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ABSTRACT: Zero-dimensional (0D) Mn**-based metal halides are potential candidates as
narrow-band green emitters, and thus it is critical to provide a structural understanding of the
photophysical process. Herein, we propose that a sufficiently long Mn—Mn distance in 0D
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metal halides enables all Mn*" centers to emit spontaneously, thereby leading to near-unity
photoluminescence quantum yield. Taking lead-free (C,(H¢N),Zn;_MnBr, (x = 0—1)
solid solution as an example, the Zn/Mn alloying inhibits the concentration quenching that is 560__ /( =

*. (C1oH ¢N),MnBr, exhibits highly thermal stable 2 F— v*pl

caused by the energy transfer of Mn®

80.'/0 “

m N
luminescence even up to 150 °C with a narrow-band green emission at 518 nm and a full 40__ O }(“3{’ % ? t
width at half maximum of 46 nm. The fabricated white light-emitting diode device shows a 20 ¢ R N “ N
high luminous efficacy of 120 Im/W and a wide color gamut of 104% National Television ] Zero-dimensional :‘ i i
System Committee standard, suggesting its potential for liquid crystal displays backlighting. | Mrbeedraioes 7
These results provide a guidance for designing new narrow-band green emitters in Mn*'- 6 7 & 9 10 W 12

based metal halides.

esign principle toward new photoluminescence (PL)
materials used in light-emitting diodes (LEDs) backlights

for liquid crystal displays (LCDs) is attractive, and a key factor
determining the LCDs’ color gamut is the full width at half-
maximum (fwhm) of green and red emitters used in LEDs
backlights.' ™ Since human eyes can clearly distinguish green
light, it is crucial to design superior green-light emitters with
appropriate peak position, high photoluminescence quantum
yield (PLQY), and excellent thermal stability to meet the need
for industrial application. To date, there are three main
categories of green emitters: semiconductor quantum dots
(QDs), rare-earth-doped phosphors, and Mn**-activated
phosphors. The green-emitting QDs mainly include II-VI
QDs and perovskite QDs, represented by CdSe and CsPbBrj;,
respectively, for which the applications are hindered by the
toxicity of Cd and Pb and the relatively poor stability of
perovskites.* ® As typical rare-earth phosphors, the narrow-
band green-emitting f-Sialon:Eu** and RbLi(Li;SiO,),:Eu**
(RLSOE) have received a great deal of attentions.”~ However,
the relatively large fwhm (~SS nm) of f-Sialon:Eu** and
limited stability of RLSOE deserves continued research efforts.
For Mn**-activated phosphors, the absorption and emission
behaviors of Mn”>* depend strongly on its coordination
environment in the hosts. Octahedrally coordinated Mn?*
shows orange or red emission with a large fwhm (>60
m),'”"" whereas tetrahedrally coordinated Mn?* exhibits
green emission (500—550 nm) with a small fwhm of 25—60
nm."”~"* MgAl,0,:Mn**, as a typical green emitter, exhibits a
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narrow emission peaked at 525 nm (fwhm = 35 nm), and its
white LEDs show a wide color gamut of 116% National
Television System Committee standard (NTSC). However,
the d—d transitions of Mn*" are parity-forbidden, leading to
the relatively low PLQY and absorption efficiency as well as
too long lifetime. Therefore, significant efforts have been
devoted to the exploring superior narrow-band green emitters
with high PLQY, relatively short lifetime, and excellent
stability.

Recently, the discovery of luminescent zero-dimensional
(0D) metal halides is attracting an increasing level of
interest,'' in which Mn?*-based metal halides usually exhibit
green or red emissions with high PLQY depending on the local
structures, especially when the [MnX,] are surrounded by
bulky organic ligands.'”~** Kovalenko et al. found that the
emission positions, fwhm, radiative lifetimes, and PLQYs
depend strongly on the choice of halogen anions.”* However,
the crystal structure dependence of PL characteristics is still a
challenge in 0D Mn?**-based metal halides, which is critical to
guide the further design of high-performance light-emitting
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materials. Herein, we studied the relationship between the
Mn—Mn distance and luminescent efficiency in 0D Mn**-
based metal halides and proposed a design principle toward the
materials discovery with near-unity narrow-band green
emission originated from Mn**. Specifically, a series of
isostructural solid solutions (C;oH;¢N),Zn,_,MnBr, (x =
0—1) have been designed and synthesized to unveil the
isolated [MnBr,] unit functionalization for inhibiting concen-
tration quenching caused by the energy transfer between the
luminescence centers of Mn**. Results show that the solid
solutions present a narrow-band green emission at 518 nm
with a fwhm of 46 nm. The unique 0D isolated structure casts
a much longer distance between any two adjacent Mn** ions,
which enables all luminescence centers of Mn>* with
spontaneous emission. Besides, the thermal stability of solid
solutions and the performances of white LED device have also
been evaluated. This work is aimed at paving the way for a new
understanding about the 0D Mn**-based metal halides toward
the superior narrow-band phosphors for industrial application.

So far, we have synthesized Cs;MnBrg,”>
(CgHZON)ZMnBrzp22 and (C;;H;4N),MnBr, in our group,
which shown bright narrow-band green emissions with PLQYs
of 49%, 81.08%, and 88.75%, respectively. In addition,
(C¢H4N),MnBr, and (CyH,,P),MnBr, with PLQYs of
62.2% and 98%, respectively, have also been reported.'””" As
shown in Figure 1, we listed these Mn>*-based metal halides
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Figure 1. Illustration of the closest Mn—Mn distance and luminescent
efficiency for the selected 0D Mn**-based metal halides. The crystal
structure presents the isolated [MnBr,] units and the different ligands
are embedded into pores of lattices to form Cs;MnBrg,
(CgH 6N ),MnBry, (CoH,0N),MnBr,, (C,oH;¢N),MnBr,, and
(CyHyoP),MnBr,. Their PLQYs show an increasing trend from
49% to 98%.

including Cs;MnBr;, (C¢H;4N),MnBr,, (CyH,N),MnBr,,
(CyoH4N),MnBr,, and (C,,H,,P),MnBr,, which have similar
0D structures with the [MnBr,] tetrahedrons isolated by the
monovalent inorganic or organic cations. Note that the shape
and the orientation of the [MnBr,] tetrahedrons can be
affected by the monovalent cation spacers. Through a
structural analysis, we find that the PLQYs of these compounds
correlate strongly with their closest Mn—Mn distance (Table
1). The longer the distance between the adjacent Mn?* ions,
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Table 1. Photoluminescence Properties (Peak Position,
PLQY) and Mn—Mn Distance in Various 0D Mn**-Based
Metal Halides

peak Mn—Mn
chemical formula position, nm  PLQY, % distance, A ref
Cs;MnBr, 520 49 6.793 25
(C¢H,¢N),MnBr, 525 622 8.854 19
(C4HyoN),MnBr, 528 81.08 8.952 2
(CoH,N),MnBr, 518 88.75 9.179 this
work

(C,,H,,P),MnBr, 522 98 10.447 21

the higher the PLQY. We speculate that a sufficiently long
Mn—Mn distance would enable all Mn?* luminescence centers
emit spontaneously, thereby achieving near-unity PL efficiency.

On that basis, we select (C;,H;4N),MnBr, as a typical case
to reveal the relationship between the closest Mn—Mn distance
and energy transfer rate with the increase of Mn?*
concentrations. Reassuringly, a series of isostructural solid
solutions (C;oH;¢N),Zn,_Mn,Br, (x = 0—1) were designed
and synthesized to unveil the isolated [MnBr,] unit
functionalization for inhibiting concentration quenching
caused by the energy transfer between the luminescence
centers of Mn*" under the only change of Mn?* concentration.
The experimental details are presented in the Supporting
Information. The crystallographic data of
(C1oHgN),Zn;_ MnBr, (x = 0, 0.2, 0.4, 0.6, 0.8, 1) were
obtained through Rietveld refinement, and their crystallo-
graphic information files (CIFs) are presented in the
Supporting Information. Such refinements were stable with
low R-factors (Table S1, Figure S1). All peaks were indexed by
the same monoclinic cell (P2,), and the site of Mn** ion was
occupied by Mn/Zn ions with fixed occupancy according to
the suggested chemical formula. The linear x dependences of
the cell volumes (Figure 2a) and the average bond lengths
d(Mn/Zn—Br) yeraqe (Figure 2b) further indicate that the Mn
and Zn occupy the same crystallographic sites. Crystal
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Figure 2. (a, b) Linear cell volume dependence V(x) and average
bond length d(Mn/Zn—Br)avmge of (Cy,H6N),Mn,Zn,_Br, (x = 0,
0.2, 04, 0.6, 0.8, 1). (c, d) Crystal structures of (C;;H;¢N),ZnBr, and
(C1oH¢N),MnBr, with the closest Zn—Zn and Mn—Mn distance.
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Figure 3. (a) PLE and PL spectra of (C,,H;4N),MnBr,. The inset shows the digital photograph under 365 nm UV lamp. (b) Energy states splitting
and optical transitions in tetrahedrally coordinated Mn**. (c) PL spectra of (C;oH;4N),Zn;_,MnBr, (x = 0—1) excited 365 nm under the same
tested conditions. The inset is a variable trend of integrated intensity with the increase of Mn®* concentration from experiment and theory,
respectively. (d) Decay curves of (C;;H;¢N),Zn,_Mn,Br, (x = 0.2, 0.4, 0.6, 0.8, 1) under excitation at 450 nm, monitored at 518 nm.

structures with the closest Mn/Zn coordination spheres are
shown in Figure 2c,d. The two end compounds are
isostructural, with similarly distances between the closest
tetrahedrons, i.e., 9.13 and 9.18 A for Zn—Zn and Mn—Mn,
respectively, in accordance with the trend of ion radii 0.60 and
0.66 A for Zn** and Mn*", respectively.*®

The PLE and PL spectra of the two end-member
compounds are shown in Figure 3a and Figure S2a,
respectively. (C,oH;(N),ZnBr, exhibits a blue emission
(fwhm = 60 nm) peaked at 440 nm with a low PLQY less
than 1% under 365 nm excitation. The Stokes shift of around
75 nm is small, different from the cases of self-trapped exciton
emission.”””* Noted that the defect-induced emissions are
common in Zn-based compounds.””* Therefore, we speculate
that the blue emission originates from vacancy defects. In
addition, the weak blue emission has a lifetime of 152.64 ns
(Figure S2b) and gradually disappears upon Mn** doping. As
for the (C,oH;4N),MnBr,, a narrow-band green emission
(fwhm = 46 nm) at 518 nm under 450 nm excitation was
observed (Figure 3a). The PLE spectrum shows three distinct
groups of bands, with the corresponding electronic transitions
summarized in Figure 3b. The narrow-band green emission is
attributed to the d—d transition (*T;—°A;) of tetrahedrally
coordinated Mn>" centers.””** The as-prepared powder shows
an intense green light under 365 nm irradiation, as shown in
the inset of Figure 3a.

The PL spectra of (C;oH;(N),Zn,_Mn,Br,(x = 0—1) are
shown in Figure 3c. The inset of Figure 3¢ summarizes the
Mn** concentration (x) dependence of the integrated
intensities. As listed in Table 2, at the low x region, the
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Table 2. Emission Integrated Intensity and PLQYs of
(C1oHN),Zn,;_ Mn Br, (x = 0—1) under 450 nm
Excitation

(CyoH¢N),Zn,_ Mn,Br, integrated intensity PLQYs, %

x=0 254.141 0

x = 0.01 4962.746 24.69
x = 0.0 34773.987 38.36
x =0.10 58447.839 49.16
x = 0.15 75861.975 64.72
x =02 92009.979 75.59
x =04 112517.538 89.06
x = 0.6 116193.726 89.14
x=0.8 119297.882 89.91
x=1 120076.831 88.75

PLQY increases with increasing the x, and reaches a plateau
value of 89.06% at x = 0.4. Interestingly, the PLQY does not
drop with further increasing the x, indicating these solid
solutions are free of the common chemical quench effect. We
speculate that the spontaneous emissions of Mn®* competes
with the nonradiation losses induced by the energy transfer of
Mn*. The closest Mn—Mn distance is essential for the
luminescence saturation behavior of Mn**. The large organic
cations provide long Mn—Mn distance. Specifically, the unique
arrangement of isolated [MnBr,] units inhibit the migration of
excitation energy in adjacent luminescence centers of Mn?**,
thereby leading to near-unity efliciency without interference of
defects or other factors.”"

https://dx.doi.org/10.1021/acs.jpclett.0c01933
J. Phys. Chem. Lett. 2020, 11, 5956—5962
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To experimentally certify the energy transfer of Mn*', the
decay curves of (C,oH;¢N),Zn,_,Mn,Br, (x = 0.2, 0.4, 0.6, 0.8,
1) are measured under 450 nm excitation. As illustrated in
Figure 3d, the PL decay curves monitored at A.,, = 518 nm are
well fitted by the single exponential decay equation:

I(t) =1, + A exp(—t/7) (1)

where I(t) and I, are the luminescence intensity at time ¢ and ¢
> 7, A is a constant, and 7 is the decay time for an exponential
component. The lifetimes of solid solutions are determined to
be 0.33 ms, which is close to the literature values of Mn>*-
based bromides.”* This further indicates that the green-light
emission belongs to the d—d transition (*T}—°A;) of Mn®*.
Importantly, the lifetimes of (C,(H;(N),Zn,_,Mn,Br, (x = 0.2,
0.4, 0.6, 0.8, 1) do not change with the increase of Mn*"
concentration, which proves that there is quite weak energy
transfer between adjacent luminescent centers of Mn**.

Following our past theoretical model describing the
dependence of the luminescence intensity on the concen-
tration of luminescent centers,”” the luminescence intensity per
unit volume of (C,oH4N),Zn;_,MnBr, (x = 0—1) can be
written as follows:

x-A
0 —t
A+ WyR

em (2)
where I, is the luminescence intensity under the dilute
condition; x is the content of Mn®', A is the spontaneous
emission rate of the luminescent *T, energy level of Mn*", t is
the index of the Mn—Mn electric multipole interaction, Wj is
equal to the energy transfer rate of Mn”>* when R is unit length,
and R is the Mn—Mn critical energy transfer distance, which
also depends on the x with the Blasse formula:**

1/3
{2
(©)

where V is the unit cell volume and n is the number of Zn**
sites in one unit cell. The brief derivation process of eq 2 was
given in Supporting Information to understand the physical
meaning of constant parameters. As shown in the inset of
Figure 3c, the experimental Mn** concentration dependence of
the emission intensity can be well fitted by the eq 2, indicating
the important role of the Mn—Mn energy transfer on the
luminescence intensity regulation. By taking eq 3 into eq 2, we
have the direct numerical relationship of I, versus x, as the
values of I, A, W, and t can be determined by fitting the
dependence of emission intensity of (C,,H;4N),Zn,_,Mn,Br,
(x = 0—1) on the Mn*" concentration. Table S2 summarizes
the ratio of the energy transfer rate of Mn** to the spontaneous
emission rate of the luminescent *T energy level of Mn*", i.e,,
Wy-R™"/A, based on the application of the values obtained of
W, A, and t. Obviously, the longer R, the smaller the energy
transfer rate, and therefore much stronger luminescence
intensity can be expected.

For those 0D Mn?*-based metal halides, let us set x = 1 and
substitute the optimized values of the fitting parameters into eq
2, and then the dependence of the emission intensity on the
closest Mn—Mn distance can be predicted and shown in Figure
4. The calculated trend on R indicates that the longer R, the
stronger emission intensity and thus the larger PLQY. Such an
increasing trend can be explained as the weakening of the Mn—
Mn energy transfer due to the increase manipulation of the
closest Mn—Mn distance R, as shown by the inset of Figure 4.
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Figure 4. Predicted dependences of the emission intensity of Mn>* on
the closest Mn—Mn distance in 0D Mn**-based metal halides. The
inset shows the model diagram.

In addition, it can be seen from our prediction that the
luminescence saturation will happen when R > 15 A. All the
results presented here give a good echo to the observed
increasing relationship between R and PLQY in Figure I.
Accordingly, the inset of Figure 4 also properly depicts a
competitive relationship between the closest Mn—Mn distance
and the energy transfer rate in 0D Mn?>*-based metal halides.

The electronic band structures and excitation energies of
(C1oHgN),Zn,_ ,MnBr, (x = 0, 1) were calculated with the
HSEO06 hybrid functional. As shown in Figure 3a,

u B——
1sN C1qH16N|2p
nl4s Zn|3p| Brl4p

Y A BD E VBM C|3|\/|b<'—I

Figure S. (a) Electronic band structures and (b) VBM- and CBM-
associated charge densities of (C,,H;¢N),MnBr,. (c) Electronic band
structures and (d) VBM- and CBM-associated charge densities of
(C1oH6N),ZnBr.

"z

(C1oH16N),MnBr, has a direct band gap of 4.60 eV at the D
point, close to the experimental value of 4.55 eV (Figure S3b).
The valence band maximum (VBM) consists of Br 4p and Mn
3d orbitals, while the conduction band minimum (CBM) is
derived from the organic molecular (C,oH4,N) 2p orbital. It
can be found from Figure Sb that the contributions to VBM
and CBM are concentrated on MnBr, clusters and organic
groups, separately. The excitation energy was calculated to be
3.40 eV, close to the experimental value of 3.48 eV (Figure
S3b). As shown in Figure Sc,d, (C;oH;¢N),ZnBr, has a slightly
indirect band gap of 5.14 eV, similar to the experimental value

https://dx.doi.org/10.1021/acs.jpclett.0c01933
J. Phys. Chem. Lett. 2020, 11, 5956—5962
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Figure 6. (a) Temperature-dependent PL spectra of (C,yH;(N),MnBr, under 450 nm excitation in the temperature range of room temperature to
150 °C with an interval of 25 °C. (b) Integrated PL intensity of (C,oH;¢N),MnBr, as a function of temperature. The inset shows visual TQ
behavior. (c) Emission spectrum of the white LED fabricated with the (C,;H;4sN),MnBr, and the K,SiF;:Mn** on the InGaN chip (A, = 450 nm)
at a 20 mA drive current. The insets show the photographs of device. (d) Color gamut of NTSC standard (black dotted line) and the fabricated
white LED (red line, 104%) in the CIE 1931 system. (e) Drive current dependent emission spectra and CIE chromaticity coordinates of LED
device. (f) Thermographs at different drive currents from 20 to 300 mA.

of 5.27 eV (Figure S3c). The VBM consisting of the Br 4p
orbital is at the C point, and the CBM consisting of the
(C1oH;N) 2p orbital is located at the D point. Note that the
direct band gap at the D point is only 0.005 eV higher in
energy. Unlike Mn*" in (C;oH;¢N),MnBr,, Zn*" has little
contribution to the band edge of (C,yH;¢N),ZnBr,, due to the
full d state (d'°). Besides, the excitation energy is calculated to
be 4.96 eV, only slightly smaller the band gap value.
Temperature quenching (TQ) behaviors are regarded an
important indicator of the potential of light-emitting materials
for LED application. Initially, the thermogravimetric (TG)
analysis (Figure S4) indicates (C,,H;¢N),MnBr, is thermally
stable up to around 215 °C, and the chemical stability of such
hybrids is related to the organic ligands used here. As shown in
Figure 6a and Figure S5, we also investigate the temperature-
dependent PL spectra of (C,oH;¢N),Zn;_,MnBr,. As the
temperature rises, no decline is observed for their integrated
emission intensity. At 150 °C, the integrated emission intensity
of solid solutions is about 100% of that at room temperature,
indicating a zero-thermal PL quenching (Figure 6b). The
isolated luminescence centers with lager Mn—Mn distance are
key for such an excellent thermal stability, ascribed to the
inhibition of energy migration with the increasing temperature.
Moreover, (C;oH;(N),MnBr, exhibits a highly efficient
narrow-band green emission (fwhm = 46 nm, 4., = 518 nm,
PLQY = 88.75%) under 450 nm excitation. Thus, the 0D
Mn**-based metal halides may be attractive candidates as LED
backlights for wide color gamut display. Accordingly, Figure 6¢
shows the white LED device fabricated by the green-emitting
(C1oH¢N),MnBr,, the red-emitting K,SiFs:Mn*", and a blue
InGaN chip (4., = 450 nm), which exhibits a suitable
correlated color temperature (CCT) of 7218 K, and a high
luminous efficacy of 120 Im/W at a 20 mA drive current, and
the CIE chromaticity coordinates of (0.3054, 0.3088) located
on the white region. The as-fabricated white LED covers a
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wide color gamut of 104% NTSC in CIE 1931 (Figure 6d),
suggesting its potential for LCDs backlighting. To further
evaluate the thermal stability in industrial application, the drive
current dependent emission spectra are measured at 20—300
mA (Figure 6e). The emission spectra are similar in shape with
a small color shift. As shown in Figure 6f, the thermographs at
different drive currents directly show the highest operating
temperature (145.2 °C) of white LED device. That is to say
that (C,oH;¢N),MnBr, has no TQ behavior below 150 °C,
which is attractive for use in the backlights of LCDs.

In summary, the solid solutions of (C,(H;(N),Zn;_,MnBr,
(x = 0—1) were designed and synthesized to study the isolated
[MnBr,] unit functionalization for inhibiting concentration
quenching, and the new narrow-band green emitter with high
PLQY was discovered via such a design principle. Remarkably,
there is a competition between the closest Mn—Mn distance
and the energy transfer rate of Mn?*, and the unique 0D
isolated structure casts a much longer Mn—Mn distance
toward all luminescence centers of Mn>* with spontaneous
emission, which is a universal regulating strategy to achieve the
highly efficient narrow-band green emission. As a typical case,
(C1oH¢N),MnBr, exhibits a narrow-band green emission at
518 nm with a fwhm of 46 nm and an excellent thermal
stability of zero-thermal quenching at 150 °C. The as-
fabricated white LED device shows a high luminous eflicacy
of 120 Im/W and a wide color gamut of 104% NTSC, which
can be used in the backlighting of LCDs. This work provides a
versatile insight into the 0D Mn”*-based metal halides with
isolated [MnBr,] unit toward near-unity PL efficiency.
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Experimental details, Rietveld refinement XRD patterns
of (CoH¢N),Zn;_MnBr,(x = 0—1) for Figure SI,
PLE and PL spectra and the decay curve of
(C1oHgN),ZnBr, for Figure S2, diffuse reflectance
spectra for Figure S3, TG curve of (C,oH;4sN),MnBr,
for Figure S4, temperature-dependent PL spectra for
Figure S5, main parameters of processing and refinement
for Tables S1, calculated values of the critical energy
transfer distance (R) and the ratio of the energy transfer
rate to the spontaneous emission rate for Table S2
(PDF)

Crystallographic data of (C,,H,¢(N),ZnBr, (CIF)
Crystallographic data of (C;;H4N),(ZngsMn,,)Br,
(CIF)

Crystallographic data of (C;,H;¢N),(ZnysMny,)Br,
(CIF)

Crystallographic data of (C;;H4N),(Zng4Mnge)Br,
(CIF)

Crystallographic data of (C;,H;¢N),(Zny,Mn¢)Br,
(CIF)

Crystallographic data of (C,,H;4N),MnBr, (CIF)
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