlation among
PLQY, LY, and spatial resolution. Enhancing the PLQY's of
X-ray scintillators has been demonstrated as a crucial strat-
egy for increasing their LYs [27-31]. Therefore, regulating
the PLQY's of neutral monodentate manganese(Il) chlorides
through rational molecular design is essential for achieving
high-performance X-ray imaging.

Herein, we explored the structure-property relation-
ships of neutral manganese(Il) chlorides ((1-tBu),MnCl,,
(2-tBu),MnCl,, and (3-tBu),MnCl,) by incorporating
phosphine oxide ligands with varying degrees of steric hin-
drance. These complexes exhibited green emission with
tunable PLQYs of 36.1%, 55.6%, and 1.7%, respectively.
The steric hindrance of tert-butyl (Bu) groups can modulate
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the lattice distortion and electronic band structures of these
complexes by varying the number of Bu groups, thereby
influencing the ligand field strengths. The design strategy of
balancing rigidity with flexibility by regulating the number
of rBu groups and benzene rings also aims at the suppres-
sion of non-radiative transitions to enhance PLQY. Com-
pared with (1-Bu),MnCl,, (2-Bu),MnCl, not only showed
a higher PLQY but also exhibited thermally activated lumi-
nescence from 100 K to 220 K. Owing to the high PLQY's
of (1-/Bu),MnCl, and (2-fBu),MnCl,, their LY's were deter-
mined to be up to 13021.7 photons/MeV and 14562.3 pho-
tons/MeV. Furthermore, (1-/Bu),MnCl, and (2-tBu),MnCl,
achieved the low detection limits (LODs) of 0.310 pGy/s
and 0.153 pGy/s and high spatial resolution of 10.3 lp/
mm and 12.4 Ip/mm, respectively. These results demon-
strated that the /Bu group modification-based design strat-
egy for manganese(Il) complexes represented an efficient
approach for tuning the excited state of neutral monodentate
manganese(Il) chloride scintillator materials.

2 Experimental Section

Synthesis of (1-tBu),MnCl,: tert-Butyldiphenylphosphine
(5 g) was dissolved in 50 mL CH,Cl, at 0 °C, and 20 mL
H,0, was added dropwise to the mixture. After stirring for
12 h, the mixture was extracted three times with CH,Cl,.
After that, the ligand was obtained from the organic phase
as a white powder via rotary evaporation without any addi-
tional purification. Ligand (1.5 g, 6 mmol) was dissolved in
CH,Cl, and MnBr,-4H,0 (0.86 g, 3 mmol) was dissolved
in ethanol (EtOH). The EtOH solution was added to the
CH,CI, solution of ligand, and the mixture was stirred at
room temperature for 12 h. After that, the precipitated com-
pound was filtered, washed with ethyl acetate (EA), and dis-
solved in CH,Cl,. Finally, green crystals of (1-/Bu),MnCl,
were obtained by slow evaporation of CH,Cl, and EA mixed
solution at room temperature in air (Yield: 81%).

Synthesis of (2-Bu),MnCl,: (2-fBu),MnCl, was synthe-
sized by the same procedure as (1-/Bu),MnCl,. Green crys-
tals of (2-Bu),MnCl, were obtained by slow evaporation of
CH,Cl, and EA mixed solution at room temperature in air
(Yield: 93%).

Synthesis of (3-tBu),MnCl,: Tris(1,1-dimethylethyl)
phosphine oxide (1.5 g, 7 mmol) was dissolved in CH,Cl,
and MnBr,-4H,0 (0.99 g, 3.5 mmol) was dissolved in
EtOH. The EtOH solution was added to the CH,Cl, solution
of tris(1,1-dimethylethyl)phosphine oxide, and the mixture
was stirred at room temperature for 12 h. After that, the pre-
cipitated compound was dissolved in CH,Cl,. Finally, green
crystals of (3-fBu),MnCl, were obtained by evaporation of
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CH,CIl, and EA mixed solution at room temperature in air
(Yield: 30%).

3 Results and Discussion

Single crystals of (1-/Bu),MnCl,, (2-Bu),MnCl,, and
(3-Bu),MnCl, were obtained via the solvent evaporation
method using a mixed solvent of CH,Cl, and EtOH. The
single crystals of these complexes appear as green, trans-
parent crystals under room light and exhibit green lumi-
nescence under UV light. As shown in Fig. 1a, their crystal
structures were confirmed by single-crystal X-ray diffrac-
tion. The detailed crystallographic data were summarized in
Tables S1 and S2. Crystal structure analysis suggested that
(1-Bu),MnCl, crystallized in orthorhombic Pbca, while
(2-Bu),MnCl, and (3-tBu),MnCl, crystallized in mono-
clinic C2/c and P2,/n, respectively. All these complexes
were 0D neutral monodentate manganese(II) chlorides
consisting of two phosphine oxide ligands and a [MnCl,]
moiety. The key difference among these complexes was the
number of /Bu groups within the ligands. The steric hin-
drance of fBu groups not only isolates the Mn?* centers but
also regulates the packing of Mn(II) tetrahedra in the crys-
tal, thereby finely-tuning the Mn-Mn distances. The Mn(II)
tetrahedra adopt different packing modes due to the varia-
tion in the number of sterically hindered groups, leading to
their shortest Mn-Mn distances of 9.493 A, 8.167 A, and
8.637 A, respectively (Figure S1).

These complexes were further characterized by pow-
der X-ray diffraction (PXRD), Fourier transform infrared
(FTIR) spectra, scanning electron microscopy (SEM) and
energy dispersive X-ray photoelectron (EDX) spectra. As
shown in Fig. 1b, the PXRD patterns showed good agree-
ment between experimental and simulated data, implying
high phase purity of these complexes. FTIR spectra of these
complexes in Figure S2 exhibited similar absorption peaks.
The vibrational peaks at around 3000 cm™! were attributed to
C-H bonds, and those at around 1200 cm™ arose from P=0
bonds, confirming the presence of phosphine oxide ligands
in crystal. The SEM-EXD spectra shown in Fig. lc also
confirmed the presence of P, Mn, and Cl elements. Addi-
tionally, thermogravimetric analysis (TGA) was employed
to evaluate the thermal stability of these complexes. The
onset decomposition temperatures of weight loss at 5% are
determined to be 272.2 °C for (1-tBu),MnCl,, 285.2 °C for
(2-tBu),MnCl, and 288.8 °C for (3-Bu),MnCl,, respec-
tively (Figure S3).

To explore the luminescence behavior of these com-
plexes, their photophysical properties were characterized
(Fig. 2, Table S3). As shown in Fig. 2a, the as-prepared
crystals displayed green emission under 365 nm UV-light.

The steady-state excitation (PLE) spectra exhibited three
excitation bands (250-300 nm, 320—400 nm, and 400-500
nm), which can be ascribed to 6A1 — 4G, 6A1 — D, *P,
and °A; — “F transitions of Mn ions (Fig. 2b). The pho-
toluminescence (PL) spectra of these complexes, depicted
in Fig. 2c, were centered at 527 nm, 507 nm, and 510 nm,
respectively. These results indicated that the Mn?" ions were
situated within differing crystal field (CF) strengths, which
are influenced by the /Bu-modified ligands. This finding
further confirmed that fBu-modified ligands can influence
the luminescence wavelength of manganese(Il) complexes
by modulating the 4T1 level of Mn?" [32]. The PLQYs of
these complexes were measured as 30.1%, 55.6%, and
1.67%, respectively (Figure S4). In general, the PLQYs
of ionic manganese(I) halides typically increase with the
shortest Mn-Mn distance [33]. However, our observation
ran counter to this principle. The closest Mn-Mn distance
(8.167 A) was observed in (2-tBu),MnCl, (Table S4), while
the highest PLQY of up to 55.6% was achieved. This result
indicated that the PLQY's of the designed complexes were
not only related to the Mn-Mn distances but also were influ-
enced by non-radiative transitions regulated by steric hin-
drance of the ligands.

To further validate this observation, the time-resolved
PL decays were characterized, and the results were well-
fitted by a single exponential function for these complexes
(Fig. 2d). The PL lifetimes of these complexes were cal-
culated to be 1.866 ms, 3.113 ms, and 0.227 ms, respec-
tively. Moreover, the radiative recombination rate constant
(k.) and the non-radiative recombination rate constant (k,,)
were calculated and summarized in Table S3. Apparently,
(2-1Bu),MnCl, exhibited an extremely low non-radiative
transition rate of only 0.143 ms™', much lower than that
of (3-/Bu),MnCl,. This phenomenon can be attributed to
the rapid vibration of C-H bonds of rBu groups under the
excitation of UV light, leading to non-radiative recombina-
tion. Additionally, the 3D excitation-emission mapping of
(3-Bu),MnCl, revealed that its emission spectrum varied
with the excitation wavelength, indicating the presence of
defects or traps. Consequently, (3-fBu),MnCl, showed an
abnormally low PLQY. In contrast, the 3D excitation-emis-
sion mappings of both (1-rBu),MnCl, and (2-Bu),MnCl,
demonstrated that their emissions were originated from the
same transition process and there were no extra energy lev-
els [34, 35] To better understand the relationship between the
PL and the crystal structure, the bond length distortion (Ad)
and bond angle variance (¢?) in these complexes were calcu-
lated and summarized in Table S4. Complex (2-fBu),MnCl,
exhibited the highest o® (44.1) among these complexes.
Notably, adequate steric hindrance can effectively increase
lattice distortion, potentially enhancing the luminescence of
neutral monodentate manganese(II) chlorides by regulating

@ Springer



Journal of Inorganic and Organometallic Polymers and Materials

O

Intensity (a.u.)

(1-tBu),MnCl, (2-tBu),MnCl, (3-tBu),MnCl,
loC oP oCl oMn ©0|

—— Simulation —— Simulation —— Simulation
—— (1-tBu),MnCl, — (2-tBu),MnCl, —— (3-tBu),MnCl,

Intensity (a.u.)
Intensity (a.u.)

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
(1 -l‘BU)2|\/|I'1C|2
A

9

h 1]

(2-tBu),MnCl

»

@

Fig. 1 a Chemical drawings and single crystal structures; b PXRD patterns; ¢ SEM-EDX mappings of (1-/Bu),MnCl,, (2-Bu),MnCl,, and
(3-Bu),MnCl,

@ Springer



Journal of Inorganic and Organometallic Polymers and Materials

b 1.0 (1-tBu),MnCl, 1.04 (1-tBu),MnCl, d 1000 4 (1-tBu),MnCl,
0.8 C 0.8
0.6 0.6 100 4
0.4 0.4 0
0.2+ 0.2 4
0.0— 00 ] 4 L L L L
1.0 (2-tBu),MnCl, 1.0 (2-tBu),MnCl 10 20 30 40
= = 272 plo00y (2-tBu),MnCl,
= 0.8 > 0.8 S
206 061 8 1004
2 2z e}
‘@ 0.4+ ‘B 0.4
=4 =4 104
2024 L0241
£ £
| 0.0+ 0.0 - 14 ) . n .
(3-tBu)2MﬁG % 1.0 (3-Bu)MnCl, 1.0 (3-tBu),MnCl, 1000 1 ® (sg-tBu)zh/?gC|z
J o\ 0.8 0.8
064 064 100 4
04] 0.4 0l
0.2 0.2
0.0 14
00 T T T T T T T T T T T T T T T T
250 300 350 400 450 500 400 450 500 550 600 650 700 750 0 1 2 3 4
Wavelength (nm) Wavelength (nm) Time (ms)

®
v
g

2.060E+6

1.801E+6

1543646

1.284E+6

1.0256+6

7663645

Ex Wavelength (nm)

5.075E+5

2.488E+5

250
400 450 500 550 600 650 700 750
Em Wavelength (nm)

-1.000E+4

500 1.895E+6

1.658E+6.

1420646

1.183E+6

9450E+5

7.075E+5

Ex Wavelength (nm)

4700E+5

2325645

-5000

450 500 650 700
Em Wavelength (nm)

1.205E+5

1.054E+5.

9.025E+4.

7.513E44

6.000E+4

4.488E+4.

Ex Wavelength (nm)

2975E+4.

1.463E+4

5000

50
400 450 500 550 600 650 700 750
Em Wavelength (nm)

Fig. 2 a Photographs under room light and UV light; b PLE spectra; ¢ PL spectra; d PL decay curves; e 3D excitation-emission mappings of

(1-Bu),MnCl,, (2-1Bu),MnCl,, and (3-tBu),MnCl, crystals

electron-phonon coupling and suppressing non-radiative
transitions.

Considering the extremely low PLQY of (3-/Bu),MnCl,,
temperature-dependent PL (TDPL) measurements were
performed for (1-/Bu),MnCl, and (2-fBu),MnCl, to gain
deeper insights into the luminescence mechanism of neutral
monodentate manganese(Il) chlorides (Figs. 3, and S5). As
shown in Fig. 3a and d, the PL intensity of (1-#Bu),MnCl,
and (2-Bu),MnCl, decreased as the temperature increased
from 100 K to 300 K as well as the FWHMs gradually
increased. The increase in FWHM with increasing tempera-
ture was attributed to the electron-phonon coupling effects
that deactivated the excitation [36]. Both complexes exhib-
ited a slight red-shift as the temperature decreased, which
could be attributed to the thermal-induced lattice expansion
of soft lattice of manganese(Il) tetrahedra [37-39]. The
optical phonon scattering of electrons caused by Frohlich
interaction is also the main reason for the broadening of the
FWHM [37]. This may simultaneously facilitate the forma-
tion of self-trapped excitons (STEs). Owing to the quantum
confinement effect, 0D metal halides easily form self-trapped
excitons [40]. To understand the potential STE emission of
(1-Bu),MnCl, and (2-Bu),MnCl,, the FWHMs at different
temperatures can be fitted using the following equation:

hw onon
FWHM — 2.361/Shwphonon | | COth——bnonoR
2%pT

where S is the Huang—Rhys factor, k is the Boltzmann
constant, and Awphonon 1S the phonon frequency. The S
values of (1-Bu),MnCl, and (2-Bu),MnCl, were fitted
to be 7.74 and 4.36, respectively. The Awphonon values of
(1-Bu),MnCl, and (2-rBu),MnCl, were calculated to be
24.86 meV and 35.3 meV, respectively. Besides, the large ¢
and long PL lifetimes of (1-rBu),MnCl, and (2-fBu),MnCl,
suggested the presence of the STE emission [41-43]. The
small S value of (1-Bu),MnCl, and (2-tBu),MnCl, sug-
gested the week electron-phonon coupling, which mitigated
the thermal luminescence quenching of these complexes
[44]. For complex (2-tBu),MnCl,, the thermally activated
luminescence was observed from 100 K to 220 K, and the
PL intensity decreased from 220 K to 300 K due to the ther-
mal quenching induced by non-radiative deactivation (Fig-
ure S6) [45]. Moreover, the PL intensities of (1-Bu),MnCl,
and (2-Bu),MnCl, showed a linear fit with the increasing
excitation power (Figure S7), indicating that the permanent
defects could be ruled out [46]. More importantly, the phe-
nyl groups on the ligands not only endowed the complexes
with the rigidity but also effectively suppressed the non-
radiative transitions. Furthermore, the steric hindrance of
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Fig.3 a, ¢ The TDPL spectra for (1-/Bu),MnCl, and (2-tBu),MnCl, crystals. b, d Their FWHM fitting curves as a function of temperature

fBu groups further reduced the concentration quenching in
these complexes, resulting in higher PLQY. Compared with
the reported complexes (H-CI and 1-Cl), the fBu-modified
neutral monodentate manganese(II) chlorides displayed the
superior optical properties (Table S5) [25, 26].

To better understand the electronic structure of these
three complexes, density functional theory (DFT) calcula-
tions were performed. The density of states (DOS) and band
structures were shown in Fig. 4. The band gaps of these
complexes were calculated to be 2.406 eV, 2.375 eV, and
3.132 eV, respectively. For complexes (1-#Bu),MnCl, and
(2-Bu),MnCl,, the valence band maximum (VBM) was
composed of Mn d orbitals, Cl p orbitals and ligand p orbit-
als, while the conduction band minimum (CBM) originated
from the ligand p orbitals and Mn d orbitals, suggesting that
the charge transfer from ligands to Mn center contributes
to the high-efficiency luminescence of (1-fBu),MnCl, and
(2-1Bu),MnCl,. However, for (3-tBu),MnCl,, the VBM was
composed of Mn d orbitals, while the CBM was originated
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from the inter-ligand voids in the crystal structure, indicat-
ing that the insufficient energy transfer from the ligands to
Mn tetrahedra in (3-/Bu),MnCl, and the severe lumines-
cence quenching induced by the vibration of C-H bonds in
tBu groups.

To explore the potential application of (1-fBu),MnCl,
and (2-1Bu),MnCl, as scintillator materials, their radiolu-
minescence (RL) properties were further characterized.
As shown in Fig. 5a, the absorption coefficients of these
complexes were lower than that of commercial scintilla-
tors LuAG:Ce due to the lower effective atomic numbers
(Z.g)- In addition, the X-ray attenuation efficiency plots of
(1-Bu),MnCl, and (2-rBu),MnCl, were calculated to be
28.9% and 29.1% at a thickness of 0.1 mm (Figure S8).
The LYs of (1-Bu),MnCl, and (2-tBu),MnCl, were deter-
mined to be 13021.7 photons/MeV and 14562.3 photons/
MeV (Fig. 5b), surpassing some manganese(Il) chloride
scintillators [25, 26, 47] Furthermore, the RL intensities of
(1-Bu),MnCl, and (2-Bu),MnCl, increased with a linear



Journal of Inorganic and Organometallic Polymers and Materials

b -

6
a 3 Co
4 44 44
2 ‘ 24 24
S 2406 eV S 2.537/eV S 3.132¢v
) <L )
8 01 8 01 8 01
2 2 2
w, | ‘ ‘ o, | i 1 w o, |
| | | | ;
| | | | |
“] ! ! 7 | | -4 |
; i \ \ |
- . : ) ‘ ‘ 6 E
G X S Y G Z U R T ZIX UlY T|S CIC, Y, G M, DDA GIL, G 2 Z D B G A E p4 C2 Y2 G
d (1-tBu),MnCl sum e (2-tBu),MnClI sum f (3-tBu),MnClI ——sum
2 2 Clp 2 2 Clp 2 2 Clp
| Ql-s Cl-s ——Cl-s
ligand-p ligand-p ligand-p
ligand-s ligand-s ligand-s
Mn-d A Mn-d Mn-d
v
avi /
A “‘ \/ ,\
6 -4 2 0 2 4 6 6 -4 2 0 2 4 6 6 4 2 0 2 4 6
Energy (eV) Energy (eV) Energy (eV)

Fig.4 a, b, ¢ Electronic structure and (d, e, f) DOS analysis for (1-tBu),MnCl,, (2-/Bu),MnCl,, and (3-Bu),MnCl, crystals

b

a (1-tBu),MnCl, (1-tBu),MnCl, C
(2-tBu),MnCl, (2-tBu),MnCl, (1-tBu),MnCl,
1000 5 LuUAG:Ce LuUAG:Ce
‘TU)
‘e 1004 > =
[0} o E
§ 10+ = IS
‘g Z o LOD = 0.310 uGy/s
2 4] R?=0.997
< SNR =3
0.1
1 10 100 1000 400 450 500 550 600 650 700 750 00 05 10 15 20 25 30 35
Energy (keV) Wavelength (nm) Dose rate (UGy/s)

RL Intensity

(2-tBu),MnClI,

LOD =0.153 uGy/s

@

RL Intensity

(1-tBu),MnClI,

RL Intensity

(2-tBu),MnClI,

R? = 0.997
SNR=3
T T T T T T T T T T T T T T T T T T T T r T T T
00 05 10 15 20 25 30 35 0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800
Dose rate (uGy/s) Time (s) Time (s)

Fig. 5 a Absorption coefficients; b RL spectra of (1-/Bu),MnCl, and
(2-1Bu),MnCl,. ¢, d Linear correlation between RL intensity and X-ray

of (1-Bu),MnCl, and (2-/Bu
at a dose rate of 4.5 mGy/s

dose rate for (1-#Bu),MnCl, and (2-/Bu),MnCl,. e, f The RL stability

),MnCl, over 60 continuous on/off cycles

@ Springer



Journal of Inorganic and Organometallic Polymers and Materials

a b (1-Bu),MnCl, [
X-ray tube a8 .
o ok Computer
(2-tBu),MnCl,

d e

1.0 — —(1-tBu),MnCl, 1.0 — —(2-Bu),MnClI,

0.8+ \ 0.84

06 0.6
\ S AN

0.4+ \ 10.3 Ip/mm 04+ N 12.4 Ip/mm

N o
1 0 Ui iy - SR —— QI2r s s i i m e Mg = ——— -
0.0 B 0.0 B
0 5 10 15 20 5 10 15 20 25

Spatial frequency (Ip/mm)

Spatial frequency (Ip/mm)

Fig. 6 a Schematic of the X-ray imaging system. b Photographs of
(1-tBu),MnCl, and (2-/Bu),MnCl, film under visible or UV light.
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response to the increasing dose rate from 0.15 pGy/s to
3.35 uGy/s (Fig. 5c and d). After fitting and estimation, the
LODs of (1-fBu),MnCl, and (2-tBu),MnCl, were measured
to be 0.310 pnGy/s for (1-tBu),MnCl, and 0.153 pGy/s for
(2-1Bu),MnCl, at the signal-to-noise ratio (SNR) of 3, which
were lower than the diagnostic limit of 5.5 pGy/s [32]. The
stability of these complexes under X-ray irradiation at a
dose rate of 4.5 mGy/s for 1800 s was also assessed. As
shown in Fig. 5e and f, (1-rBu),MnCl, and (2-Bu),MnCl,
exhibited high resistance to X-ray radiation to ensure their
applicability in X-ray imaging.

Scintillator films of (1-fBu),MnCl, and (2-fBu),MnCl,
(2.7 ecm x 2.7 cm) were further prepared for the X-ray imag-
ing by using a self-built X-ray imaging system as depicted
in Fig. 6a. The scintillation films displayed green emission
under UV-365 nm light (Fig. 6b). As shown in Fig. 6c, the
spatial resolutions for (1-fBu),MnCl, and (2-fBu),MnCl,,
with a commercial line pair card used as the object, were
approximately 8.5 Ip/mm and 11.9 Ip/mm, respectively. The
modulation transfer functions (MTFs) for (1-Bu),MnCl,
and (2-fBu),MnCl, films, measured via the slanted-edge
method (Fig. 6d and e), were calculated to be 10.3 lp/mm
and 12.4 Ip/mm, which is consistent with the results of most
manganese(Il) chloride scintillators [25, 26, 47-50] To fur-
ther verify the X-ray imaging performance of these scintil-
lator films, a sunflower seed and a diode were imaged. As
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(1-1Bu),MnCl, and (2-Bu),MnCl,. f Bright field images and X-ray
images of a sunflower seed and a diode

depicted in Fig. 6f, both sunflower seed kernel and metal
electrodes in diode were clearly visualized at a dose rate of
179 nGy/s. These results clearly demonstrated that the ratio-
nal design of the /Bu-modified manganese(II) chlorides not
only can significantly enhance the PLQY's but also improve
their RL performance, highlighting their potentials for the
flexible X-ray scintillators.

4 Conclusion

In summary, we successfully designed three neutral
monodentate manganese(ll) chlorides (1-/Bu),MnCl,,
(2-Bu),MnCl,, and (3-Bu),MnCl, by incorporating phos-
phine oxide ligands with tunable steric hindrance. Three
complexes exhibited green emission with PLQY's of 30.1%
((1-rBu),MnCl,), 55.6% ((2-Bu),MnCl,), and 1.67%
((3-1Bu),MnCl,), respectively. The notable PLQY varia-
tions indicated that the design of both rigid structure and
sterically hindered ligand is essential for suppressing non-
radiative transitions. In addition, the PL of (1-fBu),MnCl,
and (2-Bu),MnCl, was attributed to STE emission, which
also explains the anti-thermal quenching of (2-fBu),MnCl,
within the temperature range from 100 K to 220 K. In terms
of RL performance, (1-Bu),MnCl, and (2-Bu),MnCl,
showed high LYs of 13021.7 photons/MeV and 14562.3
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photons/MeV, along with LODs of 0.310 pGy/s and 0.153
uGy/s. It is worth noting that the MTF of (1-Bu),MnCl,
and (2-Bu),MnCl, reached 10.3 lp/mmm and 12.4 lp/
mm. These values surpassed those of most of the reported
manganese(1l) chlorides with higher PLQYSs. The /Bu mod-
ification strategy for neutral monodentate manganese(Il)
chlorides achieves the improvement of PLQYs, LYs, and
spatial resolutions for manganese(II) chlorides by regulat-
ing the Mn-Mn distance, lattice distortion, and suppressing
non-radiative transitions through steric hindrance. This not
only facilitates the development of neutral monodentate
manganese(Il) chloride materials but also provides strong
support for the application potential of neutral manganese(II)
complexes as high-performance scintillators in orthopedic
medical imaging, cultural relics protection, and aerospace
fields, thereby further promoting the development of neutral
manganese(Il) chloride scintillators.
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