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ABSTRACT: Organic−inorganic hybrid metal halides with zero-dimensional
(0D) structure has emerged as a new class of light-emitting materials. Herein, a
new lead-free compound (C9NH20)2MnBr4 has been discovered and a
temperature-dependent phase transition has been identified for two phases
(space group P21/c and C2/c) in which individual [MnBr4]

2− anions connect
with organic cations, (C9NH20

+) (1-buty-1-methylpyrrolidinium+), forming
periodic structure with 0D blocks. A green emission band, peaking at 528 nm
with a high photoluminescence quantum efficiency (PLQE) of 81.08%, has
been observed at room temperature, which is originated from the 4T1(G) to
6A1 transition of tetrahedrally coordinated Mn2+ ions, as also elaborated by
density functional theory calculation. Accordingly, a fast, switchable, and
highly selective fluorescent sensor platform for different organic solvents based
on the luminescence of (C9NH20)2MnBr4 has been developed. We believe that
the hybrid metal halides with high PLQE and the exploration of these as a fluorescence sensor will expand the applications
scope of bulk 0D materials for future development.

■ INTRODUCTION

Establishing a framework with functional units and the rational
design of new organic−inorganic hybrid metal halides enable
the expansion of the database of emerging materials,1−3

especially since they will contribute to different optoelectronic
applications, including photodetectors,4,5 solar cells,6−8 light-
emitting diodes (LEDs),9,10 and so on. Among these, zero-
dimensional (0D) metal halides with broad-band emission and
high exciton binding energies become star materials with
unprecedented optoelectronic properties,11−13 in which the
metal−halide inorganic anionic polyhedrons are totally isolated
from each other by large organic cations. To date, many
organic−inorganic metal halide hybrids with 0D structure have
been reported as efficient emitters, such as (C9NH20)2SnBr4,

14

(C9NH20)7(PbCl4)Pb3Cl11·CH3CN,
15 (C5H7N2)2MBr4 (M =

Hg and Zn)16 and (C8NH12)4Bi0.57Sb0.43Br7·H2O,
17 among

others. Recently, our group also reported a broad-band green-
emitting compound (C9NH20)6Pb3Br12, and the emission is
attributed to the intrinsic vacancies, not the normally self-
trapped excitons (STEs).18 Currently reported 0D materials

are mostly based on Pb or Sn; however, the toxicity of Pb and
the instability of Sn further limit the commercial application of
0D materials. Therefore, exploring new, stable, nontoxic, high-
efficiency luminescent 0D materials is a key challenge to be
addressed.
Luminescent probes and sensors with superfast responsi-

bility and ultrahigh sensitivity under different conditions
(temperature, gases, pH, etc.) are essential in versatile
application fields,19 among which fluorescent gas sensing for
the detection of toxic and volatile gases has received extensive
attention.20 A number of light-emitting materials including
conjugated polymers, quantum dots, and organic dyes have
been recently investigated as the fluorescence sensor.21 Due to
their superior optical properties and structural adjustability,
luminescent metal halides are good candidates for fluorescence
sensors. However, to the best of our knowledge, there are few
reports on this issue.22 Therefore, applying 0D materials with
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excellent gas sensing properties to the sensing fields is a
promising route.
Here, a new lead-free metal halide (C9NH20)2MnBr4 is

designed and discovered from the nominal composition of
previously reported (C9NH20)6Pb3Br12 through alloying Mn2+

into the lead halide inorganic framework with compelete Pb/
Mn rep lacement . 1 8 However , newly d i scovered
(C9NH20)2MnBr4 possesses a crystal structure totally different
from that of the Pb analog, and the individual [MnBr4]

2−

tetrahedrons are completely isolated and surrounded by large
organic cation C9NH20

+ (1-buty-1-methylpyrrolidinium+) to
form the 0D structure. Moreover, an interesting phase
transition near room temperature (RT) has be found in this
compound. Such a metal halide at RT exhibits a green
emission band peaking at 528 nm with a high photo-
luminescence quantum efficiency (PLQE) of 81.08%,
attributed to the transition of tetrahedrally coordinated Mn2+

in [MnBr4]
2− anions instead of excited-state structure

reorganization.23 Interestingly, the bright green emission is
rapidly quenched within 10 s after injecting acetone vapor, and
no obvious changes were observed with other organic vapors.
High efficiency luminescence, quick response, and good
selectivity shows the outstanding gas sensitivity of
(C9NH20)2MnBr4. This work will expand the 0D hybrid
materials family and provides a possible direction of
application for luminescent metal halides.

■ EXPERIMENTAL SECTION
Materials and Preparation. All chemicals were commercially

purchased and used without further purification. Manganese(II)
bromide hydrate (MnBr2) (99.9%) and 1-buty-1-methylpyrrolidinium
bromide (C9NH20Br) (99%) were purchased from Aladdin Co., Ltd.
(Shanghai, China). Hydrobromic acid (48% H2O solution) was
purchased from Energy Chemical (Shanghai, China). As a typical
process, 0.002 mol of C9NH20Br and 0.001 mol of MnBr2 were
dissolved in 1 mL of HBr under heating and continuous stirring at
373 K. Then, the green crystals of (C9NH20)2MnBr4 were obtained by
slowly cooling the saturated solution to room temperature.
Turn-On Fluorescent Sensor Treatment. Powder samples of

ground (C9NH20)2MnBr4 crystals were used for sensing experiments.
For each experiment, 100 mg of (C9NH20)2MnBr4 was put in a small
bottle. Different organic vapors are produced by using a water bath at
323 K. The vapors were injected by a microsyringe.
Characterization. A single crystal with dimensions of 0.1 × 0.1 ×

0.1 mm3 was used to collect the data at 150 K using the XtaLAB
AFC12 X-ray four-circle single-crystal diffractometer (Rigaku)
equipped with a CCD-detector, graphite monochromator, and Cu
Kα radiation source. The orientation matrix and cell parameters were
defined and refined for the set of 10 231 reflections. The unit cell
corresponds to monoclinic symmetry. Space group P21/c was
determined from the statistical analysis of the intensities of all the
reflections. The absorption correction using spherical harmonics was
applied by ABSPAK program. The structure was solved by the direct
methods using package SHELXS and refined in the anisotropic
approach for non-hydrogen atoms using SHELXL program.24 All the
hydrogen atoms of the (C9NH20) ligand were positioned geometri-
cally as riding on their parent atoms with d(C−H) = 0.93 Å for the
C−H bonds and Uiso(H) = 1.2Ueq(C). The structural tests for the
presence of missing symmetry elements and possible voids were
produced using the PLATON program.25 The DIAMOND program26

is used for the crystal structure plotting. The temperature-dependent
powder X-ray diffraction (PXRD) data were collected on X’Pert MRD
diffractometer, and the sample was cooled in a liquid nitrogen
cryostat. The structural parameters defined by single-crystal analysis
were used as a basic in powder pattern Rietveld refinement. The
refinement was produced using TOPAS 4.2 software.27 The
morphology and particle size of the powder sample was characterized

by scanning electron microscope (SEM, JEOL JSM-6510). Elemental
analysis (EA) of the samples (C, H, and N) was performed in a vario
MACRO cube (Elementar Analysensysteme Gmbh, Germany).
Differential scanning calorimetry (DSC) was measured by a DSC
ins Q2000 V24.11 Build 124 at 20 °C min−1 in an argon flow from
280 to 310 K. The RT excitation (PLE), RT emission spectra (PL),
the RT decay curves, and photoluminescence quantum efficiency
(PLQE) were obtained using a FLSP9200 fluorescence spectropho-
tometer (Edinburgh Instruments Ltd., U.K.). Thermogravimetric
analysis (TGA) was performed on a Setaram Labsys Evo at 10 °C
min−1 in an argon flow from room temperature to 800 °C. The diffuse
reflection spectra were measured on a UV−vis−NIR spectropho-
tometer (SHIMADZU UV-3600) supplied with an integrating sphere.
To test the photostability, a 100 W 20 V mercury short arc lamp was
used as a continuous irradiation light source. The intensity of the
irradiation was calibrated to 300 mW/cm2. The photoluminescence
was measured at periodic intervals on a HORIBA iHR320
spectrofluorimeter, equipped with a HORIBA Synapse CCD
detection system.

Computational Methodology. The first-principles electronic
structure calculation was carried out by CASTEP, a package based on
plane-wave pseudopotential density functional theory (DFT).28 The
exchange-correlation terms in the Hamiltonian were described by the
function developed by Ceperley, Alder, Perdew, and Zunger (CA-
PZ)29 in the form of local density approximation (LDA).30 The
effective interaction between the atomic cores and valence electrons
were treated by ultrasoft pseudopotentials, which allow us to employ a
relatively small plane-wave basis set without compromising the
computational accuracy. The kinetic energy cuttoff 400 eV and
intensive Monkhorst−Pack k-point mesh spanning less than 0.04/Å3

were chosen. To account for the effect of the delocalized d-orbitals in
manganese atoms, the LDA+U method24 was adopted in the
calculation with the Ud set to 4.0 eV.

■ RESULTS AND DISCUSSION
The optica l photographs of the wel l -developed
(C9NH20)2MnBr4 crystals (∼5 mm) in daylight and upon
365 nm UV light excitation are shown in Figure 1a,b,

respectively. The excellent transmittance in Figure 1a verifies
the high crystal quality, and a bright green emission (Figure
1b) is observed by the naked eye upon the excitation of 365
nm UV light. The crystal structure of (C9NH20)2MnBr4 was
determined using single-crystal X-ray diffraction (SCXRD) at
150 K. The detailed structural parameters extracted from the
refinements of (C9NH20)2MnBr4 including fractional atomic
coordinates, isotropic displacement parameters and main bond
lengths are shown in Tables S1 and S2. CCDC 1945705

Figure 1. Optical photographs of as-grown (C9NH20)2MnBr4 crystals
in the daylight (a) and upon 365 nm UV excitation (b). (c) Unit cell
structure model of (C9NH20)2MnBr4. (d) Ball-and-stick model of
[MnBr4]

2− tetrahedra. (e) SEM image of (C9NH20)2MnBr4 micro-
crystals. Element mapping images of Mn (f) and Br (g).
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contains the supplementary crystallographic data for this paper.
One Alert B was generated by CheckCif program with notation
“Low Bond Precision on C−C Bonds −0.015 Å”. The
structure is complex, and there are 451 refined parameters in
total. Therefore, high intensities of reflections are needed.
However, the experiment was conducted at 150 K using liquid
nitrogen which means limited experiment time and that the
crystals weakly reflect X-rays. Thus, relatively low bond
precision was obtained. This compound demonstrates a 0D
structure with the individual MnBr4

2− anions surrounded by
large C9NH20

+ cations at the molecular level (Figure 1c). The
local structures of the isolated MnBr4

2− anion units are shown
in Figure 1d, and two nearly equivalent Mn2+ sites can be
identified. Moreover, similar structures with different organic
ligand have also been reported in other studies.22,31,32 Figure
1e shows the SEM photograph of the powder sample (∼25
μm), and the elemental mapping images in Figure 1f,g verified
the homogeneous distribution of Mn and Br. In addition, EA
results offered in Table S3 confirmed the composition of
organic cations, which is basically consistent with the
theoretical chemical constituents of (C9NH20)2MnBr4.
An interesting result is that the PXRD patterns measured at

RT are inconsistent with those measured from single-crystal
determination at 150 K. Therefore, we reasonably believe that
the material has a temperature-dependent structural phase
transition, which thus produces the formation of low-
temperature phase (LTP) and high-temperature phase
(HTP). Figure 2a gives the temperature-dependent PXRD
patterns of (C9NH20)2MnBr4 from 123 to 323 K, demonstrat-

ing the phase transition process and the corresponding
temperature. Figure 2b gives the amplified diffractions patterns
from 17 to 27°, from which we can clearly see two kinds of
diffraction patterns with minor differences below 283 K and
above 303 K. The Rietveld refinement results of the selected
patterns at 123 and 303 K (Figure S1) show that they are both
pure phases but belong to two different space groups, P21/c
and C2/c, respectively. Furthermore, the PXRD patterns
change reversibly to HTP and LTP during heating/cooling
cycles, indicating the reversibility of phase transition (Figure
S2).Table 1 gives the main crystal structure parameters of two

phases. Furthermore, differential scanning calorimetry (DSC)
measurement provides detailed phase transition information
on (C9NH20)2MnBr4 (Figure 2c). In the process of first
heating and then cooling, the heat flow which depends on
temperature shows an abnormal peak at 301.4 K during
heating and at 298.1 K during cooling, respectively. The
phenomenon of hysteresis corresponds to the first-order phase
transition. In addition, the thermogravimetric-differential
thermogravimetric (TGA-DTG) data of (C9NH20)2MnBr4
measured from 289 to 1073 K (Figure S3) shows no change
in weight during the temperature range of the possible phase
transition process. All the above results confirm that there is a
structural phase transition at about 301.4 K. Two phases with
different space groups but the same monoclinic system were
produced, and the observed phase transition may be associated
with the degree order of organic cation C9NH20

+; however, the
same 0D blocks with individual [MnBr4]

2− tetrahedrons are
kept for both phases.
Figure 3a illustrates the photoluminescence emission (PL)

and excitation (PLE) spectra of (C9NH20)2MnBr4 at RT. The
PLE spectrum of (C9NH20)2MnBr4 consists of five bands
around 277, 291, 362, 373, and 469 nm, corresponding to the
electronic transition from the 6A1 (

6S) ground state of Mn2+ to
4E(D) (277 nm), 4T2(D) (291 nm), [4A1(G),

4E(G)] (362
nm), 4T2(G) (373 nm), and 4T1(G) levels (469 nm),
respectively. The PL spectra at diverse excitation wavelengths
(277, 291, 362, 373, and 450 nm) are also presented in Figure
3a. The emission peak is located at 528 nm with a full width at
half-maximum (fwhm) of 64 nm, which is attributed to the
4T1(G) to

6A1 radiative transition of tetrahedrally coordinated
Mn2+ ions in [MnBr4]

2− unit, and the asymmetric spectral
profile is related with the two nearly equivalent Mn sites, as
shown in Figure 1d.33−36 Furthermore, the emission peak does
not shift depending on different excitation wavelengths,
confirming the intrinsic emission properties of the
(C9NH20)2MnBr4 crystals originating from Mn2+ emission
centers. Considering the existence of the temperature-depend-
ent structural phase transitions, we also compared the PL
spectra at low and high temperatures (Figure 3b), which
correspond to LTP and HTP, respectively. Upon excitation at

Figure 2. (a) PXRD patterns of (C9NH20)2MnBr4 from 123 to 323 K.
The dotted oval represents the minor change of the diffraction peaks
between 283 and 303 K. (b) Amplified temperature dependent
diffraction patterns from 17 to 27°. (c) DSC curves during heating
and cooling of (C9NH20)2MnBr4 measured between 280 and 310 K.

Table 1. Comparison of the Crystal Structure Parameters of
(C9NH20)2MnBr4 Measured at Different Temperatures

temperature 150 K 303 K
space group P21/c C2/c
a (Å) 17.0945(4) 16.2804(10)
b (Å) 10.2445(4) 10.1933(7)
c (Å) 30.165(1) 17.3112(11)
β (deg) 100.310(3) 110.138(3)
V (Å3) 5197.4(3) 2697.2(3)
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362 nm, the PL spectral profiles are almost the same except for
a little shift of emission peak, showing that phase transition has
no major effect on the photoluminescence emission.
To further study the photoluminescence properties of

(C9NH20)2MnBr4, the PLQE at 298 K is calculated to be
about 81.08%, and the CIE chromaticity coordinate for this
green emission is determined to be (0.279, 0.645) (Figure S4).
The RT decay curves monitoring the emission peak at 528 nm
measured upon the excitation of 362 and 450 nm are depicted
in Figure 3c. All the decay curves are well-fitted with a single-
exponential decay function, and the effective decay times are
calculated to be 325.57 and 318.87 μs, respectively. Such a
long lifetime further confirms that the green emission
originates from 4T1(G) to 6A1 transition of tetrahedrally
coordinated Mn2+, which is significantly different from the
reorganization of excited-state structure of other 0D materials.
Furthermore, considering that the stability of hybrid metal
halides is an important criterion to access their potential for

practical applications, the stabilities on exposure to air,
chemicals, and light under a high-power mercury lamp (300
mw cm−2) with continuous irradiation illumination were
measured and evaluated, respectively. Figure 3d shows the
PXRD of (C9NH20)2MnBr4 after exposure to an ambient
atmosphere under both air and moisture conditions for
different days, and the phase structures remain nearly
invariable. After 90 days of exposure to air, no decomposition
is found, and the PLQE maintains a high value (68.66%),
demonstrating excellent air stability. Figure S3 shows the TGA-
DTG data mentioned before; the first weight loss of 63.88 wt
% observed at 328 and 395 °C is related to the decomposition
of organic components (C9NH20)2MnBr4. The decomposition
reaction equation could proceed according to the following
scheme: (C9NH20)2MnBr4 → 2(C9NH20Br) + MnBr2. The
second weight loss of 36.12 wt %, centered at around 646 °C,
is attributed to the evaporation of MnBr2. The above results
show that this material can maintain good structural stability at

Figure 3. (a) PLE and PL spectra of (C9NH20)2MnBr4 at RT. (b) PL spectra of (C9NH20)2MnBr4 measured at 283 and 313 K upon the excitation
of 362 nm. (c) Photoluminescence decay curves of (C9NH20)2MnBr4 crystals monitored at 528 nm excited at 362 and 450 nm at RT. (d) PXRD
patterns of (C9NH20)2MnBr4 after 0, 45, and 90 days of exposure to light and moisture conditions.

Figure 4. (a) Electronic band structure of (C9NH20)2MnBr4 calculated with the DFT-PBE method. (b) Total and orbital-projected PDOS of
(C9NH20)2MnBr4 using DFT-PBE method.
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about 240 °C. The photostability experiment under a high-
power mercury lamp (300 mw cm−2) with continuous
irradiation illumination also verifies the high photostability
(Figure S5).
DFT calculations are used to further understand the

luminescent mechanism and the electronic structure of
(C9NH20)2MnBr4 by using the structural data obtained at
150 K. Figure 4a shows that (C9NH20)2MnBr4 possesses a
direct band gap of 4.485 eV with the valence band maximum
(VBM) and the conduction band minimum (CBM) both at
the G point, which is close to the experimental value (4.940
eV) (Figure S6). Figure 4b displays the calculated total and
orbital-resolved partial densities of states (PDOS) for
(C9NH20)2MnBr4. The VBM is dominated by Mn 3d and Br
4p states, while the CBM is mainly contributed by Br 5s states.
Because the organic part, C9NH20, has little contribution to the
VB and CB, we consider that C9NH20 has no contribution to
the PL process. In addition, the flat bands of both VB and CB
indicate that no obvious intermolecular coupling can be found
between the MnBr4

2− species. Hence, we find that each
individual MnBr4

2− can act as a separate luminescence center.
In general, the sudden quenching or shining of luminescence

can be used as an effective way to detect toxic and volatile
gases.20,37,38 During the experiment, we noticed that the
luminescence of (C9NH20)2MnBr4 can be quickly quenched by
acetone vapor. Thus, we explored the potential applications of
(C9NH20)2MnBr4 in the gas-sensing field. The simplified gas-
sensitive detecting device is shown in Figure 5a. By detecting
the PL spectra before exposure to acetone vapor and 10 s after
exposure to acetone vapor (Figure 5b), we find that the strong
green emission was weakened more than 50-fold within 10 s.
Such good switchable behavior is the key to gas-sensing
applications. Moreover, selectivity is another important
indicator . Thus , the luminescence response of
(C9NH20)2MnBr4 upon exposure to different organic solvent
vapors for 10 min was measured, and the corresponding digital
photos of under 365 nm UV excitation are given in Figure 5c.

No obvious fluorescence change was observed except for that
to acetone vapor, which indicates that (C9NH20)2MnBr4 has
selective fluorescence quenching for acetone vapor in terms of
several organic solvents currently selected. Finally, good
reversibility and circulation is equally important. After 20
cycles, the PXRD patterns show no evidence of material
decomposition (Figure S7), and the luminescence intensity
does not drop significantly (Figure 5d), which shows that
(C9NH20)2MnBr4 has good reversibility and circulation. The
above results indicate that (C9NH20)2MnBr4 is a potential
candidate for gas-sensing applications.

■ CONCLUSIONS
In summary, we designed and synthesized a novel 0D lead-free
organic−inorganic metal halide (C9NH20)2MnBr4. The de-
tailed crystal structure and the temperature-dependent
structural phase transition have been determined. A highly
luminescent green emission peaking at 528 nm with a fwhm of
64 nm and a high PLQE of around 81.08% was observed at RT
for this hybrid material, which is originated from the 4T1(G) to
6A1 radiative transition of tetrahedrally coordinated Mn2+ ions
in the [MnBr4] unit. (C9NH20)2MnBr4 also demonstrates
excellent moisture, heat, and light stability for the versatile
application. Therefore, we have further developed a fluorescent
sensor based on the as-prepared (C9NH20)2MnBr4, suggesting
a good switchable behavior, reversibility, circulation, and
selectivity against different organic solvents, as an excellent
system for fluorescent sensor applications. We believe that the
current work will promote the design and preparation of new
metal halide materials for luminescence sensor and probe
applications.
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Figure 5. (a) Schematic diagram of a simplified device for gas sensing application. (b) Time-related emission spectra of (C9NH20)2MnBr4 toward
acetone vapor. (c) Digital photos of (C9NH20)2MnBr4 upon exposure to various organic vapors for 10 min under 365 nm UV excitation. (d) PL
intensity of (C9NH20)2MnBr4 toward acetone vapor for 20 cycles.
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