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Introduction

During the last 2 decades, organic-inorganic hybrid lead (Pb)
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As luminescent materials, lead-free zero-dimensional (0D) organic—inorganic metal halide perovskites
have recently attracted special attention. Here, we have synthesized a novel lead-free manganese-based
organic—inorganic hybrid halide (TPA),MnBr, where TPA = [(CzH;)sNHI* (i.e., tri-n-propyl-ammonium).
The single crystal X-ray diffraction (SCXRD) shows that (TPA),MnBr, crystallizes in the triclinic phase and
P1 space group, with the lattice parameters of a = 9.5444(2) A, b = 10.1056(2) A and ¢ = 15.1835(3) A.
The powder XRD (PXRD) pattern confirms the synthesized perovskite's high purity and crystalline nature.
The crystalline structure of the melted sample at 72 °C and after cooling down to room temperature is
similar to the not melted one, while the material shows high-temperature sustainability up to 180 °C.
The EPR experiments confirm the tetrahedral environments of the Mn2* ions. In this compound, the
[MnBr4l,—tetrahedral units are isolated by large (TPA) organic cations, resulting in a unique 0D structure.
This OD perovskite emits a strong green light under UV excitation, with a maximum at 520 nm and a
high photoluminescence quantum yield (PLQY) of 62% benefitting from the lowest d—d orbital transition
of the Mn?* ion in the tetrahedral crystal field and the long Mn—Mn distance, respectively. The photolu-
minescence lifetime of (TPA),MnBr4 is 0.39 ms. Fluorescence lifetime imaging microscopy (FLIM) shows
a uniform distribution of the emitting species with no apparent bulk or edge defects. A series of color-
tunable down-converted light-emitting diodes (LEDs) were fabricated by using increasing amounts of
(TPA),MnBr, as the phosphor layer, reflecting its high potential for application in LED technologies.

obstacles to their practical application.'™'* Therefore, an
important way to overcome the toxicity issue is to replace Pb
in perovskites with eco-friendly elements.’*'* Compounds

perovskites have attracted significant interest for their photo-
luminescence and electroluminescence properties such as
large absorption coefficient, high charge carrier mobility, high
photoluminescence quantum yield (PLQY), direct optical band
gap and high defect tolerance.''° However, the high toxicity of
Pb-based materials and their poor stability remain the major
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based on divalent Mn(u) cations have long been considered
promising candidates to replace Pb*>" in organic-inorganic
perovskites."'® Manganese-based hybrid inorganic-organic
materials have drawn significant attention not only in the fields
of ferromagnetics'”° and solar cells,?® but also for their good
stability and high-performance emission with colors ranging
from green to red depending on the coordination environment
of Mn**.'2* The Mn®" metal ion has a 3d° electronic configu-
ration and generally exhibits visible photoluminescence (PL)
resulting from the *T;-°A; transition,”>>’ which mainly
depends on the crystal field surroundings of Mn>" in the lattice.
In some cases, the Mn** jons are tetrahedrally coordinated
(weak crystal field), and each Mn** ion is surrounded by four
ligands to form an independent [MnX,]>~ tetrahedral unit,
where the Mn-Mn distance is large enough to eliminate direct
spin-spin coupling between adjacent Mn ions.”® In that case, the
contributions from an individual Mn>" ion dominate the optical
transition, usually leading to green emission (500-550 nm) with a

This journal is © The Royal Society of Chemistry 2024
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small full width at half maximum (FWHM) of 25-60 nm.>*>*' For
other cases, when the Mn*" jons are octahedrally coordinated
(a strong crystal field), each Mn*" ion is surrounded by six ligands
(MnXe]*"), and the Mn-Mn distance is largely reduced due to
the formation of edge-sharing infinite linear chains along one direc-
tion. Therefore, the octahedral coordination of Mn>* ions (higher Mn—
Mn coupling interaction) induces a shift in the emission spectrum to
orange or deep red spectral regions, with a large FWHM of more than
60 nm.**>* In some cases, it’s has been found that the emission color
of the Mn-based perovskites can be tuned from green to red during
the phase transition from tetra-coordination to hexa-coordination of
manganese(n) ions.>*” Thus, Mn-hybrid perovskites show excellent
gas sensing properties, X-ray scintillators, and good performance in
terms of LEDs (light emitting diodes) with the advantages of low cost,
environmental protection, and easy preparation.”*****

The organic ligand is an important structural component of
the Mn-based perovskites that affects the electronic band
structures and the corresponding crystal field. Organic cations
with a rigid structure could reduce the thermal vibrations and
suppress nonradiative transitions thus increasing the PLQY.>
On the other hand, bulkier ligands in the correct molar ratio
might allow tuning the optical properties of the resulting
perovskites increasing the Mn-Mn separation. Although not
as common, as an alternative strategy, smaller monovalent
organic cations could also be used to obtain the required
Mn-Mn distance to obtain highly efficient green-emitting Mn-
based perovskites. Since they are monovalent, two such cations
will be needed to charge balance the [MnBr,>~ perovskite
tetrahedra, which should lead to a longer separation between
the Mn centers.*® This approach has been used for example to
produce green-emissive 0D Mn(u)-based perovskite of formula
(LH),MnX, ((TEM),MnBr,, TEM = triethylammonium) with a
Mn-Mn distance of 8.85 A and a PLQY of 50%.** Another study
has reported (DIPA),MnBr, (DIPA = diisopropylammonium)
perovskites, with a similar distance between the [MnBr,]*~
tetrahedron (8.85 A) and a PLQY of 62.2%." Thus, it can be
expected that the stereochemistry of small monovalent cation
(both the DIPA and TEM provide a significant degree of steric
hindrance) plays a fundamental role in the optoelectronic

Scheme 1

propylammonium organic cations and [MnBr,4]>~
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properties of the formed Mn-based perovskites. Notably, these
studies did not provide information on the stability of these
materials against moisture under ambient conditions. There-
fore, small monovalent cations of the ligands with increased
steric hindrance, like the tri-n-propylammonium cation, for
example, could be used to improve the PLQY of the green
emissive Mn-based organic-inorganic halide materials and will
help evaluate the impact of tertiary ammonium cations on the
long-term stability of Mn-based metal halide perovskites.
Here, we prepared, characterized, and studied the spectro-
scopy and photodynamical properties of a new Mn(u) based
organic-inorganic hybrid perovskite material (TPA),MnBr, by
using tri-n-propylammonium as the organic cation. The per-
ovskite was obtained at a high yield using a slow evaporation
method in two different solvents, with excellent reproducibility.
It was fully characterized using a combination of single crystal
X-ray diffraction (SCXRD), powder X-ray diffraction (PXRD),
thermal analyses (TGA-DSC), electron-spin paramagnetic reso-
nance (EPR), UV-Vis steady-state and time-resolved emission
spectroscopy, and fluorescence confocal microscopy analyses.
(TPA),MnBr, displays an intense green emission centered at
520 nm with a high quantum yield PLQY of 62% due to effective
d-d transitions of tetrahedrally coordinated Mn>". Its emission
decays monoexponentially with a lifetime of 0.39 ms. Further-
more, a series of down-converted LED devices were fabricated
using the (TPA),MnBr, powder as a green phosphor deposited on
a blue (465 nm) LED chip, showing the possibility of controlling
the emission color of the device with the amount of the Mn-based
perovskite. Therefore, our work shows that (TPA),MnBr, has great
potential to be the next-generation of hybrid organic-inorganic
Mn halides for LED technologies and may also present great
opportunities for its use in other optoelectronic applications.

Experimental section

The Experimental section is described in detail in the ESI,}
Section 1. It includes the synthesis procedure of tri-n-propyl-
ammonium bromide salt (TPA), and the corresponding

(A) Crystal structure of (TPA),MnBr4 in the asymmetric part of the unit cell, the pink dashed line shows the H-bonds between tri-n-
tetrahedral units. (B) Mn—Br distances in the single [MnBr,4

12 tetrahedral units. (C) The packing diagram

of (TPA),MnBr,4 viewed from the b-direction at room temperature; all the H-atoms had been omitted for clarity.

This journal is © The Royal Society of Chemistry 2024
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(TPA),MnBr, perovskite, both as a single crystal and as a
crystalline powder (Fig. S1, ESIt). It also describes the fabrication
of the LEDs and the techniques and experimental conditions used
for the characterization of the perovskite.

Results and discussion
Structural characterization

The SCXRD experiment was carried out at 150 K and shows that
the synthesized perovskite possesses a typical zero-dimensional
crystal structure, with a chemical formula of (TPA),MnBr,.
It crystallizes in the triclinic phase and P1 space group, with
the lattice parameters of a = 9.5444(2) A, b = 10.1056(2)A,
¢ = 15.1835(3) A, a = 82.880(2)°, f§ = 73.734(2)°, y = 83.119(2)°
and Z = 2. The structure of a single unit of (TPA),MnBr, is
shown in Scheme 1. Further details for the crystallographic
parameters are provided in Tables S1-S3 (ESIt). The asym-
metric unit of the compound (Scheme 1A) consists of two
independent tri-n-propylammonium organic cations and one
[MnBr,]>~ anion as the inorganic part. The Mn*>* metal cation has
a tetrahedral geometry composed of four bromide ions to form
[MnBr,>~ anion units. The circumjacent space of [MnBr,]>~ is
filled with tri-n-propylammonium organic cations via hydrogen
(H) bonding in opposite directions, forming a unique 0D struc-
ture. The geometry of [MnBr,J>~ tetrahedrons can be regarded as
a slightly distorted tetrahedral, with (Mn-Br) bond lengths varying
from 2.5076(4) to 2.5408(4) A, while the (Br-Mn-Br) angles vary
from 106.654(14) to 109.781(14)° (Scheme 1B). These values of
bond lengths and angles are in good agreement with those found
in other reported [MnBr,]*~ tetrahedrons.’®™ The crystal struc-
ture is stabilized by intermolecular H-bonding interactions
between tri-n-propylammonium organic cations and [MnBr,]*~
complex anions via an intricate network of C-H---Br and N-
H: - -Br H-bonds into a 3-dimensional network that stabilizes the
resulting 0D perovskite (Scheme 1C and Table S3, ESIt). The Mn-
Mn distances in (TPA),MnBr, (approximately 9.5444(5) and
10.0066(5) (longest) A (Fig. S2, ESIT)) are sufficiently large to
eliminate the direct spin-spin coupling between Mn-ions in
independent [MnBr,]>~ tetrahedral units.*" Hence, it is expected
that its optical transition will be dominated by an independent
manganese ion, resulting in a green emission.

Powder X-ray diffraction (PXRD)

The crystalline structure of the as-synthesized perovskite was
confirmed via powder X-ray diffraction (PXRD) analysis (Fig. 1A).
The PXRD pattern of (TPA),MnBr, is consistent with the simu-
lated one obtained from the single crystal with slightly varying
intensities (Fig. 1A), most probably due to preferential orienta-
tions, demonstrating the high phase purity and the uniformity of
the synthesized crystals.

Hirshfeld surface analysis

To gain more insights into the nature and robustness of inter-
actions present in the crystalline arrangements of (TPA),MnBr,,
Fig. S3A (ESIT) shows the Hirshfeld surfaces (HS) mapped using
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Fig. 1 (A) PXRD patterns of the powder sample of (TPA),MnBr,, before
and after melting, as well as the simulated PXRD pattern from SCXRD. (B)
TGA-DSC curves of (TPA),MnBr4.

200

dnorm- Clearly, the H-H intermolecular interactions provide the
dominant contribution (69%) in the total surface of the mole-
cular structure as it appears by the scattered points in the
middle area of the fingerprint plot (Fig. S3B, ESIt). Further-
more, the H-Br/Br-H interactions, which appear as two pair
sharp spikes in the fingerprint plot, have the second most
dominant interaction contribution (30.7%). Due to the opposite
partial electronic charge of the hydrogen and the bromine
atoms, this kind of interaction is electrostatically favourable
providing more robustness to the crystal. Notice that there are
two different N-H- - -Br and C-H---Br H-bonds in the crystal
structure (Fig. S3C and Table S3, ESIt) and the presence of
these H-bonds exerts a large influence on the robustness of the
packing in the crystalline arrangements. Finally, the Mn. - -Br
intermolecular interaction (not within the same tetrahedron) is
very weak, with only 0.3% contribution (Fig. S3D, ESIY).

TGA-DSC analysis of the (TPA),MnBr, as-synthesized powder

Furthermore, we explored the thermal stability of (TPA),MnBr,
through simultaneous thermogravimetric analysis (TGA) and

This journal is © The Royal Society of Chemistry 2024
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differential scanning calorimetry (DSC) measurements from
room temperature to 900 °C (Fig. 1B). The results show that
the compound remains stable up to 180 °C and above this
temperature it starts to decompose in two main weightless
steps. In addition to that, a sharp endothermic peak in the
DSC signal is observed at 72 °C, reflecting the melting of
(TPA),MnBr, powder, but without any signature of decomposi-
tion since the material is still green emissive upon cooling
down to room temperature (Fig. S1, ESIT). Notice also that the
PXRD at room temperature of a melted sample (heated to 75 °C)
is very similar to the not melted one (Fig. 1A). This indicates
that even after melting, the (TPA),MnBr, perovskite retains its
initial crystalline structure and maintains its green emission.
This result is similar to the one reported for (Bu,N),[MnBr,]
(BuyN: tetrabutylammonium) in which the melting of the
perovskite occurs at 60 °C.>°

On the other hand, the first weight loss occurring between
220 and 400 °C, is attributed to the decomposition of two (TPA)-
Br moieties. The observed weight loss in this step is 66.8%, very
close to the theoretical mass expected for this ligand in the
material (67.3%). This decomposition process is accompanied
by two endothermic peaks on the DSC curve (red curve), with
the maximum being at 301 °C and 358 °C, respectively. The
thermal decomposition mechanism could take place according
to the following eqn (1):

[(C3H;)3N],MnBr; — 2[(C3H;);NBr] + MnBr, (1)

The last transformation between 400-780 °C, with a total
weight loss of 25.3%, corresponds to the partial decomposition
of the inorganic MnBr, unit. Subsequently, the residue is stable
up to a temperature of 900 °C. These results agree with those
observed for the thermal degradation of similar perovskites
compounds.*®>" For example, a systematic study of the thermal
decomposition of Mn(u) perovskites with the general formula
(EtyN),[MnBr,] (Et,N: tetraethylammonium cation) reveals that
the decomposition of this perovskite leaves behind only a Mn(x)
halide during the first step, which agrees well with our result.>>

To further investigate the possibility of an order-disorder-
type structural transition, DSC measurement of (TPA),MnBr,
from 200 to 300 K (Fig. S4, ESIt) was carried out. However,
surprisingly, no thermal signals were observed in the DSC
curves during two cycles of heating and cooling, which con-
firms the absence of any phase transition or thermal anomalies
in the prepared Mn perovskite.

EPR spectroscopy characterization

EPR spectroscopy is a useful tool to get important information
about the local coordination of high-spin Mn>" ions in all types
of material.>® Fig. 2A shows the X-band EPR spectra of powder
samples of (TPA),MnBr, measured at different temperatures
from 100 to 5 K, while Fig. S5 (ESI{) exhibits the X-band EPR
spectra carried out at room temperature. The observed spectra
are very complexes, with several broad lines from zero field to
0.7 T, indicating that the zero-field splitting (ZFS) in this
compound is larger than the microwave quantum energy, Av,
at this frequency.”* Furthermore, the spectra do not change

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) Variation of the X-band electron-spin paramagnetic resonance
(EPR) spectra of (TPA),MnBr,; with temperature from 5 to 100 K.
(B) Experimental and calculated Q-band room temperature spectra (see
the text for details of the fit).

significantly when the temperature is lowered to 5 K, which
means that the ground state does not change and that the
magnetic interactions between the Mn** ions are negligible.
Notably, we did not observe the manganese nuclear hyperfine
splitting. We explain this behavior by the presence of dipolar
interactions in solid samples that lead to a broadening of the
lines and as a result the hyperfine structure is often missing.>®

The Q-band EPR spectrum recorded at room temperature
has a much simpler appearance and a large signal intensity at
g = 2 (Fig. 2B), indicating that the ZFS is smaller than the
Zeeman energy at this frequency (34 GHz, 1.2 cm ‘). This
spectrum could be reasonably well fitted using the following
spin-Hamiltonian (eqn (2)):

H:ﬁg.g.§+D[Sg,M}

+ 5(52 - sf) )

where the first term accounts for the Zeeman effect, while D
and E refer to the axial and rhombic parts of the ZFS, respec-
tively. The spin Hamiltonian parameters were estimated by
comparison of the experimental spectra with those obtained
by a computer simulation program working at the second order of
the perturbation theory (Bruker Symphonia software package). The
parameters were then optimized using the least-squares method
and the best-fit result is represented as a red solid line in Fig. 2B.
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The obtained ZFS constants are D = 0.86 cm™* and E = 0.26 cm ™%,
with g values close to 2 as expected for high-spin Mn(u) ions.
Therefore, the Zeeman effect dominates the zero-field splitting in
the Q-band experiments, but not in the X-band experiments, hence
the large difference between the observed spectra. The obtained
values of D and E imply a strong distortion of the Mn*>* environ-
ment in this compound.®® This fact, the loss of the hyperfine
structure, and the green emission color of the compound suggest a
distorted tetrahedral geometry for (TPA),MnBr,.

Photophysical characterization

To characterize the photophysical properties of (TPA),MnBr,,
we recorded the UV-vis absorption, excitation, and emission
spectra (Fig. 3). As displayed in Fig. 3A, the diffuse reflectance
(converted to Kubelka-Munk (KM) function) and the excitation
spectra exhibit bands with multiple vibrational transitions in
the UV and visible regions (G terms and D terms). In the UV
region, the two most intense peaks are located at around
360 nm and 374 nm and correspond to the electronic transition
from the °A, (6S) ground state of Mn>" to “E(D) and “T,(D). On
the other hand, the strong absorption bands at around 437 nm,
450 nm, and 467 nm (visible region) are attributed to the

1.0 ~ AP
® 4 -1,
Q ™ —Exc S
: —Em| 3
(=]
2 &
< 3
2 0.5 Em Lo5 N
N - S
E £
£ o
) =
=
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Fig. 3 (A) Normalized to the maximum intensity of reflectance (converted

to the K—M function), excitation (observation at 520 nm), and emission
(excitation at 365 nm) spectra of the (TPA),MnBr, as-synthesized powder.
(B) Emission decays of the (TPA),MnBr,4 as-synthesized powder following
excitation at 371 nm (blue circles) and 433 nm (red circles). The solid lines
represent the best monoexponential fit.
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transition of Mn”>" from the ®A; (6S) ground state to [*A;(G),
“B(G)], “T(G), and *Ty(G) levels, respectively. Besides, the
positions of these peaks are consistent with the energy state
splitting for tetrahedrally coordinated Mn>*.***""%° The excita-
tion spectrum of (TPA),MnBr, (monitored at 520 nm) matches
well with the diffuse reflectance one indicating a common
origin of the ground state transitions.

The emission spectrum of (TPA),MnBr, (Fig. 3A) was
recorded upon excitation at the most intense absorption wave-
length (365 nm). It consists of a single and relative narrow band
(FWHM = 54 nm, 2127 cm ') with its maximum located at
520 nm (green color) and with a high PLQY of 62%. The strong
green emission of this kind of Mn-perovskite is well known
to be from the d-d (*T; — °A,) transition of Mn>" ions with a
tetrahedral coordination geometry in [MnBr,]*~ units. This is
in agreement with the results from the SCXRD experiment
where the long distance between two adjacent Mn>" (approxi-
mately 9.54(5) (shortest) and 10.01(5) (longest) A) reflects the
absence of or weak Mn-Mn coupling in the [MnBr,J*~ tetra-
hedral units.*®®%®! The tetrahedral units are separated enough
by tri-n-propylammonium in the crystal structure leading to a
Jahn-Teller effect, which induces the emission corresponding
with the d-d transition of the Mn ions. Furthermore, the
emission spectrum does not shift with the excitation wave-
length (Fig. S6, ESIt), demonstrating that the emission of the
perovskite material has its origin in the d-d transition of the
Mn ions. Previous studies have shown that the Mn-Mn distance
is a highly dominant factor for the PLQY in this kind of
organic-inorganic compounds.*"***%%? For example, in a sys-
tematic study of crystal structures and optical properties of
several A,MnBr,-type perovskites (where m = 1 or 2, A = di-
methylammonium, 3-methylpiperidinium, 3-aminomethyl-
piperidinium, heptamethylenimine, and trimethylphenyl-
ammonium) a direct correlation between the Mn-Mn distance
and the PLQY was reported. The study demonstrated that
higher PLQYs are associated with a longer Mn-Mn distance.
The increase in the PLQY of these Mn-based compounds with
the increase in the Mn-Mn distance was explained in terms of
the reduction of the energy transfer processes (induced by
coupling interactions such as dipole-dipole and spin-exchange
interactions) between neighbouring Mn** ions.** Fig. S7A
(ESIt), based on Table S4 (ESIt) shows that the PLQY of
Mn(u)-based perovskites increases with the Mn-Mn distance
as a result of inhibition of the Mn-Mn quenching by coupling
effects, and thus, the emission is dominated by the d-d transi-
tion of each individual Mn ion. It was shown that a small
enhancement of PLQY could occur also by other factors such as
the type of the organic linker, the crystallinity of the synthe-
sized single crystals and their symmetry and the degree of
distortion in [MnBr,]>".*® The measured PLQY of 62%, which
deviates from the ideal one (100%), suggests the presence of
non-radiative processes that occur at shorter time scales.

As we previously discussed, the single crystal structure
clearly shows the presence of H-bonds of CH---Br (2.91 and
3.12 A) and NH- - -Br (2.36 and 2.39 A). Thus, in addition to the
weak Mn-Mn interaction and phonon (vibrations) channels for

This journal is © The Royal Society of Chemistry 2024
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the non-radiative deactivation, upon electronic excitation to
“E(D), “Ty(D), [*A1(G), “E(G)], *T5(G), and “Ty(G) levels, the
H-bond fluctuation in these states or in the emitting one,
“T,(G), should be an additional source for radiationless transi-
tions which has been reported for many H-bonded
systems.®>"®> Notice also that the presence of bromide atoms
in the Mn-tetrahedral configuration could also induce radia-
tionless transitions due to the heavy-atom effect in the emis-
sion transition.®® Thus, we suggest that the weak Mn-Mn
interaction, the H-bonds, the phonons, and the presence of
bromide atoms around the Mn-emitter centre, all contribute to
the decrease in the PLQY from 100% to 62%. Nevertheless, this
is still a high value of PLQY, which encourages the use of this
perovskite in lighting application as we will show in this
contribution. Notice also that our experiments have been
carried out at an ambient humidity of about 32%. Considering
that the emission intensity in a down converter LED that was
heated to 60 °C for 6 h increased by 13% (vide infra), we expect
that the PLQY in a dry atmosphere should increase to at least
70-75%. Following Fig. S7 (ESIT) based on the published PLQY
values of more than 30 tetrahedral Mn- and Br-based perovs-
kites vs. Mn-Mn distance, the lowest expected value of the
PLQY of our perovskite is about 50% while the highest one is
about 90%.

To provide more insights into the photophysical properties
of the hybrid Mn-perovskite (TPA),MnBr,, the emission decay
monitored at 520 nm was measured under two excitation
wavelengths, 371 nm and 433 nm (Fig. 3B). The emission decay
shows no dependency with either the observation wavelength
nor the excitation one (Fig. S8, ESIt). The emission decays were
accurately fitted using a single-exponential function with a time
constant of 0.39 ms, indicating a single exciton recombination
pathway. The long-lived emission lifetime value of this perovs-
kite is due to the longer Mn-Mn distance (9.54 A), which results
in a lower energy transfer efficiency between the Mn>* emitting
centres, suggesting that the d-d orbital transition dominated
the emission lifetime. Table S4 (ESIt) shows that previously
reported organic-inorganic manganese-based perovskites where
the Mn emissive centre is in a tetrahedral configuration, exhibit
an average lifetime in the microsecond time scale.

Using the value of the emission lifetime and PLQY, the
calculated non-radiative rate constant (k) is 0.97 s~ '. From
the published PLQY and emission lifetime of tens of Mn(wv)-
and Br-based perovskites (Table S4, ESIf), we calculated and
plotted the change of k,, vs. Mn-Mn shortest distance in the
related single crystals (Fig. S7B and C, ESIf). The plot shows a
significant dispersion of the data when considering all the data
in Table S4 (ESIT). However, when the plot considers only the
data for distances longer than 8.5 A (Fig. S7D, ESI), a clear
trend is observed: a decrease in the k,, value when the Mn-Mn
distance increases. Notably, the Mn-Mn distance should be
affected by the H-bond distances and forces of the CH- - -Br and
NH- - -Br interactions (vide supra). Furthermore, an increase
in the Mn-Mn distance will reduce the Mn- - -Mn coupling such
as dipole-dipole and spin-exchange interactions between
neighbouring Mn** centres. The value of k, obtained for

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (A) Long-term emission intensity stability collected at point 1 for
5 min constant laser irradiation (inset: fluorescence lifetime imaging
microscopy (FLIM) images of a single (TPA),MnBr,4 crystal). (B) Emission
spectra collected at point 1 before and after 10 min continuous laser
irradiation (inset: anisotropy distribution histogram for the isolated crystal
in Panel A). The excitation wavelength was 390 nm.

(TPA),MnBr, correlates well with the reported data for other
Mn- and Br-based perovskites with similar Mn-Mn distances.

To further evaluate the properties of (TPA),MnBr,, we also
studied the fluorescence lifetime images (FLIM), stability,
anisotropy distribution, and spectra of several individual crys-
tals (Fig. 4). The FLIM shows a uniform distribution of the
emitting species with no apparent bulk or edge defect contribu-
tions (inset of Fig. 4A and Fig. S9, ESIf). We also tested the
stability of the emission intensity over a longer irradiation time.
The recorded emission trace maintains the same intensity for
5 min under constant laser irradiation. Notably, we did not
observe blinking behavior, which suggests that under these
experimental conditions, there is no significant contribution
from trap states or structural defects (Fig. 4A). Fluorescence
blinking in perovskite crystals is often associated with trap
states.®” Therefore, the lack of blinking in the recorded emis-
sion traces indicates that no trap states are present in the
studied crystals in agreement with the monoexponential
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fluorescence lifetime behavior described above. The high sta-
bility is further confirmed by the emission spectra collected
before and after 10 min of constant laser irradiation (Fig. 4B).
Furthermore, the emission spectra collected in the bulk of
the crystal and on its edges (Fig. S10, ESIt) show similar
positions (~520 nm) and shapes with only small deviations
in the intensity depending on the interrogated position. These
spectra are also comparable to the steady-state emission one
recorded for the powder samples, further supporting the homo-
geneous nature of this perovskite. Finally, we measured the
anisotropy distribution of individual crystals. The obtained
histograms are narrow and centred on values between —0.1
and 0 (inset of Fig. 4B and Fig. S11, ESIf). The narrow
distribution agrees with the homogeneous nature of the crys-
tals, while the value of the anisotropy suggests no preferential
orientation of the emissive centres.

(TPA),MnBr, based down-converter LEDs

Next, based on the observed luminescence properties we
employed (TPA),MnBr, for the construction of a series of down-
converted LEDs. To this end, different amounts of (TPA),MnBr,
were deposited on the surface of a blue (465 nm) LED chip (3.5 x
2.8 mm). Then, the 465 nm-LEDs were turned on to a voltage of
2.7 V (driving current of 18 maA), yielding different emission

4 mg (TPA):2MnBrs

View Article Online
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colours in line with of the amount of (TPA),MnBr, used in the
preparation of the devices (Fig. 5A). The emission spectra of the
LEDs show a combination of two narrow bands with intensity
maxima at 465 and 520 nm, corresponding to the emission of the
blue LED chip and the Mn-perovskite, respectively (Fig. 5B). The
increment in the amount of perovskite (from 4 to 10 mg) produce
a progressive increase in the emission band intensity with a the
maximum at 520 nm, enabling the control of the final colour by
adjusting the amount of perovskite deposited onto the LED
surface. In this sense, the final colour of the LEDs was modulated
from light blue, with a CIE coordinate of (0.14, 0.16), to a greenish
colour (0.17, 0.38), as depicted in Fig. 5C. Note that it is important
to reach a compromise between the amount of material used to
tune the emission color of the down-converted LED while main-
taining its luminance. For this reason, we have not deposited
larger amounts than 10 mg, since the emission of the LED was
partially absorbed/blocked by the material, diminishing the emis-
sion of the device.

The photostability of the material was also tested during
9 hours of continuous operation (Fig. 5D). We realised that the
material requires an activation period (irradiation by the blue
LED) of 2 h before stabilization. During this time, the material
does not suffer any photodegradation, but some fluctuations in
the emission intensity were observed. In particular, it shows a
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(A) Real photos of the down-converted LEDs fabricated by depositing a certain amount of (TPA),MnBr4 onto a blue 465 nm-LED chip.

(B) Emission spectra of the LEDs under a driving current of 18 mA (2.7 V). (C) CIE chromaticity coordinates of the LEDs fabricated by coating a 465 nm blue
LED with different amounts of (TPA),MnBr, perovskite: 0 = blue 465 nm LED; 1 = 4 mg; 2 = 6 mg; 3 = 8 mg and 4 = 10 mg of (TPA),MnBr.
(D) Representation of the emission intensity collected at 520 nm (corresponding to the emission of (TPA),MnBr,) of the LED prepared with 10 mg of

(TPA)2,MnBr4 under working operation conditions for a total of 9 hours.
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small fluctuation followed by an increase in the emission
intensity. It is worth noting that the surface of this LED
operating at 2.7 mV reaches a temperature of ~40 °C.
In general, higher temperatures usually produce a quenching
of the emission intensity due to an increase in the molecular
vibrations promoting no radiave transitions. However, we
observed the opposite effect when the material is deposited
onto the LED surface. Since the presence of water molecules
might partially reduce the crystallinity of (TPA),MnBr,, it is
possible that the presence of ambient moisture could diminish
the emission intensity of this material. However, (TPA),MnBr,
shows low sensitivity to moisture over time as evidenced by the
PLQY measured after 45 days of storage under ambient condi-
tions, which remained almost unchanged (61% vs. 62%). This
also supports that water molecules, under ambient conditions,
interacting with this perovskite do not affect significantly its
photobehavior. In this sense, we propose that while the opto-
electronic properties of the material are not significantly
affected, heat released by the LED favours the detachment of
moisture adsorbed on the surface of the Mn-perovskite powder,
therefore, enhancing its emission until reaching a thermal
equilibrium. Once the LED is warmed up and the equilibrium
in the perovskite is established, the emission of (TPA),MnBr,
remains almost constant (with a slight increase in the emission
over the first 6 hours) as shown in Fig. 5D. This observation is
of utmost importance because of two reasons: (i) the Mn-based
perovskite material is highly photostable under these experi-
mental conditions, in agreement with the results from FLIM;
and (ii) for the fabrication of a possible commercial LED device,
it would be critical to consider an appropriate balance between
the water molecules and the heat release by the LED. To this
end, it would be paramount to firstly activate the material (i.e.,
heating for removing the surface-attached water molecules)
followed by coating of the LED under controlled experimental
conditions and appropriate encapsulation of the down-converted
LED device to avoid possible deterioration and therefore, to
increase its useful lifetime. Hence, these results indicate the
promising properties of (TPA),MnBr, perovskite for use as an
active phosphor layer for the fabrication of colour tunable LED
devices.

Conclusion

In summary, we synthesized a new organic-inorganic 0D-
manganese-based perovskite (TPA),MnBr, using a slow eva-
poration method, with a triclinic phase and P1 space group.
The material exhibits high-temperature sustainability up to
180 °C, and the PXRD pattern after cooling down to room
temperature of the melted sample at 72 °C is similar to the not
melted one, indicating that the initial crystalline structure
remains. (TPA),MnBr, displays an intense green emission
centred at 520 nm with a high PLQY (62%), due to the effective
d-d transitions of tetrahedrally coordinated Mn”'. It also
exhibits a lifetime of 0.39 ms. The FLIM images for (TPA),-
MnBr, suggest a uniform distribution of the emitting species

This journal is © The Royal Society of Chemistry 2024
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with no apparent bulk or edge defect contribution. Moreover,
green-light LED devices were prepared based on (TPA),MnBr,
crystals. We belive that our results will contribute to the
advancement on novel low-cost, high-performance, and eco-
friendly organic-inorganic manganese-based perovskites as
green-light-emitting devices in the future.
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