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Chapter 1

1.1 Introduction to halide perovskite:

The general structure of halide perovskite ABX3 is analogous to its oxide counterpart ABOs where
A and B are cations, O and X are anions (Figure 1). The classic example of oxide perovskite is
CaTiO3z named after the Russian mineralogist Lev Alekseyevich von Perovski. Later on, similar
structures were also discovered e.g., BaTiO3, PbTiOgz, SrTiOs, BiFeOs. Here in the structure, the
B action adopts 6 fold coordination, and the A cation has 12 fold coordination®. In the case of
halide perovskite, the A-site cation can be considered by appropriately fitting in the space created
by metal halide octahedra and governed by the Goldschmidt tolerance factor (t), and importantly

the radii of A-site cation must satisfy the geometric condition give below
(Ra+Rx) =t V2 (Rm + Rx)
Ra, Rwm are radii of A and M Cation, Rx is the Radii of the X anion

Typically, the value of ‘t” should be close to 1 for a stable perovskite structure. In this regard, the
A-site cation can be either inorganic (Cs, Rb, etc.) or organic (methylammonium, formamidinium,

etc.).

Mg?*, Ca®*, Sr**

Ti**, Si*; Fet

o

Cs*, MA*, FA*

Pb?*, Sn?*

X (Cl,, Br,I°)

Figure 1: Structure of oxide and halide perovskite.

The structures extended over 3 dimensions and giving rise to 3-dimensional networked (DN)
perovskite. The bulk phases of halide perovskite (e.g. CsPbCls) were known since 19692. Organic

‘A’ site cation included perovskites are known as organic-inorganic hybrid perovskite (OIHP).
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The last decade has seen a meteoritic rise for hybrid perovskite after reports by Miyasaka et al.
and Snaith et al. owing to their use as potential photovoltaics (PV) applications®*. Since then, the
research field has gathered colossal attention and grown exponentially to the research community
around the globe. The low temperature, low-cost solution processibility, high crystallinity, defect
tolerance, and ease of device fabrications are the primary essential factors for choosing the
materials over the conventional materials. The rapid rise of photovoltaic performance in measuring
power conversion efficiency (PCE), which reached 25% for hybrid perovskite devices, is
unprecedented to crystalline silicon-based technology. Studies showed that this hybrid perovskite
could have other potential applications beyond solar cells, such as light-emitting diodes,
photodetectors, X-ray detectors, etc.>° Recently, this hybrid perovskite has also emerged as a

promising class of optically pumped broad light-emitting phosphors as well*!,

1.2 Dimensionality reduction in halide perovskite:

Confinement of elections in different dimensions for semiconductors is the most valued avenue
for getting the requisite property. Typically, in semiconductors, the confinement is achieved by
considering physical dimensions and consequently gives rise to different structures such as
nanoplates (2D), nanorods (1D), and quantum dots(OD)(Figure 2). In the case of halide perovskite,
we can do similar electron confinements in the bulk systems without compromising the physical
dimensions. Here the electrons and charge carriers were confined and controlled by the metal
halide octahedral unit along different dimensions (Figure 3). Notably, the dimensionality is
primarily governed by the connectivity of the metal halide octahedra over the physical

dimensions2.

N\

Nanocrystals  Nanowires Nanoplatelets Bulk materials
/nanorods /nanosheets

Figure 2: Dimensionality related to the material physical dimension.*3
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;.?.J.‘ e
.)n Yr; .AY; ’.
oD 1D 2D 3D

Figure 3: Dimensionality related to connectivity of metal halide unit.*®

Typically, a 3-dimensional networked (3DN) perovskite structure is all corner connected or shared
within the [BXs] * octahedra and extends over all dimensions. The A-site cation occupies the
space created by the metal halide octahedra (provides overall negative charge) with appropriate
valence state and overall upholds the structure with strong electrostatic interaction within
themselves. Increasing the cationic size with suitable organic ammonium ion can lead to
disconnection in the octahedral connections and subsequently generates lower-dimensional
organic-inorganic hybrid perovskite. The 3DN perovskite!* slicing the specific crystallographic
plane with bulkier organic cation will lead to 2DN perovskite. The hybrid®!>2! mixture of 3DN
and 2DN perovskite is often designated as quasi-2DN perovskites. The further disconnection in
2DN perovskite and can lead to the growing of octahedral units in 1IDN?2-%6, For a 1D system, the
connectivity can be of different types, such as corner connected, edge connected, face connected,
or combinations. An isolated octahedral surrounded by organic cation in all 3 dimensions is the
extreme case and abbreviated as ODN perovskite?’,

The relaxation of Goldschmidt's tolerance factor in low dimensional (LD) perovskite results in the
accommodating capability of various organic amine ligands. This incorporation of various organic
cations provides the ultimate compositional versatility and much more affluent than all class
compounds known to date. The introduction of bulky and hydrophobic organic cation in LD
perovskite improves the material stability over ambient moisture attack. The crystalline nature of
LD perovskite is well preserved by the conventional low-temperature solution-based method.
Device fabrication is relatively easy and scalable using spin coating, deep coating, host casting,
drop-casting methods. Due to its high crystalline nature, LD perovskite has a lower ionic defect

and lesser grain boundary.?%! The charge transport properties are greatly improved because of
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lower surface defects for these hybrids. More importantly, the optical property is highly tunable in

the LD perovskite due to its diverse nature of the composition of the metal, halide, and organic

20 Perovsk,&98

cations.

Figure 4: Applications of low dimension perovskites.*3

For LD perovskites, due to quantum and dielectric confinements of carriers, the exciton binding
emerges typically very high (hundreds of millielectronvolts). The strongly bound excitons in LD
perovskites make a suitable candidate for lighting applications. On the contrary, for 3D
perovskites, the exciton binding energies are typically low, suitable for solar cell
applications.24>*The dominant radiative recombination in LD perovskite will result in high
photoluminescence quantum vyield (PLQY), and this is highly valued for high-performance

phosphors, lasers, photodetectors, solar cell, and solid-state lighting applications (Figure 4)101243:44

1.3 Distortion in low dimensional perovskites:

The lower structural rigidity on the metal halide octahedra in LD perovskite can give rise to

distortions in their bond length and bond angles. The structural feature in the ground state, such as
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bond length and bond angle, may impact optical properties. Bond angle distortion is calculated
from deviation of ideal geometry (180°, 90°, etc.), and bond length distortion is calculated from
the difference of highest and lowest bond lengths. Higher the deviation from the ideal condition
will cause lower overlap between metal and halide atomic orbital and subsequently widens the
bandgap or blue shift the absorption maxima.*>® The photoluminescence efficiency and nature of
emission may be correlated to MXe octahedral deformations from the ideal octahedral symmetry.
Mathematically and quantitatively, the octahedral distortion is evaluated by octahedral angle

variance Goct and octahedral elongation Aoct as shown below!16:45)

1 1
)\‘OCt = g 16=1(di/d0)2 5 cht = H 11=21(U-i - 90)2

Here, di are six independent metal—halide bond lengths, do is the mean metal—halide bond length,

and a; are the halide-metal-halide angles.

This reveals the degree of distortion in the inorganic lattice. It was seen in literature that the
distortion plays a crucial role in the generation of self-trapped excitons and leads to broad band

emissiont20,

1.4 Luminescence in low dimensional perovskite:

Typically lead-based halide perovskite is a direct band semiconductor where the valence band is
composed of halide p-orbital and lead s-orbital while conduction band consists of lead p-orbital.
3DN perovskite has a higher screening effect, and due to that, the exciton binding energy is on the
lower side (~50meV). Since room temperature contains ~26 meV of energy, the exciton fission is
easier for 3D systems, and hence electrons and holes are separated easily, and they will be useful
for solar photovoltaics. In contrast, the 2DN perovskite the exciton binding energy is more than
150 meV in most of the cases.'® This higher exciton binding energy stems from the quantum and
dielectric confinement. The quantum (form inorganic lattice) and dielectric (for organic ligands)
confinements cause a high Columbic interaction between the electron and hole. The binding energy
increases to hundreds of millielectron volts. Generally, for LD perovskite, the band-to-band
transition will cause a sharp and strong excitonic absorption and with a narrow photoluminescence

full-width half maximum (FWHM) of 10-30 nm. Although some of the LD perovskites possess
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broadband (FWHM > 100 nm) emission with highly stokes-shifted photoluminescence (>1
ev)9,11,16,18,19,21,39,47,48.
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Figure 5: White light emission from halide perovskite*°.

This broadband emission is generally attributed to photo-generated intra-gap transient states,
typically known as the self-trapped state (STE). It causes the widening of energy distribution
among the materials. Excitonic self-trapping is boosted by deformation in lattice after
photoexcitation (Figure 5). So, a higher vibration degree of freedom of the lattice will enhance the
self-trapping of excitons. So, it is expected that at lower the dimension, perovskite will be more
deformable upon photoexcitation, and hence more will be STE-based broadband emission. STEs
are more like excited state defects and are further classified as extrinsic and intrinsic in nature. For
intrinsic self-trapping, the transient lattice distortion does not require a permanent lattice defect in
the material. Whereas for extrinsic self-trapping local heterogeneity in lattice and permanent defect
facilitates the trapping process. Further, the structure of self-trapped electron and hole were

investigated by Smith et al. where the localization of charges occur around the PbBr structure®.

Excitonic self-trapping has shown some dependence on the dimensionality, connectivity, and
distortion in the metal halide octahedra®. In the case of 2D perovskites, the broadband emission
is well correlated with the octahedral distortion and out-of-plane lattice distortion?-454651 put for
1D and 0D systems, this correlating does not seem to hold true. LD perovskite, both ‘lead-based’
and ‘lead-free’ variant exhibits a highly stoke-shifted, broadband photoluminescence with near-

white light chromaticity and they are highly valued for light-emitting applications®*12:16: 22:23,37.50-
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52 Commonly available technologies for white light emission are 1) a blue LED chip coated with
a yellow phosphor or a mixture of green and red phosphors, and 2) UV LED coated with multiple
monochromatic blue, green, and red phosphors. Although both these methods suffer from severe
limitations like a change of emission color due to the difference in material decay, efficiency loss
due to self-absorption, and poor color rendition. Alongside it is seen that most LEDs are fabricated
using expensive rare earth materials, and processing the materials required extreme high
temperatures. This will result in an overall increase in the cost of manufacturing and fabrication of
this type of technology. In specific conditions to generate broadband emission, materials require
to undergo doping of metal ion and can lead to an extrinsic surface defect during the process.
Considering the challenges, a suitable single phasic material that can emit all spectrum of light is

of paramount importance!®1%5?,
1.5 Nature of luminescence:

The generation of Stoke shifted broadband emission in LD perovskite creates significant research
interest due to its enabling light-emitting applications. Typically, self-trapped states are closely
located to the low-laying excited state. In the case of broad emission, the FWHM and PLQY
remain unchanged with respect to various physical parameters such as film, powder, bulk,
nanocrystals, edge, and surface defects. Even the grinding and annealing of the bulk phased
restores the emission character. The luminescence intensity increases monotonically with the

increasing power of the excitation source and shows no sign of saturation.
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Figure 6: Energy states with nuclear coordinate.
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These observations rule out the contribution of permanent defect-induced emission. In STE-based
emission, electrons will hop from excited to self-trapped state and have to overcome the activation
energy barrier. At room temperature, there is an existence of thermal equilibrium, which allows
the trapping (excited state to self-trapped state) and detrapping (self-trapped state to excited state)
to occur simultaneously (Figure 6). The detrapping possibility is reduced at lower temperatures
due to high activation energy, and the self-trapped state population increases. This will lead to an
increase of PL intensity. Whereas even lowering the temperature below a specific limit, the
activation energy of trapping is unavailable will lead to lowering the population of STE state and
consequently decrease the STE-based emission intensity. This typical behavior of temperature
dependence is one of the important markers to identify STE-based broad emission. There will be
the formation of multiple emissive states in LD perovskite after photoexcitation which generally
dictates the broad nature, whereas for narrow emitter bleaching signature exist below excitonic
absorption, evident from transient absorption studies. The excitonic self-trapping is closely related
to the vibration modes of the metal-halide bond of LD perovskite?®. The reduced FWHM at a lower
temperature is in agreement with the lower vibrational mode and associated couplings with the

inorganic lattice.

1.6 Optical control/tunability with doping:

Doping of impurity ions in semiconductor materials has proved to be a unique way for the
introduction of a new emission center and enables luminescence tuning®°. Although doping
strategy not necessarily changes the structure and fundamental photophysical property of host
lattice. Doping is technologically crucial as it helps to reduce grain boundaries, decrease surface
defects, enhances luminescence efficiency, and improves ambient stability, which is paramount
for real-time applications®. However, the doped system aimed to generate new properties by
keeping the structure and dimension the same. Several divalent and trivalent metal ions doped in
halide perovskite lattice show the success of optical tunability**. Among them, Mn*? jon draws
considerable attention for its effective introduction of low energy emission from internal *T; to
®A transition, which is typically forbidden in nature. Higher exchange interaction and the presence
of heavy metal are thought to be the key role player for strong luminescence. Although the Mn-

centered emission wavelengths are very much dependent on the crystal field environments and
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possess emission colors from green to red®. Mn center in tetrahedral coordination (MnX4%) shows
green emission due to lower field strength and significant distance eliminating Mn centers' spin-
spin coupling. Whereas octahedral coordination (MnXs?") shows mild orange-red emission®3%,
The forbiddances of d-d transition in the octahedral field give rise to lower intense emission. The
dopant concentration has a dominant role to play in luminescence intensity. The luminescence
intensity gradually increases with Mn dopant concentration and decreases after a threshold point
is reached. This concertation-dependent luminescence is primarily due to Mn-Mn clustering or
coupling at higher concentrations®’. Also, reducing the Mn-Mn distance by increasing the dopant
concentration can cause Red Shift in emission wavelength. So, both the crystal field strength and
formation of the Mn-Mn pair may cause the father tunability. Alongside, Mn doping in ABF3 (A
= K*; B=Mg?*, Zn?") shows NIR emission and anti-ferromagnetic super exchange interaction
within Mn?*dimers®. Excitation spectra confirm this variable emission wavelength which is
originated from Mn centers. So overall, the luminescence property of the Mn center has a direct

relation with the concentration of dopant and crystal field strengths.

Mn*2 ion-doped in 3DN halide perovskite has shown much success and proves its potential for
lighting applications. The defect tolerance of trap state, tunability of bandgap, and energy transfer
possibility for host lattice helps in the energy transfer from host to dopant Mn site and eventually
leads to high luminescence®. Many authors have reported the suitability of band energies and
transfer of electrons from free excitons (FEs) to Mn center for CsPbCI3 perovskite. Recently, the
~600nm centered “T1 to 8A; orange-red emission reached ~60% quantum efficiency. Compared to
3DN perovskite low dimensional perovskite (2D, 1D, 0D) will be more suitable for doping due to
their characteristic strongly bound excitons®®. The quantum and dielectric confinement give rise to
high exciton binding energy and enhance energy transfer from host to dopants. At present, the
doping strategy for tuning the optical property is mainly concentrated in 3D and 2D systems®>8°,
Nevertheless, doping induced synergistic emission from STEs, FEs, and Mn center and leading to
broadband white light emission is still a challenge. The ‘lead-free’ low-dimensional system doped
with Mn+2 ion is still in its incipient stage and needs to be explored further.
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1.7 Scope of the thesis:

In the current scenario, LD perovskite (0D, 1D, 2D) composed of variable halide and ammonium
ligand shows promising results in self-trapped mediated broad emission*'®5!, There is much
progress in answering the origin of photoluminescence property in LD perovskite, but the relation
of light emission with perovskite structural feature is still unexplored. Broadly, this thesis aims to
answer and understand the underlying principle for designing a perovskite structure and its relation
to the optical property. Especially for 2D perovskites, the broad emission can be correlated to
octahedra distortion and out-of-plane lattice distortion. 1D perovskites are different from the others
in terms of their connections (edge share, face share, corner share, and combinations). Literature
indicates that in a 1D structure, the optical property may have significant dependence on the
connectivity mode. Reports suggested that edge-sharing connectivity will play a pivotal role in
directing broadband emission. However, there are variations found in the same family. So, further
validation is required to get the generality of the hypothesis. Doping can be a good choice for
getting an additional level of optical control, although the bond energies for a 2D system preclude
the success of the approach.

2D perovskite possesses higher binding energy in excitons because of that it posses a high
columbic attraction of the electron and hole, and doping will be significantly important because
there is a possibility of an energy transfer from a strongly bound exciton to dopant center. As
mentioned above, expected scientific outcomes are primarily dealt with lead-based LD
perovskites. However, considering toxicity and low to modest quantum efficiency in most reports,
it prohibits its practical applications. For ‘lead-free’ perovskites, antimony and tellurium would be
immensely interesting and relevant in keeping the ns? electronic configuration. Some of the
antimony-based perovskites showed near unity luminescence values but the structure-property
relation is still ambiguous. Typically, antimony perovskites are generally crystalizing in various
possible polyhedral units. The main unanswered questions for antimony-based systems are 1) is
there any correlation between the luminescence properties and the geometric structure/distortion
of the metal-halide unit?. Moreover, 2) How does the presence/absence of distortion be related -
PLQY and Stoke shift of the emission band? Finding a linear correlation in antimony-based
perovskite may be difficult due to various polyhedral structures. In this regard, tellurium-based
perovskite will be suitable because it primarily adopts octahedral geometry. On the other hand, all
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the reported literature on tellurium-based perovskite has shown very poor photoluminescence
makes then good for scientific study but bad for practical applications. So, the major concern lies
in understanding the photophysical behavior of Pb-free perovskite with efficient luminescence.
Through my thesis, | aim to address these issues and discussed them in detail in the working

chapters.

1.8 Thesis objective:

The primary objective of the thesis is to understand the nature of luminescence in 'Pb' and 'Pb-free'
perovskite systems.

Look for the structure-property correlation in a ‘lead-free’ zero-dimensional perovskite system.
Exploration the tellurium-based perovskite with substantial room temperature STE based
luminescent broadband emission.

Optical flexibility by doping of metal ion in host lower dimensional perovskite system.
Exploring the effect of connectivity vs. broadband self-trapped emission (STE) in Pb-based 1D

perovskite. The probable factor in the contribution of broadband STE emission.

1.9 Thesis outline:
This thesis is divided into 5 chapters.

The 1% chapter provides the introduction of perovskite, dimensionality reduced structure, and
photophysical property. This chapter also highlights the importance and reason behind broad
emission in LD perovskites. Here we have briefly discussed the optical tunability in terms of
doping of metal ion in the host matrix. ‘lead-free’ perovskite for efficient luminescence material
was also introduced in the chapter. The chapter highlights the notable efforts by others in

understanding photophysical behavior for LD perovskites.

The 2" chapter deals with my effort in understanding the structure, connectivity, and
photophysical properties of lead-based 1D perovskite. The study shows that 1D lead-based purely
conner shared contorted structure can have comparable (with respect to best report in literature)

efficient STE-based broad band emission at room temperature.
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Anupam Biswas, Rangarajan Bakthavatsalam, Samir R. Shaikh, Aparna Shinde, Amruta Lohar,
Satyam Jena, Rajesh G. Gonnade, and Janardan Kundu: Efficient Broad-Band Emission from
Contorted Purely Corner-Shared One Dimensional (1D) Organic Lead Halide Perovskite, Chem.
Mater. 2019, 31, 2253-2257.

The 3 chapter is about doping-induced broadband emission in 2D lead-based perovskite. Here
we present the 1% successful effort (best of our knowledge) of Mn*2ion doping in butylammonium
lead bromide (2D) and open up of internal *T1 to ®A; forbidden transition visible by intense orange

emission (~600nm).

Anupam Biswas, Rangarajan Bakthavatsalam, Janardan Kundu: Efficient Exciton to Dopant
Energy Transfer in Mn?* Doped(C4HsNH3)2PbBrs 2D Layered Perovskites Chem. Mater., 2017
29, 7816-7825.

The 4" chapter discusses the importance of structure-distortion parameter in governing
photophysical properties of 'Pb-free’ perovskite. Here we have tried to address the issue with

antimony and tellurium-based zero-dimensional perovskite systems.

Anupam Biswas, Rangarajan Bakthavatsalam, Vir Bahadur, Chinmoy Biswas, Bhupendra P Mali,
Sai Santosh Kumar Raavi, Rajesh G Gonnade and Janardan Kundu: Lead-free Zero Dimensional
Tellurium (IV) Chloride-Organic Hybrid with Strong Room Temperature Emission as
Luminescent Material, J. Mater. Chem. C, 2021,9, 4351-4358.

Anupam Biswas, Rangarajan Bakthavatsalam, Bhupendra P Mali, Vir Bahadur, Chinmoy Biswas,
Sai Santosh Kumar Raavi, Rajesh G Gonnade and Janardan Kundu: The metal halide structure and
the extent of distortion control the photo-physical properties of luminescent zero dimensional
organicantimony (I11) halide hybrids, J. Mater. Chem. C, 2021,9, 348-358.

The 5™ chapter summarizes the thesis work with a conclusion and provides a future outlook in the

research direction.
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Chapter 2

Title: Structure, connectivity and photophysical properties of lead-based 1D perovskite

PL . =
~ 9% - velenath (nm)

2.1 Introduction:

Halide perovskite has emerged to be a potential candidate for optoelectronics due to its enabling
properties. Primarily halide-based perovskite structure is composed of two types of moieties:
organic and inorganic. This organic-inorganic hybrid perovskite has variable binding energies for
excitons which enables properties like solar cell to LEDs.Y This hybris perovskite comes with a
variable tunability in terms of its dimensionality, chemical composition, phase (bulk, powder,
single crystal). In the current scenario, | will be discussing the turnability of optoelectronic
property in terms of the chemical composition (change of halide) and network dimensionality (3D,
2D, 1D or OD). Generally, a three-dimensional halide perovskite has a general formula of ABX3
(A = methylammonium, formamidinium, Cs+; X = Cl-, Br-, I-). Here the metal halide octahedra
are connected in three dimensions, with all corners sharing inorganic counterparts. In 2D
structures, the general formula can be written as LoPbXs. Here the metal octahedra’s are connected
in corner-sharing and within inorganic layers bulky organic (ammonium and phosphonium)
ligands. Further reduction in dimensionality will lead to 1D structure where it is primarily
governed by the nature of connectivity. Depending on the connectivity like face shared, edge
shared, corner shared, or combination can give rise to 1D chain flat or contorted. For 1D structure,
the metal octahedra are isolated and surrounded by large or bulky organic ligands. The enormous

diversity in the connectivity mode-driven structure in bulk or nano regime is the new and exciting
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frontier of material science. This motivates us to investigate the diversity and correlation in the

halide perovskite.5®

The lower-dimensional lead-based perovskite (2D and 1D) structure shows a huge interest among
the researcher due to its broad band emission at room temperature, which enables the protentional
application in solid-state lighting. There are reports for 2D lead-based perovskite, either flat or
contorted, exhibit broad band emission with PLQY ~9%. In the case of 2D perovskite, the broad
band emissions are well correlated to metal halide octahedral distortion and out-of-plane lattice
distortion. It was observed that the distortions would cause excited state defects and are formed
due to the deformability of lattice under photoexcitation. This deformable lattice will further act
as a trap site for the generated excitons. Generated excitons under photoexcitation are called self-
trapping of excitons (STES) in perovskite lattice and are mediated through exciton-phonon
coupling. However, the generation of STEs is not limited to 2D structure, and it very much evident
in 1D Pb-based perovskite. Evidently, the self-trapping of excitons becomes easier in the 1D
system because of the higher vibrational degrees of freedom.®*! This will enable to have more
deformable after photoexcitation and subsequently enhances the self-trapping of excitons.’*** The
exciton-phonon interaction strength is higher in low dimensional 1D system, which will make a
better-suited material for stronger broad-band emission with higher PLQY than the 2D perovskite
system. So, in summary, for 1D system we would expect higher PLQY due to higher electron-
phonon coupling due to an increase in vibration degree of freedom from 2D to 1D°. Interestingly
within the family of 1D perovskites, we see a notable difference in PLQY. 1D perovskite featuring
edge sharing metal halide octahedra with high PL QY~20%216 was reported by Yuan et al. Later
on, Mao et al. show a combining edge-and corner-sharing double chains single corner-sharing
chains that exhibits broad-band emission with modest PL QY -12%®. The reports highlight the
necessity of connectivity in the metal halide octahedra in dictating the photophysical property.
However, the difference in PLQY might depend on the structure or connectivity of metal halide
octahedra. The reports suggested the octahedra connectivity mode to edge-sharing motif would be
necessary to realize strong and efficient broad-band STE emission with high PLQY. The
unavailability of correlation suggests the design mechanism to achieve STE base broad band
emission with high PLQY in 1D system is still unanswered. The suggestion of connectivity mode
in deciding the tunability with high PLQY requires further validation. If the edge-sharing
connectivity is the primary reason for high PLQY, then it would be reflected in other 1D
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perovskites as well. To add that there are very few reports are on purely corner shared 1D
perovskites and all of them show weak/narrow emission'’-?°, All this study indicates that the
octahedral connectivity mode might affect the broad band emission. So, in order to rationalize the
role played by connectivity mode in dictating the PLQY of the STE emission, we need to

investigate the pure corner shared 1D perovskite in order to draw some significant conclusions.
2.2 Materials:

Lead (1) bromide (99%), Lead (I1) chloride (99%), Hydrochloric acid (37%) were purchased
from Sigma Aldrich. Dimethyl sulfoxide (DMSO), Dichloromethane (DCM, anhydrous), 1-(2-
Aminoethyl) piperazine, and Hydrobromic acid (47%) were purchased from TCI Chemicals. All

chemicals were used as purchased without further purification.

2.3 Synthesis:

* For simplicity 1-(2-Aminoethyl) piperazine was abbreviated as Pz in the rest of the discussion.
2.3.A Synthesis of powdered PzPbBr 1D Perovskites:

For the preparation of powdered (Pz)2PbBrio perovskite, 1 mmol (365 mg) of PbBr, was dissolved
in 3 mL of hydrobromic acid. To this, 1 mmol (140 uL) 1-(2-Aminoethyl) piperazine was added
drop by drop. The solution turns turbid white immediately after addition and precipitates into white
perovskite powder gradually. The resulting precipitate was washed with diethyl ether three times

and dried under a vacuum at 60°C for further recrystallization.

2.3.B Synthesis of Single Crystals of PzPbBr 1D Perovskites:

For the synthesis of single crystals of (Pz).PbBrio perovskite, 2 mmol (730 mg) of PbBr, was
dissolved in 10 mL of hydrobromic acid. To this transparent solution, 2 mmol (280 uL) 1-(2-
Aminoethyl) piperazine was added in a dropwise manner. When the solution becomes turbid white,
it was heated at 170 °C in an oil bath for 30 minutes under observation till the solution was clear.
It was then allowed to cool naturally while still in oil bath. The natural drop in temperature leads
to the formation of colourless bar-shaped crystal visible in the mother liquor. The crystals were
filtered using a vacuum pump and washed repeatedly with dichloromethane for further

characterization.
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2.3.C Synthesis of Single Crystals of PzPbCl 1D Perovskites:

Powdered (Pz)2PbCl1o perovskite was prepared by dissolving 1 mmol (278 mg) of PbCl, in 5 mL
of hydrochloric acid (37%) followed by dropwise addition of 1 mmol (140 pL) 1-(2-Aminoethyl)
piperazine. The obtained powder was filtered using a vacuum pump and washed 3 times with
diethyl ether. For recrystallization of synthesised perovskite considerable amount was dissolved
in dimethyl sulfoxide by heating at 150 °C. The solution was cooled naturally and kept in ambient
atmosphere for several days to grow single crystals. The obtained single crystals were washed

repeatedly with diethyl ether for further analysis.

2.3.D Synthesis of Single Crystals of PzPbBrixClx 1D Perovskites:

For synthesis of mixed halide perovskite single crystals, 0.5 mmol (183 mg) of PbBr> was
dissolved in a mixture of hydrobromic acid and hydrochloric acid with varying ratio 3:1, 1:1 and
1:3 respectively keeping the total acid volume 20 mL, To that solution mixture, 0.5 mmol (70 pL)
of 1-(2-Aminoethyl) piperazine was added in dropwise manner. After a few minutes the whole
solution becomes white turbid which was then heated in a pre-heated oil bath at 210°C till
transparent solution. Then the clear solution was cooled slowly inside oil bath which give rise to
mixed halide perovskite crystals. The obtained crystals were filtered using a vacuum pump and

washed repeatedly with dichloromethane for further characterization.
2.4 Characterization technique:

UV-Vis Absorbance was performed in a Shimadzu UV-VIS-NIR3600PIlus spectrometer. Steady
State PL and lifetime was measured using an Edinburgh FS5 spectrophotometer. PXRD patterns
were recorded using a PANalytic X Pert Pro using Copper Ka radiation ((A\=1.5406 A%). TGA
measurements were performed using a TAG system (Mettler-Toledo, Model TGA/SDTAS851e)
and samples were heated in the range of 25-800°C at a heating rate of 5°C/min under nitrogen
atmosphere. Raman spectroscopy was performed using a Renishaw InVia Raman spectrometer
with an excitation laser at 633nm. Absolute quantum yield measurements were carried out in a
Horiba JOBIN YVON Fluoromax-4 spectrometer with a calibrated integrating sphere attachment.

Low-temperature PL measurements were performed on a homebuilt PL set up consisting of an
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excitation monochromator (Jobin Yvon Triax 180), an emission monochromator (Jobin Yvon iHR
320) and photomultiplier tube (PMT) as the detector with xenon lamp (450 W).

Single crystals X-ray intensity data measurements of compounds AB_280818 (PzPbBr) and
AB_ 190918 (PzPbCl) were carried out on a Bruker D8 VENTURE Kappa Duo PHOTON I
CPAD diffractometer equipped with Incoatech multilayer mirrors optics. The intensity
measurements were carried out at 100(2) K temperature with Mo micro-focus sealed tube
diffraction source (MoKa=0.71073 A). The X-ray generator was operated at 50 kV and 1.4. A
preliminary set of cell constants and an orientation matrix were calculated from three sets of
36 frames. Data were collected with @ scan width of 0.5° at different settings of ¢ and 28 with
a frame time of 10 secs keeping the sample-to-detector distance fixed at 5.00 cm. The X-ray
data collection was monitored by APEX3 program (Bruker, 2016).1 All the data were corrected
for Lorentzian, polarization and absorption effects using SAINT and SADABS programs
(Bruker, 2016).! Using APEX3 (Bruker) program suite, the structure was solved with the
ShelXS-97 (Sheldrick, 2008)? structure solution program, using direct methods. The model
was refined with version of ShelXL-2013 (Sheldrick, 2015)® using Least Squares
minimisation. All the hydrogen atoms were placed in a geometrically idealized position and
constrained to ride on its parent atoms. An ORTEP I11* view of compounds was drawn with
50% probability displacement ellipsoids and H atoms are shown as small spheres of arbitrary
radii.

References
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2.5 Results and Discussion:

PzPbBr was crystallized by gradual cooling of HBr solution of precursor PbBr, salt and 2-
aminoethylpiperazine ligand heated to 100 °C (Figure 1). The corresponding chloride and mixed
halide version can also be prepared with a mixed solution of HBr and HCI in appropriate

proportion, presented with the scheme. The details of the materials were listed above.
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Reaction Scheme

HBr 47%, 100°C

HCI 37%, 100°C

HBr 47%: HCL 37%

PbBr, +  1-(2- Aminoethyl)piperizine
1 mmol Immol
PbCl, +  1-(2- Aminoethyl)piperizine
1 mmol 1Immol
PbBr, +  1-(2- Aminoethyl)piperizine
1 mmol 1Immol

®

N
l\/NHg

(3:1, 1:1, 1:3) 100°C

1-(2- Aminoethyl)piperizine

1D pervoskite

1D pervoskite

(H20)(CgHgN3),Pb,Bry4 ,Cly
X=1.5-3, 1D pervoskite

Figure 1: Represents the reaction scheme of the pure halide and mixed halide perovskite. For the

sake of simplicity (H2O)(CeHsN3)2Pb2Brio is abbreviated as PzPbBr in the rest of the discussion.

3.24K Br
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0.00K
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Figure 2: SEM and EDS analysis of PzPbBr

The SEM-EDS analysis confirms the presence of the constituent elements in these crystals (Figure

2).
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2.5.A Optical property

Under ambient light, the crystals have a long needle shape, while under UV illumination (365 nm)
they exhibit strong yellowish-white emission (Figure 3a,3b).

CIE 1931 (d)
(C) PzPbBr optical properties 0.3
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Figure 3: Photograph of single crystals of PzPbBr under (a) ambient; (b) UV light (c) optical
properties (absorbance, PL, photoluminescence excitation at 580 nm); (d) CIE chromaticity
coordinates for 1 (PzPbBr) and 2 (PzPbBrxCli.).

The optical characterization of PzPbBr, presented in Figure 3c, shows strong, Stokes shifted, and
broad photoluminescence(PL) band peaked at 580 nm. The CIE chromaticity coordinate of PzPbBr
is (0.41,0.47) as highlighted by 1* in Figure 3d with CCT ~ 3759 K. The photoluminescence
excitation (PLE) peak at 350 nm matches well with the absorbance measured through diffuse
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reflectance (Figure 3c). The match signifies that the same absorbing species is responsible for the

emission.

2.5.B Nature of emission

An excitation dependent study shows an unaltered emission profile when excited within the 320-

380 nm range. Moreover, the PLE profile collected across the broad emission band remains

unaltered (Figure 4a, 4b).

(a) Emission at different excitations (b) PLE at different emissions
300 nm 3E+05 - 500 nm
1.5E+05 320 nm —— 550 nm
——2340 nm — 600 nm
2 360 nm %‘ —— 650 nm
‘® 2E -
2 1.0E+05 g 2E+05
2] c
= w
T a
5.0E+04 - sy
0.0E+00 - DE+00 | . : :
300 350 400 450

400 450 500 550 600 650 700 750 800

Wavelength (nm)

Wavelength (nm)

500

Figure 4: (a) excitation dependent emission profile; (b) photoluminescence excitation collected
across broad emission band

PL Intensity

5E+05
27°%
4E+054 70 OC
—100°C
3E+05{ —130°C
2E+05 -
1E+05 -
0E+00

Photoluminescence after annealing at

T T T T T T T T
400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 5: Effect of thermal annealing on luminescence properties
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In addition, thermal annealing (Figure 5) shows minimal changes in the observed PL profile
(intensity and shape). Furthermore, emission intensity is observed to increase with no signs of
saturation as laser fluence is increased (Figure 6).

PL Intensity vs. Laser Power for PzPbBr
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Figure 6: Intensity of broad emission increases as the excitation laser power is increased over three
orders of magnitude.

All these observations suggest that the same type of emissive species that are intrinsically

generated through band-edge excitation are responsible for the broad emission.®

Impressively, the measured room temperature absolute PL QY for PzPbBr single crystal is ~9%,
comparable to the two best reports ¢ on 1D systems.

2.5.C Thermal stability

Thermal stability is assessed using thermogravimetric analysis (Figure 7).

-
=
=]

e

=)

:\‘;80 | F-0.1 E
60
S 03 E
= =
4 0.4
off g
]
E: +-0.5 b=}
20 —
0.6
0 --0.7

1é5 250 3%5 560 SéS 7&0
Temperature (°C)

Figure 7: Thermogravimetric weight loss analysis of PzPbBr
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The study shows that the crystals were stable up to 130°C. After that, there was some weight loss
which was ascribed to water loss. This will be further discussed in section 2.5.G (crystal structure
) Down the line at 260 °C loss is most likely due to the Pz ligand. As the ligand contains organic
moieties, so degradation is reasonably possible after 200 °C. At 500 °C the weight loss corresponds

to the collapse of metal halide octahedra.
2.5.D Room temperature lifetime study

Lifetime study was conducted to understand the component associated with emission decay.
Time-resolved PL decay curves for single crystals of PzPbBr can be fitted to bi-exponential
function with a major (96%) time component of 41 ns and a minor (4%) time component of 7 ns.
These decay constants and their relative weights remain unaltered across the broad emission peak
(Figure 8).

Room temperature emission decay profiles at
@ 450 nm
o 500 nm
o 580 nm
e 700 nm

Intensity

T

. — o
50 100 150 200

Emission Time constant (ns)/
Wavelength (nm) | Relative %

450 6.1/8.4; 39.6/91.6
500 7.4/6;  40.6/94
580 7/4; 41/96
700 4.3/1.5; 41.8/985

Figure 8: Room temperature time-resolved PL decay curves for PzPbBr single crystals measured
across the broad emission band. Inset Table shows major and minor components of the decay time

constants.
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2.5.E Low-temperature luminescence and lifetime study

Low-temperature steady-state PL measurements of PzPbBr (Figure 9a, 9b) reveal the increase of

PL intensity as the temperature is lowered to 125 K. With the further temperature lowering to 40

K, PL intensity starts to decrease. Such dependence of PL intensity can be ascribed to thermally

activated trapping-detrapping of excitons from STE states.®
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Figure 9: (a) Steady-state low-temperature PL of PzPbBr; (b) temperature dependence of PL

intensity and bandwidth.

However, the dependence on the low-temperature regime can get complicated due to tunneling

and defect-bound excitons.® Moreover, the phonon modes (inorganic and/or organic), that couple

to electronic excitation to generate STE has their own temperature dependence.
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Figure 10: (a) Low-temperature lifetime; (b) average lifetime at different temperature.

The lifetime of the broad emission, as obtained from analysis of the PL decay dynamics at low
temperatures, reveal that the lifetime increases the temperature is lowered from 298 K to 100 K

(Figure 10). The average lifetime calculation was using the following equation.

a; (1) + a(13)

(2171 +a,713)

Average Lifetime =

This low-temperature study suggests a thermal equilibrium between the free excitons and self-
trapped excitons that govern the thermally activated trapping-detrapping from the STE states. The
lifetime lengthening at low temperature is as expected due to lower thermal vibration.

1.5 F Origin of broad band

The bandwidth (FWHM) of the broad emission increases monotonically as the temperature is
raised. This temperature dependence of FWHM (I') can be fitted to the following equation relating

coupling of electronic excitations with the longitudinal optical lattice phonons??:

I(T) = Ty + Tphonon(e®L0/k8T) — 1) 4 Tjyoo e~Ev/ksT

where, ['o = FWHM at T= 0 K, ['phonon represents electron-phonon coupling and E_o represents
energy of longitudinal optical phonon mode, Iinnomo represents inhomogeneous broadening while

Es is the binding energy of trapped states.
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Figure 11: Fitting of FWHM as a function of Temperature with its associated parameters and fitting

equation.

The fitting and its associated parameters, as shown in Figure 11, reflect strong electron-phonon

coupling with ELo = 145 cm™, in close agreement to low-frequency Raman stretching mode of Pb-

Br bonds® of inorganic metal halide framework (Figure 12).
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PzPbBr
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(em™)
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Figure 12: Raman spectra of PzPbBr perovskite crystal excited with 633 nm laser.

This suggests that the STE are localized on the metal halide octahedral framework in agreement

with earlier reports on STE in 2D perovskites®*2Although our results herein indicate intrinsic self-

Page | 31



trapping. Further detailed experiments are needed to characterize'® the nature (extrinsic vs.

intrinsic) of the observed STE in this system.
2.5.G Crystal structure analysis

PzPbBr crystallizes in a monoclinic crystal system with P2y space group (Table 1,
CCDC:1875387). Structure is composed of contorted 1D chains of corner-shared metal halide
octahedra surrounded by ligands (Figure 13).

Figure 13: (a) asymmetric unit of PzPbBr; (b) sliced view highlighted the 1D contorted corner-
shared structure with two octahedral unit wide chain; (c) view along c-axis; (d) clear view of the
contorted 1D chain.

Table 1. Crystal data and structure refinement for PzPbBr

Identification code mo_AB_ 280818 0Om
Empirical formula C12 H38 Br10 N6 O Pb2
Formula weight 1495.96
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Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [1>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

100(2) K
0.71073 A
Monoclinic
P2i/c
a=13.7518(4) A o= 90°.
b =17.4924(6) A

3287.72(19) A3
4

3.022 Mg/m3

22.400 mm-1
2696

0.200 x 0.120 x 0.080 mm3
2.506 to 28.296°.

-17<=h<=18, -23<=k<=23, -17<=I<=18

35698

8112 [R(int) = 0.0314]

99.1 %

Semi-empirical from equivalents
0.267 and 0.094

Full-matrix least-squares on F2
8112 /70/ 340

1.079

R1 =0.0207, wR2 = 0.0395
R1 =0.0268, wR2 = 0.0415

n/a

0.939 and -1.081 e.A-3

B= 96.2380(10)°.
c =13.7488(5) A y = 90°.
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The asymmetric unit (Figure 13a) has Pb2Brio moiety, two ligands, and one water molecule. Strong
hydrogen bonding interactions of water with bromine and nitrogen lead to a self-assembled 1D

chain structure.

The powder XRD pattern compares well with the simulated XRD pattern (Figure 14). PzPbBr
crystal structure displays large octahedral distortions implying a flexible structure that can support
self-trapping of excitons. Distortions (quadratic elongation, bond angle variance) in [PbBrs]*
octahedra, obtainable from refined crystal structure, have been previously correlated to broad-
emission bandwidth for contorted 2D perovskites.®*? However, for our 1D system, we do not see
any such correlation. A careful examination of various other distortion parameters revealed no
such correlation of the structural distortion parameters with PLQY for the reported strong, broad
emitting 1D perovskites. In order to improve the CIE coordinates, [(H20)Pz2Pb2Clio] single
crystals were synthesized ( CCDC:1875386). The pure chloride variant has the same 1D corner

shared structure as that of the PzPbBr perovskite.
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Figure 14: comparison between powder XRD pattern of PzPbBr and XRD pattern simulated from
single crystal data of PzPbBr
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2.5.H Mixed halide
The mixed halide perovskites [(H20)Pz2Pb2Brio«xClx] with x = 1.5 - 3 were synthesized through
halide substitution.

10 15 20 25 30 35

T T
PzPbCI

PzPbBrClI,
2
‘@
c
3
£
L
PzPbBr

10 15 20 25 30 35
2 Theta (Degrees)

Figure 15: Comparison of XRD pattern with different halide compositions.

PXRD pattern changes with the increase in the chloride content (Figure 15). The absorption, PLE,
and PL show systematic blue-shift with increasing chloride content (Figure 16). Lifetime
lengthening is observed for these mixed halide perovskites (Figure 16d). The mixed halide
perovskite, obtained CIE coordinate, as highlighted by 2* in Figure 3d, is improved to (0.37,0.44)
with high PLQY (~10%).

The emission profile of the chloride variant blue shifts, but the PLQY is ~3-4% (Figure 16). The
blue shift was observed to be monotonic as it increases the chloride content in the structure. The
features were consistent over the absorbance, PL, and PLE data. A decrease in a lifetime was

observed with the increase of chloride ions in the structure.
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Figure 16: Comparison of (a) Absorbance; (b) PL emission; (c) PLE; (d) Lifetime analysis for
PzPbBr and Br-Cl mixed halide perovskites showing blue shifted absorbance and emission with

lifetime lengthening.

This halide substitution methodology provides a strong synthetic handle to further tune the

emission profile (and CIE coordinates) retaining high PLQY..
2.5.1 Structure-property correlation

Noteworthy, both contorted 2D perovskites and 1D perovskites are reported to support broad-band
STE emission.®°216 Clearly, dimensionality reduction (2D — 1D) enhances broad band emission
intensity.®°1® Here, we further observe that the octahedral connectivity mode and structure of the
1D chain affect the broad-band emission properties. Compared to edge shared flat 1D chain
system®® or edge and corner shared flat 1D system®, purely corner shared contorted 1D chain

structure exhibits comparable PLQY. This suggests that tuning of connectivity mode in low
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dimensional perovskites is not correlated to high PLQY of broad band STE emission. In fact, 4-
picolylamine based lead bromide perovskite (4AMPPbBr) with the chemical formula of
(CsH10N2)PbBr4 is known to crystallize in purely edge-shared 1D structure that shows weak broad
band emission.?’ Following this reported protocol?, we have fabricated and optically characterized
the 4AMPPDbBr perovskite that shows very weak broad band emission. The estimated PLQY for
this purely edge-shared perovskite is found to be ~0.1% for the broad emission. This again
indicates that there is no observable correlation of octahedral connectivity mode with PLQY. This
is further being supported by our recent report on EDHBr based perovskite that has corner shared
1D ribbon like structure with broad band emission PLQY of ~3%. 23 Interestingly, as shown in the
presented PzPbX perovskite case (X=Br, CI; both purely corner shared 1D structure), the nature
of the halogen also affects the PLQY dramatically (9% for Br and 4% for Cl). Additionally, our
preliminary synthetic efforts utilizing a variety of ligands show that restricting to the same 1D
corner shared structure with different organic amine as the ligand drastically affects the PLQY.
Hence, we strongly believe that octahedral connectivity mode is not a key role player, and it is
very likely that there are many other relevant parameters (type of ligands, halides, and structure)
that need to be optimized together to propose a general and rational synthetic methodology to
design and fabricate low dimensional 1D perovskites with efficient broad-band STE emission.
Tracing the key parameter that directs efficient, broad band STE emission in the 1D perovskites
will require major and systematic synthetic efforts utilizing a variety of ligands to fabricate 1D

perovskites with similar structure/connectivity mode.
2.6 Conclusions:

In conclusion, the PzPbBr, with a purely corner-sharing contorted 1D chain structure, exhibits
strong room temperature yellowish-white emission with high PLQY of ~9%. Their mixed halide
variants demonstrate tunable emission with high PLQY. As of yet, there is no correlation observed
in terms of the structural distortion parameters (within metal octahedra and octahedral
interlinkages) with the PLQY. The strong emissive properties of corner shared PzPbBr and weakly
emitting properties of edge shared 4AMPPbBr perovskites highlight that connectivity mode tuning
is not responsible for shaping the PLQY of broad STE emission band. In summary, the nature of
the ligand, halogen type, and structure (contorted vs flat) together would play a decisive role in
determining the PLQY of STE emission in 1D perovskites. This implicates further experimental
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probing that is required by focusing efforts on synthesizing a wide range of broad emitting low
dimensional perovskites utilizing a variety of ligands and halides. There is work underway where

other 1D and OD structure of Pb-based perovskite and help to draw the correlation of structure-

property,
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Chapter 3

Title: Dopant induced broadband emission in 2D lead-based perovskite
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Lead trihalide based 3D perovskite materials (APbX3z with A= Cs, Methylammonium; X=Cl, Br,
I) have attracted phenomenal research interest due to their intriguing applications in high efficiency
solar cells, color tunable & narrow line-width light emitting diodes (LEDs), lasers, and
photodetectors.” Such materials have recorded >20% solar cell efficiency and is believed to set a
new paradigm for renewable energy sources due to their superior charge carrier mobilities and low
density of mid-gap trap states, and defect tolerant nature.® Currently, the development of 3D
APbX3 based materials for illumination and display applications due to their enabling optical
properties (tunable band edge emission, narrow line-width, high PL quantum yield, and fast
radiative decay rates) is attracting active research interest.®*® Very recently, many have reported
on providing an additional level of control on the optoelectronic properties of these 3D perovskite
materials by deliberately introducing impurity ions in the form of dopants.'4%° Specifically, doping
Mn?* ions directly into 3D APbCls nanocrystals have met with great success unraveling interesting
physical phenomena due to the energy transfer process from the host semiconductor to dopant
Mn?* ions. 416 18 Strong exchange interactions between the d electrons of Mn?* and charge carriers
of the host semiconductor facilitates such energy transfer. Along with the remnant band-edge
photoluminescence, a new emission channel at ~590 nm, which is typically a forbidden internal
T, to ®A; transition of Mn?* dopant, becomes active with high luminescence efficiency. Impact

excitation of the impurity ion by the optically excited charge carriers of the host semiconductor
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activates this forbidden internal transition. Consequently, photoluminescence spectra show
emission peaks due to band edge emission and/or yellow-orange Mn?* emission with different
timescales of PL decay (band edge: nanosecond, Mn?* emission: milliseconds). Notably, APbCl3
systems have been directly doped with Mn?* ions successfully while the same strategy does not
seem to work for APbBr3 systems.'* 1618 This has been ascribed to the higher bond strength of the
Pb-Br than Mn-Br bonds. Thermodynamics of the bond energy precludes successful direct doping
of Mn?* ions at the Pb sites in the case of APbBrs nanocrystals.** In order to fabricate Mn?* doped
APbBrs; nanocrystals, an anion exchange strategy has been utilized on Mn?* doped APbCI®
nanocrystals as the starting material.1s, 16 The current research activity on 3D APbX3 based
materials (undoped; doped) has shown great potential for applications in LEDs, sensitized solar
cells, luminescent solar concentrators, biomedical imaging, and phosphorescence biosensing.?-%*
However, the 3D APbX3 based material typically has low exciton binding energies.?® In contrast,
2D layered lead halide-based perovskites are excellent candidates as active materials for LED
applications due to their characteristic strongly bound excitons with high binding energies even at
room temperature and fast radiative decay rates.?>2® Such 2D layered perovskites can be utilized
as semiconductor host materials for energy transfer to appropriately chosen organic ligands as the
acceptor moieties.?” 23! To note, 2D layered perovskites, with the general formula (L)2(L")n-
1PbnXan+1, can be thought of as derived from 3D APbX3 lattice by slicing along <100> direction.
Here L is an alkyl ammonium ligand, and the variable n represents the number of the metal cation
layers sandwiched between the two organic dielectric layers. For n = 1, the structure represents
quantum well with one atomic layer of [PbX4]? separated by organic chains, in which the adjacent
layers are held together by weak van der Waals forces. The bulk phase of n=1 2D layered
perovskites represents a multiple quantum well structures wherein the inorganic plane consisting
of corner shared metal halide octahedra networked in 2 dimensions are separated by organic chain
layers. This organic layer acts as a dielectric spacer confining the inorganic excitons within the
metal plane, isolating the 2D quantum wells in each layer from the electronic coupling. The
quantum and dielectric confinement lead to high exciton binding energies, high oscillator
strengths, and fast radiative decay rates in these 2D layered perovskites.?” 2 3234 Hence, these

materials are believed to be highly beneficial for applications in LEDs and displays.

With the current interest in the perovskite materials for solar cell applications, research on 2D

perovskite materials has seen an incredible resurgence. Low dimensional perovskites are now
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considered to be the new frontier that deserves special attention for optoelectronic applications.
In this chapter, | have demonstrated (C4HoNH3)2PbBrs based bulk 2D layered perovskites as an
active semiconductor host material for energy transfer to incorporate Mn2* impurity ions for the
development of high efficiency phosphor materials for LED applications. Mn?* incorporated 2D
layered perovskite bulk material is demonstrated to be synthesized in a simple and scalable
methodology that can be effectively translated for the development of pure color LEDs. To explore
the feasibility, we took lead butyl ammonium bromide as host material for doping. For simplicity
of annotation and brevity, bulk 2D layered host perovskite material, (C4HoNHz3)2PbBr4, will be
referred to as (But)2PbBr4 while the Mn?* incorporated into the host (CsHsNH3).PbBr4 perovskite
will be referred to as Mn?*:(But).PbBr4 throughout the rest of this chapter.

3.2 Materials:

Butylammonium bromide (BABr) was purchased from Great Cell Solar. HBr was purchased from
TCI Chemicals. The salt lead bromide (PbBr»), dimethylformamide (DMF), and manganese
bromide (MnBr2) were procured from Sigma Aldrich. All of the chemicals were utilized as such

without any purification.

3.3 Synthesis:

Synthesis of all materials and subsequent down converted LED were described below.
3.3.A Synthesis of C4HgNH3zBr (Butyl ammonium lead bromide)

In a 250 ml round bottom flask, 10 ml of Butyl amine and 25ml of methanol was added, stirred
and maintained at 0 °C using an ice bath. 10 ml of concentrated HBr was added drop-wise to the
above solution after which the ice bath was removed. The mixture was stirred at room temperature
for 3 hours. Rotary evaporator was used at 70 °C to remove the methanol and water. The crude oil-
like product was washed repeatedly with diethyl ether and finally recrystallized from a mixed
solvent of diethyl ether and ethanol. After filtration, the white solid was collected and dried at

60°C in a vacuum oven for 24 hours.
3.3.B Synthesis of single crystals of (C4HsNHz3)2PbBrs 2D layered perovskite

For the preparation of single crystals of (CsHaNH3)2PbBr4, C4HoNH3Br (308 mg, 2 mmol), PbBr2

(367 mg, 1 mmol) and 2 drops of HBr aqueous solution were dissolved in 2 mL DMF solvent
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which was heated to 90 °C. To this hot clear solution toluene is added just up until the solution
starts turning turbid. The heating is removed and the solution is allowed to cool naturally. This
leads to the formation of plate like white crystals in copious amounts. After 3 hours, the supernatant
liquid is removed and the crystals are repeatedly washed using acetone, and THF. The crystals are

filtered and dried under vacuum at 60 °C for overnight.
3.3.C Synthesis of Mn?* doped (CsHsNHz3)-PbBrs 2D layered perovskite

A desired amount of the above crystals of (C4HoNH3)2PbBrs was mixed with MnBr, (amount of
Mn salt being added is with respect to number of mole percent of Pb) in an Agate Mortar and
Pestle. The powders are ground homogeneously for more than 15 minutes. This finely ground
powder is then added to glass vial and was heated at 125 °C in an oven for an hour. The sample

was allowed to cool naturally and was used further for characterization.
3.4 Characterization methods:

Transmission electron microscopy (TEM) images  were collected using Tecnai T20 TEM
operating at an accelerating voltage of 200 kV. Powder x-ray diffraction (XRD) patterns were
recorded using a PAN analytical X'Pert Pro equipped with Cu Ka radiation (A = 1.5406 A). Steady
state PL measurements were performed utilizing PTI QM 400 fluorometer. PL decay dynamics
were recorded using FLS 980 (Edinburgh Instruments) using microsecond flash lamp with power
100 W. For Mn emission decay dynamics, the sample was excited at 300 nm using microsecond
flash lamp, whereas, excitonic PL decay was recorded using 340 nm picosecond pulsed LED laser
source. PL quantum vyield for Mn emission was measured against R6G dye. Absorbance
measurements were performed using a Shimadzu UV-3600 plus UV-Vis-NIR spectrophotometer.
Thermogravimetric analysis (TGA) measurements were recorded using Mettler Toledo
TGA/SDTABS851e. The samples were heated in the range of 30-800 C at the heating rate of 5 C/min.
For measurement of luminance and CIE color chromaticity coordinates of the LED, Konica-

Minolta chromameter CS-200 was utilized.
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3.5 Results and Discussions:

Single crystals of (But).PbBr4 host material was synthesized by slow cooling of hot solution of
stoichiometric amounts of PbBr; and ((CsH9NH3)Br in DMF/toluene mixture with 2-3 drops of
concentrated HBr aqueous solution.?® In order to incorporate optically active Mn2* impurity ions
into the fabricated 2D layered host material, simple solid-state grinding of single crystals of
(But)2PbBrs and MnBr in the desired ratio is performed, followed by an hour of annealing at 125
°C. The starting crystals of the host material and Mn?* incorporated 2D layered perovskite products
are abbreviated as (But)2.PbBrs and Mn?*:(But).PbBrarespectiviely. The discussion on the obtained

results is discussed in the rest of the chapter.
3.5.A Optical Property

UV-Vis absorption measurement of (But)2PbBr4 crystals show a broad absorption band centered
at 410 nm. Steady-state photoluminescence measurement of the host material shows a strong and
narrow (FWHM: 20 nm) blue emission peak at 420 nm when excited at 360 nm above the band

edge (Figure 1).

- PL

/\ —— Absorbance
——PLE

7£<:i *——~/ﬁx\\\‘\\\"“‘——~— =y
~_/] — (But),PbBr, ;
e e ? B 2
n

——— Absorbance o
—— PLE g
&

[«

N —

L~
B e

350 400 450 500 550 600 650 700
Wavelength (nm)

PLE/Absorbance Intensity (a.u.)

Figure 1. Absorbance, PL, and PLE spectra for the undoped (top) and doped 2D perovskite.
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The photoluminescence excitation (PLE) spectra collected at 425 nm shows excitonic absorption
feature at 410 nm with very small stokes shift (Figure 1). The excitation spectra are characterized
by a sharply rising threshold region occurring near the absorption edge of the host bulk (But).PbBr4
material. The resemblance of the absorption band with the PLE spectra of the bulk host material
for the blue emission signifies that the blue emission is due to the formation of electron-hole pairs

in the host semiconductor material (Figure 2 image).

Excitonic PL
Excitonic PLE
Mn? PLE
-MnZ* PL

(But),PbBr,

PL/PLE Intensity (a.u.)

© 400 450 500,°

350 400 450 500 550 600 650 700
Wavelength (nm)

Images under UV (365nm) light

Figure 2: Left-image of host and Mn?* doped system. Right-optical properties of Mn?* doped
(bottom) and undoped (top) host material showing the PL and PLE for the band edge and Mn?*

emission.

Interestingly, the photoluminescence spectra of the Mn?*:(But).PbBrs sample show a very weak
emission band at 420 nm (Figure 2). Additionally, a broad emission peak (FWHM = 80 nm),
centered at ~600 nm, is observed in the PL spectra (Figure 2). This peak is attributable to the Mn?*
d-d emission corresponding to the forbidden “T; — ®A; internal transition. Such transitions are
known to be universally broad in 11-VI systems both in bulk or nanostructured morphologies.3®: 3
Importantly, the PLE spectra collected at 600 nm (Figure 1,2) shows features that resemble very
closely to that of the PLE spectra of the host material without any Mn?* ions. Moreover, the
excitation spectra here is characterized by a sharply rising threshold region occurring near the
absorption band edge of Mn?*:(But).PbBr4 material (Figure 1). This signifies that the 600 nm Mn?*

emission is sensitized by band edge absorption of the host semiconductor material. This, in turn,
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clearly indicates efficient energy transfer mechanism from the host perovskite to the closely
located Mn?* jons incorporated into the host semiconductor material. The excitation-dependent PL
spectra (Figure 3) indicate that the dual emission peaks (very weak band edge and strong Mn?*
luminescence) have no shift by altering the excitation wavelength from 340 to 400 nm.

Excitation wavelengths:
300 nm
— 320 nm

340 nm
—— 360 nm
—— 380 nm

400 nm i

A
A

—
350 400 450 500 550 600 650 700

Excitation
doublet

PL Intensity (a.u.)

Wavelength (nm)
Figure 3: Excitation dependent PL spectra of the doped 2D perovskite

This independence of the PL spectra on excitation wavelength confirms the single source of the
dual emission, namely, the exciton of the host bulk 2D layered perovskite. The presence of strong
Mn?* luminescence, sensitized by the host bulk perovskite, signifies that the incorporated Mn?*
ions act as efficient energy acceptor, out-competing various other non-radiative relaxation
pathways. Qualitatively, the efficiency of energy transfer from the exciton to the Mn?* ions, as
manifested in the form of Mn?* luminescence band, is governed by the interplay of two opposing
phenomena: i) spin-spin exchange coupling between the charge carriers of the semiconductor host
material and the Mn?* ions; and ii) inherent forbidden nature of the internal d-d transition of Mn?*
ions due to weak transition dipoles. The observed strong Mn?* luminescence suggests the presence
of sufficiently strong exchange coupling between the charge carriers of the host and the Mn?* d

electrons.
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3.5.B Effect of dopant concentration

The effect of varying the input Mn concentration (with respect to the number of moles of Pb) on

the luminescence intensity of the Mn?* emission band was also performed. The actual amount of

Mn*2 ion that was going in the structure was less than 2% in most of the cases and seen by ICP

analysis.

1.4x107

1.2x10"

1.0%107

8.0x10°

4.0x10°

PL Intensity (a.u.)

2.0x10°

6.0x10°

0.0

2% Mn
5% Mn
—10% Mn
— 15% Mn
20% Mn

—
400

T
450

T T T T T T T T
500 550 600 650 700
Wavelength (nm)

Figure 4: Dopant concentration-dependent PL spectra
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Figure 5: Dopant concentration-dependent quantum yield of Mn?* emission (QY mn)
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With the increase of the concentration of Mn from 2% to 5%, Mn?* PL emission becomes stronger,
followed by a gradual decrease of the Mn?* PL intensity as the Mn concentration increases from
10% to 20%. For all of these cases, a very weak band edge persists. The calculated quantum yield
for Mn2* emission, QY wn, for the different Mn concentrations is shown in Figure 5, which clearly
shows that the values of QY wmn initially rises and then gradually declines with the increase in the
Mn concentration. The initial rise of the QY wmn is due to increased number of luminescent centers
acting as acceptors for the energy transferred from the band edge exciton. However, with the
further increase in the Mn?* concentration, the PL efficiency decreases due to interaction between
neighboring Mn?* ions. In this scenario, a radiation less resonance energy transfer can occur
between closely placed Mn?* ions.*® This leads to decrease of luminescence quantum efficiency as
observed here. The highest QY mn of 37% is obtained for samples with 10% Mn (feed amount with
respect to Pb) incorporation with overall yellow-orange colored emission. It is important to note
that the QYwmn values obtained for the different Mn concentrations (2% - 20 %) explored here are
all above 24 % and represents a very strong luminescence efficiency. The observed high QYwmn in
these doped materials could be due to the utilization of host material with strong quantum
confinement that boosts sp-d carrier exchange interaction thereby increasing the energy transfer
efficiency between the host and the dopant ions. However, with the attempted further increase of
the Mn concentration, the products show qualitatively the same spectral features but with low
QYwmn values. This is likely due to the formation of surface or internal defects in the host
semiconductor material. Hence, we restrict ourselves with low Mn?* concentration regime samples
(2% - 20%) for this study.

3.5.C Effect of thermal annealing on PL properties

Noteworthy here is the fact that Mn?*:(But).PbBrs samples are prepared by solid-state grinding
followed by one hour of annealing at 125 °C. This annealing step turns out to be very critical in
successfully incorporating the Mn?* ions into the host lattice and thereby engineering its optical
properties. Hence, temperature-dependent annealing studies were performed for the host
(But),PbBr4 and Mn?*:(But)2PbBr. material.
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Figure 6: Band edge PL decreases and dopant emission increases as annealing temperature is

increased. Increased doping of host due to increased thermal diffusion

In Figure 6 we see the PL properties of the Mn?*:(But),PbBrs sample annealed at different
temperatures. PL spectra clearly show that when the sample is annealed at room temperature, there
is a dominant band edge blue emission with a weak orange-yellow Mn?* emission peak. As this
annealing temperature is progressively increased, the band edge blue emission intensity decreases
strongly. More interestingly, the orange-yellow Mn?* emission peak intensity gradually intensifies.
When annealed at 100 °C, the Mn?* emission peak is observed to be stronger than the band edge
emission. For 125 °C annealing temperature, the band edge emission is seen to be suppressed
heavily while the Mn?* emission peak is the strongest mode observed. Figure 6 also shows the
integrated peak area for the band edge and Mn?* emission as a function of annealing temperatures.
It is clear from the figure that as the annealing temperature is increased, the band edge emission
gets progressively suppressed while the Mn?* emission enhances strongly. This implies that the
energy transfer from the host to the Mn?* luminescent centers becomes more efficient as the sample
is annealed at progressively higher temperatures. This could be due to the increased extent of Mn?*

incorporation into the host lattice sites due to increased thermal diffusion of the dopant ions.

3.5.D Lifetime study

The PL lifetimes of the host (But).PbBrs and Mn?*:(But),PbBrs samples were measured using

time-resolved PL spectroscopy.
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Figure 7: PL decay dynamics of (a) undoped host sample; (b) doped sample for the band edge
emission; (c) doped sample for the Mn?* emission with inset showing the same at different dopant

concentrations.

For the (But)2PbBrs host material, the band edge PL decay curve (Figure 7a) shows a bi-
exponential fit with lifetimes of 1.4 ns (73% contribution) and 6.5 ns (27% contribution), which
are in close agreement to the reported data.?® Interestingly, for (But)2.PbBrsand Mn?*samples, two
very different lifetimes are observed. For this, the band edge PL decay curve (Figure 7) shows a
bi-exponential fit with lifetimes of 1.2 ns (90% contribution) and 6.3 ns (10% contribution). For
the Mn?* emission band, the lifetime data can be fitted to a mono-exponential decay curve with a
long lifetime of 740 ps. This long lifetime is due to the forbidden nature of the “T1 to ®A; internal
Mn?* transition and contribution due to neighboring Mn?* - Mn?* clustering interaction.%® Varying

the Mn?* concentration in the range of 2% - 15% does not seem to have a significant influence on
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the lifetime of this Mn?* d electron emission, as shown in the inset of Figure 7c. The observed
Mn?* emission lifetime of ~ 740 ps is shorter than the typical 1300 ps lifetime of isolated Mn?*
doped in perovskite>18:3¢ or in 11-VI #43 quantum dot systems. This lifetime shortening indicates
dipole-dipole interaction between neighboring Mn?* - Mn?* ions of a cluster residing in the host

perovskite.
3.5.E Morphology and elemental composition

The morphological characterization of the bulk host material was performed using TEM/EDS
elemental mapping, which confirms the sheet-like 2D morphology of the micro-particles with
chemical composition showing the presence of Pb and Br (atomic % of Pb: Br =17:83), in
consonance to reported data.’® The elemental mapping shows the homogeneous presence of
constituent elements (Figure 8). The morphology analysis of the Mn?*: (But)2PbBr4 samples,

using TEM/EDS elemental mapping, reveals 2D sheet-like morphology of the micro-particles.

"
Vo
Element Atomic %
=l Py
,
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(But),PbBr,

Mn?*(But),PbBr,

Figure 8: TEM and Elemental mapping a) for (But).PbBrsand b) Mn?*:(But).PbBra samples.

The EDS analysis clearly confirms the presence of Mn?* ions in the samples (Figure 8a). Elemental

mapping shows the homogeneous distribution of Pb, Br, and Mn as the constituting elements.

Page | 52



3.5.F Thermal stability

TGA data for the host (But).PbBrs and Mn?*:(But),PbBrs sample were recorded (Figure 9) and
presents very similar weight loss characteristics. The TGA data analysis for the host material

shows two major weight loss peaks:

—~ T T T T T T T T 1
10013 BuypoBr, [ 100 l(B) Mn:(But),PLEN,
| 0.0 " 0.0
80 - ‘ " 80- . [
:\: --0.2 L .0.2 ’g
® 60- —T  60- E
o)
9 - 0.4
b’ . ¢ f
il
£ 40- 401 045
@ g £
= h - -0.6 S
20 - | 20-
! L -0.6
‘ 0.8 |
0 N— o] - —
T T 0 5 1 —T 1
200 400 600 800 200 400 600 800
Temperature (°C) Temperature (°C)

Figure 9: TGA for the a) undoped and b) doped 2D perovskite.

The loss of the butyl ammonium bromide ligand of 45% at 315 °C, and the other related to the
release of inorganic lead bromide of 55% at 550 °C (Figure 9a). Similarly, for the
Mn?*:(But),PbBrs sample, loss of the butyl ammonium bromide ligand of 42% at 321 °C, and
another related to the release of inorganic lead bromide of 58% at 555 °C is observed (Figure 9b).
The observed weight loss ratio of organic to inorganic component for the (But)2PbBrs and
Mn?*:(But),PbBrs sample suggests approximately 2:1 molar ratio between the organic and
inorganic components, a feature of the 2D layered perovskite materials. Such TGA analysis,
confirming the approximate chemical composition in the 2D layered perovskite, is in consonance

to existing reports.?® 38 39

Page | 53



3.5.G Nature of doping

X-ray diffraction studies characterized the location of Mn site in the doped system. XRD

characterization of the host (But).PbBrs and the Mn?*:(But).PbBr. sample is shown in Figure 10.
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Figure 10: XRD pattern of (a) undoped and doped material both annealed at 125 °C with a
magnified view as insets; (b) doped material annealed at 28 °C and 125 °C with a magnified view

as insets.

The as-prepared single crystals of the host material show an XRD pattern that is in excellent
agreement with the prior report.?® The 125 °C heated sample was used to give a better
understanding of the occurrence of doping. Interestingly, the XRD pattern of the Mn?*:(But)2PbBr;4
sample is structurally very similar to the XRD pattern of the host (But)2PbBr4 sample (Figure 10).
A more careful examination of the XRD patterns reveals that the peak positions of the
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Mn?*:(But).PbBrs sample have monotonically shifted to higher angles compared to that of the host
material (Figure 10b). This observed shift of the XRD peak positions indicates toward successful
incorporation of Mn?* ions into the lattice of the host material. The increase of the 260 values is
consistent with lattice contraction due to the substitution of Pb%* ions (ionic radius 1.33A) with
smaller Mn?* ions (ionic radius 0.97A).% The decrease of the cation size, due to substitutional
doping shifts the XRD pattern towards higher 20 values. In order to understand this enhanced
energy transfer efficiency achievable at high-temperature annealing conditions, we have
performed the XRD analysis. Figure 10b shows the comparison of the XRD pattern of (But).PbBr,
(black trace) and Mn?*:(But).PbBrs (red trace) sample, both annealed at 125 °C, with insets
showing the magnified view of the patterns. This clearly shows that the XRD peaks have shifted
to higher angle values confirming the incorporation of Mn?* dopants into the crystal lattice of the
host semiconductor. Figure 10b compares the XRD patterns of the room temperature and 125°C
annealed sample of Mn?*:(But),PbBr. This clearly shows that for the Mn?*: (But)2PbBr4 samples,
the XRD peak positions of the 125 °C annealed sample have a notable shift to higher angles

compared to room temperature annealed sample.
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Figure 11; XRD pattern of (a) doped material at different dopant concentrations with their

magnified views (b-e)

This indicates that thermal diffusion of the Mn?* ions into the crystal lattice of the host material
occurs strongly when annealed at elevated temperatures. This increased extent of doping the host
material under high-temperature annealing conditions provides more acceptor Mn?* ions for
enhanced energy transfer to occur. XRD analysis of Mn?*:(But),PbBrs samples, annealed at 125
°C, with varying Mn?* dopant concentration has also been performed. Figure 11 shows the XRD
patterns at different Mn?* concentrations (0, 10, 20, 25 % Mn?*). A magnified view of the XRD
patterns is shown in Figure 11 b-d for clarity. It is evident from the XRD analysis that the peak
positions monotonically shift towards higher angles as Mn?* dopant concentration is increased.
This again indicates progressively higher substitutional Mn?* doping of host perovskites as the
concentration of the input Mn?* ions is increased. This increased doping causes an enhancement

of the energy transfer efficiency and helps boost the PLQY wmn.

It is important to note here that the Mn?* emission from these doped samples arises from the host's
energy transfer to the closely located dopant ions. Besides substitutional doping, acceptor Mn?*
ions can also undergo clustering residing inside the host perovskite material. Given the solid-state
grinding method of doping, it is very likely that Mn?* clusters can form that can act as acceptors.
The observed XRD peak shifts confirm substitutional doping at the octahedral sites. However, this
does not preclude the presence of Mn?* ions clustered inside the host perovskite. Irrespective of
whether the acceptor Mn?* ions are isolated or clustered, they act as efficient acceptor of energy
from the photoexcited charge carriers of the host material and show strong orange emission with
high quantum yield, feature that could be exploited for their utility as color converting materials
for LEDs.

Simple solid-state mechano-chemical synthesis of bulk APbBr3 (A= Cs, MA) perovskites and their
nanoparticles has been successfully demonstrated wherein the A-X, and Pb-X precursor powders
are ground homogeneously at room temperature for the addition reaction.*® Noteworthy, Mn?*
doping is achieved here by a simple solid-state grinding, and thermal annealing process wherein
the Pb?* ions are exchanged with the dopant Mn?* ions. This thermally activated cation exchange
on the octahedral sites leads to the formation of solid solutions. Typically, cation

exchange/diffusion in 3D AMX3 system is known to be very slow with high activation energy due

Page | 56



to lack of interstitial sites .*® Anion exchange, on the other hand, is very efficient and fast due to
the low activation energy of formation and diffusion of anion vacancy. This low activation energy
supports presence of anion vacancy in the bulk 3D perovskites.*” 8 Under these conditions, a
simple solid state grinding and thermal annealing shows strong evidence of substitutional doping
of the host perovskite by the Mn?* dopant ions. It is very likely in our case here that anion exchange
precedes the cation exchange event. The utilized metal bromide dopant precursor (MnBr2) for
bromide-based host perovskite has important benefit of having the same anion that can exploit the
formation and diffusion of halide vacancy in the host material leading to exchange of Pb?* ions
with the Mn?* ions for the formation of doped material. The mechanism of doping is shown in the

schematic diagram (Figure 12).

LZPPB” with Addition of MnBr,
halide vacancy

Diffusion of filled

into vacanc
¥ halide vacancy

v .¥ o a ¥
'T\*<>C:u*\’

lTlT q)

Do ® o Substitutional
(— J ) f doping

o 111 4P [ ann

4 N AY AT g M¢

Figure 12: The mechanism of substitutional doping
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The MnBr, precursor binds to the existing halide vacancy in the host material as a molecular unit,
incorporating MnBr in the host lattice. This filling of the halide vacancy releases energy due to
the formation of bond between incoming Br and the host lattice without necessarily breaking the
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Mn-Br bond. Further, during the thermal annealing step, energy is supplied for diffusion of this
halide vacancy and breaking the Pb-Br bond in the host lattice. This allows quick exchange of the
Pb?* ions with the Mn?* dopant ions inside the host lattice, leading to solid solution formation.
Such a mechanistic pathway for doping is consistent with observing XRD peak shifts to higher

angles for exclusively annealed samples at higher temperatures.

3.6 Conclusions:

2D layered bulk perovskite semiconductor with multiple quantum well structures has been
successfully utilized as a host material for doping Mn?* ions in a facile and scalable methodology.
Successful incorporation of Mn?* dopants into the host crystal lattice was demonstrated using
Photoluminescence excitation spectra and XRD analysis. These Mn?* doped samples exhibit a
weak band edge emission (~420 nm) with a strong Mn?* emission band (~ 600 nm). The calculated
quantum yield for Mn?* emission is found to be greater than ~24% across samples with different
Mn?* dopant concentrations. Here, the strongly bound excitons with fast radiative decay rates for
the bulk 2D layered host material has been exploited for achieving high PL quantum yield for the
Mn?* emission. These Mn?* doped samples show efficient energy transfer from photoexcited host
excitons to the dopant ions. The resultant strong yellow-orange emission is attributed to the spin
forbidden internal transition of the d electrons of Mn?* ions (*T1— 8A1). The enabling properties
of the Mn?* doped samples (high quantum yield, stability against ambient moisture, facile and
scalable synthesis) suggest great potential for these materials as down-conversion based phosphor

materials for LED applications.
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Chapter 4

Title: Importance of structure-distortion parameter in governing photophysical properties

of 'Pb-free’ perovskite.

Lead-based low dimension perovskite has shown significant success in terms of broadband
emission. Although Pb-based perovskite has tremendous success, the potential threat to nature
cannot be overshadowed. Along with that, the quantum yield of these systems is low to modest in
most cases. An alternative would be lead-free perovskite keeping the same ns? electronic
configuration.

We need to keep in mind that the lead-free perovskite system should have appreciably high PLQY.
In this regard, the potential alternative would be Sb**, Te**, Sn?*, Bi** etc. This working chapter
will discuss the effort on antimony and tellurium based zero-dimension structures, which are
highly luminescence at room temperature. Furthermore, later down the line discusses the structure-

property correlation in the systems.

The chapter is divided into 2 parts.

Part 4A: Luminescent OD organic-inorganic Antimony (I11) hybrid.

Part 4B: Luminescent 0D organic-inorganic Tellurium (1V) hybrid.
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Chapter 4A

Title: Luminescent 0D organic-inorganic Antimony (I11) hybrid

Structure/Distortion in 0D Organic-Sb Cl Hybrids

PLQY
Green - 45%
Yellow- 43%
Red- 6%

Photoluminescence

Absorbance

300 400 500 600 700 800
Wavelength (nm)

4.1 Introduction:

Recently, low dimensional organic-metal halide hybrids (OMHH) have emerged as a new class of
material with exquisite properties enabling optoelectronic applications in photovoltaics and solid-
state lighting.1® Dimensionality in such organic-metal halide hybrid materials refer to the
electronic dimensionality/networked structure of the constituent metal halide inorganic unit (i.e.
2D, 1D, 0D). For zero-dimensional (OD) variants of such materials, the semiconducting metal
halide unit is isolated and surrounded by organic ligands. Photo-excitation of such low dimensional
hybrids leads to the generation of strongly bound excitons confined within the metal halide unit.”
Strong electron-phonon coupling in such materials allows transient localization of the charge
carriers (electrons, holes) in the metal halide unit by introducing local distortions of the lattice.
The self-trapped excitons (STESs), thus produced, lead to phonon emissions that alter the energy of
the photoluminescence (PL) emission. This primarily leads to the stokes shifted broad band visible
emission.®'2 Various factors that govern the PL emission energy and photoluminescence quantum
yield (PLQY) of such broad band emission are not clearly understood.> ***However, it is
generally observed that PLQY tends to be enhanced as the dimensionality is lowered.> 1416 Typical

lead halide based low dimensional (2D, 1D, 0D) hybrids have been reported corroborating to the
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STE based broad band emission with modest/high PLQY.'’ Noteworthy, for a given metal ion, the
accessibility of the desired dimensionality in such systems is largely dictated by choice of halides,

organic ligands, and experimental reaction conditions.t> 1819

The toxicity?® of Pb(Il) has instigated many research initiatives for the development of the lead
free variant of low dimensional OMHH materials.?*? Suitable replacements for Pb?* ion in such
hybrids must retain the ns? electronic configuration of the valence shell that has been touted as the
key role player in conferring enabling properties to the lead based low dimensional hybrids.?*
Recently, Sb*" and Bi®* ions, that are less susceptible to oxidation while retaining the ns? valence
electronic configuration have been introduced as a replacement for Pb?* ions.” 227 There have
been few reports on low dimensional Sb(lll) chloride-based organic hybrids with strong, long-
lived, stokes shifted, and broad band STE-based ambient emission.” 26-32 Interestingly, all of these
0D antimony chloride hybrids show triplet STE-based broad band emission with high/modest
PLQY. They all demonstrate the structural commonality of having an individual metal-halide unit
([SbCls]*, [SbCls]*) that is completely isolated from each other and is surrounded by the
respective organic ligands. The quadrangular pyramidal metal halide unit in these reports have Sb-
Cl equatorial bonds with very similar bond lengths and a shorter Sb-Cl axial/apical bond with
low/modest variation of bond angles from their ideal values. Similar bond length and bond angle
distortions are observed for the octahedral metal-halide units. Such distortion of the metal halide
unit likely arises due to the presence of Sh centered stereo chemically active lone pair.®® 3* This
might imply that the strong PL emission properties may be correlated to the ground state
structure/distortion of the metal-halide unit. Antimony(l11) halides are known to exist in different
stoichiometric polyhedral units ([SbXa4], [SbXs]?*, [SbXs]*, [Sb2Xe]*) in the solid-state.®® Given
the various possible polyhedral unit types in these hybrids, is there any correlation that exists
between the luminescence properties and the geometric structure/distortion of the metal-halide
unit? How does the presence/absence of distortion in metal-halide unit affect the PLQY and Stokes
shift of the emission band? Research efforts aimed to answer these questions (tunability of metal
halide unit structure: octahedral or quadrangular pyramidal, and factors that affect emissive
properties) are of current importance.?® 3¢-% In an effort to demonstrate structural tunability
(octahedral, quadrangular pyramidal) and to rationalize the photo-physical origins of the observed
emissive properties, |1 have synthesized various Sb(lll) chloride 0D hybrids utilizing a common
organic ligand and have analyzed for correlation between the specific structural features of metal-
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halide unit and their luminescence properties. Here, | have utilized Tris(2-aminoethyl) amine

ligand to synthesize the chlorinated zero-dimension perovskite.

The common ligand was utilized to synthesize different 0D hybrids, and for simplicity,
abbreviated as tris Sb green, tris Sb red, and tris Sb yellow (in the rest of the chapter). The
chemical formula is given below

1 [(CeH22N4)2 (Sh2Cl1o) (SbCls) (Cl)2 (H30)].(3H20) ; tris Sb Green);

2 [(CeH22Na4)2 (SbCle)2 (Cl)2 1.3(H20) ; tris Sb Red);

3 [(CeH22Na4)4 (SbCle)3 (Cl)7].4(H20) ; tris Sb Yellow);

4.2 Materials:

Antimony (I111) Oxide (99%), Hydrochloric acid (37%) and Acetone were purchased from Sigma
Aldrich. Tris(2-aminoethyl)amine was purchased from TCI Chemicals. Diethyl ether was
purchased for HiMedia. All chemicals were used as purchased without further purification.

4.3 Synthesis:
4.3.A Synthesis of powdered 1 tris Sb Green

To prepare 1 tris Sb Green powder sample, 0.1 mmol (29.1 mg) of Antimony (111) Oxide was
dissolved in 5 mL of hydrochloric acid. To this, 0.1 mmol (14.6 mg) Tris(2-aminoethyl) amine
was added. The solution turns turbid white after some time. The resulting precipitate is filtered and
washed with diethyl ether repeatedly and dried in a vacuum for further characterization.

4.3.B Synthesis of Single Crystals of 1 tris Sb Green

To obtain single crystals of 1 tris Sb Green, the same reaction procedure was followed with the
following details: 0.1 mmol (29.1 mg) of Antimony (II1) Oxide was dissolved in 5 mL of
hydrochloric acid. To this, 0.1 mmol (14.6 mg) Tris(2-aminoethyl) amine was added. The resultant
mixture was heated in a preheated oil bath at 60 °C till dissolution. The solution is slowly cooled
to obtain white crystals. Crystallization led to plate-shaped pale yellow crystals, which appear
bright green under UV (365 nm) light. The crystals were filtered using a vacuum pump and washed

repeatedly with acetone and diethyl ether for further characterization.
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4.3.C Synthesis of Single Crystals of 2 tris Sb Red

In order to synthesize single crystals of 2 tris Sb Red, the same procedure was followed as for 1
described above. However, the oil bath temperature was set to 120 °C for dissolving the crystal
and cooled naturally to room temperature. After cooling needle-shaped colorless crystals formed
which emits red color under UV (365 nm) light. Here we have used same filtration and washing

as mentioned above.
4.3.D Synthesis of powdered 3 tris Sb Yellow

To prepare 3 tris Sb Yellow powder sample, 0.1 mmol (29.1 mg) of Antimony (111) Oxide was
dissolved in 5 mL of hydrochloric acid. To this, 1 mmol (146 mg) Tris(2-aminoethyl) amine was
added. The solution turns turbid white after some time. The precipitate appears bright yellow under
UV(365nm) light.

4.3. E Synthesis of Single Crystals of 3 tris Sb Yellow

To obtain single crystals of 3 tris Sb Yellow, 1: 10 equivalent metal vs ligand ratio was used.
Typically for reaction 0.1 mmol (29.1 mg) of Antimony (I11) Oxide was dissolved in 5 mL of
hydrochloric acid. To this, 1 mmol (146 mg) Tris(2-aminoethyl) amine was added. The resultant
mixture was kept in a preheated oil bath at 120 °C till dissolution. The solution is slowly cooled
to room temperature to obtain crystals. Crystallization led to cube-shaped pale yellow crystals,
which appear bright yellow under UV (365 nm) light. The crystals were filtered using a vacuum

pump and washed repeatedly with acetone and diethyl ether for further characterization.
4.4 Characterization methods:

UV-Vis Absorbance was performed in a Shimadzu UV-VIS-NIR3600PIus spectrometer. Steady
State PL and lifetime was measured using an Edinburgh FS5 spectrophotometer. TGA
measurements were performed using a TAG system (Mettler-Toledo, Model TGA/SDTA851¢)
and samples were heated in the range of 25 - 800 °C at a heating rate of 5 °C/min under nitrogen
atmosphere. *H NMR spectra were recorded on Bruker A-400 MHz system using DMSO-ds as the
solvent at room temperature. Powder X-ray diffraction (XRD) patterns were recorded using a
PANalytical X Pert Pro equipped with Cu Ka radiation (A = 1.5406 A). Absolute quantum yield

measurements were carried out in a Horiba JOBIN YVON Fluoromax-4 spectrometer with a
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calibrated integrating sphere attachment. Scanning Electron Microscopy (SEM) imaging and
mapping were performed by Zeiss™ Ultra Plus field-emission scanning electron microscope. X-
ray photoelectron spectroscopy (XPS) characterization was performed with ESCALab
spectrometer having Al Ka X-ray source (hv=1486.6 e¢V) operating at 150 W using a Physical
Electronics 04-548 dual Mg/Al anode and in a UHV system with base pressure of <5 x 10—9 Torr.
Low temperature PL of the crystals was performed using an Edinburgh FLS1000
photoluminescence spectrometer, attached with Optistat DN cryostat and the temperature was
controlled using Mercury iTC temperature controller (Oxford instruments). The sample was
excited using a xenon lamp and emission was collected from 320 nm to 800 nm. Single crystals
X-ray intensity data measurements of compounds 1 and 2 were carried out on a Bruker D8
VENTURE Kappa Duo PHOTON Il CPAD diffractometer.

4.5 Results and Discussions:

Antimony(lll)chloride 0D hybrids were synthesized utilizing Sb2Os and Tris(2-
aminoethyl)amine as the ligand in concentrated HCI acid. Extensive details of the utilized
synthetic conditions are provided in the experimental section (section 4.3).

4.5.A Optical Property

The temperature variation gives rise to two different types of UV emissive crystal, so initially we
proceed to characterize them. Product 1 tris Sb Green shows strong, green emission while 2 tris
Sb Red sample shows weak, red emission when viewed inside UV chamber. Optical properties of
1 tris Sb Green, presented in Figure 1, show strong and broad photoluminescence (PL) emission
band centered at 517 nm with full width at half maximum (FWHM) of ~110 nm. The
photoluminescence excitation (PLE) spectra, collected at 530 nm, match well with the absorption
spectra showing multiple features in 300 - 400 nm range. The estimated “Stokes shift” (difference
between the peak positions of PL and PLE) is ~165 nm. The photoluminescence quantum yield
(PLQY) for 1 tris Sb Green is estimated to be ~45%. On the other hand, optical properties of 2 tris
Sb Red, presented in Figure 1b, shows weak and broad emission band centered at 638 nm with
FWHM of ~160 nm. PLE spectra, collected at 650 nm, matches well with the absorption spectra
which shows multiple features in 300 - 400 nm range. The estimated “Stokes shift” is ~290 nm
and the PLQY for 2 tris Sb Red is estimated to be ~6%.
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Figure 1: Absorbance (Abs), Photoluminescence (PL) and Photoluminescence excitation (PLE)

spectra of a) 1 tris Sb Green, and b) 2 tris Sb Red single crystal samples.

The absorption features in halogen antimonite (l11) systems can be attributed to the electronic
transitions between the sp excited states and s? ground state. The observed absorbance features for
products 1 and 2 can be tentatively attributed to A band (low energy, spin-forbidden transition
1So—3P1), B band (intermediate energy, spin-forbidden transition !So—3P2), and C band (high
energy, spin-allowed transition So—P1).%° Rationalization of the differences in the observed PL

emission peak position, Stokes shift, and PLQY for products 1 and 2 is discussed below.
4.5.B Lifetime study

The lifetime decay profiles (collected using TCSPC set up) and the extracted lifetimes across the
broadband emission for 1 and 2, as presented in Figure 2, show the dominant lifetime component

of ~1 microsecond that remains unchanged across the emission band for 1 and 2.
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Figure 2: TCSPC Lifetime analysis for products 1 tris Sb Green (a,c) and 2 tris Sb Red (b,d) at

room temperature across the broad band emission with estimated lifetimes in nanoseconds.

In order to better estimate the longer lifetimes, PL decay profiles were collected across the

broadband utilizing a microsecond (ps) flash lamp source and are presented in Figure 3, Table 1.

Clearly, lifetime components (and relative %) of 4.8 ps (73%) and 71.9 us (27%) are observed for

1 tris Sb Green while for 2 tris Sb Red the lifetime components (and relative %) are 5.6 us (90%)

and 94.4 ps (10%). The observed long emission lifetime components in products 1 and 2 highlights

the role played by the triplet excited state (®P1) from which the radiative emission

(phosphorescence) originates.
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1 tris Sb Green

Wavelength (nm) Life time (us) Relative %
(at room temp.)
465 4.88 69.99
77.1 30.01
490 491 76.98
71.61 23.02
515 4.77 72.55
719 27.45
540 4.89 73.32
73.8 26.68
565 5.01 80.57
79.4 19.43
590 5.25 86.14
85.1 13.86
2 tris Sb Red
Wavelength (nm) Life time (ps) Relative %
(at room temp.)
525 5.6 90.04
92.7 9.96
550 5.61 90.81
90.8 9.29
575 5.62 90.77
89.9 9.23
600 5.65 90.69

Figure 3: Lifetime decay profiles for products 1 tris Sb Green (a) and 2 tris Sb Red (b) at room

temperature collected across emission band using microsecond flash lamp excitation (360 nm).
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90.5 9.31
625 5.57 89.40
92.8 10.60
650 5.66 90.68
94.4 9.32
675 5.63 90.15
90.7 9.85
700 5.68 90.74
90.4 9.26
725 5.68 89.20
96.3 10.80

Table 1: Lifetime (us) components and relative weights (%) for the decay profiles presented

above in Figure 3.

4.5.C Nature of emission

Given the broad nature of the PL emission peak for both 1 and 2, it is important to decipher if

defect emission leads to the observed broad emission bandwidth. Dependence of the emission band

shape/profile on excitation wavelength was studied for products 1 and 2 as presented in Figure 4.

The PL emission band shape/profile remains unchanged for products 1 and 2 (albeit with a

concomitant change in PL intensity) as across the excitation wavelength range of 320 — 380 nm.

PLE spectra collected across the broad emission band of products 1 and 2 (Figure 4) also remain

unchanged.
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Figure 4: Dependence of photoluminescence (PL) on excitation wavelength and
photoluminescence excitation (PLE) spectrum collected across the broad PL peak for a) 1 tris Sh

Green, and b) 2 tris Sb Red powder samples.

These observations suggest that unique emissive species are responsible for the broad emission in
products 1 and 2 and very likely do not involve extrinsic defects. Further, PL/PLE studies were
performed for products 1 and 2, wherein the single-crystal samples were ground (Figure 5). If
defects are the cause for the broad band emission, sample grinding will cause substantial change
of the PL/PLE profile.!® However, no changes in the PL/PLE band profile for both the products
were observed when the samples were ground thoroughly as shown in Figure 5. Also, the ground
samples of both the products were annealed at different temperatures, followed by their PL/PLE

characterizations, as shown in Figure 5.
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Figure 5: PL/PLE of 1 tris Sb Green and 2 tris Sb Red samples upon a-b) room temperature
grinding (10 mins, mortar-pestle) and c-d) annealing of the ground powders at different
temperatures. The drastic drop of PL/PLE intensity for 1 and 2 at around 100 °C is related to the

loss of solvent (water) molecules integral to the stability of the structure of the products through a

network of hydrogen bonding.

Again, no changes in the PL/PLE band profile are observed (albeit with a concomitant change in
PL intensity @ 100-120 °C attributed to solvent loss as discussed in thermal analysis and crystal
structure part). These observations clearly suggest that the broad emission is not due to the
presence of the defects in products 1 and 2 and is due to the presence of unique emissive species

that lead to intrinsic broadband emission.
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4.5.D Low-temperature photoluminescence

Low-temperature PL measurements were carried out to gain further insight to the phonon-assisted
radiative recombination of STEs leading to the broad band emission in 1 and 2. Steady-state

photoluminescence spectra were collected over the temperature range of 300 — 77 K, as shown in

Figure 6.
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Figure 6: Low-temperature photoluminescence spectra of a) 1 tris Sb Green and b) 2 tris Sb Red

powder samples excited at 370 nm and 350 nm respectively using a pus flash lamp.

Integrated PL peak area and FWHM are calculated for both products (1,2) and are presented in
Figure 7. For both products, the PL intensity is initially observed to increase, reaching maxima (~
230 K) followed by a decrease as the temperature is lowered (to 80 K). Such dependence of PL
intensity can be ascribed to thermally activated trapping—detrapping of excitons from STE states.°
However, the dependence in the low-temperature regime can get complicated due to tunneling and
defect bound excitons.’® Moreover, the phonon modes that couple to electronic excitation to
generate STE have their own temperature dependence.*® Bandwidth (FWHM) of the broad
emission of 1 and 2 is observed to decrease monotonically as the temperature lowered. As the
temperature is lowered, fewer phonon modes are thermally accessible to couple to the STEs

assisting radiative recombination, thereby reducing the bandwidth of the PL emission.
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Figure 7: Integrated PL peak area and FWHM of the broad PL peak for a) 1 tris Sb Green, and b)

2 tris Sb Red powder samples as a function of temperature (300 — 80 K).

This could suggest thermal equilibrium between the triplet excitons and self-trapped excitons that
governs the thermally activated trapping of triplet excitons in the STE states. These results indicate
intrinsic broadband STE based emission in accord with many other reports on low dimensional
organic-inorganic (Sb, Pb, Sn) hybrids showing broadband emission.” 10: 14 27. 28, 36, 41, 42 £y rther
detailed experiments and analysis are needed to characterize®® the nature of the STE in these

systems.
4.5.E X-ray diffraction study

A clear understanding of the structure of the obtained products can potentially provide insight to
the PL peak positions (green vs. red), large Stokes shift, and markedly different PLQY of 1 and 2.
Figure 3 shows the overview of the single-crystal structure of the products 1(CCDC#2017736), 2
(CCDC#2017737). Both the products are zero-dimensional in nature wherein the organic ligands
surround the metal halide unit (Figure 8). 1 tris Sb Green crystallized in triclinic centrosymmetric
space group P-1 containing one ligand (CsH22N4 with +4 charge), one unit of SbCls (with -2
charge), ¥ unit of SbCls (-1.5 charge), one Cl anion (-1 charge), one water molecule, and one
H250 molecule (+1/2 charge) in the asymmetric unit. The H atom of the charged water molecule
(H250) which is located at the inversion center (0.5, 0.5, 0.5) and shared between the two water
molecules which are related by inversion symmetry across the inversion center. The moiety
formula of 1 tris Sb green is represented as: [(CeH22N4)2 (Sh2Clio) (SbCls) (Cl)2 (H30)].(3H20).

Structure of 1 tris Sb Green, is composed of two basic building units of antimony chloride
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framework: isolated octahedron and isolated edge shared octahedra (Figure 9b-c). In the isolated
octahedral, Sb1 atom occupies a special position (0.5, 1.0, 1.0) across the inversion center and
hence only half SbCle moiety is present in the asymmetric unit and other half unit is generated by
inversion operation, whereas the other SbCls moiety generates an edge-shared dimeric octahedral
unit by inversion operation. These metal halide units, periodically embedded in the organic ligand
matrix, also incorporate solvent water molecules. The crystal structure is governed by strong N—
H-~Cl hydrogen bonding interactions engaging the ligand N—H moieties and Cl atoms (Figure 8
).The view of the molecular packing down the b-axis shows the layered assembly of the ligand

molecules along the a-axis, which accommodate the octahedra and the edge-shared dimeric

octahedral units between its layers alternately parallel to the c-axis.

Figure 8 a): A view of the molecular packing down the b-axis in crystals of 1 (tris Sb Green)
showed the associations of the metal halide, organic ligands, and water molecules.
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Figure 9: Single crystal structures of zero-dimensional chloro antimonite (I11) — organic hybrids
for (a-c) 1 tris Sb Green, and (d-f) 2 tris Sb Red respectively. Shown also are the metal halide
units (octahedra, dimer octahedra for 1 tris Sb Green; distorted octahedra and distorted pyramid
for 2 tris Sb Red) for both the products.

The arrangement of the neighboring edge-shared dimeric octahedral units along the channel
encapsulates the water molecules between them which interact with these metal halide units
through O—H - ClI hydrogen bonding interactions. Conversely, the non-bonded CI ions are located
in the space between the two octahedral units along the channel parallel to the a-axis and forms a
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N-H--Cl hydrogen bond with the ammonium protons. These strong hydrogen bonding interactions
govern the crystal packing and play a crucial role in optoelectronic responses. The extent of
distortion (bond lengths, bond angles) in the monomeric and dimeric octahedra was estimated for
1 tris Sb green. The monomeric octahedron is almost undistorted with very similar Sb—Cl bond
lengths (largest difference in Sb—Cl bond length = 0.01 A, largest deviation of the CI-Sb—CI bond
angle from the ideal value = 31). The edge shared dimeric octahedron with six different Sb—Cl
bond lengths shows slight distortions (largest difference in Sb—Cl bond length = 0.6 A, largest
deviation of the CI-Sb—CI bond angle from the ideal value = 6°). Such distortions are not
unexpected in the edge shared (u-Cl) dimeric octahedral metal halide unit. The phase purity of 1
was verified using the powder X-ray diffraction (PXRD) patterns, which matched well with the

simulated ones in terms of the single-crystal X-ray data (Figure 11)

Figure 10: A view of the molecular packing down the a-axis in crystals of 2 (tris Sb Red) showing

the associations of the metal halide, organic ligands, and water
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Product 2 tris Sb Red crystallizes in a monoclinic chiral space group P2; containing two ligands
(tetra positive), two [SbCls]* anions, two [CI] anions, and three H.O molecules in the asymmetric
unit having the formula [(CeH22Na4)2 (SbCle)2 (Cl)2].3(H20). Structure of 2 is composed of two
basic building units of antimony chloride unit: isolated heavily distorted octahedron and isolated
heavily distorted quadrangular pyramid (Figure 9e-f). The quadrangular pyramid has the sixth
coordination by a distant Cl atom (3.156 A) as highlighted in Figure 9f. The isolated very distorted
octahedron with a lengthened apical Sb—Cl bond length (3.042 A) may also be thought of as a
distorted ‘quadrangular pyramidal’ structure. Such long Sb—CI bond distances are not uncommon
and have been attributed to the secondary bonding interaction.** These distortions highlight the
site asymmetry in the coordination environment of the hexacoordinated Sh motifs. These metal
halide units are again periodically embedded in the inert matrix of the organic ligand incorporating
water molecules forming the 0D structure. The view of the molecular packing down the a-axis
revealed the layered arrangement of both metal halides parallel to the b-axis which are embedded
between the channels formed by symmetry independent organic ligands. The respective layers of
metal halides are arranged alternately along the c-axis. The crystal structure is stabilized by strong
intermolecular N-H--Cl hydrogen bonding interactions engaging ammonium H-atoms of the
organic ligand and CI atoms (of metal halides) or Cl ions (Figure 10). The three water molecules
also form strong H-bonding interactions (O—H—Cl and N-H-O) involving Cl atoms and
ammonium protons of metal halides and organic ligands, respectively. The water molecules also
interact with each other through O—H--O hydrogen bonds. The extent of distortion in the heavily
distorted octahedron and the extremely distorted octahedron was estimated for 2 tris Sb red. The
heavily distorted octahedron shows high site asymmetry with six different Sb—Cl bond lengths
(largest difference in Sb—Cl bond length = 0.6 A, largest deviation of the CI-Sb—CI bond angle
from ideal value = 23°), thereby approaching a ‘quadrangular pyramidal’ structure. The extremely
distorted octahedron shows extreme site asymmetry with very different Sb—CIl bond lengths
(largest difference in Sb—Cl bond length = 0.45 A, largest deviation of CI-Sb—Cl bond angle from
the ideal value = 101). The “apical” Sb—CI bond length in this unit is 2.448 A. The phase purity of
1 and 2 was confirmed using the PXRD patterns which matched well with the simulated ones in

terms of the single-crystal X-ray data as shown in Figure 11.

Page | 81



@3 — Tris Sb Green Simulated PXRD
8
E
[e]
=z
>
‘n
c
k5
£
10 20 30 40 50
2 Theta .
o Tris Sb Green PXRD
N
s
£
o
=
>
‘»
C
[}
1S
T T T T 1
10 20 30 40 50
2 Theta
(b)3

—— Tris Sb Red Simulated PXRD

1Z¢

©

£

o

z

=

B

c

2

=
T T T T 1
10 20 30 40 50

2 Theta

o Tris b Red PXRD

I

©

£

]

z

2

‘@

=

o

[

- T T T T 1
10 20 30 40 50

2 Theta

Figure 11: Comparison of the PXRD pattern with the simulated pattern from the single crystal
structure data for a) 1 tris Sb Green, b) 2 tris Sb Red

4.5.F Structure-property correlation in 1 tris Sb Green & 2 tris Sb Red

Comparing the above-estimated ground state structural distortions of the photoactive metal halide
units reveals that average distortion is appreciably higher in 2 tris Sb Red and is relatively lower
in 1 tris Sb Green. In essence, 1 tris Sb Green has undistorted Octahedral metal halide units, while
2 tris Sb Red has distorted quadrangular pyramid units. The presence of the common organic
ligand in 1 and 2 allows us to perform a structure-property-mechanism correlation that can provide
us with deeper understanding of the crucial factors that control their photo-physical properties.
Understandably, the extent of distortion and ground state structure affects Stokes shifts and PL
emission energies. It is clear from Figure 1 that both products (1, 2) show large Stokes Shift

Page | 82



implying strong structural reorganization in the excited state (3P1). The observed Stokes shift is
much higher for 2 tris Sb Red (~290 nm) than that of 1 tris Sb Green (~165 nm) suggesting stronger
excited state reorganization for 2 than 1. Hence, Stokes shift depends not only on the ground state
structure (and its distortion) but also on structure in the excited state of the metal halide unit. Within
the theoretical framework of ns? metal ions, as proposed by Blasse et al., the luminescence
properties are directly related to the structure and the extent of distortion of the ns?> metal-halide
unit.**4® Upon photo-excitation of these ns? metal-halide units, the ground state s2 configuration
will transform into a sp excited state with higher symmetry.>* #* Gaining this structural symmetry
due to photo-excitation from the distorted ground state structure results in the observed Stokes
shift. Clearly, ground state structural distortion in 2 tris Sb Red is relatively higher than in 1 tris
Sb Green and is in accord with the observed larger Stokes shift in the former. Similar approach
has been successfully utilized by Blasse et al. for ns? metal ions doped in host lattices that show
large Stokes shifts if the metal ions occupy off-center positions in large interstices as these ions
can move towards the center in the excited state thereby gaining symmetry.** The difference in the
PL emission energies (peak position) for the two products (1, 2) can again be rationalized in terms
of the ground state structure. Typically, the structures of these s> metal halide units are affected by
the presence of metal centered, stereo chemically active lone pair. However, s? complexes with six
coordination number have octahedral geometry and appear as an exception from the VSEPR
model.3* 4" For complexes with coordination number lower than six are in general agreement with
the VSEPR model and show distortions/asymmetry in their structures due to the stereochemical
activity of lone pair.3® “% 4° These considerations are also applicable to halogen antimonite(I11)
polyhedral units here that constitute the photoactive building units for products 1, 2. For 1 tris Sh
green, metal halide coordination sphere has octahedral geometry with slight differences in the Sb-
Cl bond lengths (undistorted octahedron and distorted dimeric octahedra). However, for 2 tris Sb
Red, the metal halide coordination sphere has quadrangular pyramidal structure with modest
differences in the Sb-Cl bond lengths (quadrangular pyramid and distorted octahedron structure
that approaches quadrangular pyramidal structure). Clearly, the ‘effective’ interaction strength of
Cl- anions (3s, 3p orbitals) with the Sb®" (5s, 5p orbitals) metal ion will be stronger for 1 tris Sb
Green (less bond length distorted Octahedral structure) than 2 tris Sb Red (more bond length
distorted quadrangular pyramidal structure) due to the degree of asymmetry in the metal-halide

coordination environment. Symmetrically stronger ‘effective’ interaction between the metal and
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halide in 1 will lead to higher energy gap between the HOMO and LUMO. Asymmetric and weaker
metal halide interaction in 2 will result in a smaller energy difference between the HOMO and
LUMO (qualitative molecular orbital diagram for octahedral and square pyramidal structural cases
are shown in Figure 12).
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Figure 12: Qualitative molecular orbital diagram of (a) octahedral and (b) square pyramidal metal-
halide framework and the associated change in the energy gap between the HOMO and LUMO
that manifests as PL emission energy difference between the two structures.

Hence, it is anticipated that 1 tris Sb Green, with symmetrical octahedral structure, would have
high energy PL emission (LUMO—HOMO) peak while 2 tris Sb Red, with asymmetric
quadrangular pyramidal structure will emit at lower energies. This is in qualitative agreement with
the observed high energy PL emission peak of 1 tris Sb Green (Aem = 517 nm) and low energy PL
emission peak of 2 tris Sb Red (Aem = 638 nm). Such ground state structure dependent molecular
orbital scheme has been successfully utilized in attributing differences in the PL emission energies
of [ShClg]* and [SbCls] ions in solution.*® Noteworthy here, a symmetrical (undistorted)
octahedral halide ligand field will lead to higher HOMO-LUMO energy gap than the energy gap
in an undistorted square pyramidal ligand field. This again has a qualitative accordance with the

reported low PL emission energies for many [SbCls]?" based metal halide organic 0D hybrids (with
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emission energies in the orange region of 600 — 650 nm, in the solid state and higher PL emission

energies in the green for [SbClg]* based ions in solution. °

The photoluminescence quantum yield (PLQY) of 1 tris Sb Green is (~45%) distinctly higher than
PLQY of 2 tris Sb Red (~6%). Note that the observed PLQY for 1 tris Sb Green is lower than other
literature reports” 222 on 0D antimony chloride hybrids that have near-unity PLQY. However, a
direct comparison of the PLQY of 1 tris Sb Green with these other reports, including different
organic ligands might not lead to the needed understanding of the rationale behind the observed
differences in their PLQY. This is due to the surrounding environment provided by the organic
ligand to the photoactive metal halide unit, which can appreciably affect the PL emission intensity.
There can be effective energy transfer of electron excitation from the molecular levels of the
surrounding organic moiety to the 3P1 luminescence level of the s?> metal ion, thereby enhancing
the PLQY.%5! ‘Loan’ of luminescence intensity from the ligands to metal has also been reported
wherein ligand to metal charge transfer interactions leads to an additional thermal population of
the luminescent excited state of metal ions leading to enhanced PLQY.%> 3 This clearly suggest
the electronic contribution of the surrounding organic ligand in affecting the photoluminescence
intensity in the low dimensional systems.>® Interestingly, the synthetic strategy utilized here allows
the crystallization of both 1 and 2 incorporating the same organic ligand. This, to a large extent,
helps maintain the same electronic contribution (if any) to the metal ion, thereby similarly affecting
the photoluminescence intensity from 1 and 2. Hence, the PLQY of 1 and 2 can be compared and
possibly correlated to their structure/distortion to gain some insight into the observed differences
in their PLQY. This effort of finding any existent correlation between structure/distortion and
PLQY is extremely important for further design and synthesis of broad band, lead-free emitters
and is reported for the first time here for Sb halide based 0D perovskite. Although there have been
few reports on antimony chloride-based 0D hybrids that show near-unity PLQY but none of the
reports provide any insight into the observed PL peak position and the observed high PLQY. The
commonality in all of these high PLQY low dimensional antimony chloride-based hybrids is the
presence of isolated, almost undistorted metal halide unit (particularly SbXs unit).” 26-28

Moreover, antimony chloride-based low dimensional hybrids with polymeric metal halide units
(showing distortions) have low/modest emission strength.>® 5 5% In the present comparison of

PLQY of 1 and 2, metal halide polyhedral units for 1 (isolated octahedra, dimer octahedra) show
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small distortions while metal halide polyhedral units for 2 (octahedra and quadrangular pyramid)
show relatively higher distortions (Table 3). Survey of the existing literature on antimony chloride-
based low dimensional materials, revealing that the isolated undistorted monomeric units
demonstrate high emission intensities, suggest the importance of distortions in affecting the
PLQY.553% Clearly, the extent of distortion in 1 is relatively lower than the distortion in 2. This
implies a correlation of the structure/distortion with the PLQY for the 0D Sb halide-based hybrids.
Noteworthy, the presence of distorted dimer octahedra (plausibly suppressing PLQY) along with
almost undistorted octahedra (plausibly enhancing PLQY) in 1 shows higher PLQY than 2 having
all isolated monomeric units (plausibly enhancing PLQY) with heavy distortions (plausibly
suppressing PLQY). This again indicates the important role played by structural distortions in the
ground state. The presence of the dimer octahedra with some distortions in 1 can then explain the
observed lower than unity PLQY which is in accord with earlier reports® on low dimensional
antimony chloride hybrids with dimeric/polymeric metal halide units. The observed correlation of
the structure/distortion with the PLQY could be rationalized in terms of photoexcitation of ns?
metal ions transiting from the ground state to the excited state having higher symmetry. Hence,
the smaller the distortions in the ground state structure of the metal halide polyhedral unit, the
lower the amount of electronic excitation energy that will be utilized in the process of excited-state
structural reorganization. This will minimize non-radiative losses of the electronic excitation
energy, thereby enhancing the possibility of stronger luminescence. The above-proposed
rationalization providing insight to the experimentally observed correlation between
structure/distortion and PLQY for 0D antimony chloride-based hybrids is by no means universal
and needs to be further tested/verified. In order to clearly understand the role of distortion in
affecting PLQY, we have designed and synthesize different structures of antimony chloride-based
0D hybrids by altering the ligand concentration in the later part of the study.

4.5.G Effect of ligand concentration

The successfully modified synthetic strategy allows crystallizing 0D hybrids with isolated
monomeric metal-halide unit (albeit with a mixture of octahedral and pyramidal units). This is
achieved by increasing the metal to ligand ratio to 1: 10 as detailed in the experimental section.
The obtained product, 3 tris Sb Yellow, appears to emit bright yellow light when viewed inside
UV chamber. Steady-state optical characterization of 3 tris Sb Yellow, as shown in Figure 13,
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reveals a strong, broad yellow emission band centered at 580 nm with full width at half maximum
(FWHM) of ~140 nm. The PLE spectra, collected at 580 nm, match well with the absorption

spectra showing multiple features in 300 - 400 nm range.
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Figure 13: Optical and structural characterization of 3 tris Sb yellow-(a) Absorbance (Abs),

Photoluminescence (PL), and Photoluminescence excitation (PLE) spectra

The estimated “Stokes shift” is ~200 nm and the PLQY for 3 tris Sb Yellow is estimated to be

~43%.
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The broad yellow emission profile remains unchanged as the excitation wavelength is changed.

Further, the PLE profile remains unchanged across the broad band emission (Figure 14).
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Figure 16: Lifetime decay profiles collected across the yellow emission band using microsecond

flash lamp excitation (360 nm).

The PL and PLE profile remains unchanged upon solid-state grinding and annealing (Figure 15).
Moreover, analysis of the collected decay profiles across the broad emission band of 3 tris Sb
Yellow, as presented in Figure 16, provides lifetime components (and relative %) of 5.2 us (85%)

and 84.6 us (15%) that largely remains unchanged across the emission band. (Table 2).

Tris Sb Yellow
Wavelength Life time Relative %
(nm) (microseconds)
480 5.18 82.59
92.05 17.41
530 5.25 84.97
87.20 15.03
580 5.20 83.90
84.6 16.10
630 5.28 84.68
89.39 15.32
680 5.52 89.46
93.51 10.54
730 5.67 91.37
97.91 8.63

Table 2: Lifetime (us) components and their relative weights (%) for 3 tris Sb Yellow

This indicates the presence of unique emissive species responsible for the observed
phosphorescence in 3 tris Sb Yellow. Notably, PL emission energy of 3 tris Sb yellow sample
represent an intermediate value when compared to that of 1 tris Sb Green and 2 tris Sb Red while
the PLQY value is close to that of 1 tris Sb Green
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4.5.H Crystal structure of 3 tris Sb Yellow

Single crystal structure of 3 tris Sb Yellow (CCDC #2017738) belongs to triclinic space group P-

y

Figure 17: An overview of single crystal structure of 0D 3 tris Sb Yellow product and metal halide
units (distorted quadrangular pyramid, octahedra, and distorted octahedra) comprising the 0D

structure.

It contains four ligands (tetra positive), two units of half of [SbCls]* anion, two units of [SbCle]*
anion, seven [CI]- anions, and four [H20] molecules in the asymmetric unit leading to [(CeH22Na4)4
(SbCle)3 (Cl)7].4(H20) as the formula moiety (Figure 17)). Two of the Sbh atoms of %2 units of
[SbCI6]3- anion occupy a special position (inversion center), Sb1 (0.0, 0.5, 0.0) and Sb2 (0.0, 0.5,
0.5), hence only half unit is present in the asymmetric unit and the other half is generated by
inversion operation. Structure of 3 is composed of isolated octahedra, and isolated quadrangular
pyramid as the basic building units. These metal halide units are periodically embedded in the

organic ligand matrix, wherein water molecules are also incorporated.
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Figure 18: A view of the molecular packing down the b-axis in crystals of 3 (tris Sb Yellow)

showing the associations of the metal halide, organic ligands, and water molecules

These water molecules create hydrogen bonding network with metal halide unit and organic
ligands. There are strong hydrogen bonding interactions between the ammonium head group
protons with the halides and the water oxygen atom throughout the structure (Figure 18). In
addition to the presence of slightly distorted quadrangular pyramid, the crystal structure shows two
types of isolated octahedron- one that is almost undistorted and the other with slight distortions.
The undistorted octahedron has very similar Sh-Cl bond lengths (largest difference in Sh-Cl bond
length = 0.028 A, largest deviation of the CI-Sb-Cl bond angle from ideal value = 3°). The distorted
octahedron has six different Sb-Cl bond lengths (largest difference in Sb-Cl bond length = 0.46 A,
largest deviation of the CI-Sb-Cl bond angle from ideal value = 4.6°). The distorted quadrangular
pyramid has the sixth coordination by a distant Cl atom (3.06 A). This quadrangular pyramidal
unit has five different Sb-Cl bond lengths (largest difference in Sb-Cl bond length = 0.21 A, largest
deviation of CI-Sb-Cl bond angle from ideal value = 3.2°). The apical Sb-Cl bond length here is
2.452 A,
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Figure 19: Comparison of the PXRD pattern with the simulated pattern from the single crystal

structure data for 3 tris Sb Yellow sample.

The phase purity of 3 tris Sb Yellow was verified using the PXRD patterns which matched well

with the simulated ones from the single-crystal X-ray data as shown in Figure 19
4.5.1 Generality of structure-property relation

Now, the pertinent question here is can we utilize the same structure/distortion correlation to
understand the observed photo-physical properties for 3 tris Sb Yellow? Such rationalization
would then fall in-line with the proposition made for products 1 and 2 and would support

generality.
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Figure 20: Structural unit of a) 1 tris SB green b) 2 tris Sb red c) 3 tris Sb yellow.

Sh-Cl polyhedral type Bond Length Distortion Bond Angle Distortion
1 tris Sb Green
Isolated octahedral 0.01 A 3°
Dimer octahedral 0.6 A 6°
2 tris Sb Red
Distorted octahedral 0.6 A 23°
Quadrangular pyramid 0.45 A 10°
3 tris Sb Yellow
Octahedra 0.028 A 3°
Distorted octahedral 0.46 A 4.6°
Quadrangular pyramidal 021 A 3.2°
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“Bond Length Distortion = (highest bond length) - (lowest bond length)
“Bond Angle Distortion = | 90° - (Cl — Sb — Cl bond angle) |
Table 3: List of estimated bond length asymmetry and bond angle variations (from ideal value) in

metal halide frameworks of 1, 2, 3 as obtained from single-crystal structures.

Sample Stoke shift (eV) | PL peak position | PLQY
(nm)
1 tris Sb Green 0.97 530 45%
2 tris Sb Red 1.9 640 6%
3 tris Sb Yellow 1.2 580 43%

Table 4: Comparison of Stokes shift, PL peak position and PLQY with the structure

The broadband emissions in low dimensional metal halide hybrid materials have been attributed
to self-trapping of excitons (STE) due to strong electron-phonon coupling that produces transiently
localized charges (holes/electrons) that distort the metal halide unit. The PL emission of these self-
trapped excitons is phonon assisted that broadens the radiative bandwidth.® Upon photoexcitation,
the low lying transient STE states can accept carriers from the excited *P; state and allow slow and
phonon assisted radiative decay to 'So ground state thereby broadening the emission bandwidth.
Necessarily, this relay of radiative decay channel leads to finite energy losses through non-
radiative state hopping and accounts for finite Stokes Shift in the broad emitting low dimensional
material. Importantly, this is in addition to any Stokes shift that might arise due to the changes in
the excited state geometry/structure relative to the ground state structure (as discussed earlier).

A comparison of the structure/extent of distortions in the comprising metal halide units of 1 tris
Sb Green, 2 tris Sb Red, and 3 tris Sb Yellow in the light of their observed photo-physical
properties is crucial here. Bond length and angle distortion in the various structural units for
products 1, 2, 3 (Figure 20) are calculated and presented in Table 3 shows the following order of
extent of distortions- 1~3<<2. Qualitatively, the type of isolated metal halide polyhedra in 1 is
octahedra, in 2 is quadrangular pyramid, and in 3 is a mixture of the octahedron and quadrangular
pyramid. The degree of asymmetry of the coordination environment in the metal halide structural

unit, as discussed earlier (MO diagram, Figure 12), largely dictates the PL emission energy with
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high energy emission band for symmetric octahedral case (1 tris Sb Green) and low energy
emission band for asymmetric pyramidal structure (2 tris Sb Red). Now for 3 tris Sb Yellow, the
presence of mixture of octahedral and quadrangular pyramidal units would cause the PL emission
band to appear in the intermediate energy range. Indeed, for 3 tris Sb Yellow, the PL band appears
at energy in between the emission bands of 1 tris Sb Green and 2 tris Sb Red (Table 4). This
strongly suggests the active role of metal-halide polyhedral unit structure and the degree of
symmetry in metal-halide coordination environment in dictating the PL emission band position.
As discussed earlier, the extent of distortion present in 1 tris Sb Green is modest and is appreciably
lower when compared to that of in 2 tris Sb Red. This difference in extent of distortion reflected
in the drastic difference of the observed PLQY. Interestingly, the extent of distortion present in 3
tris Sb Yellow is comparable to that of in 1 tris Sb Green (Table 3) and follows 1~3<<2. The
similarity of the extent of distortion in 1 tris Sb Green and 3 tris Sb Yellow would indicate similar
PLQY values much higher than that of 2 tris Sb Red. This is in accord with the measured PLQY
of 3 tris Sb Yellow close to that of 1 tris Sb Green (Figure 21).

Photograph under 365 nm excited UV light

Tris Sb Green = 45% Tris Sb Red = 6%

Figure 21: Photographic image of the synthesized crystals under 365nm light excitation and their

PLQY values written below.

Such observed correlation between the extent of distortion and PLQY clearly highlights the role
of extent of distortion in affecting the photo-physical properties. The observed stokes shifts of

three products can also be then positively correlated to the extent of distortion (Stokes
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shifts:1~3<<2). Thus, the above-proposed factors (metal-halide unit structure; extent of distortion)
are observed to directly impact the photo-physical properties (PL emission energy; PLQY &
Stokes shift, respectively) for the different OD Sb(lll) chloride hybrids (1, 2, 3) synthesized here
utilizing a common organic ligand (Table 4). Further efforts are underway to ascertain the effect
of metal-halide polyhedral type and different extent of distortions in a given type of polyhedral

unit on the emissive properties of 0D organic-antimony chloride hybrids.
4.5.J Thermal Stability

The thermal stability of the crystals was analyzed by TGA measurements.
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Figure 22: Thermogravimetric weight loss analysis for a) 1 tris Sb Green, b) 2 tris Sb Red, ¢) 3 tris
Sb Yellow, d) table listing the % weight losses incurred from the plausible structural components

The loss of these water molecules at ~100 - 120 °C, as evidenced in the TGA profile (Figure 22
for all the synthesized systems, leads to a drastic loss of PL intensity of the annealed samples. This

are due to the hydrogen bonding interactions between the ammonium protons with the halides and
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the water Oxygen atom throughout the structures. The presence of water of crystallization in
(1,2,3) allows us to assign the weight loss peaks ~100 °C arising due to loss of water molecules
from the structures. Further, free halogens in the structures (1,2,3) allows us to tentatively attribute
the weight loss at ~300 °C to be due to halogen loss as has been suggested in a recent report

4.5.K Phase purity

'H NMR spectra of 1, 2 reveal the presence of phase pure products with peaks attributed to cationic
ligand moiety (Figure 21(a-d)).
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Figure 23 (a). *H NMR of Tris Cl salt (400 MHz, DMSO-d6, 298 K): ¢ 8.20 (br, 9H, NH3), 3.01
(br, 6H, CH>), 2.65 (br, 6H, CH>) 3.36(br, 8H, H20) ppm.

Page | 97



IAV-400-20200819-123356-42674.001.001.1r.esp DMSO-d6

o
0
o

Normalized Intensity
o
o

o
IS
1

0.3+

2.70

0.2+

—3.02

i —

0.1+

i

9.01 10.18 6.02 6.00
=] L HoH

11 10 9 8 7 6 5 4 3 2 1 0 -1 -2
Chemical Shift (ppm)

—— 517

Figure 23 (b). *H NMR of 1 Tris Sb Green (400 MHz, DMSO-d6, 298 K): 6 8.17 (br, 9H, NHa),
3.02 (br, 6H, CH2), 2.70 (br, 6H, CH>), 4.97 (br, 9H, H20 & 1H, NH) ppm.
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Figure 23 (c). 'H NMR of 1 Tris Sb Red (400 MHz, DMSO-d6, 298 K): & 8.18 (br, 9H, NHs),
3.03 (br, 6H, CH>), 2.72 (br, 6H, CH>), 5.46 (br, 6H, H20 & 1H, NH) ppm.
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Figure 23 (d). *H NMR of 1 Tris Sb Yellow (400 MHz, DMSO-d6, 298 K): & 8.19 (br, 9H, NHs),
3.02 (br, 6H, CH2), 2.69 (br, 6H, CH>), 5.04 (br, 8H, H2O & 1H, NH) ppm.

4.6 Conclusions:

In summary, the chapter demonstrates metal halide structural tunability (SbXe octahedron, ShXs
quadrangular pyramidal, combination thereof) through synthesis of different Sb(lll) chloride 0D
hybrids (1, 2, 3) utilizing a common organic ligand [tris(2-aminoethyl)amine]. Crystal structure
analysis reveals that the metal halide unit structure in product: i) 1 is octahedral, ii) 2 is
quadrangular pyramidal, and iii) 3 is a combination of octahedra and quadrangular pyramidal.
Further, structure analysis reveals that the extent of distortion of the metal halide units in these
products follows: 1 ~ 3 << 2. The emissive properties of these products that need rational
understanding include Stokes shifted broadband visible emission with distinctly different PL
emission energies (Aem) and markedly different PLQY- 1: Aem = 517 nm, Stokes Shift = 165 nm,
PLQY = 45%; 2: Aem = 638 nm, Stokes Shift = 290 nm, PLQY = 6%; 3: Aem = 590 nm, Stokes
Shift =200 nm, PLQY = 43%. A structure-property correlation analysis executed here provides us
with the following deeper understanding on the origins of the above emissive properties: i)
qualitative molecular orbital scheme on metal halide bonding (with asymmetric metal halide
coordination environment) allows rationalizing the observed PL emission energies based on the

ground state structure (octahedral vs. pyramidal) of 1, 2, 3; ii) structural reorganization that
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accompanies while transiting from the distorted ground state to symmetric excited *P; state of Sh**
ion accounts for the large Stokes shifts in the order 1~ 3 < 2; iii) extent of ground-state structural
distortion (1 ~ 3 << 2) is well-correlated to the PLQY (1 ~ 3 >> 2). The lower (higher) extent of
ground-state structural distortion would minimize (maximize) the non-radiative loss of the
excitation energy in the process of excited state reorganization into a symmetric structure, thereby
enhancing (suppressing) the possibility of stronger luminescence. This report demonstrates the
structural tunability of the metal halide units (octahedral, pyramidal). It highlights the importance
of ground-state structure/extent of distortions in affecting PL emission energies, Stokes Shifts, and

PLQY for OD antimony chloride hybrids incorporating common organic ligand.
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Chapter 4B

Title: Luminescent 0D organic-inorganic Tellurium (1V) hybrid
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4.8 Introduction:

Metal halide-organic hybrid perovskites with fascinating properties have been at the research
forefront of energy related applications such as solar cells, LEDs, lasers, and photodetectors. For
3D perovskites, featuring three dimensionally networked metal halide units, the photo-generated
excitons are weakly bound and can diffuse in all directions within the inorganic framework with
long diffusion lengths (~ 1 um).* Organic ligand size induced dimensionality lowering (2D, 1D,
0D) restricts the exciton due to quantum and dielectric confinement with high exciton binding
energies.® Typically, in OD perovskites, metal halide unit (square pyramidal, octahedral,
disphenoidal) is isolated and surrounded by bulky organic ligands supporting strongly bound
excitons that can relax radiatively across band edge.®® Lowered dimensionality in these materials
further allows trapping of the generated excitons into the lattice sites through transient structural
distortion. Such self-trapping of excitons® is facilitated due to the soft nature of the material and
strong electron-phonon coupling.’® Recombination of these self-trapped excitons (STE) lead to
broad emission band with generally longer lifetimes.® ¥ 2 The involvement of lattice phonon
modes further broadens the emission profile with an accompanying excitation energy dissipation

(Stokes shift) due to the significant excited-state structural reorganization.’* These factors
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cumulatively lead to strong, Stokes shifted, broadband emission profile in low dimensional hybrid
perovskites.** Moreover, the presence of the inorganic unit embedded within the organic ligand
matrix endows environmental stability. These enabling properties have encouraged their
applications in light-emitting devices, solar concentrators, and radiation detectors.'*

Many low dimensional Pb(l1)-halides (6s® lone pair) have been reported to show STE-based
broadband white light emission properties.’® The broadband emission intensity has been correlated
to the structural distortions (out of plane, in plane deformations) for the 2D Pb hybrids.'® However,
no such correlation is observed to hold for 1D/0D based Pb hybrids. Nevertheless, the recent search
for ‘Pb free’ variants has kindled immense research interest in main-group metal halides with 5s2
lone pairs (viz. Sn?*, Sb%").!8 Antimony (l111) halide-organic 0D hybrids featuring oxidative
stability, 5s? electronic configuration, and isolated metal-halide units (octahedral, square
pyramidal, disphenoidal, etc.), have been demonstrated to support efficient broadband emission
with high photoluminescence quantum yield (PLQY).% 7 17-2 The broadband emission in such Sb
(1) halide systems has been fully attributed to the radiative recombination of STEs originating
from the excited triplet state of Sb®* center (*P1) with typically longer emission lifetimes (3-10
us).1 2 There is no experimental evidence of a correlation between the structural distortions and
PLQY for the 0D Sb hybrids. 5s? lone pair activity-induced structure and distortion of the metal
halide unit (static and/or dynamic), is believed to affect the luminescence properties in Sh(lll)
halide systems.* 22 However, formulating a rational design strategy aimed to unmask the role
played by Sb3* 5s? lone pair in shaping their luminescence properties has turned out to be
challenging due to the adopted variety of isolated metal-halide unit structures (octahedral, square-
pyramidal, disphenoidal). Moreover, the majority of these Sb based 0D materials lack excitation
features in the visible range and necessitates them to be paired with UV LEDs (that are currently
expensive and inefficient) for their application as down-conversion phosphors.*

Tellurium (1V), featuring 5s lone pair, also forms zero-dimensional hybrids with metal halide
semiconducting unit dispersed in the organic ligand matrix.?® The high charge density on Te**
center supports a greater number of halide ligands and exclusively generates octahedral units
irrespective of the counter organic cation.?*2® The most commonly adopted structure is vacancy
ordered double perovskite (A2TeXe)?* 2" with almost ‘regular’ octahedral coordination. Given this
structural simplicity (compared to Sb®"), high oxidative stability, and 5s? configuration (similar to

Sb®*) for the Te (1V) halides, it is expected that low dimensional Te(IV) halides would demonstrate
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exceptional luminescence properties. The exclusive adoption of octahedral metal-halide geometry
in [TeXs]? systems (unlike Sb** systems) would allow formulation of design strategy to draw any
structure/distortion - PLQY correlation. Encouragingly, there have been studies on [TeXs]*
hybrids that report structural®®3? and photo-physical properties?® 2% 33 presenting excitation
features in the visible range. Unfortunately, these [TeXs]? hybrids have not been demonstrated to
be strongly emissive at room temperature as the quenching temperatures are relatively low in these
compounds3* and those that do emit at room temperature are very weak with low PLQY's.2* 2633,
It is clear that enhancing the room temperature PLQY of [TeXs]? hybrids is of huge importance
in deciphering the structure/distortion-property correlation that is currently absent for OD metal
halide hybrids (Pb, Sb, Sn). The thesis demonstrates Tellurium (IV) chloride-based zero-
dimensional hybrid featuring isolated, undistorted [TeCls]*" octahedral units embedded in the
organic templating ligand (benzyl triethylammonium: BzTEA) matrix that show intrinsic, broad,
yellow-orange, strong room-temperature emission (PLQY ~ 15%) with ambient/thermal stability,
and excitation feature in the visible range (445 nm) allowing for their use as potential down-
conversion phosphor materials. The synthesized (BzTEA).TeCls product shows long-lived and
broadband emission likely due to self-trapping of excitons (STEs). The emissive characteristics
are observed to be independent of the particle size, surface, and other structural defects. This
supports the unique and intrinsic nature of the STE-based emission. This Tellurium (IV) halide
hybrid with room temperature emission and excitation band in the visible could serve as potential
‘Pb-free’ stable phosphor material for lighting applications as demonstrated here with a test-bed
down-conversion LED architecture. Noteworthy, ambient emitting octahedral (exclusive
geometry) [TeXs]?> hybrids could further be leveraged to gain a rational understanding of

structure/distortion — photophysical property correlation.

4.9 Materials:

Tellurium tetrachloride (99.99%), hydrochloric acid (37%), acetone, dimethylformamide were
purchased from Sigma Aldrich. Benzyltriethylammonium Chloride (98%) was purchased from
TCI Chemicals. Diethyl ether was purchased for HiMedia. All chemicals were used as purchased
without further purification. For simplicity Benzyltriethylammonium Chloride is abbreviated as
BzTEACI
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4.10 Synthesis:

For the preparation of (BzTEA).TeCle crystals, 0.1 mmol (26.9 mg) of tellurium tetrachloride was
dissolved in 1 mL of dimethylformamide. To this, 0.1 mmol (22.7 mg) benzyltriethylammonium
chloride salt was added and dissolved. The resultant solution was used for crystallization in anti-
solvent diffusion method using diethyl ether. The resulting yellow-colored crystals were filtered
and washed with acetone repeatedly and dried in vacuum for further characterization. Same crystal
can also be prepared using HX method wherein hydrochloric acid is used as solvent. For typical
HX synthesis, 0.1 mmol (26.9 mg) of tellurium tetrachloride and 0.1 mmol (22.7 mg)
benzyltriethylammonium chloride amine was dissolved in hydrochloric acid followed by heating
to get a clear yellow solution followed by natural cooling to get the crystals. The crystals of the

ground powders were used for further characterization.

4.11 Characterization methods:

UV-Vis Absorbance was performed in a Shimadzu UV-VIS-NIR3600PIus spectrometer. Steady
State PL and lifetime was measured using an Edinburgh FS5 spectrophotometer. TGA
measurements were performed using a TAG system (Mettler-Toledo, Model TGA/SDTA851¢)
and samples were heated in the range of 25 - 800 °C at a heating rate of 5 °C/min under nitrogen
atmosphere. Absolute quantum yield measurements were carried out in a Horiba JOBIN YVON
Fluoromax-4 spectrometer with a calibrated integrating sphere attachment. X-ray photoelectron
spectroscopy (XPS) characterization was performed with ESCALab spectrometer having Al Ka
X-ray source (hv=1486.6 V) operating at 150 W using a Physical Electronics 04-548 dual Mg/Al
anode and in a UHV system with base pressure of <5 x 10—9 Torr. Low temperature PL of the
crystals was performed using an Edinburgh FLS1000 photoluminescence spectrometer, attached
with OptistatDN cryostat and the temperature was controlled using Mercury iTC temperature
controller (Oxford instruments). The sample was excited using a xenon lamp and emission was
collected from 320 nm to 800 nm. Single crystals X-ray intensity data measurements of crystals
were carried out on a Bruker D8 VENTURE Kappa Duo PHOTON Il CPAD diffractometer. The
intensity measurements were carried out with a Mo microfocus sealed tube diffraction source (Mo
Ka =0.71073 A) at 100(2) K. The powder X-ray diffraction measurements were carried out on a

Rigaku Micromax-007HF instrument (High intensity microfocus rotating anode X-ray generator)
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with R-axis detector IV++ with a scanning rate of 2° 26/min using Cu and Mo Ka radiation. The
PXRD sample was prepared by sealing 2-3 mg of finely ground powder into a Lindeman glass
capillary with an inner diameter of 1 mm. Raman spectroscopic measurements were recorded at
room temperature on an HR 800 Raman spectrophotometer (Jobin Yvon, Horiba, France) using
monochromatic radiation (achromatic Czerny—Turner type monochromator with silver treated
mirrors) emitted by a He—Ne laser (633 nm). For down-conversion LED measurements a
commercially available blue LED (Aemi=447 nm, FWHM=20 nm) was used. The (BzZTEA)2TeCl6
crystal was ground and coated on the flat surface of the commercially available blue LED for
spectroscopic analysis and imaging. Further, the spectroscopic details were measured using an
Edinburgh FS5 spectrophotometer and images ware captured by using a digital camera (Canon
PowerShot SX740 HS).

4.12 Reslults and Discussions:
(BzTEA).TeCls single crystals were synthesized by the anti-solvent diffusion method (Figure

1a). Yellow colored single crystals of (BzTEA).TeCls form within a day that emits intense
yellow-orange light under UV illumination (Figure 1b,c).

(a) .,
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cl” 2 Diffusion
kCH3
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Synthetic Scheme Crystals

(b)
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Figure 1. a) Reaction scheme (anti-solvent diffusion) utilized for the synthesis of single crystals of
(BzTEA)2TeCls; photograph of the synthesized crystals at room temperature under b) visible and
¢) UV illumination (365nm).

4.12.A Optical property

Optical absorption characterization of the crystals (Figure 2) shows a sharply rising absorption
edge (absorption onset ~ 515 nm) with absorption bands at 440 nm, 380 nm, 295 nm, and 270 nm.
These absorption bands originate due to the transitions between the sp excited state and the s?
ground state of Te(1V) center: 1So—3P1, 3P, and P; (free ion term symbols) and possibly due to
ligand to metal charge transfer absorption at shorter wavelengths.!3
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Figure 2. Optical characterization of (BzTEA).TeCls showing a) Absorbance (Abs),
Photoluminescence (PL), and Photoluminescence excitation (PLE) spectra; (b) Lifetime decay

profiles collected across PL band (Aexc= 440 nm).

Room temperature steady-state photoluminescence (PL) characterization of the crystals (Figure
2) shows broadband (full width at half maximum: FWHM=130 nm) emission with strong PL peak
(Aemi=608 nm; Aexc=440 nm). The photoluminescence excitation (PLE) spectrum of the crystals
(Aemi=600 nm) shows features in 300-500 nm range with a strong excitation band at 445 nm. The
observed features and onset of PLE match well with the absorption spectra. The estimated Stokes
shift is ~160 nm that minimizes self-reabsorption losses. The room temperature
photoluminescence quantum yield (PLQY) is estimated to be 15%, attesting to the observed strong
visible ambient emission. Time-resolved PL measurements (us flash lamp source) across the
broadband (decay profiles: Figure 2b, extracted lifetimes, and relative weights Figure S4, Sl) of
the crystals demonstrate long lifetime components [~ 1.1 us (44%), ~ 9.9 ps (56%)] in line with
the exciton recombination mechanism originating from the lowest triplet state (3P1 —*So, forbidden
transition). The strong spin-orbit coupling and high Te-Cl bond covalency (~80%) can allow for

appreciable relaxation of the spin forbiddances leading to strong luminescence as observed here.

4.12.B Nature of emission

Given the broad nature of the observed PL emission peak of (BZTEA).TeCls crystals, it is
important to decipher if the broadened emission is due to defect emission. The PL emission profile

remains unchanged across a broad excitation range of 320 — 380 nm (Figure 3).
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Figure 3: a) Excitation dependent a) PL and b) PLE collected across the broad emission band for

(BzTEA)2TeCle crystals.

PLE spectra collected across the broad emission band also remain unaltered. Further, PL/PLE

studies were performed on ground powder samples. If defects led to broadband emission, sample

grinding would cause a substantial change of the PL/PLE profile. However, no changes in the

PL/PLE band profile were observed when the samples were ground (Figure 4).
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Figure 4: Comparison of the PL and PLE profile for (BzZTEA).TeCles before and after grinding of
the crystals.

Moreover, the nature of the PL/ PLE profile remains unchanged for the ground crystals when PL

is collected at different excitations, and PLE is collected across the broad emission band (Figure

5).
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Figure 5: Comparison of the PL and PLE profile for (BzZTEA).TeCles before and after grinding of

the crystals along with their images under visible and UV light at room temperature.
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Figure 6: Decay profiles and the estimated lifetimes components along with their relative weights
of (BZTEA)2TeCl6 crystals excited at 440 nm.
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Further, the estimated lifetime components across the broad emission band were found to remain
unchanged (Figure 6). These observations suggest that unique emissive species are responsible for
the broad emission and very likely do not involve extrinsic defects. Also, the crystal samples, when
annealed at different temperatures, show no changes in the PL/PLE band profile (Figure 7).
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Figure 7: Effect of thermal annealing (from room temperature to 150 °C) of (BzTEA).TeCle
crystals on the PL and PLE profiles. The excitation wavelength for PL is 445 nm, and PLE is

collected at 610 nm.

These observations clearly suggest that the broad emission is not due to the presence of the defects

and is due to the presence of unique emissive species that lead to intrinsic emission.

4.12.C X-ray diffraction analysis

The overview of the single crystal structure of (BzZTEA).TeCls product (CCDC 2042525) is shown
in Figure 8a. The product crystallized in monoclinic P21/ Space group containing one organic
ligand ([C13H22N]") and %2 unit of [TeCls]* octahedron in the asymmetric unit (Figure 8)
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Figure 8. XRD characterization of (BzTEA),TeCle hybrid. Overview of the single-crystal structure
(a); asymmetric unit (b); site symmetry of Metal-Halide octahedron (c); comparison of the
simulated and experimental PXRD pattern using Cu source (d). H atoms are omitted in (b) for

clarity.

It leads to the molecular formula of [Ci3H22N].TeCle. The product has isolated metal halide
octahedrons periodically dispersed in the organic ligand matrix generating a zero-dimensional
vacancy-ordered double perovskite structure. The inorganic unit features nearly ‘regular’ metal

halide octahedron with minimal distortions (largest difference in Te-Cl bond length=0.025 A;
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largest deviation of the CI-Te-Cl bond angle from ideal value=0.9°; Figure 8c & 9) with quadratic
elongation of 1.0001 and bond angle variance of 0.33 (degree)? attesting to the low stereochemical

activity of the 5s? lone pair.

1 _1 6 2 » 1 o\2
ocl__ZI:(dﬂ_dO)/do] ; & _ﬁ (0’7_90)

n=1 n=1

(@)

Figure 9: Site symmetry of the TeCls octahedron showing various bond angles. Mathematical

representation of quadratic elongation (Aoct) and bond angle variance (c?) is also shown.

A high charge on the metal center, supporting six coordination, reduces the static expression of
the lone pair leading to a symmetric metal halide octahedral framework. This near-regularity of
the metal halide unit leads to the observation of one broad, featureless, triplet dominated (*Po 1.2)
emission peak.’® 1% The phase purity of the product was confirmed using the powder X-ray
diffraction pattern that matches well with the simulated one (Figure 8d).

4.12.D Low-temperature photoluminescence, LED measurement

The broadband emissions in low dimensional ns?> metal halide hybrid materials have been
attributed to the self-trapping of excitons due to strong electron-phonon coupling that produces
transiently localized charges (holes/electrons) that distort the metal halide unit.** The PL emission
from these STEs is phonon assisted that broadens the radiative bandwidth.° Upon photoexcitation,
the low lying transient STE states can accept carriers from the excited 3P; state and allow slow,
and phonon assisted radiative decay to So ground state, thereby broadening the emission
bandwidth. Concomitantly, the carriers can undergo thermally activated non-radiative

recombination that suppresses emission with a strong temperature dependence (thermal quenching
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of PL due to curve crossing of excited and ground state'4). Importantly, excited state reorganization

in the 3Py state and the low-lying STE states together dictates the observed Stokes shift in the broad

PL emission band.

(a)
2x107 -
Fn
‘0
c
L]
=
7]
E1x10
0 452 . r r
1.6 1.8 2.0 2.2 2.4 2.6
(b) Energy (eV)
- - - 0.44
m " u g -
2 "o
@ 6.0x10° ° - 0.40
3 B Int.PL o m S
£ @ FWHM ° Ch
a ? 0.36 =
3 . =
S 3.0x10° . ° 032 ©
2
£ - ]
o
o m [028
100 150 200 250 300

Temperature (K)

Figure 10. a) Low Temperature PL (hexc=440 nm) spectra of (BzZTEA)2TeCle crystals; b) Integrated

PL intensity and bandwidth (FWHM) as a function of temperature.

Low-temperature PL measurements were carried out to gain insight into the phonon assisted

radiative recombination of STEs leading to broadband emission. Photoluminescence spectra,

collected over the temperature range of 300 — 80 K (Figure 10a), show a gradual increase of the

PL intensity and band narrowing as the temperature is lowered. Such changes have been generally
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observed for ns?> metal halide-based 0D materials.>> 3¢ Integrated PL peak area and FWHM at
different temperatures is presented in Figure 10b. Observed strong PL intensity across the
temperature range suggests a low activation energy downhill process of populating the low-lying
STE states from the 3P; excited state. The decrease of the PL intensity with increase in temperature
further suggests that the STE states have high self-trapping depth that allows thermally assisted
de-trapping followed by fast non radiative recombination only at higher temperatures.’ % 3
Bandwidth (FWHM) of the broad emission is observed to decrease monotonically as temperature
is lowered as fewer phonon modes are thermally accessible to couple to the STEs assisting

radiative recombination.
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Figure 11: a) Arrhenius plot of natural logarithm of PL intensity against inverse temperature for

broadband emission, b) fitting of the bandwidth (FWHM) as a function of temperature.

F(T) = l—‘0 + 1—‘Phonon (e(ELO/kBT) - 1)_1 + 1—‘inhomoe_Eb/kBT

This temperature dependence of FWHM (I') can be fitted to the following equation relating

coupling of electronic excitations with the longitudinal optical lattice phonons®’:

where, I'o =FWHM at T=0 K, I'pnonon represents electron-phonon coupling and E_o represents the
energy of longitudinal optical phonon mode, ['inhomo represents inhomogeneous broadening while

Ep is the binding energy of trapped states.
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Figure 12: Raman spectra of (BzTEA),TeCle crystals collected using 633 nm excitation laser

source. The inset shows the low-frequency phonon modes of the Te-Cl octahedron.

The fitting and its associated parameters (Figure 12) reflect strong electron-phonon coupling with

ELo = 306 cm™, in agreement to low-frequency Raman stretching mode of Te-Cl bond®: % of

inorganic metal halide framework (Figure 12). The presence of strong Te-Cl stretching Raman

peaks indicates highly polarized phonon modes arising due to strong electron-phonon coupling.
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Figure 13: Lifetime decay profile of (BzTEA)2TeCle crystals collected at low temperatures. Table

lists the fitted lifetimes and their relative weights.
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Time resolved PL measurements of the crystals at low temperatures (decay profiles, extracted
lifetimes, and relative weights as in Figure 13 show progressive lengthening of the lifetime as

temperature is lowered.
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Figure 14. (a) Schematic representation of the configurational coordinate diagram showing the
STE-based broadband emission and thermally activated (phonon assisted) non-radiative
recombination leading to thermal PL quenching in 0D hybrids. LED characterization b)
electroluminescence of commercial bare LED, down-converted luminescence from sample coated
LED, and neat sample photoluminescence; Inset shows photographs of i) commercial bare LED
and ii) sample coated down-conversion LED; ¢) CIE 1931 Chromaticity coordinate plot for

commercial blue LED, down-conversion LED, and neat sample emission.
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With these observations in mind, the observed photophysical properties can be rationalized in
terms of a qualitative configurational coordinate diagram (Figure 14a) involving the ground state
(1So), excited states (}P1, 3Po1.2), and the low lying self-trapped states (STESs). Following photon
absorption, an electron is promoted to an excited state and, after its thermalization, is trapped in a
long-lived STE state

This trapping is then followed by slow radiative recombination with broadband emission wherein
the Stokes shift likely arises due to the excited state structural reorganization. A thermally activated
(phonon assisted) de-trapping pathway, followed by fast non-radiative recombination process
(thermal quenching due to intersection of ground and STE states), is also present and competes
effectively with the radiative broadband emission at high temperatures. Clearly, the observed
strong intrinsic broadband emission at room temperature (and increase of PL intensity with
decreasing temperature) is due to efficient STE radiative recombination that dominates over the
non-radiative, high activation energy, thermal quenching pathway. To highlight the utility of
excitation features in the visible range, a proof-of-concept down-conversion LED was fabricated
using a commercially available blue LED (Aem=447 nm, FWHM=20 nm) as the optical source and
(BZTEA)2TeCls hybrid as the phosphor material coated on top of the blue LED (Figure 14b,
insets). Electrical biasing of the resultant LED architecture down-converts blue source light to
yellow-orange phosphor light characteristic of the (BzZTEA).TeCls hybrid (Figure 14b). The
perceived color of the light emanating from the (BzTEA)2TeCls hybrid, bare LED, and down-
conversion LED architecture is presented in CIE 1931 chromaticity coordinate plot (Figure 14c)
showing successful optical down-conversion using visible commercial LED. This, by no means,

undermines the mild toxicity and rarity of elemental Tellurium for their practical applications.
4.12.E Stability & purity

To utilize the zero-dimensional (BzTEA).TeCle in the practical application the stability profile
was recorded. Since the structure contains organic and inorganic moiety; we would expect a step
wies weight loss profile over temperature sweep. This study also provides information regarding

thermal/ambient stability.
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Figure 15: Thermogravimetric weight loss analysis and the derivative of the weight loss curve for

(BZTEA).TeCls crystals.

Thermogravimetric analysis (TGA) of the product (Figure 15) demonstrates thermal stability up
to 160 °C with ligand loss feature at ~200 °C and metal halide unit loss at ~500 °C.
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Figure 16: Comparison of PL profile collected (Aexc=440 nm) over time of ambient exposed

(BzTEA).TeCls hybrid
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Figure 17: Comparison of PXRD pattern (using Mo source) of as-synthesized and after one-month
ambient exposure of (BzTEA)2TeCles hybrid with that of the simulated pattern (using Mo

Wavelength).

The product is stable under ambient conditions over a month with a strong persistent
photoluminescence (Figure 16) and no discernible changes in PXRD pattern (Figure 17).

The purity of the synthesized crystals was checked with *H NMR measurements (Figure 18). It
was observed that all the chemical shift values match well with the number of protons in the crystal

and the salt chemical composition. This also depicts the purity of the synthesized crystals.
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Figure 18: 'H NMR spectra of (a) benzyl triethylammonium chloride and (b) (BzTEA),TeCls
product in DMSO-D6.

4.12.F Structure-property relation

The relevance of the current work within the premise of the burgeoning research efforts on a
variety of 0D hybrids (Pb, Sn, Sb) is noted here. Synthesis of strongly emissive (at times near-
unity PLQY) 0D metal halide hybrids (Sb®", Pb?*, Sn*), utilizing organic counter-cationic ligands,
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relies on a ‘hit-or-miss’ approach on the choice of ligand. Further, efforts on drawing any
correlation between structure/distortion and PLQY for these emissive 0D hybrids (Sb, Sn) have
met with limited success due to the adoption of variety of metal halide coordination geometries
(octahedral, square pyramidal, disphenoidal, etc.) especially for Sb** 0D hybrids. This has deterred
designing chemical control on PLQY for these OD hybrids (Sb, Sn). Interestingly, Te (IV) halide
hybrids, that exclusively adopt octahedral geometry irrespective of the counter cationic ligand,
alleviates the above cited drawback faced by Sh(lIl) hybrids. Hence, [TeXs]* hybrids are apt
choice for further investigation of structure/distortion-PLQY correlation studies. However,
[TeXs]* hybrids typically have low PLQYs at room temperature. Encouragingly, this work
demonstrates [TeXs]> a hybrid with high room temperature PLQY (~15%). By no means, the
achieved PLQY for this [TeXs]* hybrid is comparable to that of Sb/Sn-based hybrids. However,
the exclusivity of coordination geometry with modest ambient PLQY of [TeXs]* hybrid opens up
the possibility of deciphering structure/distortion — PLQY correlation that is currently missing for
the reported main group metal halide (Pb, Sh, Sn) OD hybrids. Further work on enhancing the
ambient PLQY and drawing structure-property correlation for [TeXs]> based 0D hybrids is of

enormous importance and is currently underway.

4.13 Conclusions:

In conclusion, the chapter shows a successfully synthesis of (BzTEA).TeCls zero dimensional
vacancy ordered double perovskite with strong room temperature luminescence featuring
octahedral Te(IV) chloride as the inorganic unit embedded in the organic ligand (benzyl
triethylammonium chloride) matrix. The product shows long-lived, intrinsic self-trapping induced
broadband, yellow-orange photoluminescence (Aemi=610 nm) with high PLQY (15% at room
temperature), good thermal/ambient stability, and excitation feature in the visible (~445 nm). A
test-bed down-conversion LED, fabricated utilizing a visible commercial LED, demonstrates
strong room-temperature orange down-converted emission. The exclusive adoption of ‘near’
regular octahedral structure of Te(IV)-halide unit provides a unique opportunity to unravel the role
played by 5s2 lone pair induced distortion in shaping its luminescence properties. Further synthetic

efforts on developing strongly emissive [TeXs]? hybrids utilizing a common templating ligand are
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underway that would allow drawing discernible structure/distortion-photophysical property

correlation for the ‘Pb-free’ 0D (Te, Sb, Sn) hybrid luminescent materials.
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Chapter 5

Summary and Future prospects

This thesis aims to answer the fundamental question of structure-property correlation in low
dimensional halide perovskite systems both in ‘lead-based and ‘lead-free’ systems. Further
tunability of optical emission was explored by introducing dopant ions in the host perovskite
matrix. In Chapter 2, | have discussed the structure, connectivity, and photophysical properties of
lead-based 1D perovskite in lower-dimensional halide base perovskite, the photophysical property
in terms of light emission. The study here listed shows some correlation with the structural feature.
As of literature, edge-sharing connectivity will play a pivotal role in high PLQY in 1D systems,
and to date, all pure corner shared 1D perovskites show weak/narrow emission, making them
inefficient as broadband emitters. In order to rationalize the role played by connectivity mode in
dictating the PLQY of the STE emission, exploring purely corner shared and purely edge shared
broad-band emitting perovskites would be immensely relevant. Our study shows that a purely
corner-sharing contorted 1D chain structure exhibits strong room temperature yellowish-white
emission with a high PLQY of ~9%. Their mixed halide variants demonstrate tunability in
emission with varied PLQY. Our study indicates the design criteria (nature of halide, nature of
ligand) and connectivity (Corner, Edge, and Face) to achieve high PLQY in 1D perovskites need
further validation. So, in summary, the effect of connectivity vs. broadband self-trapped emission
(STE) in low dimensional perovskite needed further investigation. In contrast, the nature of the
ligand, halogen type, and structure (contorted vs. flat) together would play a decisive role in
determining the PLQY of STE emission in 1D perovskites. Doping could be a potential strategy
to tune the optical property, and chapter 3 discusses my dopant-induced broadband emission in 2D
lead-based perovskite. Typically, manganese doping in lead-based perovskite is quite challenging
because the thermodynamics of bond energies precludes successful doping as the Pb-Br bond
energies are higher than the Mn-Br bond. Along with that manganese emission channel at ~590nm
(“T1 to A transition) is forbidden and weak in nature. My study reveals that the strongly bound
excitonic system can do the dopant-carrier exchange interaction and can lead to strong emissions,
which are typically forbidden in nature. The 2D system is better than 3D because of its higher
exciton binding energies. The barrier of bond strength, i.e., Pb—Br bond energy higher than Mn—

Br bonds, can be surpassed by mechanochemical grinding of MnBr2 into lead-based 2D host
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perovskite matrix. As a result, the Mn-doped 2D perovskite shows enhanced energy transfer from
strongly bound exciton of the host matrix to the ‘d’ electrons of Mn ion and results in a yellow-
orange emission. The spin has forbidden for internal transition “T1 to 8A; is lifted by doping of
heavy metal ion into the host matrix and more covalency of Mn-Br bond. As a result, in our doped
system, we see the highest quantum yield of 37%. The 2D perovskite host matrix gives excellent
ambient stability because of the bulky ammonium ligand. The high quantum yield of the doped
system will be beneficial for color converting phosphor material and energy downshift coating for
perovskite solar cells. The simplicity of the method can be utilized in large-scale production and
can be effectively translated for the development of pure color phosphors. Further, the developed
Mn-doped 2D perovskite is suitable for studying the exchange interaction and exploring it as a

magneto-optoelectronic material.

Though the Pb-base perovskite has a tremendous success, the potential threat to nature cannot be
overshadowed. Along with that, the quantum yield of these systems is low to modest in most cases.
So, the alternative would be a lead-free perovskite system with appreciably high PLQY. There is
quite a bit of study on the antimony-based zero-dimensional structure, and they show near-unity
PLQY. Among the study, the question on structure (distortion in octahedra) vs. the optical property
is mostly unanswered. In my 4" chapter, | have discussed the importance of the structure-distortion
parameter in governing photophysical properties of 'Pb-free’ perovskite. My study utilized a
common organic ligand (electronic contribution from ligand is same throughout), metal (Sb), and
halide (CI) to demonstrate structural tunability (quadrangular pyramidal, octahedral, combination
thereof) of metal halide unit in Sb (111) CI 0D hybrids with contrasting photo-physical properties
(broadband, Stokes shifted, strong/weak colored emission). By simply changing the reaction
temperature and concentration of ligand, my work shows the impact on structural distortion
(octahedral), ground-state structure, and consequently the emission energy correlated with the
fundamental Molecular Orbital (MO) diagram and PLQY. Finding the relation between the
luminescence property and structural distortion in an antimony-based system is quite challenging
because it contains a huge diversity in polyhedral units ([SbXa]", [SbXs]%, [SbXe]*, [Sb2Xe]* ). In
this regard, tellurium-based perovskite would be advantageous because it primarily adopts in
[TeXe]? unit (best of our knowledge). It seems tellurium halide low dimensional perovskite would
be an ideal alternative to find out octahedral distortion vs luminescence property correlation.
Although the major bottleneck is its PLQY which is very low in most for the reported structures
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and inhibits for potential application, and also low thermal quenching (intersecting STE and
ground state) barrier will lead to high non-radiative losses. To address that, | made a successful
attempt to designing a high room temperature luminescence (PLQY~15%) tellurium-based zero-
dimensional structure and studied ground state structure-property correlation and further work is
underway. Since tellurium absorbs in the visible region (~440mm), it would be a potential
alternative for visible-light-driven down conversion phosphor. Down the line, | have demonstrated

the down-conversion process by coating the tellurium perovskite onto commercial blue LED.

Though there are few successes in addressing the issues, many scopes and challenges remains for
low dimensional perovskite. The is no guiding principle in choosing an appropriate ligand that
could give rise to high PLYQ in low dimensional perovskite. We have put the 1st successful effort
to have high room temperature luminescence in tellurium-based perovskite, but further synthetic
efforts need to devote to developing strongly emissive [TeXs]> hybrids utilizing a common
templating ligand. The structure/distortion-photophysical property correlation for the ‘Pb-free’ 0D
(Te, Sb, Sn) hybrid luminescent materials is not fully understood. A further ambitious project will
be designing luminescence ‘lead-free” multi-metallic low dimensional perovskite, i.e., 2 or more
metal centers in a single unite cell. This could open a new door to material design strategy and

optical tunability, and | believe it would be exciting, fascinating, and challenging as well.
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optoelectronic applications. Perovskites in low dimension show highly tunable optical properties
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Recent times have witnessed a meteoric rise of hybrid Very recently, Mao et al. reported a 1D perovskite structure
organic lead halide perovskites for their enabling combining edge-and corner-sharing double chains and single
properties suitable for optoelectronic applications. Their varied corner-sharing chains that exhibits broad-band emission with
chemical composition, dimensionality, and phase (bulk modest PLQY (~12%).° Exciton self-trapping becomes easier
powder/single crystals; colloidal nanoparticles; thin films) at any exciton—phonon interaction strength for low dimen-
lend these materials to be highly tunable allowing their sional 1D systems.'”'® Moreover, lower dimensional structures
utilization for applications in solar cells and LEDs.' ™ Three have higher vibrational degrees of freedom and are more
dimensional (3D) lead halide perovskites have the general deformable under photoexcitation, thereby enhancing self-
formula of APbX; (A = methylammonium, formamidinium, trapping of excitons. Clearly, 1D perovskites demonstrate
Cs*; X = CI7, Br, I7), wherein the metal halide octahedra are stronger broad-band emission with higher PLQY than the 2D
corner shared and interconnected in three dimensions. Low perovskites.*”'® Interestingly, within the family of a small
dimensional 2D perovskites have the general formula of number of reported 1D perovskites, there is a sizable difference
L,PbX, wherein the metal octahedra are corner shared and in the reported PLQY depending upon the structure/
interconnected in two dimensions, thereby forming a layered connectivity modes of the metal halide octahedra (edge shared
structure separated by the bulky organic ammonium ligands ~20%' vs edge and corner shared ~12%"). These
(L). With further dimensionality reduction to 1D, the general observations suggest that tuning the metal octahedra
formula is dictated by the connectivity mode(s) of metal halide connectivity mode to edge sharing motif would be necessary
octahedra (face shared, edge shared, corner shared, and their to realize strong and efficient broad-band STE emission with
combinations). These low dimensional perovskites are the new high PLQY.8 Noteworthy here, the design criteria to achieve
frontier for materials science due to their diversity in structure high PLQY for broad band STE emission in 1D perovskites is
and properties as governed by the underlying chemistry of still unknown, and tunability of the connectivity mode has
their formation.’% been suggested as design criteria that need validation. If indeed
Generation of broad-band white-light emission at room edge sharing connectivity is crucial for high PLQY in these 1D
temperature from low dimensional perovskites (2D, 1D) has systems, then it is anticipated that many of the reported edge
been of great recent interest due to their potential applications shared 1D perovskite that shows broad band STE emission
for solid state lighting. Various contorted 2D layered would have high PLQY. In fact, the very few reported purely
perovskites were initially reported to exhibit broad-band corner shared 1D perovskites, all of them show weak/ narrow
emission” " 'with low/modest PLQY (<9%). For 2D perov- emission making them inefficient as broadband emitters.””
skites, broad-band emission characteristics were correlated to All of these observations suggest that the octahedral
distortions within the metal halide octahedra and out-of-plane connectivity mode might affect the broad band emissive
lattice distortion.”'” This was further correlated to generation properties of these 1D materials. In order to rationalize the role
of excited state defects that are formed due to the played by the connectivity mode in dictating the PLQY of the
deformability of the lattice that acts as trap sites for the STE emission, purely corner shared and purely edge shared
excitons.” This self-trapping of excitons (STE) in the broad-band emitting perovskites would be immensely relevant
perovskite lattice is mediated through exciton—phonon here.
coupling."*~"* Interestingly, this broad-band emission is not
limited to 2D perovskites. Yuan et al.'® have recently reported Received: January 8, 2019
broad-band luminescence from 1D perovskite featuring purely Revised:  March 25, 2019
edge sharing metal halide octahedra with high PLQY (~20%). Published: March 26, 2019
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Reported here is a new 1D perovskite, [(H,0)-
(C¢HgN;),Pb,Br,], further denoted as PzPbBr, with a
structure composed of contorted purely corner-shared metal
halide octahedra. Upon UV excitation, PzPbBr exhibits broad-
band yellowish-white emission at room temperature that
originates from self-trapped excitons (STE). Strikingly, the
absolute PLQY for PzPbBr crystal is ~9% which is comparable
to the best reports on STE emission in 1D systems.”'® The
emission profile of PzPbBr can be further tuned utilizing mixed
halide variants retaining high PLQY. Observed low temper-
ature PL properties (intensity, bandwidth) of PzPbBr can be
ascribed to thermally activated trapping-detrapping of excitons
between band edge and STE states and coupling of phonon
modes with electronic excitation. Noteworthy observations,
namely, (1) high PLQY of purely corner shared 1D structure
of PzPbBr; (2) low PLQY for purely edge shared 1D 4-
picolylamine based perovskite (4AMPPbBr)”’ estimated
herein; and (3) no observable correlation of structural
distortion parameters with PLQY for the reported broad
emitting 1D perovskites, clearly suggest that tunability of the
metal—halide octahedral connectivity mode is uncorrelated to
achieving high PLQY for STE emission bands. Instead, major
and systematic synthetic efforts are needed to optimize
relevant parameters, viz., nature (electronic and structural) of
ligands, type of halides, and structure of the perovskite (flat vs
contorted), to develop design criteria to enhance broad band
STE emission in low dimensional 1D perovskites.

PzPbBr is crystallized by gradual cooling of HBr solution of
precursor PbBr, salt and 2-aminoethylpiperazine ligand heated
to 180 °C (Experimental details; SI). SEM-EDS analysis
confirms the presence of the constituent elements in these
crystals (Figure Sla, SI). Under ambient light, the crystals have
long needle shape (Figure la), and while under UV
illumination (365 nm) they exhibit strong yellowish-white
emission (Figure 1b). The optical characterization of PzPbBr,
presented in Figure 1, shows strong, Stokes shifted, and broad
PL emission band peaked at 580 nm. The CIE chromaticity
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Figure 1. Photograph of single crystals of PzPbBr under (a) ambient
and (b) UV light; (c) optical properties (absorbance, PL, photo-
luminescence excitation at 580 nm); and (d) CIE chromaticity
coordinates for 1 (PzPbBr) and 2 (PzPbBr,Cl,_,).
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coordinate of PzPbBr is (0.41, 0.47) as highlighted by 1* in
Figure 1d with CCT ~ 3759 K. The photoluminescence
excitation (PLE) peak at 350 nm matches well with the
absorbance measured through diffuse reflectance (Figure le).
Figure S1b (SI) shows an unaltered emission profile when
excited within the 320—380 nm range. Moreover, the PLE
profile collected across the broad emission band remains
unaltered (Figure Slc, SI). In addition, thermal annealing
(Figure S 1d, SI) shows minimal changes in the observed PL
profile (intensity and shape). Furthermore, emission intensity
is observed to increase with no signs of saturation as laser
fluence is increased (Figure S2, SI). These observations suggest
that the same type of emissive species that are intrinsically
generated throu§h band edge excitation are responsible for the
broad emission.” Thermal stability is assessed using thermog-
ravimetric analysis (Figure S3a, SI). Impressively, the measured
room temperature absolute PL QY for PzPbBr single crystal is
~9% which is comparable to the two best reports®'® on 1D
systems. Time resolved PL decay curves for single crystals of
PzPbBr can be fitted to biexponential function with a major
(96%) time component of 41 ns and a minor (4%) time
component of 7 ns. These decay constants and their relative
weights remain unaltered across the broad emission peak
(Figure S3b; SI). The radiative decay rate is estimated to be
~0.7 X 107 s, while the nonradiative decay rate is ~2.4 X 10’
¢!

Low temperature steady state PL measurements of PzPbBr
(Figure 2a,b) reveal the increase of PL intensity as temperature
is lowered to 125 K. With the further temperature lowering to
40 K, PL intensity starts to decrease. Such dependence of PL
intensity can be ascribed to thermally activated trapping—
detrapping of excitons from STE states.” However, the
dependence in the low temperature regime can get
complicated due to tunneling and defect bound excitons.”
Moreover, the phonon modes (inorganic and/or organic) that
couple to electronic excitation to generate STE have their own
temperature dependence.”’ Bandwidth (fwhm) of the broad
emission increases monotonically as temperature is raised. This
temperature dependence of fwhm (I') can be fitted to the
following equation relating coupling of electronic excitations
with the longitudinal optical lattice phonons:**

F(T) = FO + FPhOnon(e(ELO/kBT) _ 1)_1 + Finhomoe_Eb/kBT

where I'y = fwhm at T = 0 K, I'onon represents electron—
phonon coupling, E; represents energy of the longitudinal
optical phonon mode, and I'j;,,, represents inhomogeneous
broadening, while Ej, is binding energy of trapped states. The
fitting and its associated parameters, as shown in Figure S4a,
SI, reflects strong electron—phonon coupling with E;, = 145
cm™!, in close agreement with the low frequency Raman
stretching mode of Pb—Br bonds® of inorganic metal halide
framework (Figure S4b, SI). This suggests that the STE are
localized on the metal halide octahedral framework in
agreement with earlier reports on STE in 2D perovskites.”'”
In order to gain further insight into the nature of the STEs, the
low temperature PL decay dynamics was analyzed. The lifetime
of the broad STE emission was found to increase as the
temperature is lowered from 298 to 100 K (Figure 2C; Figure
SS and Table S1, SI). This indicates thermal equilibrium
between the free excitons and self-trapped excitons that
governs the thermally activated trapping of free excitons in the
STE states leading to the observed lengthening of the broad
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Figure 2. (a) Steady state low temperature PL of PzPbBr; (b)
temperature dependence of PL intensity and bandwidth; and (c)
temperature dependent lifetime of PzPbBr.

emission lifetime. Although our results herein indicate intrinsic
self-trapping, further detailed experiments are needed to
characterize ® the nature (extrinsic vs intrinsic) of the STE
in this system.

PzPbBr crystallizes in a monoclinic crystal system with P2,/c
space group (Tables S3—S5, SI; CCDC: 1875387). Structure
is composed of contorted 1D chains of corner-shared metal
halide octahedra surrounded by ligands (Figure 3). The
asymmetric unit (Figure S6a, SI) has a Pb,Br,, moiety, two
ligands, and one water molecule. Strong hydrogen bonding
interactions of water with bromine and nitrogen leads to self-
assembled 1D chain structure. The powder XRD pattern
compares well with the simulated XRD pattern (Figure S6b,
SI). PzPbBr crystal structure displays large octahedral
distortions (Figure S6¢, SI) implying a flexible structure that
can support self-trapping of excitons. Distortions (quadratic
elongation, bond angle variance) in [PbBrg]*” octahedra,
obtainable from refined crystal structure, have been previously
correlated to broad-emission bandwidth for contorted 2D

2255

Figure 3. (a) Single crystal structure of PzPbBr with chemical formula
of protonated ligand as inset; (b) top view; and (c) sliced view
highlighting the 1D contorted corner-shared structure with two
octahedral unit wide chains. H atoms have been omitted for clarity.

perovskites.”'> However, for our 1D system we do not see any
such correlation (Figure S6¢c, Tables S3—SS, SI). Careful
examination of various other distortion parameters revealed no
such correlation of the structural distortion parameters (within
metal octahedra and octahedral interlinkages; see Table S2, SI)
with PLQY for the reported strong broad emitting 1D
perovskites.

To improve the CIE coordinates, [(H,0)Pz,Pb,Cl,,] single
crystals were synthesized (CCDC: 1875386 and Figure S7,
Tables S6—S8, SI). The emission profile blue shifts but the
PLQY is ~3—4% (Figure S8, SI). Further, mixed halide
perovskites [(H,0)Pz,Pb,Br;,_,Cl,] with x = 1.5-3 were
synthesized through halide substitution. The PXRD pattern
changes with the increase in the chloride content (Figure S9,
SI). The absorption, PLE, and PL show systematic blue-shift
with increasing chloride content (Figure S10a—c; SI). Lifetime
lengthening is observed for these mixed halide perovskites
(Figure S10d, SI). For the x = 2 member of the mixed halide
perovskite, the obtained CIE coordinate, as highlighted by 2*
in Figure 1d, is improved to (0.37, 0.44) with high PLQY
(~10%). This halide substitution methodology provides a
strong synthetic handle to further tune the emission profile
(and CIE coordinates) retaining high PLQY.

Noteworthy, both contorted 2D perovskites and 1D
perovskites are reported to support broad-band STE
emission.””'>'® Clearly, dimensionality reduction (2D —
1D) enhances broad band emission intensity.*”'® Here, we
further observe that the octahedral connectivity mode and
structure of the 1D chain affects the broad-band emission
properties. Compared to the edge shared flat 1D chain
system'® or edge and corner shared flat 1D system,” purely
corner shared contorted 1D chain structure exhibits comparable
PLQY. This suggests that tuning of connectivity mode in low
dimensional perovskites is not correlated to high PLQY of
broad band STE emission. In fact, 4-picolylamine based lead
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bromide perovskite (4AMPPbBr) with the chemical formula of
(C¢H(N,)PbBr, is known to crystallize in a purely edge-
shared 1D structure that shows weak broad band emission.*’
Following this reported protocol,”” we have fabricated and
optically characterized the 4AMPPbBr perovskite (Figure S11,
SI) that shows very weak broad band emission. The estimated
PLQY for this purely edge-shared perovskite is found to be
~0.1% for the broad emission. This again indicates that there is
no observable correlation of the octahedral connectivity mode
with PLQY. This is further being supported by our recent
report on EDHBr based perovskite that has a corner shared 1D
ribbon like structure with broad band emission PLQY of
~3%.” Interestingly, as shown in the presented PzPbX
perovskite case (X = Br, Cl), the nature of the halogen also
affects the PLQY dramatically (9% for Br and 4% for Cl).
Additionally, our preliminary synthetic efforts utilizing a variety
of ligands show that restricting to the same 1D corner shared
structure with different organic amine as the ligand drastically
affects the PLQY. Hence, we strongly believe that the
octahedral connectivity mode is not a key role player and it
is very likely that there are many other relevant parameters
(type of ligands, halides, and structure) that need to be
optimized together to propose a general and rational synthetic
methodology to design and fabricate low dimensional 1D
perovskites with efficient broad-band STE emission. Tracing
the key parameter that directs efficient, broad band STE
emission in the 1D perovskites will require major and
systematic synthetic efforts utilizing variety of ligands to
fabricate 1D perovskites with similar structure/connectivity
mode.

In conclusion, we report a new broad-band emitter, PzPbBr,
with purely corner-sharing contorted 1D chain structure, that
exhibits strong room temperature yellowish-white emission
with high PLQY of ~9%. Their mixed halide variants
demonstrate tunable emission with high PLQY. Moreover,
we estimated the PLQY of 4-picolylamine based purely edge
shared 1D perovskite to be very low (~0.1%). The strong
emissive properties of corner shared PzPbBr and weakly
emitting properties of edge shared 4AMPPbBr perovskites
highlight the fact that connectivity mode tuning is not
responsible in shaping the PLQY of the broad STE emission
band. We propose that nature of the ligand, halogen type, and
structure (contorted vs flat) together would play a decisive role
in determining the PLQY of STE emission in 1D perovskites.
This implicates further experimental probing that is required
by focusing efforts on synthesis of a wide range of broad
emitting low dimensional perovskites utilizing a variety of
ligands and halides. Toward this end, we are currently
screening various ligand structures with bromide and chloride
halides to fabricate lead halide based 1D broad band emissive
materials.
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ABSTRACT: Three-dimensional ABX; perovskite material
has attracted immense interest and applications in optoelec-
tronic devices, because of their enabling properties. Recently,
Mn?* doping directly into APbCl,-type three-dimensional (3D)
nanocrystals, manifesting host-to-dopant energy transfer, have
been reported for LED display applications. Strongly bound
excitons in the doped system can enhance the dopant-carrier
exchange interactions, leading to efficient energy transfer.
Here, we report the simple and scalable synthesis of Mn?*-
doped (C,HyNH,),PbBr, two-dimensional (2D) layered
perovskites. The Mn**-doped 2D perovskite shows enhanced
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energy transfer efficiency from the strongly bound excitons of the host material to the d electrons of Mn*" ions, resulting in
intense orange-yellow emission, which is due to spin-forbidden internal transition (*T; — °A,) with the highest quantum yield
(Mn?") of 37%. Because of this high quantum yield, stability in ambient atmosphere, and simplicity and scalability of the
synthetic procedure, Mn**-doped 2D perovskites could be beneficial as color-converting phosphor material and as energy down-
shift coating for perovskite solar cells. The newly developed Mn**-doped 2D perovskites can be a suitable material to tune
dopant-exciton exchange interactions to further explore their magneto-optoelectronic properties.

B INTRODUCTION

Lead trihalide-based three-dimensional (3D) perovskite
materials (APbX; with A= Cs, methylammonium; X = CI, Br,
I) have attracted phenomenal research interest, because of their
intriguing applications in high-efficiency solar cells, color-
tunable and narrow-line-width light-emitting diodes (LEDs),
lasers, and photodetectors.lf7 Such materials have recorded
>20% solar cell efficiency and is believed to set a new paradigm
for renewable energy sources, because of their superior charge
carrier mobilities and low density of midgap trap states/defect-
tolerant nature.’ Currently, the development of 3D APbXj-
based materials for illumination and display applications,
because of their enabling optical properties (tunable band
edge emission, narrow line-width, high photoluminescence
(PL) quantum yield, and fast radiative decay rates), is attracting
active research interest.” "’ Very recently, many have reported
on providing an additional level of control on the
optoelectronic properties of these 3D perovskite materials by
deliberately introducing impurity ions in the form of
dopants."*™*" Specifically, doping Mn?* ions directly into 3D
APDbCl; nanocrystals has had great success, with regard to
unraveling interesting physical phenomena, bceause of the
energy transfer process from the host semiconductor to dopant
Mn?* jons.'*'"® Strong exchange interactions between the d
electrons of Mn** and charge carriers of the host semi-
conductor facilitates such energy transfer. Along with the
remnant band-edge photoluminescence, a new emission
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channel at ~590 nm, which is typically a forbidden internal
*T-to-%A, transition of Mn** dopant, becomes active with high
luminescence efficiency. Impact excitation of the impurity ion
by the optically excited charge carriers of the host semi-
conductor activates this forbidden internal transition. Con-
sequently, PL spectra shows emission peaks due to band edge
emission and/or yellow-orange Mn?* emission with different
time scales of PL decay (on the scale of nanoseconds for the
band edge, milliseconds for Mn** emission). Notably, APbCl,
systems have been directly doped with Mn>* ions successfully,
while the same strategy does not seem to work for APbBr;
systems.”'®'® This has been ascribed to the higher bond
strength of the Pb—Br than Mn—Br bonds. Thermodynamics of
the bond energy precludes successful direct doping of Mn** ions
at the Pb sites in case of APbBr; nanocrystals.”* In order to
fabricate Mn**-doped APbBr; nanocrystals, anion exchange
strategy has been utilized on Mn?>*-doped APbCl, nanocrystals
as the starting material.'*'® The current research activity on 3D
APbX;-based materials (undoped and doped) has shown great
potential for applications in light-emitting diodes (LEDs),
sensitized solar cells, luminescent solar concentrators, bio-
medical imaging, and phosphorescence biosensing.”' ~** How-
ever, the 3D APbX;-based material typically have low exciton
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Figure 1. (a) Schematic representation of the bulk phase of n = 1 of (L),(L'),_,Pb,X;,,, 2D perovskite. (b) Optical properties of Mn>*-doped
(bottom) and undoped (top) host material showing the PL and PLE for the band edge and Mn>* emission (photographs of corresponding materials
under UV illumination are shown as insets). (c) Dopant input concentration-dependent PL spectra. (d) Dopant input concentration-dependent

quantum yield of Mn** emission (QYyy,)-

binding energies.25 In contrast, two-dimensional (2D) layered
lead-halide-based perovskites are excellent candidates as active
materials for LED applications, because of their characteristic
strongly bound excitons with high binding energies, even at
room temperature and fast radiative decay rates.”>~> Such 2D
layered perovskites can be utilized as semiconductor host
materials for energy transfer to appropriately chosen organic
ligands as the acceptor moieties.””””~>* To note, 2D layered
perovskites, with the general formula (L),(L’),_,Pb,X3,,;, can
be thought of as being derived from 3D APbXj lattice by slicing
along the (100) direction.”” Here, L is an alkyl ammonium
ligand and the variable n represents the number of the metal
cation layers sandwiched between the two organic dielectric
layers. For the case of n = 1, the structure represents a quantum
well with one atomic layer of [PbX,]*” separated by organic
chains, in which the adjacent layers are held together by weak
van der Waals forces. The bulk phase of n = 1 2D layered
perovskites represents a multiple quantum well structure,
wherein the inorganic plane consisting of corner-sharing metal

7817

halide octahedra networked in two dimensions are separated by
organic chain layers (Figure 1a). These organic layers act as a
dielectric spacer confining the inorganic excitons within the
metal plane, thereby isolating the 2D quantum wells in each
layer from electronic coupling.”” The quantum and dielectric
confinement leads to high exciton binding energies, high
oscillator strengths, and fast radiative decay rates in these 2D
layered perovskites.”’~>**73° Hence, these materials are
believed to be highly beneficial for applications in LEDs and
displays. These 2D layered perovskites were heavily inves-
tigated in the early 1990s and a detailed report on their nature,
properties, synthesis, and applications has been summarized by
Mitzi.”’

With the current interest in the perovskite materials for solar
cell applications, research on 2D perovskite materials has seen
an incredible resurgence.”” Low-dimensional perovskites are
now considered to be the new frontier that deserves special
attention for optoelectronic applications.*® Here, we demon-
strate (C,HyNH,),PbBr,-based bulk 2D layered perovskites as
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an active semiconductor host material for energy transfer to
incorporated Mn** impurity ions for the development of high-
efficiency phosphor materials for LED applications. Mn?*-
incorporated 2D layered perovskite bulk material is demon-
strated to be synthesized in a simple and scalable methodology
that can be effectively translated for the development of color
pure LEDs. For the simplicity of annotation and brevity, bulk
2D layered host perovskite material, (C,H;NH;),PbBr,, will be
referred to as (But),PbBr, while the Mn** incorporated into
the host (C,H,NH;),PbBr, perovskite will be referred to as
Mn**:(But),PbBr, throughout the rest of this report.

B RESULTS AND DISCUSSION

Experimentally, 2D platelike single crystals of (But),PbBr, host
material was synthesized by slow cooling of a hot solution of
stoichiometric amounts of PbBr, and (C,H,NH;)Br in a
DMEF/toluene mixture with 2—3 drops of concentrated HBr
aqueous solution.”® In order to incorporate optically active
Mn** impurity ions into the fabricated 2D layered host
material, simple solid-state grinding of single crystals of
(But),PbBr, and MnBr, in desired ratio is performed, followed
by an hour of annealing at 125 °C. The starting crystals of the
host (But),PbBr, material and the Mn*'-incorporated 2D
layered perovskite product (Mn”*:(But),PbBr,) were exten-
sively characterized. Ultraviolet—visible light (UV-vis) absorp-
tion measurement of the ground powder of (But),PbBr,
crystals show a broad absorption band centered at 410 nm.
Steady-state PL measurement of the host material show strong
and narrow (full width at half maximum (fwhm) = 20 nm) blue
emission peak at 420 nm when excited at 360 nm above the
band edge (Figure 1b, top). The photoluminescence excitation
(PLE) spectra collected at 425 nm shows excitonic absorption
feature at 410 nm with very small Stokes shift (Figure 1b, top).
The excitation spectra is characterized by a sharply rising
threshold region occurring near the absorption edge of the host
bulk (But),PbBr, material. The resemblance of the absorption
band with the PLE spectra of the bulk host material for the blue
emission signifies that the blue emission is due to the formation
of electron—hole pairs in the host semiconductor material (see
Figure S1 in the Supporting Information). Interestingly, the PL
spectra of the Mn*":(But),PbBr, sample shows a very weak
emission band at 420 nm (Figure 1b, bottom). In addition, a
broad emission peak (fwhm = 80 nm), centered at ~600 nm, is
observed in the PL spectra (Figure 1b, bottom). This peak is
attributable to the Mn>* d—d emission corresponding to the
forbidden “T, — °A, internal transition. Such transitions are
known to be universally broad in II-VI systems both in bulk or
nanostructured morphologies.’”*® Importantly, the PLE
spectra collected at 600 nm (Figure 1b, bottom) shows
features that very closely resemble that of the PLE spectra of
the host material without any Mn®* ions. Moreover, the
excitation spectra here is characterized by a sharply rising
threshold region occurring near the absorption band edge of
Mn**:(But),PbBr, material (see Figure S1). This clearly
signifies that the 600 nm Mn>" emission is sensitized by
band-edge absorption of the host semiconductor material. This,
in turn, clearly indicates an efficient energy transfer mechanism
from the host perovskite to the closely located Mn** ions that
are incorporated into the host semiconductor material. In
addition, the excitation-dependent PL spectra (Figure S2 in the
Supporting Information) indicate that the dual emission peaks
(very weak band edge and strong Mn®* luminescence) have no
shift by altering the excitation wavelength from 340 nm to 400
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nm. This independence of the PL spectra on excitation
wavelength confirms the single source of the dual emission,
namely, the exciton of the host bulk 2D layered perovskite. The
presence of strong Mn>" luminescence, sensitized by the host
bulk perovskite, signifies that the incorporated Mn®* ions act as
efficient energy acceptor out-competing various other non-
radiative relaxation pathways. Qualitatively, the efficiency of
energy transfer from the exciton to the Mn?* ions, as
manifested in the form of Mn>" luminescence band, is governed
by the interplay of two opposing phenomena: (i) spin—spin
exchange coupling between the charge carriers of the
semiconductor host material and the Mn?>* ions; and (ii)
inherent forbidden nature of the internal d—d transition of
Mn?" ions due to weak transition dipoles.””*” The observed
strong Mn?* luminescence suggests the presence of sufficiently
strong exchange coupling between the charge carriers of the
host and the Mn** d electrons.

Figure 1c shows the effect of varying the input Mn
concentration (with respect to the number of moles of Pb)
on the luminescence intensity of the Mn®* emission band. With
the increase of the input concentration of Mn from 2% (ICP
value = 0.4%) to 5% (ICP value = 1.1%), Mn** PL emission
becomes stronger, followed by a gradual decrease of the Mn**
PL intensity as the Mn input concentration increases from 10%
(ICP value = 2.1%) to 20% (ICP value = 3.7%). For all of these
cases, a very weak band edge persists. The calculated quantum
yield for Mn** emission (QYy,) for the different Mn
concentrations is shown in Figure 1d, which clearly shows
that the value of QY)y, initially rises and then gradually declines
with the increase in the Mn concentration. The initial increase
in QYy, is due to the increased number of luminescent centers
acting as acceptors for the energy transferred from the band
edge exciton. However, with the further increase in the Mn*
concentration, the PL efliciency decreases, because of
interaction between neighboring Mn*" ions in the crystal, as
already ragorted in group II-VI semiconductor doping
systems.lg’ In this scenario, a radiationless resonance energy
transfer can occur between closely placed Mn?* ions, rendering
the excitation energy more mobile and amenable to be captured
by centers of radiationless transitions (defects).”” This leads to
a decrease in Mn** luminescence quantum efficiency, as
observed here. The highest QYy, (37%) is obtained for
samples with 5% Mn input concentration with overall yellow-
orange colored emission. It is important to note that the QYyy,
values obtained for the different input Mn concentrations
(2%—20%) explored here are all above 24% and represents a
very strong luminescence efficiency. The observed high PL
QY)y, in these doped materials could be due to the utilization
of host material with strong confinement (exciton binding
energy = 480 meV),**" which boosts sp-d carrier exchange
interaction, thereby increasing the energy transfer efficiency
between the host and the dopant ions. However, with the
attempted further increase of the Mn concentration, the
products show qualitatively the same spectral features but with
low QY,, values. Hence, we restrict ourselves to low-Mn>*-
concentration-regime samples (2%—20%) for this study.

It is important to note that 3D nanocrystals of CsPbCl,
nanocubes and quasi-2D nanoplates have been demonstrated to
act as host material for Mn>* doping."® For such 3D or quasi-
2D chloride systems, high PL QY for Mn*" emission has been
reported.'® The obtained PL QYy, for our case here is
comparable to these earlier reports. The exciton binding energy
in the reported 3D and quasi-2D systems are weak to modest
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with band edge PL QY of ~1% (chloride systems). Moreover,
these chloride perovskites are far from being stable when
exposed to ambient conditions. Interestingly, the Mn*':
(But),PbBr, bulk 2D layered system presented here has a
high exciton binding energy36 and a low band edge PL QY
(0.36%).>* The presented system with such low PL QY (band
edge) encouragingly shows PL QY,, values that are
comparable to that of the 3D or quasi-2D systems. This
indicates that the higher binding energies in this 2D system is
already boosting the PL QYy,, despite a low PL QY (band
edge). It is very likely that increasing this band edge PL QY for
the host 2D perovskite would further increase the PL QY.
Moreover, the presented 2D bromide perovskites in the
powdered form are far more stable to ambient degradation
than the corresponding quasi-2D chlorides. We have monitored
the stability of the Mn”* emission band for Mn-doped CsPbCl,
quasi-2D nanoplates and Mn-doped (But),PbBr, 2D layered
perovskites. The CsPbCl; quasi-2D nanoplatelets were
fabricated following a reported protocol.'® The percentage
loss of Mn>* PL band is recorded against exposure to ambient
conditions over many days (see Figure S3a in the Supporting
Information). It is clear from such a plot that the 80% of the
Mn*" emission is lost during the first 24 h of ambient exposure
for quasi-2D system. After 8 days, only 10% of the Mn**
emission is retained in these quasi-2D samples. This clearly
shows that quasi-2D systems are highly susceptible to ambient
degradation, and this observation is in agreement with the prior
report.'® Encouragingly, for the Mn:(But),PbBr, 2D layered
perovskites, there is only a 10% loss of Mn*" emission during
the first 24 h of ambient exposure. Even after 8 days of ambient
exposure, Mn:(But),PbBr, 2D layered perovskites retain 80%
of the Mn** emission. This clearly shows that Mn:(But),PbBr,
2D layered perovskites are very stable toward exposure to
ambient conditions. We have also compared the stability of the
Mn*" emission bands of quasi-2D nanoplatelet system and the
2D layered perovskite after repeated washing with highly polar
solvent such as acetone. The percentage loss of the Mn®* PL is
monitored as a function of successive acetone washing steps
(see Figure S3b in the Supporting Information). These
experiments clearly reveal that, within two washing steps,
80% of the Mn®* emission is lost for the Mn:CsPbCl; quasi-2D
system. After five washing steps, the PL loss increases up to
97% for the quasi-2D system. Interestingly, for the Mn:
(But),PbBr, 2D layered perovskite here, the loss of Mn**
emission is <15%, even after five acetone washing steps. These
stability tests clearly highlight the practical usefulness of the
presented 2D layered perovskites. Moreover, the synthesis of
the host and Mn:(But),PbBr, 2D layered perovskites,
presented here, is much more facile, simple, and scalable,
when compared to the earlier reported 3D or quasi-2D systems.
All of these features, when considered together, clearly motivate
us to further investigate Mn** doping scenarios in this low-
dimensional material. Currently, we are investigating the effect
of utilizing a host 2D perovskite with high-band-edge PL QY
that could potentially lead to even higher QYy,. Such material
can have potential application as down-conversion-based
phosphors for LEDs and as energy down-shift coating material
that can be applied on perovskite-based solar cells for
enhancing the power conversion efficiency by utilizing the
UV component of the incident solar radiation.*” It is important
to mention here that this solid-state grinding methodology for
incorporating Mn*" into bulk 2D layered bromide perovskite
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works very well for a variety of 2D systems with different
organic ligands such as

e (C,H4NH;),PbBr,, also known as (butylammo-
nium),PbBr, ((But),PbBr,), as presented in this report;

¢ (benzylammonium),PbBr,;

e (2-phenylethylammonium),PbBr,; and

o (ethylenediammonium)PbBr,.

For all of these 2D layered perovskites, we clearly see strong
Mn emission upon thermal annealing. However, similar solid-
state methodology for Mn incorporation does not work for
bulk/nanocrystals of the 3D CsPbBr; system. The observed
facile incorporation of Mn** in bulk 2D systems (against 3D
systems) could possibly be due to the inherent mechanical and
electronic “softness” of constituent atoms of the 2D layered
perovskites.”” However, this requires further investigation and
rationalization.

The PL lifetimes of the host (But),PbBr, and Mn>*:
(But),PbBr, samples were measured using time-resolved PL
spectrsocopy. For the (But),PbBr, host material, the band edge
PL decay curve (Figure 2a) shows biexponential fit with
lifetimes of 1.4 ns (73% contribution) and 6.5 ns (27%
contribution), which are in close agreement to the reported
data.”® Interestingly, for the Mn2*:(But),PbBr, samples, two
very different lifetimes are observed. For this, the band-edge PL
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Figure 2. PL decay dynamics of (a) an undoped host sample, (b) a
doped sample for the band edge emission, and (c) a doped sample for
the Mn®* emission (inset shows the same at different dopant
concentrations).
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decay curve (Figure 2b) shows a biexponential fit with lifetimes
of 1.2 ns (90% contribution) and 6.3 ns (10% contribution).
For the Mn?" emission band, the lifetime data can be fitted to a
monoexponential decay curve with a long lifetime of 740 us
(Figure 2c). This long lifetime is due to the forbidden nature of
the *T, — °A, internal Mn*" transition, and the contribution
due to the neighboring Mn**~Mn>* clustering interaction.’’
Varying the Mn”* concentration in the range of 2%—15% does
not seem to have a significant influence on the lifetime of this
Mn?* d electron emission, as shown in the inset of Figure 2c
and Table S1 in the Supporting Information.

Elemental analysis (carbon, hydrogen, nitrogen) of the
(But),PbBr, host material shows stoichiometric match. The
morphological characterization of the host material was
performed using transmission electron microscopy, coupled
with energy-dispersive spectroscopy (TEM/EDS) elemental
mapping (Figure S4 in the Supporting Information) which
shows the bulk, irregular shaped microparticles with chemical
composition, revealing the presence of Pb and Br (atomic ratio
of Pb:Br = 17:83), which is consistent with the reported data.”®
The elemental mapping shows the homogeneous presence of
constituent elements (see Figure S4). The morphology analysis
of the Mn>":(But),PbBr, samples, using TEM/EDS elemental
mapping, shows the presence of bulk, irregularly shaped
microparticles. The EDS analysis clearly confirms the presence
of Mn** ions in the samples (Figure S5 in the Supporting
Information). Elemental mapping shows the homogeneous
distribution of Pb, Br, and Mn as the constituting elements (see
Figure SS).

Thermogravimetric analysis (TGA) data for the host
(But),PbBr, and Mn**:(But),PbBr, sample were recorded
(Figure S6 in the Supporting Information) and presents very
similar weight loss characteristics. The TGA data analysis for
the host material shows two major weight loss peaks: one
corresponding to the loss of the butyl ammonium bromide
ligand of 45% at 315 °C, and the other related to the release of
inorganic lead bromide of 55% at 550 °C (see Figure S6a).
Similarly, for the Mn**:(But),PbBr, sample, a loss of the butyl
ammonium bromide ligand (42% at 321 °C) is observed, and
another related to the release of inorganic lead bromide (58%
at 555 °C) is observed (see Figure S6b). The observed weight
loss ratio of organic to inorganic component for the
(But),PbBr, and Mn**:(But),PbBr, sample suggests an ~2:1
molar ratio between the organic and inorganic components,
which is a feature of the 2D layered perovskite materials. Such
TGA analysis, confirming the approximate chemical composi-
tion in the 2D layered perovskite, is consistent with existing
rep01'ts.26’43’44

XRD characterization of the host (But),PbBr, and the Mn**:
(But),PbBr, sample is shown in Figure 3a. The as-prepared
single crystals of the host material exhibit an XRD pattern that
is in excellent agreement with the prior report.”® Comparison
of the XRD pattern between the single crystal and the ground
powder of the single crystals of the host material also shows an
excellent match (see Figure S7 in the Supporting Information).
Interestingly, the XRD pattern of the Mn*":(But),PbBr, sample
is structurally very similar to the XRD pattern of the host
(But),PbBr, sample (see Figure 3a). A more careful
examination of the XRD patterns reveal that the peak positions
of the Mn>*:(But),PbBr, sample have monotonically shifted to
higher angles, compared to that of the host material (Figure
3a). This observed shift of the XRD peak positions indicates
successful incorporation of Mn”* ions into the lattice of the
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Figure 3. XRD pattern of (a) undoped and doped material both
annealed at 125 °C (with magnified views provided as insets) and (b)
doped material annealed at 28 and 125 °C (with magnified views
provided as insets).

host material. The increase of the 20 values is consistent with
lattice contraction, because of the substitution of Pb*" jons
(ionic radius = 1.33 A) with smaller Mn** ions (ionic radius =
0.97 A).*® The decrease of the cation size, due to substitutional
doping, shifts the XRD pattern toward higher 26 values.
Noteworthy here is the fact that the Mn>*:(But),PbBr,
sample is prepared via solid-state grinding, followed by 1 h of
annealing at 125 °C. This annealing step turns out to be very
critical in successfully incorporating the Mn®" ions into the host
lattice and thereby engineering its optical properties. Hence,
temperature-dependent annealing studies were performed for
the host (But),PbBr, and Mn**:(But),PbBr, material. Figure 4a
shows the PL properties of the Mn>':(But),PbBr, sample
annealed at different temperatures. PL spectra (Figure 4a)
clearly shows that, when the sample is annealed at room
temperature, there is a dominant band-edge blue emission with
a weak orange-yellow Mn*" emission peak. As this annealing
temperature is progressively increased, the band-edge blue
emission intensity strongly decreases. More interestingly, the
orange-yellow Mn?>* emission peak intensity gradually in-
tensifies. When annealed at 100 °C, the Mn*" emission peak
is observed to be stronger than the band-edge emission. For an
annealing temperature of 125 °C, the band-edge emission is
seen to be suppressed heavily while the Mn** emission peak is
the strongest mode observed. Figure 4b shows the integrated
peak area for the band edge and Mn*" emission, as a function of
the annealing temperature. Figure 4b clearly shows that, as the
annealing temperature is increased, the band-edge emission
gets progressively suppressed while the Mn>* emission
enhances strongly. This implies that the energy transfer from
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Figure 4. (a) PL spectra of doped samples annealed at progressively
higher temperatures; (b) area under the band edge peak and Mn**
emission peak, as a function of annealing temperature.

the host to the Mn*" luminescent centers becomes more
efficient as the sample is annealed at progressively higher
temperatures. This could be due to increased extent of Mn*"
incorporation into the host lattice sites, which is due to
increased thermal diffusion of the dopant ions. The PLE spectra
collected at the 600 nm Mn** emission peak for different
annealing temperatures is shown in Figure S8 in the Supporting
Information. The nature of the PLE curve remains the same
with increasing PLE intensity as the annealing temperature is
increased. Also, the PLE peak presents a slight shift to shorter
wavelengths (from 411 nm to 407 nm) as the annealing
temperature increases. This again might indicate greater
incorporation of Mn*" ions into the lattice of the host
perovskites when annealed at higher temperatures, which is
consistent with the observed PL data. Elemental analysis for
Mn*" incorporated into these annealed samples through ICP
was performed for two samples (each with a Mn®* input
concentration of 10%): one has been annealed at 75 °C and the
other has been annealed at 125 °C. It is observed that amount
of Mn®* present in the 125 °C annealed sample is higher than
that of the sample annealed at 75 °C (see Table S2 in the
Supporting Information).

In order to understand this enhanced energy transfer
efficiency that is achievable under high temperature annealing
conditions, we have performed the XRD analysis. Figure 3a
shows the comparison of the XRD pattern of (But),PbBr,
(black trace) and Mn**:(But),PbBr, (red trace) sample, both
annealed at 125 °C, with insets showing the magnified view of
the patterns. This clearly shows that the XRD peaks have
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shifted to higher angle values, confirming the incorporation of
Mn?" dopants into the crystal lattice of the host semiconductor.
Noteworthy here, the XRD patterns of the host (But),PbBr,
and Mn**:(But),PbBr, samples, both annealed at room
temperature, are structurally identical and do not show any
shifts in the peak positions (see Figure S9 in the Supporting
Information). Also, the XRD patterns are identical for the host
(But),PbBr, sample annealed at room temperature and at 125
°C (see Figure S10 in the Supporting Information). Figure 3b
compares the XRD patterns of the room-temperature- and 125
°C-annealed sample of Mn”*:(But),PbBr,. This clearly shows
that, for the Mn*":(But),PbBr, samples, the XRD peak
positions of the 125 °C-annealed sample has a prominent
shift to higher angles, when compared to the room-temper-
ature-annealed sample. This indicates that thermal diffusion of
the Mn?" ions into the crystal lattice of the host material occurs
strongly when annealed at elevated temperature. This increased
extent of doping the host material under high-temperature
annealing conditions provides more acceptor Mn** ions for
enhanced energy transfer to occur. This is manifested in the
form of intense yellow-orange emission with high QYy, as
observed here.

XRD analysis of Mn?*:(But),PbBr, samples, annealed at 125
°C, with varying Mn** dopant concentration, has also been
performed. Figure Sa shows the XRD patterns at different Mn**
concentrations (0, 10, 20, 25% Mn®"). A magnified view of the
XRD patterns is shown in Figures S b—d for clarity. It is evident
from the XRD analysis that the peak positions monotonically
shift toward higher angles as the Mn** dopant concentration is
increased. This again indicates progressively higher substitu-
tional Mn*" doping of host perovskites as the concentration of
the input Mn*" ions is increased. This increased doping causes
an enhancement of the energy transfer efficiency and helps
boost the PL QY.

It is important to note here that the Mn** emission from
these doped samples arises because of energy transfer from the
host to the closely located dopant ions. Besides substitutional
doping, acceptor Mn** ions can also undergo clustering,
residing inside the host perovskite material. Given the solid-
state grinding method of doping, it is very likely that Mn*"
clusters that can act as acceptors can form. The observed XRD
peak shifts confirm substitutional doping at the octahedral sites.
However, this does not preclude the presence of Mn?* ions
clustered inside the host perovskite. The observed Mn**
emission lifetime of ~740 us is shorter than the typical 1300
us lifetime of isolated Mn>* doped in perovskite'>~'**” or in
I-VI*™* quantum dot systems. This lifetime shortening
indicates toward dipole—dipole interaction between neighbor-
ing Mn**~Mn*" ions of a cluster’” residing in the host
perovskite. Moreover, electron paramagnetic resonance (EPR)
measurements on doped samples show some weak, partially
resolved peaks superimposed on a broad background signal.
These weakly resolved hyperfine splitting bands superimposed
on the background broad signal indicates interaction between
Mn?" ions in a cluster.”” Hence, it is very likely that clusters of
Mn?* ions are present, along with substitutionally doped Mn**
ions in the host lattice. Irrespective of whether the acceptor
Mn?* jons are isolated or clustered, they act as eflicient
acceptors of energy from the photoexcited charge carriers of the
host material and show strong orange emission with high
quantum vyield, which is a feature that could be exploited for
their utility as color-converting materials for LEDs.

DOI: 10.1021/acs.chemmater.7b02429
Chem. Mater. 2017, 29, 7816—7825


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02429/suppl_file/cm7b02429_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02429/suppl_file/cm7b02429_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02429/suppl_file/cm7b02429_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b02429/suppl_file/cm7b02429_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.7b02429

Chemistry of Materials

(a) Mn*:(But),PbBr, at | (D)
0% Mn 150 152 154 156 158  16.0
——10% Mn —— 25% Mn| |
- ——20% Mn ;
= ——25% Mn _ -
S 3 ——20%ma T
3 > : '
c ] o
) = i
E ——10%Mn| !
_ o\
I
'
o
0% Mn] o
] 1
] 1
v T d T v T v T v T T i ; ; i i
5 10 15 20 25 30 35 40 150 152 154 156 158  16.0
2 Theta (Degrees)
(C) 2 Theta (Degrees) (d) (e
17.6 17.8 18.0 18.2 21.2 21.4 21.6 21.8 30.4 30.6 30.8 31.0 31.2 31.4 31.6 318
" 1 1 L 1 1 L 1 1 1 Il 1 1 1 1
——25% Mn| [ —— 25% Mn| '
| | 1 1 1 | 1
1 I | 1 1 | 1
1 I | 1 | | 1
! | ! | , [
— ! ! —_ | | 1 ' |
= ! ! 5 | | | | —_ L [
© |—20%Mn[ | © | ——20% Mn| Lo 3 A T ——20%Mn
-~ - 1 \ 1 © (Y
> ! > ‘ [N - R l
= 1 1 5 X ) | é’ ! . 1/
< ! ! c | 1 ! ! 7] ! \ !
] ! [ 1 f 1 c |
c tot c P 1 1 E] [ o
- 1 L - ! I [ ! L
——10%Mn/ 1 ——10% Mn| o - ' i [——10% Mn
i/ \ 1 : : ! : :
\
1
.
0% Mn| Lo
AN
1 !
|
v

17.8 18.0
2 Theta (Degrees)

17.6 18.2

2 Theta (Degrees)

T T T T T T T
30.4 30.6 30.8 31.0 31.2 31.4 31.6 31.8
2 Theta (Degrees)

Figure S. XRD patterns of (a) doped material at different dopant concentrations, along with their magnified views (panels (b—e)).

Simple solid-state mechanochemical synthesis of bulk
APbBr; (A = Cs, MA) perovskites and their nanoparticles
has been successfully demonstrated, wherein the A—X and Pb—
X precursor powders are ground homogeneously at room
temperature for the addition reaction.’® Noteworthy, Mn>*
doping is achieved here via a simple solid-state grinding and
thermal annealing process, wherein the Pb*" ions are exchanged
with the dopant Mn®' ions. This thermally activated cation
exchange on the octahedral sites leads to the formation of solid
solutions. Typically, cation exchange/diffusion in the 3D AMX;
system is known to be very slow with a high activation energy,
because of the lack of interstitial sites.”” Anion exchange, on the
other hand, is very efficient and fast, because of the low
activation energy of formation and diffusion of anion vacancy.
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This low activation energy supports the presence of anion
vacancy in the bulk 3D perovskites.’>> Under these
conditions, a simple solid-state grinding and thermal annealing
shows strong evidence of substitutional doping of the host
perovskite by the Mn>* dopant ions. Here, it is very likely, in
our case, that anion exchange precedes the cation exchange
event. The utilized metal bromide dopant precursor (MnBr,)
for a bromide-based host perovskite has the important benefit
of having the same anion that can exploit the formation and
diffusion of halide vacancy in the host material, leading to an
exchange of Pb** ions with the Mn*" ions for the formation of
doped material. The MnBr, precursor binds to the existing
halide vacancy in the host material as a molecular unit, thereby
incorporating the MnBr, in the host lattice. This filling of the
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halide vacancy releases energy, because of the formation of a
bond between the incoming Br atom and the host lattice
without necessarily breaking the Mn—Br bond. Furthermore,
during the thermal annealing step, energy is supplied for
diffusion of this halide vacancy and breaking the Pb—Br bond in
the host lattice. This allows quick exchange of the Pb** ions
with the Mn*" dopant ions inside the host lattice, leading to the
formation of a solid solution. The existence of such mechanistic
pathways for doping is consistent with the fact that we observe
XRD peak shifts at higher angles for samples that were
exclusively annealed at higher temperature. Recently, a similar
mechanism for doping has been presented for rationalizing the
cation exchange process of CsPbBr; nanocrystals.”’ Further
work is underway to understand the mechanism of this doping
process in greater details.

In conclusion, a 2D layered bulk perovskite semiconductor
with a multiple quantum well structure has been successfully
utilized as a host material for doping Mn®* ions in a facile and
scalable methodology. Successful incorporation of Mn®*
dopants into the host crystal lattice was demonstrated using
PLE spectra and XRD analysis. These Mn**-doped samples
exhibit a weak band-edge emission (~420 nm) with a strong
Mn** emission band (~600 nm). The calculated quantum yield
for Mn>* emission is found to be greater than ~24% across
samples with different Mn** dopant concentrations. Here, the
strongly bound excitons with fast radiative decay rates for the
bulk 2D layered host material has been exploited for achieving
high PL quantum yield for the Mn>* emission. These Mn®*-
doped samples show eflicient energy transfer from photo-
excited host excitons to the dopant ions. The resultant strong
yellow-orange emission is attributed to the spin-forbidden
internal transition of the d electrons of Mn** ions (*T;— °A,).
The enabling properties of the Mn*'-doped samples (high
quantum yield, stability against ambient moisture, facile and
scalable synthesis) suggests great potential for these materials as
down-conversion-based phosphor materials for LED applica-
tions and as energy down-shift coating material that can be
applied on perovskite-based solar cells for enhancing the power
conversion efficiency. Presented solid-state grinding method-
ology for Mn*" doping is generally successful for a variety of
bulk 2D layered perovskites that we have investigated, including
(butylammonium),PbBr, (as showcased here), (benzylammo-
nium),PbBr,, and (2-phenylethylammonium),PbBr,. To the
best of our knowledge, this is the first report on Mn? doping in
the multiple quantum well structure of bulk 2D layered
perovskites with strongly bound excitons demonstrating
efficient energy transfer and high PL QYj,. Anion exchange
in these doped samples and doping other magnetic ions is
being currently investigated. Future work will be on developing
methodologies for utilizing colloidal 2D layered perovskites
with high quantum yield as host material for doping with
impurity ions in solution phase.

B MATERIALS AND METHODS

Reagents. Unless otherwise stated, all of the chemicals were
purchased from Sigma—Aldrich.

Synthesis of C;HsNH;Br. In a 250 mL round-bottom flask, 10 mL
of butyl amine and 25 mL of methanol was added, stirred, and
maintained at 0 °C, using an ice bath. Ten milliliters (10 mL) of
concentrated HBr was added dropwise to the above solution, after
which the ice bath was removed. The mixture was stirred at room
temperature for 3 h. A rotary evaporator was used at 70 °C to remove
the methanol and water. The crude-oil-like product was washed
repeatedly with diethyl ether and finally recrystallized from a mixed
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solvent of diethyl ether and ethanol. After filtration, a white solid was
collected and dried at 60 °C in a vacuum oven for 24 h.

Synthesis of Single Crystals of (C4;HyNH;),PbBr, 2D Layered
Host Perovskites. For the preparation of single crystals of
(C,H,NH,),PbBr,, C;H,NH,Br (308 mg, 2 mmol), PbBr, (367 mg,
1 mmol) and 2 drops of HBr aqueous solution were dissolved in 2 mL
of dimethylformamide (DMF) solvent which was heated to 90 °C. To
this hot clear solution, toluene is added just up until the solution starts
to become turbid. The heating is removed and the solution is allowed
to cool naturally. This leads to the formation of platelike white crystals
in copious amounts. After 3 h, the supernatant liquid is removed and
the crystals are repeatedly washed using acetone and tetrahydrofuran
(THF). The crystals are filtered and dried under vacuum at 60 °C
overnight.

Synthesis of Mn?**-Doped (C,HyNH;),PbBr, 2D Layered
Perovskites. A desired amount of the above crystals of
(C4HoNH;),PbBr, was mixed with MnBr, (amount of Mn salt
being added is with respect to the mole percentage of Pb) in an agate
mortar and pestle. The powders are ground homogeneously for more
than 15 min. This finely ground powder is then added to a glass vial
and was heated at 125 °C in an oven for an hour. The sample was
allowed to cool naturally and was used further for characterization.

Instruments and Procedure Utilized for Sample Character-
ization. Transmission electron microscopy (TEM) images were
collected using a Tecnai T20 TEM system that was operating at an
accelerating voltage of 200 kV. Powder X-ray diffraction (XRD)
patterns were recorded using a PANalytical X'Pert Pro equipped with
Cu Ka radiation (1 = 1.5406 A). Steady-state PL measurements were
performed utilizing a PTT QM 400 fluorometer. PL decay dynamics
were recorded using a fluorescence spectrometer (Edinburgh Instru-
ments, Model FLS 980 system), using a microsecond flash lamp with a
power of 100 W. For Mn emission decay dynamics, the sample was
excited at 300 nm, using a microsecond flash lamp, whereas the
excitonic PL decay was recorded using a 340 nm picosecond-pulsed
LED laser source. PL quantum yield for Mn emission was measured
against R6G dye dye in ethanol with QY of 95% as the standard, when
excited at 360 nm. Absorbance measurements were performed using a
UV-vis-NIR spectrophotometer (Shimadzu, Model UV-3600 plus).
Thermogravimetric analysis (TGA) measurements were recorded
using a TAG system (Mettler—Toledo, Model TGA/SDTA851e). The
samples were heated in the range of 30—800 °C at a heating rate of 5
°C/min.
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The metal halide structure and the extent of
distortion control the photo-physical properties
of luminescent zero dimensional
organic-antimony(in) halide hybridsii
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Antimony(i) halide based zero dimensional hybrids have gained attention as broadband emitters. Until
now, quadrangular pyramidal SbXs based and octahedral SbXg based OD hybrids have been reported
utilizing different organic ligands demonstrating some structural tunability affecting their emissive
properties. Utilizing a common organic ligand, here we demonstrate the structural tunability
(quadrangular pyramidal, octahedral, or a combination thereof) of the metal halide unit in Sb(u)Cl
0D hybrids with contrasting photo-physical properties (broadband, Stokes shift, strong/weak colored
emission). The structure—property—mechanism correlation of the synthesized compounds
[1 (C1oH5>CligNgO4Sbhs; tris Sb green); 2 (C1oHs50Cli4NgO=Sby; tris Sb red); 3 (Co4HggClosN1gO4Sbs; tris Sb
yellow)] identifies crucial factors that control their emissive properties. The X-ray analysis reveals the
structure (1-octahedral; 2-quadrangular pyramidal; 3-combination thereof) and the order of the extent
of structural distortion as 1-3 « 2. The metal halide coordination environment asymmetry and
its structure are observed to dictate PL emission energy (1-green; 2-red; 3-yellow) as supported by a
qualitative Molecular Orbital scheme. The extent of structural distortion guides the observed Stokes
shifts (1-165 nm; 2-290 nm; 3-200 nm; 1-3 < 2). Interestingly, the extent of distortion is found to
be well correlated with the observed PLQY (1-45%; 2—-6%; 3—-43%; 1-3 > 2). This report clearly demon-
strates the structural tunability and the effect of the metal halide unit structure/distortion in shaping the

rsc.li/materials-c

Introduction

Recently, low dimensional organic-metal halide hybrids (OMHH)
have emerged as a new class of materials with exquisite properties
enabling optoelectronic applications in photovoltaics and solid
state lighting."® Dimensionality in such organic-metal halide
hybrid materials refers to the electronic dimensionality/networked
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emissive properties of 0D organic Sb(i) halide hybrids.

structure of the constituent metal halide inorganic unit (i.e. 2D,
1D, 0D). For zero dimensional (0D) variants of such materials, the
semiconducting metal halide unit is isolated and surrounded by
organic ligands. Photo-excitation of such low dimensional hybrids
leads to the generation of strongly bound excitons confined within
the metal halide unit.” Strong electron-phonon coupling in such
materials allows transient localization of the charge carriers
(electrons, holes) in the metal halide unit by introducing local
distortions of the lattice. The self-trapped excitons (STEs), thus
produced, lead to phonon emission that alters the energy of the
photoluminescence (PL) emission. This primarily leads to Stokes
shifted broadband visible emission.®** Various factors that
govern the PL emission energy and photoluminescence quantum
yield (PLQY) of such broadband emission are not clearly
understood.”*> However, it is generally observed that the PLQY
tends to be enhanced as the dimensionality is lowered.>*'®
Typically, lead halide based low dimensional (2D, 1D, 0D) hybrids
have been reported to manifest emissive properties corroborating
to the STE based broadband emission with a modest/high

This journal is © The Royal Society of Chemistry 2021
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PLQY."” Noteworthily, for a given metal ion, the accessibility of a
desired dimensionality in such systems is largely dictated by the
choice of halides, organic ligands, and experimental reaction
conditions.'>'®"?

The toxicity>® of Pb(u) has instigated many research initia-
tives for the development of the lead free variant of low
dimensional OMHH materials.”** Suitable replacements for
Pb>" ions in such hybrids must retain the ns”> electronic
configuration of the valence shell that has been touted as the
key role player in conferring enabling properties to the lead-
based low dimensional hybrids.>* Recently, Sb** and Bi** ions
that are less susceptible to oxidation while retaining the ns”
valence electronic configuration have been introduced as
replacements for Pb>" ions.”**?” There have been few reports
on low dimensional Sb(u) chloride based organic hybrids that
have strong, long lived, Stokes shifted, and broadband STE
based ambient emission.”**** Interestingly, all of these 0D
antimony chloride hybrids show triplet STE based broadband
emission with a high/modest PLQY. They all demonstrate the
structural commonality of having individual metal-halide units
([SbCI;]*7, [SbCI¢]*") that are completely isolated from each
other and surrounded by the respective organic ligands. The
quadrangular pyramidal metal halide unit in these reports has
Sb-Cl equatorial bonds with very similar bond lengths and a
shorter Sb-Cl axial/apical bond with a low/modest variation
of bond angles from their ideal values. Similar bond length
and bond angle distortions are observed for the octahedral
metal-halide units. Such distortion of the metal halide unit
likely arises due to the presence of an Sb centred stereo-
chemically active lone pair.>*?* This might imply that the
strong PL emission properties may be correlated to the ground
state structure/distortion of the metal-halide unit. Antimony(ur)
halides are known to exist in different stoichiometric poly-
hedral units ([SbX,]™, [SbX5]*~, [SbXe]* ™, [SbyXo]* ") in the solid
state.>® Given the various possible polyhedral unit types in
these hybrids, is there any correlation that exists between the
luminescence properties and the geometric structure/distortion
of the metal-halide unit? How does the presence/absence of
distortion in the metal-halide unit affect the PLQY and Stokes
shift of the emission band? Research efforts aimed at answering
these questions (tunability of the metal halide unit structure:
octahedral or quadrangular pyramidal, and factors that affect
emissive properties) are of current importance.”>**® In an effort
to demonstrate structural tunability (octahedral, quadrangular
pyramidal) and to rationalize the photo-physical origins of the
observed emissive properties, we have synthesized various Sb(iu)
chloride 0D hybrids utilizing a common organic ligand and have
analyzed the correlation between the specific structural features of
the metal-halide unit and their luminescence properties. Here,
we have utilized Tris(2-aminoethyl)amine as the common ligand
to synthesize different 0D hybrids:

1 [(CeHaoNy), (Sb;Clyo) (SBCl) (Cl) (H;0)}(3H,0); tris Sb
green); 2 [(CeHp,N,), (SbClg), (Cl),]-3(H,O); tris Sb red; 3
[(CeH22N4)4 (SbClg); (Cl),]-4(H,0); tris Sb yellow; with different
structural and emissive properties. These compounds show
long lived broadband emission, likely due to the self-trapping

This journal is © The Royal Society of Chemistry 2021
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of excitons (STEs). However, the peak of the broadband emis-
sion and their PLQYs are markedly different (1: green emission
with PLQY ~ 45%; 2: red emission with PLQY ~ 6%; 3: yellow
emission with PLQY ~ 43%). The single crystal structure ana-
lysis of the synthesized compounds reveals that the hybrids
have different metal-halide unit structures with different
extents of distortion: 1 has a combination of isolated, undis-
torted octahedron and distorted edge shared dimer octahedra;
2 has a combination of isolated heavily distorted octahedron
and isolated heavily distorted pyramid; 3 has a combination of
isolated undistorted octahedron, slightly distorted octahedron
and slightly distorted quadrangular pyramid. The estimated
extent of metal halide unit distortions (bond lengths, bond
angles) follows: 1-3 « 2 clearly highlighting the role of the
metal halide unit structural symmetry of the coordination
environment (octahedron vs. quadrangular pyramid) and the
absence of distortion of the metal halide unit in affecting
the PL emission energy, and the PLQY of their emission,
respectively. The utilized reaction chemistry here allows us to
crystallize different 0D hybrids wherein any crucial electronic
contribution from the organic ligand towards photolumines-
cence remains constant. Noteworthily, demonstrated here is
structural tunability (SbXs, SbXe unit) with its concomitant
effect on photo-physical properties that allow us to identify
the crucial role played by ground state structural symmetry and
the extent of distortion of the metal halide unit in dictating
their emissive properties.

Results and discussion

Antimony(m)chloride 0D hybrids were synthesized utilizing
Sb,0; and Tris(2-aminoethyl)amine as the ligand in concen-
trated HCI acid. Single crystals of 1 tris Sb green can be
obtained when the reaction temperature is set at 60 °C while
clear single crystals of 2 tris Sb red result when the reaction
temperature is set at 120 °C (see Scheme 1). Extensive details of
the utilized synthetic conditions are provided in the Experimental
section.

Product 1 tris Sb green shows strong, green emission while
the 2 tris Sb red sample shows weak, red emission when viewed
inside the UV chamber. The presence of Sb ions in products 1

i sorca
1 —_—
Sb203 Cooled \—/
. gz 22 NH, conc. HCl Colorless Under UV
2 NN e 2 crystal
Hy | H,
CH
Hzc/ 2

120 °C &
Cooled v
Scheme 1 Reaction scheme utilized for the synthesis of single crystals of

1 tris Sb green and 2 tris Sb red samples wherein metal: ligand ratio = 1:1.
The structure of the ligand is shown.

2
tris(2-aminoethyl)amine

J. Mater. Chem. C, 2021, 9, 348-358 | 349


https://doi.org/10.1039/d0tc03440a

Published on 17 November 2020. Downloaded on 1/22/2021 7:05:28 AM.

Journal of Materials Chemistry C

View Article Online

Paper

) (a) 1 tris Sb Green
8 [ PL @360nm

% ——PLE @550nm

——Abs

£

o

£

2

]

c

2

£

w

& Under UV

g

(3

[

o

< T T T L T
200 300 400 500 600 700

Wavelength (nm)

N

Abs/PL/PLE intensity (normalized)

(b) 2 tris Sb Red

[ PL @340nm
——PLE @650nm
—— Abs

Under UV

00 300 400 500 600

Wavelength (nm)

Fig. 1 Absorbance (Abs), photoluminescence (PL) and photoluminescence excitation (PLE) spectra of (a) 1 tris Sb green and (b) 2 tris Sb red single crystal

samples.

and 2 was verified using SEM/EDS analysis as shown in Fig. S1,
ESIL Furthermore, XPS analysis confirms the presence of Sb(ir)
metal ions in 1, 2 as shown in Fig. S2, ESL.} The 'H NMR
spectra of 1, 2 reveal the presence of phase pure products with
peaks attributed to the cationic ligand moiety (Fig. S3(a-d),
ESIf). The thermogravimetric analysis (TGA) of 1 and 2, as
shown in Fig. S4, ESI,i shows a multistep weight loss profile.
Here, the onset of weight loss observed at ~100 °C for both 1, 2
is attributed to the loss of water molecules, followed by ligand
loss at ~200 °C and plausibly halogen loss at temperatures
above 300 °C (see below for a discussion on the structure of
products). The optical properties of 1 tris Sb green, presented in
Fig. 1a, show a strong and broad photoluminescence (PL)
emission band centered at 517 nm with a full width at half
maximum (FWHM) of ~110 nm. The photoluminescence
excitation (PLE) spectra, collected at 530 nm, match well with
the absorption spectra which show multiple features in the
300-400 nm range. The estimated “Stokes shift” (difference
between the peak positions of PL and PLE) is ~165 nm. The
photoluminescence quantum yield (PLQY) for 1 tris Sb green is
estimated to be ~45%. On the other hand, the optical proper-
ties of 2 tris Sb red, presented in Fig. 1b, show a weak and broad
emission band centered at 638 nm with a FWHM of ~160 nm.
The PLE spectra, collected at 650 nm, match well with
the absorption spectra which show multiple features in the
300-400 nm range. The estimated ‘‘Stokes shift” is ~290 nm
and the PLQY for 2 tris Sb red is estimated to be ~6%.

The absorption features in halogen antimonite(m) systems
can be attributed to the electronic transitions between the sp
excited states and the s ground state. The observed absorbance
features for products 1 and 2 can be tentatively attributed to the
A band (low energy, spin-forbidden transition 'S, — °P,),
B band (intermediate energy, spin-forbidden transition
'Sy — °P,), and C band (high energy, spin-allowed transition
'Sy — 'P,).*’ Rationalization of the differences in the observed
PL emission peak position, Stokes shift, and PLQYs for
products 1 and 2 is discussed below.

The lifetime decay profiles (collected using the TCSPC
set-up) and the extracted lifetimes across the broadband emis-
sion for 1 and 2, as presented in Fig. S5(a-d) (ESIf), show a

350 | J Mater. Chem. C, 2021, 9, 348-358

dominant lifetime component of ~1 microsecond that remains
unchanged across the emission band for 1 and 2. In order to
better estimate the longer lifetimes, PL decay profiles were
collected across the broadband utilizing a microsecond (us)
flash lamp source and are presented in Fig. S6 and Table S1;
ESL# Clearly, lifetime components (and relative %) of 4.8 ps
(73%) and 71.9 us (27%) were observed for 1 tris Sb green while
for 2 tris Sb red the lifetime components (and relative %) were
5.6 ps (90%) and 94.4 ps (10%). The observed long emission
lifetime components in products 1 and 2 highlight the role
played by the triplet excited state (*P;) from which the radiative
emission (phosphorescence) originates (Fig. S5, S6 and
Table S1; ESIf). Given the broad nature of the PL emission
peak for both 1 and 2, it is important to decipher if defect
emission leads to the observed broad emission bandwidth. The
dependence of the emission band shape/profile on excitation
wavelength was studied for products 1 and 2 as presented in
Fig. S7a and b, ESL.Z The PL emission band shape/profile
remains unchanged for products 1 and 2 (albeit with a con-
comitant change in PL intensity) as across the excitation
wavelength range of 320-380 nm. The PLE spectra collected
across the broad emission band of products 1 and 2 (Fig. S7a
and b, ESIf) also remain unchanged. Furthermore, the esti-
mated lifetime components for products 1 and 2 across the
broad emission band were found to remain unchanged (Fig. S5,
S6 and Table S1; ESIt). These observations suggest that unique
emissive species are responsible for the broad emission in
products 1 and 2 and very likely do not involve extrinsic defects.
Furthermore, PL/PLE studies were performed for products 1
and 2 wherein the single crystal samples were ground. If defects
are the cause for the broadband emission, sample grinding
would cause a substantial change of the PL/PLE profile."
However, no changes in the PL/PLE band profile for both the
products were observed when the samples were ground thor-
oughly as shown in Fig. S8, ESL i} Also, the ground samples of both
the products were annealed at different temperatures, followed by
their PL/PLE characterizations, as shown in Fig. S8, ESL.i Again
here, no changes in the PL/PLE band profile are observed (albeit
with a concomitant change in PL intensity@100-120 °C attributed
to solvent loss as discussed later). These observations clearly

This journal is © The Royal Society of Chemistry 2021
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suggest that the broad emission is not due to the presence of the
defects in products 1 and 2 but is due to the presence of unique
emissive species that lead to intrinsic broadband emission.

The broadband emissions in low dimensional metal halide
hybrid materials have been attributed to the self-trapping of
excitons (STE) due to strong electron-phonon coupling that
produces transiently localized charges (holes/electrons) that
distort the metal halide unit. The PL emission of these self-
trapped excitons is phonon assisted that broadens the radiative
bandwidth.” Upon photoexcitation, the low lying transient STE
states can accept carriers from the excited *P; state and allow
slow and phonon assisted radiative decay to the 'S, ground
state, thereby broadening the emission bandwidth. Necessarily,
this relay of the radiative decay channel leads to finite energy
losses through non-radiative state hopping and accounts for a
finite Stokes shift in broad emitting low dimensional materials.
Importantly, this is in addition to any Stokes shift that might
arise due to the changes in the excited state geometry/structure
relative to the ground state structure (as discussed later).

Low temperature PL measurements were carried out to gain
further insights into the phonon assisted radiative recombina-
tion of STEs leading to the broadband emission in 1 and 2.
Steady state photoluminescence spectra were collected over the
temperature range of 300-77 K as shown in Fig. S9, ESLi
Integrated PL peak area and FWHM were calculated for both
products (1, 2) and are presented in Fig. 2(a and b). For both
products, the PL intensity is initially observed to increase
reaching the maxima (~ 230 K), followed by a decrease, as the
temperature is lowered (to 80 K). Such dependence of PL
intensity can be ascribed to the thermally activated trapping-
detrapping of excitons from STE states.'® However, the depen-
dence in the low temperature regime can get complicated
due to tunneling and defect bound excitons.'® Moreover, the
phonon modes that couple to electronic excitation to generate
STE have their own temperature dependence.*® Bandwidths
(FWHMSs) of the broad emission of 1 and 2 are observed to
decrease monotonically as the temperature is lowered. As the
temperature is lowered fewer phonon modes are thermally
accessible to couple to the STEs assisting radiative recombination,
thereby reducing the bandwidth of the PL emission. Furthermore,
the lifetime of the emission for both products 1 and 2
are observed to lengthen at a lower temperature (Fig. S10; ESIZ).
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This could suggest thermal equilibrium between the triplet
excitons and self-trapped excitons that governs the thermally
activated trapping of triplet excitons in the STE states. These
results cumulatively indicate intrinsic broadband STE based
emission in accord with many other reports on low dimensional
organic-inorganic (Sb, Pb, Sn) hybrids showing broadband
emission,”'%4?7:2836:4142 pyurther detailed experiments and ana-
lyses are needed to characterize® the nature of the STE in these
systems.

A clear understanding of the structure of the obtained
products can potentially provide an insight into the PL peak
positions (green vs. red), large Stokes shift, and markedly
different PLQYs of 1 and 2. Fig. 3 shows an overview of the
single-crystal structure of the products 1 (CCDC 2017736), and
2 (CCDC 2017737)t with the details of the bond angles, bond
lengths, etc. provided in Tables S3-S8; ESI.; Both the products
are zero-dimensional in nature, wherein the organic ligands
surround the metal halide unit. 1 tris Sb green crystallized in a
triclinic centrosymmetric space group P1 containing one ligand
(CeH,,N,4 with +4 charge), one unit of SbCl; (with —2 charge), a
half unit of SbClg (—1.5 charge), one Cl anion (—1 charge), one
water molecule, and one H, ;0 molecule (+1/2 charge) in the
asymmetric unit. The H atom of the charged water molecule
(H,.50) is located at the inversion center (0.5, 0.5, 0.5) and
shared between the two water molecules, which are related by
inversion symmetry across the inversion center. The moiety
formula of 1 tris Sb green is represented as [(CeHjoN,)s-
(Sb,Cly)(SbClg)(Cl)y(H30)]-(3H,0). The structure of 1 tris Sb
green is composed of two basic building units of the antimony
chloride framework: isolated octahedron and isolated edge
shared octahedra (Fig. 3b and c). In the isolated octahedron,
the Sb1 atom occupies a special position (0.5, 1.0, 1.0) across
the inversion center and hence only half of the SbClg moiety is
present in the asymmetric unit and the other half unit is
generated by inversion operation, whereas the other SbCl;
moiety generates an edge-shared dimeric octahedral unit by
inversion operation. These metal halide units, periodically
embedded in the organic ligand matrix, also incorporate
solvent water molecules. The crystal structure is governed by
strong N-H- - -Cl hydrogen bonding interactions engaging the
ligand N-H moieties and Cl atoms (Table S9, ESI). The view of
the molecular packing down the b-axis shows the layered
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Fig. 3 Single crystal structures of zero dimensional chloro antimonite(in)—
organic hybrids for (a—c) 1 tris Sb green and (d-f) 2 tris Sb red. Shown also
are the metal halide units (octahedra and dimer octahedra for 1 tris Sb
green; distorted octahedra and distorted pyramid for 2 tris Sb red) for both
the products.

assembly of the ligand molecules along the a-axis, which
accommodate the octahedra and the edge-shared dimeric octa-
hedral units between its layers alternately parallel to the c-axis.
The arrangement of the neighboring edge-shared dimeric
octahedral units along the channel encapsulates the water
molecules between them which interact with these metal halide
units through O-H---Cl hydrogen bonding interactions
(Table S9, ESI#). Conversely, the non-bonded Cl ions are located
in the space between the two octahedral units along the
channel parallel to the a-axis and forms a N-H- - -Cl hydrogen
bond with the ammonium protons. These strong hydrogen
bonding interactions govern the crystal packing (Fig. Slia,
ESIf) and play a crucial role in optoelectronic responses. The
loss of these water molecules at ~100-120 °C, as evidenced in
the TGA profile (Fig. S4, ESI%), could be due to their encapsulation
in the open channel leading to the drastic loss of the PL intensity of
the annealed sample 1 (Fig. S8, ESIf). The extent of distortion
(bond lengths, bond angles) in the monomeric and dimeric
octahedra was estimated for 1 tris Sb green. The monomeric
octahedron is almost undistorted with very similar Sb-Cl bond
lengths (largest difference in Sb-Cl bond length = 0.01 A, largest
deviation of the Cl-Sb—Cl bond angle from the ideal value = 3°). The
edge shared dimeric octahedron with six different Sb-Cl bond
lengths shows slight distortions (largest difference in Sb-Cl bond
length = 0.6 A, largest deviation of the Cl-Sb-Cl bond angle from
the ideal value = 6°). Such distortions are not unexpected in the
edge shared (u-Cl) dimeric octahedral metal halide unit. The phase
purity of 1 was verified using the powder X-ray diffraction (PXRD)
patterns, which matched well with the simulated ones in terms of
the single-crystal X-ray data as shown in Fig. S12; ESL#
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Product 2 tris Sb red crystallizes in a monoclinic chiral space
group P2, containing two ligands (tetra positive), two [SbClg]*~
anions, two [Cl]” anions, and three H,O molecules in the
asymmetric unit having the formula [(CgH,,N,),(SbCle),(Cl),]-
3(H,0). The structure of 2 is composed of two basic building
units of antimony chloride with a hexa-coordinated motif:
isolated very distorted octahedron and isolated extremely dis-
torted octahedron (Fig. 3e and f). For the later motif, the sixth
coordination site is occupied by a distant Cl atom (3.156 A) as
highlighted in Fig. 3f and may be thought of as an extremely
distorted ‘quadrangular pyramidal’ unit. The isolated very
distorted octahedron with a lengthened apical Sb-Cl bond
length (3.042 A) may also be thought of as a distorted ‘quad-
rangular pyramidal’ structure. The presence of such long Sb-Cl
bond distances is not uncommon and has been attributed to
the secondary bonding interaction.”* These distortions high-
light the site asymmetry in the coordination environment of the
hexacoordinated Sb motifs. These metal halide units are again
periodically embedded in the inert matrix of the organic ligand
incorporating water molecules forming the 0D structure. The
view of the molecular packing down the ag-axis revealed the
layered arrangement of both metal halides parallel to the b-axis
which are embedded between the channels formed by symme-
try independent organic ligands. The respective layers of metal
halides are arranged alternately along the c-axis. The crystal
structure is stabilized by strong intermolecular N-H- - -Cl hydro-
gen bonding interactions engaging ammonium H-atoms of the
organic ligand and Cl atoms (of metal halides) or Cl ions
(Fig. S11b, ESIf). The three water molecules also form strong
H-bonding interactions (O-H---Cl and N-H---O) involving Cl
atoms and ammonium protons of metal halides and organic
ligands, respectively. The water molecules also interact with
each other through O-H- - -O hydrogen bonds (Table S9, ESIL).
The loss of the water molecules at ~100-120 °C, as evidenced
in the TGA profile (Fig. S4, ESI¥), leads to a drastic loss of the PL
intensity of the annealed sample 2 (Fig. S8, ESIf). The extent of
distortion in the heavily distorted octahedron and the extre-
mely distorted octahedron was estimated for 2 tris Sb red. The
heavily distorted octahedron shows high site asymmetry with
six different Sb-Cl bond lengths (largest difference in Sb-Cl
bond length = 0.6 A, largest deviation of the Cl-Sb-Cl
bond angle from ideal value = 23°), thereby approaching a
‘quadrangular pyramidal’ structure. The extremely distorted
octahedron shows extreme site asymmetry with very different
Sb-Cl bond lengths (largest difference in Sb-Cl bond length =
0.45 A, largest deviation of CI-Sb-Cl bond angle from the ideal
value = 10°). The ‘apical’ Sb-Cl bond length in this unit is
2.448 A. The phase purity of 2 was confirmed using the PXRD
patterns which matched well with the simulated ones in terms
of the single-crystal X-ray data as shown in Fig. S12; ESIL.%

Comparison of the above estimated ground state structural
distortions of the photoactive metal halide units reveals that
the average distortion is appreciably higher in 2 tris Sb red and
is relatively lower in 1 tris Sb green product (Fig. S13, ESI¥).
In essence, 1 tris Sb green has undistorted octahedral metal
halide units, while 2 tris Sb red has distorted quadrangular
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pyramid units. The presence of the common organic ligand in 1
and 2 allows us to perform a structure-property-mechanism
correlation that can provide us with a deeper understanding of
the crucial factors that control their photo-physical properties.
Understandably, the extent of distortion and the ground state
structure affect Stokes shifts and PL emission energies. It is
clear from Fig. 1 that both products (1, 2) show a large Stokes
shift implying strong structural re-organization in the excited
state (°P;). The observed Stokes shift is much higher for 2 tris
Sb red (~290 nm) than that of 1 tris Sb green (~165 nm)
suggesting stronger excited state reorganization for 2 than that
for 1. Clearly, Stokes shift depends not only on the ground state
structure (and its distortion) but also on the structure in the
excited state of the metal halide unit. Within the theoretical
framework of ns®> metal ions, as proposed by Blasse et al., the
luminescence properties are directly related to the structure
and the extent of distortion of the ns® metal-halide unit.**™*’
Upon photo-excitation of these ns®> metal-halide units, the
ground state s> configuration is transformed into sp excited
state with higher symmetry.*>*> Gaining this structural sym-
metry due to photo-excitation from the distorted ground state
structure results in the observed Stokes shift. Clearly, the
ground state structural distortion in 2 tris Sb red is relatively
higher than that in 1 tris Sb green and is in accord with the
observed larger Stokes shift in the former. A similar approach
has been successfully utilized by Blasse et al. for ns* metal ions
doped in host lattices that show large Stokes shifts if the metal
ions occupy off-center positions in large interstices as these
ions can move towards the center in the excited state, thereby
gaining symmetry.*® The difference in the PL emission energies
(peak positions) for the two products (1, 2) can again be
rationalized in terms of the ground state structure. Typically,
the structures of these s*> metal halide units are affected by the
presence of the metal centered, stereochemically active lone
pair. However, s* complexes with a coordination number of six
have octahedral geometry and appear as an exception from the
VSEPR model.>**® Complexes with coordination numbers
lower than six are in general agreement with the VSEPR model
and show distortions/asymmetry in their structures due to the
stereochemical activity of the lone pair.*>*>*° These considera-
tions are also applicable to halogen antimonite(ur) polyhedral
units here that constitute the photoactive building units for
products 1, 2. For 1 tris Sb green, the metal halide coordination
sphere has octahedral geometry with slight differences in the
Sb-Cl bond lengths (undistorted octahedron and distorted
dimeric octahedra). However, for 2 tris Sb red, the metal
halide coordination sphere shows extreme site asymmetry
(‘quadrangular pyramidal’ structure) with modest differences
in the Sb-Cl bond lengths (both octahedral units approaching
the quadrangular pyramidal structure). Clearly, the ‘effective’
interaction strength of CI~ anions (3s, 3p orbitals) with the Sb**
(5s, 5p orbitals) metal ion will be stronger for 1 tris Sb green
(near ideal octahedral units with less bond length distortions)
compared to 2 tris Sb red (heavy/extreme distortions in octa-
hedral units that approach the ‘quadrangular pyramidal’
structure) due to the degree of asymmetry in the metal-halide
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coordination environment. A symmetrically stronger ‘effective’
interaction between the metal and the halide in 1 will lead to a
higher energy gap between the HOMO and LUMO. An asym-
metric and weaker metal halide interaction in 2 will result in a
smaller energy difference between the HOMO and LUMO (the
qualitative molecular orbital diagrams for octahedral and
square pyramidal structural cases are shown in Fig. S14, ESI¥).
Hence, it is anticipated that 1 tris Sb green, with a symmetrical
octahedral structure, would display a high energy PL emission
(LUMO — HOMO) peak while 2 tris Sb red, with an asymmetric
quadrangular pyramidal structure, will emit at lower energies.
This is in qualitative agreement with the observed high energy
PL emission peak of 1 tris Sb green (Ao, = 517 nm) and low
energy PL emission peak of 2 tris Sb red (A, = 638 nm). Such a
ground state structure dependent molecular orbital scheme has
been successfully utilized in attributing differences in the PL
emission energies of [SbCls]>~ and [SbCl,]™ ions in solution.*®
It is worth noting here that a symmetrical (undistorted) octa-
hedral halide ligand field will lead to a higher HOMO-LUMO
energy gap than an undistorted square pyramidal ligand field.
This again is in qualitative agreement with the reported low PL
emission energies for many [SbCl;]>~ based metal halide
organic 0D hybrids (with emission energies in the orange
region of 600-650 nm) in solid state and higher PL emission
energies in the green region for [SbCl¢]>~ based ions in
solution.*”

The photoluminescence quantum yield (PLQY) of 1 tris Sb
green is (~45%) distinctly higher than that of 2 tris Sb red
(~6%). Note that the observed PLQY for 1 tris Sb green is lower
than those reported in the literature”**?® on 0D antimony
chloride hybrids that have a near unity PLQY. However, a direct
comparison of the PLQY of 1 tris Sb green with these other
reports including different organic ligands might not lead to
the required understanding of the rationale behind the observed
differences in their PLQYs. This is due to the surrounding
environment, provided by the organic ligand to the photoactive
metal halide unit, that can appreciably affect the PL emission
intensity. There can be effective energy transfer of electron
excitation from the molecular levels of the surrounding organic
moiety to the P, luminescence level of the s> metal ion, thereby
enhancing the PLQY.** ‘Loan’ of luminescence intensity from
the ligands to the metal has also been reported wherein ligand to
metal charge transfer interactions lead to additional thermal
population of the luminescent excited state of metal ions leading
to an enhanced PLQY.>** This clearly suggests the electronic
contribution of the surrounding organic ligand in affecting the
photoluminescence intensity in the low dimensional OMHH.>*
Interestingly, the synthetic strategy utilized here allows the crystal-
lization of both 1 and 2 incorporating the same organic ligand.
This, to a large extent, helps maintain the same electronic
contribution (if any) to the metal ion, thereby similarly affecting
the photoluminescence intensity from 1 and 2. Hence, the PLQYs
of 1 and 2 can be compared and possibly correlated to their
structure/distortion to gain some insights into the observed
differences in their PLQYs. This effort of finding any existent
correlation between structure/distortion and PLQY is extremely
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important for further design and synthesis of broadband,
lead-free emitters and is reported for the first time here for Sb
halide based 0D OMHH. Although there have been few reports on
antimony chloride based 0D hybrids that show near unity PLQYs,
none of the reports provide any insight into the observed PL peak
position and the observed high PLQY. The commonality in all
of these high PLQY low dimensional antimony chloride based
hybrids is the presence of isolated, almost undistorted metal
halide unit (particularly the SbX; unit).”**>®

Moreover, antimony chloride based low dimensional
hybrids that have polymeric metal halide units (showing dis-
tortions) have a low/modest emission strength.>"*>*> In the
present comparison of PLQYs of 1 and 2, metal halide poly-
hedral units for 1 (isolated octahedra, dimer octahedra) show
small distortions while metal halide polyhedral units for 2
(octahedra and quadrangular pyramid) show relatively higher
distortions. The survey of the existing literature on antimony
chloride based low dimensional materials, revealing that
the isolated undistorted monomeric units demonstrate high
emission intensities, suggests the importance of distortions in
affecting the PLQY.”' %> Clearly, the extent of distortion in 1
is relatively lower than that in 2. This implies a correlation of
the structure/distortion with the PLQY for 0D Sb halide-based
hybrids. Noteworthily, the presence of distorted dimer octa-
hedra (plausibly suppressing the PLQY) along with almost
undistorted octahedra (plausibly enhancing the PLQY) in 1
shows a higher PLQY compared to 2 having all isolated mono-
meric units (plausibly enhancing the PLQY) with heavy distor-
tions (plausibly suppressing the PLQY). This again indicates
the important role played by structural distortions in the
ground state. The presence of the dimer octahedra with some
distortions in 1 can then explain the observed lower than unity
PLQY which is in accord with earlier reports® on low dimen-
sional antimony chloride hybrids with dimeric/polymeric metal
halide units. The observed correlation of the structure/distor-
tion with the PLQY could be rationalized in terms of photo-
excitation of ns®> metal ions transiting from the ground state to
the excited state having higher symmetry. Hence, the smaller
the distortions in the ground state structure of the metal halide
polyhedra, the lower the amount of electronic excitation energy
that will be utilized in the process of excited state structural
reorganization. This will minimize non-radiative losses of the
electronic excitation energy thereby enhancing the possibility
of stronger luminescence. The above proposed rationalization
providing insight to the experimentally observed correlation
between structure/distortion and PLQY for 0D antimony
chloride-based hybrids is by no means universal and needs to
be further tested/verified. In order to clearly understand the
role of distortion in affecting the PLQY, efforts are now being
devoted to the design and synthesis of antimony chloride based
0D hybrids (utilizing a common organic ligand) that have only
one type of isolated metal halide polyhedral unit but with
different extents of distortion. This needs further exploratory
synthetic efforts that are currently underway.

However, we have been successful in modifying our syn-
thetic strategy that allows us to crystallize 0D hybrids with an
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isolated monomeric metal-halide unit (albeit with a mixture of
octahedral and pyramidal units). This is achieved by increasing
the metal to ligand ratio to 1:10 as detailed in the Experimental
section. The obtained product, 3 tris Sb yellow, appears to emit
bright yellow light when viewed inside the UV chamber.
The 'H NMR spectra of 3 reveal the presence of phase pure
products with peaks attributed to the cationic ligand moiety
(Fig. S3(a-d), ESI%). The TGA data of 3, as shown in Fig. S4,
ESIi show a multistep weight loss profile. Here, the onset of
weight loss observed at ~100 °C for 3 is attributed to the loss of
water molecules, followed by ligand loss at ~200 °C and
plausibly halogen loss at temperatures above 300 °C. Notably,
the continuous nature of the weight loss curve without clearly
visible step-like features in the TGA plot for 3 and 2 might
indicate the similarity of the binding interaction of the ligands
and the halogens in the structures. The presence of water of
crystallization in (1, 2, 3) allows us to assign the weight loss
peaks at ~100 °C to the loss of water molecules from the
structures. Furthermore, free halogens in the structures (1, 2, 3)
allow us to tentatively attribute the weight loss at ~300 °C to be
due to halogen loss as has been suggested in a recent report.*®
The steady state optical characterization of 3 tris Sb yellow, as
shown in Fig. 4a, reveals a strong, broad yellow emission band
centered at 580 nm with a full width at half maximum (FWHM)
of ~140 nm. The PLE spectra, collected at 580 nm, match
well with the absorption spectra which show multiple features
in the 300-400 nm range. The estimated ‘‘Stokes shift” is
~200 nm and the PLQY for 3 tris Sb yellow is estimated to
be ~43%. The broad yellow emission profile remains
unchanged as the excitation wavelength is changed. Further-
more, the PLE profile remains unchanged across the broad-
band emission (Fig. S15; ESI¥). The PL and PLE profile remain
unchanged upon solid state grinding and annealing (Fig. S16;
ESI%). Moreover, the analysis of the collected decay profiles
across the broad emission band of 3 tris Sb yellow, as presented
in Fig. 4b, provides lifetime components (and relative%) of
5.2 us (85%) and 84.6 us (15%) that largely remain unchanged
across the emission band (Table S10, ESIf). This indicates the
presence of unique emissive species responsible for the
observed phosphorescence in 3 tris Sb yellow. Notably, the PL
emission energy of 3 tris Sb yellow sample represents an
intermediate value when compared to those of 1 tris Sb green
and 2 tris Sb red while the PLQY value is close to that of 1 tris
Sb green.

Now, the pertinent question here is can we utilize the same
structure/distortion correlation to understand the observed
photo-physical properties for 3 tris Sb yellow. Such rationaliza-
tion would then fall in line with the proposition made for
products 1 and 2 and would support generality. The single
crystal structure of 3 tris Sb yellow (CCDC 2017738) belongs to a
triclinic space group P1 containing four ligands (tetra positive),
two units of half of the [SbClg]>” anion, two units of the
[SbClg]*~ anion, seven [CI]™ anions, and four [H,0] molecules
in the asymmetric unit leading to [(C¢Hz2N4)s (SbCle)s (Cl),]:
4(H,0) as the formula moiety (Fig. 4(c and d)). Two of the Sb
atoms of the half units of the [SbCl6]>~ anion occupy a special
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Fig. 4 Optical and structural characterization of 3 tris Sb yellow: (a) absorbance (Abs), photoluminescence (PL) and photoluminescence excitation (PLE)
spectra; (b) lifetime decay profiles collected across the yellow emission band using microsecond flash lamp excitation (360 nm); (c) overview of the single
crystal structure of 0D 3 tris Sb yellow product; and (d) metal halide units (distorted quadrangular pyramid, octahedra, and distorted octahedra)

comprising the 0D structure.

position (inversion center), Sb1 (0.0, 0.5, 0.0) and Sb2 (0.0, 0.5,
0.5), and hence only a half unit is present in the asymmetric
unit and the other half is generated by inversion operation. The
structure of 3 is composed of isolated octahedra and an isolated
heavily distorted octahedron (approaching the quadrangular
pyramidal structure) as the basic building units (Fig. 4c, d and
Fig. S14; ESI}). These metal halide units are periodically
embedded in the channels of the organic ligand matrix and
interact mostly with its ammonium H-atoms through N-H- - -Cl
hydrogen bonds. The four water molecules are also encapsu-
lated in the crystal lattice which interact with the ammonium
H-atoms of the organic ligand through N-H---O hydrogen
bonds (Table S9 and Fig. Slic, ESIf). In addition to the
presence of the distorted ‘quadrangular pyramidal’ unit, the
crystal structure shows two types of isolated octahedron - one
that is almost undistorted and the other with slight distortions.
The undistorted octahedron has very similar Sb-Cl bond
lengths (largest difference in Sb-Cl bond length = 0.028 A,
largest deviation of the Cl-Sb-Cl bond angle from the ideal
value = 3°). The distorted octahedron has six different Sb-Cl
bond lengths (largest difference in Sb-Cl bond length = 0.46 A,
largest deviation of the Cl-Sb-Cl bond angle from the ideal
value = 4.6°). The distorted ‘quadrangular pyramid’ has the
sixth coordination by a distant Cl atom (3.06 A) as highlighted
in Fig. 4c and d. This ‘quadrangular pyramidal’ unit has five
different Sb—Cl bond lengths (largest difference in Sb-Cl bond
length = 0.21 A, largest deviation of CI-Sb-Cl bond angle from
the ideal value = 3.2°). The ‘apical’ Sb-Cl bond length here is
2.452 A. A detailed list of bond angles and bond lengths
describing the crystal structure is provided in Tables S11-S13,
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and Fig. S17, ESL% Such distortions within the hexa-
coordinated metal halide environment depict the extent of site
asymmetry. The phase purity of 3 was verified using the PXRD
patterns which matched well with the simulated ones from the
single-crystal X-ray data as shown in Fig. S12; ESL.

A comparison of the structure/extent of distortions in the
comprising metal halide units of 1 tris Sb green, 2 tris Sb red,
and 3 tris Sb yellow in the light of their observed photo-physical
properties is crucial here. The bond length variances (Aoc) of
Sb-Cl and bond angle variances (%) of CI-Sb-Cl in the various
structural units for products 1, 2, and 3 were calculated
(as presented in Table S2, ESIf), which exhibit the following
order of the extent of distortions: 1-3 « 2. Qualitatively, the
building unit type of isolated metal halide polyhedra in 1 is
octahedra, in 2 is ‘quadrangular pyramid’, and in 3 is a mixture
of octahedron and ‘quadrangular pyramid’. The degree of
asymmetry of the coordination environment in the metal halide
structural unit, as discussed earlier (MO diagram, Fig. S12,
ESIf), largely dictates the PL emission energy with a high
energy emission band for the symmetric octahedral case (1 tris
Sb green) and a low energy emission band for the asymmetric
‘pyramidal structure’ (2 tris Sb red). Now, for 3 tris Sb yellow,
the presence of a mixture of octahedral and ‘quadrangular
pyramidal’ units would cause the PL emission band to appear
in the intermediate energy range. Indeed, for 3 tris Sb yellow,
the PL band appears at an energy in between the emission
bands of 1 tris Sb green and 2 tris Sb red. This strongly suggests
the active role of the metal-halide polyhedral unit structure
and the degree of symmetry in the metal-halide coordination
environment in dictating the PL emission band position.
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As discussed earlier, the extent of distortion present in 1 tris Sb
green is modest and is appreciably lower than that in 2 tris Sb
red. This difference in the extent of distortion reflected in the
drastic difference of the observed PLQY. Interestingly, the
extent of distortion present in 3 tris Sb yellow is comparable
to that in 1 tris Sb green (Table S2; ESIf) and follows 1-3 « 2.
The similarity of the extent of distortion in 1 tris Sb green and 3
tris Sb yellow would indicate similar PLQY values which are
much higher than that of 2 tris Sb red. This is in accord with
the measured PLQY of 3 tris Sb yellow which is close to that of 1
tris Sb green. Such observed correlation between the extent of
distortion and the PLQY clearly highlights the role of the extent
of distortion in affecting the photo-physical properties. The
observed Stokes shifts of three products can also be then
positively correlated to the extent of distortion (Stokes shifts:
1-3 « 2). Thus, the above proposed factors (metal-halide unit
structure; extent of distortion) are observed to directly impact
the photo-physical properties (PL emission energy; PLQY and
Stokes shift, respectively) for the different 0D Sb(m) chloride
hybrids (1, 2, 3) synthesized here utilizing a common organic
ligand. Further efforts are underway to ascertain the effect
of the metal-halide polyhedral type and different extents of
distortion in a given type of polyhedral unit on the emissive
properties of 0D organic-antimony chloride hybrids.

Conclusion

We demonstrate metal halide structural tunability (SbX, octa-
hedron, SbXs; quadrangular pyramidal, or a combination
thereof) through the synthesis of different Sb(ur) chloride 0D
hybrids (1, 2, 3) utilizing a common organic ligand [tris(2-
aminoethyl)amine]. The crystal structure analysis reveals that
the site asymmetry leads to different metal halide unit struc-
tures that may be regarded as (i) octahedral in product 1,
(ii) quadrangular pyramidal in product 2, and (iii) a combi-
nation of octahedra and quadrangular pyramidal in product 3.
Furthermore, the structure analysis reveals that the extent of
distortion of the metal halide units in these products follows
the order: 1-3 « 2. The emissive properties of these products
that need a rational understanding include Stokes shifted
broadband visible emission with distinctly different PL emis-
sion energies (dem) and markedly different PLQYs: 1: Aoy =
517 nm, Stokes shift = 165 nm, PLQY = 45%; 2: Aery, = 638 N,
Stokes shift = 290 nm, PLQY = 6%; and 3: A, = 590 nm, Stokes
shift = 200 nm, PLQY = 43%. A structure-property correlation
analysis performed here provides us with the following deeper
understanding of the origins of the above emissive properties:
(i) qualitative molecular orbital scheme on metal halide bonding
(with an asymmetric metal halide coordination environment)
allows the observed PL emission energies to be rationalized based
on the ground state structure (octahedral vs. pyramidal) of 1, 2, 3;
(ii) structural reorganization that accompanies while transiting
from the distorted ground state to the symmetric excited *P; state
of Sb** ions accounts for the large Stokes shifts in the order of 1-3
< 2; (iii) the extent of ground state structural distortion (1-3 « 2)
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is well correlated to the PLQY (1-3 > 2). A lower (higher) extent of
ground state structural distortion would minimize (maximize)
the non-radiative loss of the excitation energy in the process of
excited state reorganization into the symmetric structure, thereby
enhancing (suppressing) the possibility of stronger luminescence.
This report demonstrates the structural tunability of the
metal halide units (octahedral, pyramidal) and highlights the
importance of the ground state structure/extent of distortions in
affecting PL emission energies, Stokes shifts, and PLQY for 0D
antimony chloride hybrids incorporating common organic
ligands.

Experimental
Materials

Antimony(m) oxide (99%), hydrochloric acid (37%) and acetone
were purchased from Sigma-Aldrich. Tris(2-aminoethyl)amine
was purchased from TCI Chemicals. Diethyl ether was
purchased from HiMedia. All chemicals were used as pur-
chased without further purification.

Synthesis of powdered 1 tris Sb green:

For the preparation of 1 tris Sb green powder sample, 0.1 mmol
(29.1 mg) of antimony(m) oxide was dissolved in 5 mL of
hydrochloric acid. To this, 0.1 mmol (14.6 mg) tris(2-amino-
ethyl)amine was added. The solution turned turbid white after
some time. The resulting precipitate was filtered and washed
with diethyl ether repeatedly and dried in vacuum for further
characterization.

Synthesis of single crystals of 1 tris Sb green:

To obtain single crystals of 1 tris Sb green, the same procedure
was followed with the following details: 0.1 mmol (29.1 mg) of
antimony(ur) oxide was dissolved in 5 mL of hydrochloric acid.
To this, 0.1 mmol (14.6 mg) tris(2-aminoethyl)Jamine was
added. The resultant mixture was heated in a preheated oil
bath at 60 °C until dissolution. The solution is slowly cooled to
obtain white crystals. Crystallization led to the formation of
plate shaped pale yellow crystals which appear bright green
under UV (365 nm) light. The crystals were filtered using a
vacuum pump and washed repeatedly with acetone and diethyl
ether for further characterization.

Synthesis of single crystals of 2 tris Sb red:

In order to synthesize single crystals of 2 tris Sb red, the same
procedure was followed as that for 1 described above. However,
the oil bath temperature was set at 120 °C for dissolving the
crystal and cooled naturally to room temperature. After cooling
the needle shaped colorless crystals formed which emit red
color under UV (365 nm) light. Here we have used the same
filtration and washing procedure as mentioned above.

Synthesis of powdered 3 tris Sb yellow

For the preparation of the 3 tris Sb yellow powder sample,
0.1 mmol (29.1 mg) of antimony(ur) oxide was dissolved in 5 mL
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of hydrochloric acid. To this, 1 mmol (146 mg) tris(2-amino-
ethyl)amine was added. The solution turned turbid white after
some time. The precipitate appeared bright yellow under UV
(365 nm) light.

Synthesis of single crystals of 3 tris Sb yellow

To obtain single crystals of 3 tris Sb yellow, a 1:10 equivalent
metal vs. ligand ratio was used. Typically for the reaction
0.1 mmol (29.1 mg) of antimony(m) oxide was dissolved in
5 mL of hydrochloric acid. To this, 1 mmol (146 mg) tris-
(2-aminoethyl)Jamine was added. The resultant mixture was
kept in a preheated oil bath at 120 °C until dissolution. The
solution is slowly cooled to room temperature to obtain crystals.
Crystallization led to the formation of cube shaped pale yellow
crystals which appear bright yellow under UV (365 nm) light. The
crystals were filtered using a vacuum pump and washed repeatedly
with acetone and diethyl ether for further characterization.

Methods

UV-Vis absorbance was performed in a Shimadzu UV-3600 Plus
UV-Vis-NIR spectrometer. Steady state PL and lifetime were
measured using an Edinburgh FS5 spectrophotometer. TGA
measurements were performed using a TAG system (Mettler-
Toledo, Model TGA/SDTA851e) and samples were heated in the
range of 25-800 °C at a heating rate of 5 °C min~ " under a nitrogen
atmosphere. "H NMR spectra were recorded on a Bruker A-400
MHz system using DMSO-d as the solvent at room temperature.
Powder X-ray diffraction (XRD) patterns were recorded using
a PANalytical X'Pert Pro equipped with Cu Ko radiation (4 =
1.5406 A). Absolute quantum yield measurements were carried
out in a Horiba JOBIN YVON Fluoromax-4 spectrometer with a
calibrated integrating sphere attachment. Scanning Electron Micro-
scopy (SEM) imaging and mapping were performed using a Zeiss™
Ultra Plus field-emission scanning electron microscope. X-ray
photoelectron spectroscopy (XPS) characterization was performed
with an ESCALab spectrometer having an Al Ko X-ray source
(hv = 1486.6 eV) operating at 150 W using a Physical Electronics
04-548 dual Mg/Al anode and in a UHV system with a base pressure
of <5 x 10~ ° torr. Low temperature PL of the crystals was performed
using an Edinburgh FLS 1000 photoluminescence spectrometer,
attached with an OptistatDN cryostat and the temperature was
controlled using a Mercury iTC temperature controller (Oxford
Instruments). The sample was excited using a xenon lamp and
emission was collected from 320 nm to 800 nm. Single crystal X-ray
intensity measurements of compounds 1 and 2 were carried out on a
Bruker D8 VENTURE Kappa Duo PHOTON II CPAD diffractometer.
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Despite the current progress in ‘Pb-free’ low dimensional main group metal halide based luminescent
materials, it is challenging to synthesize Te(v) halide hybrids with strong ambient emission with
excitation features in the visible range as efficient and stable phosphors for potential lighting
applications. Reported here is a (benzyltriethylammonium),TeClg zero dimensional hybrid material with
excitation features in the visible range and strong room temperature, broadband, intrinsic luminescence
(PLQY ~15%) arising due to self-trapped excitons (STEs). Furthermore, a proof-of-concept LED
architecture demonstrates successful optical down-conversion with a visible light excitation source.
Here, exclusive adoption of a ‘regular’ octahedral Te(v)-halide unit structure with minimal static
distortion provides a unique opportunity to unmask the role played by 5s2 lone pair electrons in shaping
the emissive properties. This effort may open up new avenues towards unravelling the role of lone pair
stereoactivity in controlling the PLQY in low dimensional hybrids that has proven to be challenging for
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Introduction

Metal halide-organic hybrid perovskites with fascinating
properties have been at the research forefront of energy related
applications such as solar cells, LEDs, lasers, and photodetectors.'™
For 3D perovskites, featuring three dimensional networked
metal halide units, the photo-generated excitons are weakly
bound and can diffuse in all directions within the inorganic
framework with long diffusion lengths (~1 pm).* Organic
ligand size induced dimensionality lowering (2D, 1D, 0D)
restricts the exciton due to quantum and dielectric confine-
ment with high exciton binding energies.” Typically, in 0D
perovskites, the metal halide unit (square pyramidal, octahedral,
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the reported (Sb, Sn) based low dimensional 5s°> metal halide hybrid materials.

disphenoidal) is isolated and surrounded by bulky organic
ligands supporting strongly bound excitons that can relax radiatively
across the band edge.®® Lowered dimensionality in these materials
further allows trapping of the generated excitons into the lattice
sites through transient structural distortion. Such self-trapping
of excitons® is facilitated due to the soft nature of the material
and strong electron-phonon coupling.’® Recombination of
these self-trapped excitons (STE) leads to a broad emission
band with generally longer lifetimes.”*"'* The involvement of
lattice phonon modes further broadens the emission profile
with an accompanying excitation energy dissipation (Stokes shift)
due to the significant excited state structural reorganization.'?
These factors cumulatively lead to a strong, Stokes shifted, broad
band emission profile in low dimensional hybrid perovskites."*
Moreover, the presence of the inorganic unit embedded within
the organic ligand matrix endows environmental stability. These
enabling properties have encouraged their applications in light
emitting devices, solar concentrators, and radiation detectors."*
Many low dimensional Pb(n)-halides (6s> lone pair) have
been reported to show STE based broadband white light emission
properties.’> The broadband emission intensity has been
correlated to the structural distortions (out of plane, in plane
deformations) for the 2D Pb hybrids."> However, no such
correlation is observed to hold for 1D/0D based Pb hybrids.
Nevertheless, the recent search for ‘Pb free’ variants has
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kindled immense research interest in main-group metal
halides with 5s* lone pairs (viz. Sn**, Sb*").'® Antimony(m)
halide-organic 0D hybrids featuring oxidative stability, 5s
electronic configuration, and isolated metal-halide units
(octahedral, square pyramidal, disphenoidal, etc.), have been
demonstrated to support efficient broadband emission with
high photoluminescence quantum yield (PLQY).>”"">' The
broad band emission in such Sb(u) halide systems has been
fully attributed to the radiative recombination of STEs originating
from the excited triplet state of the Sb>* centre (*P;) with typically
longer emission lifetimes (3-10 ps).***' There is no experimental
evidence of a correlation between the structural distortions and
PLQY for the 0D Sb hybrids. 5s® lone pair activity induced
structure and distortion of the metal halide unit (static and/or
dynamic), is believed to affect the luminescence properties in
Sb(m) halide systems.'*** However, formulating a rational design
strategy aimed to unmask the role played by the Sb®>" 55 lone pair
in shaping their luminescence properties has turned out to be
challenging due to the adopted variety of isolated metal-halide
unit structures (octahedral, square-pyramidal, disphenoidal).
Moreover, the majority of these Sb based 0D materials lack
excitation features in the visible range and necessitates them to
be paired with UV LEDs (that are currently expensive and inefficient)
for their application as down-conversion phosphors.**

Tellurium(v), featuring a 5s> lone pair, also forms zero
dimensional hybrids with a metal halide semiconducting unit
dispersed in the organic ligand matrix.>®> The high charge
density on the Te*" centre supports a greater number of halide
ligands and exclusively generates octahedral units irrespective
of the counter organic cation.>*>® The most commonly adopted
structure is vacancy ordered double perovskite (A;TeXg)***”
with almost ‘regular’ octahedral coordination. Given this structural
simplicity (compared to Sb**), high oxidative stability, and 5s
configuration (similar to Sb®") for the Te(iv) halides, it is expected
that low dimensional Te(1v) halides would demonstrate exceptional
luminescence properties. The exclusive adoption of octahedral
metal-halide geometry in [TeXq]*~ systems (unlike Sb** systems)
would allow the formulation of a design strategy to draw any
structure/distortion - PLQY correlation. Encouragingly, there have
been studies on [TeXc]*~ hybrids that report structural®®>* and
photo-physical properties***** presenting excitation features in
the visible range. Unfortunately, these [TeXc]>~ hybrids have not
been demonstrated to be strongly emissive at room temperature as
the quenching temperatures are relatively low in these
compounds® and those that do emit at room temperature are
very weak with low PLQYs.>>2%33

It is clear that enhancing the room temperature PLQY of
[TeXc]*~ hybrids is of huge importance in deciphering the
structure/distortion-property correlation that is currently
absent for 0D metal halide hybrids (Pb, Sb, Sn). In this first
effort, we demonstrate a tellurium(iv) chloride based zero
dimensional hybrid featuring isolated, undistorted [TeCls]*~
octahedral units embedded in the organic templating ligand
(benzyltriethylammonium: BzTEA) matrix that show intrinsic,
broad, yellow-orange, strong room temperature emission
(PLQY ~15%) with ambient/thermal stability, and excitation
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feature in the visible range (445 nm) allowing for their use as
potential down-conversion phosphor materials. The synthesized
(BzTEA),TeCl, product shows long lived and broad band emission
likely due to self-trapping of excitons (STEs). The emissive
characteristics are observed to be independent of the particle
size, surface, and other structural defects and hence the utilized
synthetic route. This supports the unique and intrinsic nature of
the STE based emission. This tellurium(v) halide hybrid with
room temperature emission and excitation band in the visible
range could serve as a potential ‘Pb-free’ stable phosphor
material for lighting applications as demonstrated here with a
test-bed down-conversion LED architecture. Noteworthily,
ambient emitting octahedral (exclusive geometry) [TeXs]*~ hybrids
could further be leveraged to gain a rational understanding of the
structure/distortion - photophysical property correlation.

Experimental section

Materials

Tellurium tetrachloride (99.99%), hydrochloric acid (37%),
acetone, and dimethylformamide were purchased from Sigma
Aldrich. Benzyltriethylammonium chloride (98%) was purchased
from TCI Chemicals. Diethyl ether was purchased for HiMedia.
All chemicals were used as purchased without further
purification.

Synthesis of (BzTEA),TeClg crystals

For the preparation of (BzTEA),TeCl, crystals, 0.1 mmol (26.9 mg)
of tellurium tetrachloride was dissolved in 1 mL of dimethylfor-
mamide. To this, 0.1 mmol (22.7 mg) benzyltriethylammonium
chloride salt was added and dissolved. The resultant solution was
used for crystallization with an anti-solvent diffusion method
using diethyl ether. The resulting yellow coloured crystals were
filtered and washed with acetone repeatedly and dried under
vacuum for further characterization. The same crystals can also be
prepared using the HX method wherein hydrochloric acid is used
as a solvent. For typical HX synthesis, 0.1 mmol (26.9 mg) of
tellurium tetrachloride and 0.1 mmol (22.7 mg) benzyltriethylam-
monium chloride amine were dissolved in hydrochloric acid
followed by heating to get a clear yellow solution followed by
natural cooling to get the crystals. The crystals of the ground
powders were used for further characterization.

Methods

UV-Vis absorbance was performed in a Shimadzu UV-VIS-
NIR3600Plus spectrometer. Steady State PL and lifetime were
measured using an Edinburgh FS5 spectrophotometer. TGA
measurements were performed using a TAG system (Mettler-
Toledo, Model TGA/SDTA851¢e) and samples were heated in the
range of 25-800 °C at a heating rate of 5 °C min ' under a
nitrogen atmosphere. Absolute quantum yield measurements
were carried out in a Horiba JOBIN YVON Fluoromax-4 spectro-
meter with a calibrated integrating sphere attachment. X-ray
photoelectron spectroscopy (XPS) characterization was performed
with an ESCALab spectrometer having an Al Ko X-ray source
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(hv = 1486.6 eV) operating at 150 W using a Physical Electronics
04-548 dual Mg/Al anode and in a UHV system with a base
pressure of <5 x 10~ ° Torr. Low temperature PL of the crystals
was performed using an Edinburgh FLS1000 photoluminescence
spectrometer, attached with an OptistatDN cryostat and the
temperature was controlled using a Mercury iTC temperature
controller (Oxford instruments). The sample was excited using a
xenon lamp and emission was collected from 320 nm to 800 nm.
Single crystal X-ray intensity data measurements of crystals were
carried out on a Bruker D8 VENTURE Kappa Duo PHOTON II
CPAD diffractometer. The intensity measurements were carried
out with a Mo microfocus sealed tube diffraction source (Mo Ko =
0.71073 A) at 100(2) K. The powder X-ray diffraction
measurements were carried out on a Rigaku Micromax-007HF
instrument (high intensity microfocus rotating anode X-ray
generator) with R-axis detector IV++ with a scanning rate of 2°
20 min~" using Cu and Mo Ko radiation. The PXRD sample was
prepared by sealing 2-3 mg of finely ground powder into a
Lindeman glass capillary with an inner diameter of 1 mm.
Raman spectroscopic measurements were recorded at room
temperature on an HR 800 Raman spectrophotometer (Jobin
Yvon, Horiba, France) using monochromatic radiation
(achromatic Czerny-Turner type monochromator with silver
treated mirrors) emitted by a He-Ne laser (633 nm). For
down-conversion LED measurements a commercially available
blue LED (Jemi = 447 nm, FWHM = 20 nm) was used. The
(BzTEA),TeCl; crystal was ground and coated on the flat surface
of the commercially available blue LED for spectroscopic
analysis and imaging. Furthermore, the spectroscopic details
were measured using an Edinburgh FS5 spectrophotometer
and images were captured by using a digital camera (Canon
PowerShot SX740 HS).

Results and discussion

(BzTEA),TeCl, single crystals were synthesized by the anti-solvent
diffusion method (Fig. 1a). Yellow colored single crystals of
(BzTEA),TeCls formed within a day that emitted an intense
yellow-orange light under UV illumination (Fig. 1a and b). XPS
analysis confirms the presence of Te*" and Cl~ ions in the product
(Fig. S1, ESIf). "H NMR analysis confirms the presence of a
cationic ligand moiety (Fig. S2, ESIY).

Optical absorption characterization of the crystals (Fig. 2a)
shows a sharply rising absorption edge (absorption onset
~515 nm) with absorption bands at 440 nm, 380 nm,
295 nm, and 270 nm. These absorption bands originate due
to the transitions between the sp excited state and the s®
ground state of the Te(wv) centre: 'Sq — Py, *P,, and 'P; (free
ion term symbols) and possibly due to ligand to metal charge
transfer absorption at shorter wavelengths.® Direct band gap
Tauc plot analysis estimates an optical band gap of ~2.57 eV
(Fig. S3, ESIt). Room temperature steady state photoluminescence
(PL) characterization of the crystals (Fig. 2a) shows broad band
(full width at half maximum: FWHM = 130 nm) emission with
a strong PL peak (lemi 608 nNM; Aexe 440 nm).
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of single crystals of (BzZTEA),TeClg; photograph of the synthesized crystals at
room temperature under (b) visible and (c) UV illumination (365 nm).

The photoluminescence excitation (PLE) spectrum of the crystals
(Zemi = 600 nm) shows features in the 300-500 nm range with
a strong excitation band at 445 nm. The observed features
and onset of PLE match well with the absorption spectra. The
estimated Stokes shift is ~160 nm that minimizes self-
reabsorption losses. The room temperature photoluminescence
quantum yield (PLQY) is estimated to be 15% attesting to the
observed strong visible ambient emission. Time resolved PL
measurements (us flash lamp source) across the broad band
(decay profiles: Fig. 2b, extracted lifetimes, and relative weights
Fig. S4, ESIT) of the crystals demonstrates long lifetime components
[~1.1 ps (44%), ~9.9 ps (56%)] in line with the exciton
recombination mechanism originating from the lowest triplet
state (*’P; —'S,, forbidden transition). The strong spin-orbit
coupling and high Te-Cl bond covalency (~80%) can allow for
appreciable relaxation of the spin forbiddances leading to
strong luminescence as observed here. Furthermore, the generality
of the utilized reaction procedure (solvent-antisolvent, HX) for
the synthesis of Te(v) based low dimensional perovskites are
demonstrated here for two other ligands [tetraethylammonium
chloride, tris(2-aminoethyl)amine in HCI] and their optical
characterization is summarized in Fig. S5, ESI.¥ Noteworthily,
these products have very weak ambient emission when directly
compared to that of the (BzTEA),TeCls hybrid (Fig. S6, ESIT).
The overview of the single crystal structure of the (BzTEA),.
TeClg product (CCDC 20425257) is shown in Fig. 3. The product
crystallized in the monoclinic P2,/n space group containing one
organic ligand ([C13H,,N]") and £ unit of [TeCl¢]*~ octahedron
in the asymmetric unit (Fig. 3b) leading to the molecular
formula of [C;3H,,N],TeClg. The product has an isolated metal
halide octahedron periodically dispersed in the organic ligand
matrix generating a zero dimensional vacancy-ordered double
perovskite structure (Fig. 3a). The inorganic unit features a
nearly ‘regular’ metal halide octahedron with minimal distortions
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Fig. 2 Optical characterization of (BzZTEA),TeClg showing (a) absorbance
(Abs), photoluminescence (PL), and photoluminescence excitation (PLE)
spectra; (b) lifetime decay profiles collected across the PL band (lexc =
440 nm).

(largest difference in Te-Cl bond length = 0.025 A; Fig. 3c; largest
deviation of the Cl-Te-Cl bond angle from ideal value = 0.9
Fig. S7, ESIT) with quadratic elongation of 1.0001 and bond angle
variance of 0.33 (degree)® attesting to the low stereochemical
activity of the 55> lone pair. High charge on the metal centre,
supporting six coordination, reduces the static expression of the
lone pair leading to a symmetric metal halide octahedral frame-
work. This near-regularity of the metal halide unit leads to the
observation of one broad, featureless, triplet dominated (*P 1 )
emission peak.'>"* The phase purity of the product was confirmed
using the powder X-ray diffraction pattern that matches well with
the simulated one (Fig. 3d).

Given the broad nature of the observed PL emission peak of
(BzTEA),TeCls crystals, it is important to decipher if the
broadened emission is due to defect emission. The PL emission
profile remains unchanged across a broad excitation range of
320-380 nm (Fig. S8a, ESI}). PLE spectra collected across the
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broad emission band (Fig. S8b, ESIf) also remain unaltered.
Furthermore, the estimated lifetime components across the
broad emission band were found to remain unchanged (Fig. S4,
ESIT). These observations suggest that unique emissive species
are responsible for the broad emission and very likely do not
involve extrinsic defects. Furthermore, PL/PLE studies were
performed on ground powder samples. If defects led to broad
band emission, sample grinding would cause a substantial
change of the PL/PLE profile. However, no changes in the
PL/PLE band profile were observed when the samples were
ground (Fig. S9, ESIt). Moreover, the nature of the PL/PLE
profile remains unchanged for the ground crystals when PL is
collected at different excitations and PLE is collected across the
broad emission band (Fig. S10, ESIT). In addition, the lifetimes
of the ground sample across the broad emission band remain
almost unchanged (Fig. S11, ESIf). Also, the crystal samples,
when annealed at different temperatures, show no changes in
the PL/PLE band profile (Fig. S12, ESIt). These observations
clearly suggest that the broad emission is not due to the
presence of the defects and is due to the presence of unique
emissive species that lead to intrinsic emission.

The broad band emissions in low dimensional ns* metal
halide hybrid materials have been attributed to self-trapping of
excitons due to strong electron-phonon coupling that produces
transiently localized charges (holes/electrons) that distort the
metal halide unit."* The PL emission from these STEs is
phonon assisted that broadens the radiative bandwidth.'®
Upon photoexcitation, the low lying transient STE states can
accept carriers from the excited *P; state and allow slow and
phonon assisted radiative decay to the 'S, ground state thereby
broadening the emission bandwidth. Concomitantly, the carriers
can undergo thermally activated non-radiative recombination
that suppresses emission with a strong temperature dependence
(thermal quenching of PL due to curve crossing of the excited
and ground state'*). Importantly, excited state reorganization in
the ®P; state and the low lying STE states together dictates the
observed Stokes shift in the broad PL emission band.

Low temperature PL measurements were carried out to gain
insight into the phonon assisted radiative recombination of STEs
leading to the broad band emission. Photoluminescence spectra,
collected over the temperature range of 300-80 K (Fig. 4a), show a
gradual increase of the PL intensity and band narrowing as the
temperature is lowered. Such changes have been generally
observed for ns® metal halide based 0D materials.*>*° Integrated
PL peak area and FWHM at different temperatures are presented
in Fig. 4b. Observed strong PL intensity across the temperature
range suggests a low activation energy downhill process of
populating the low lying STE states from the *P; excited state.
The decrease of the PL intensity with increase in temperature
further suggests that the STE states have a high self-trapping
depth that allows thermally assisted de-trapping followed by fast
non radiative recombination only at higher temperatures
(Fig. S13, ESIT).>'**® The bandwidth (FWHM) of the broad
emission is observed to decrease monotonically as the temperature
is lowered as fewer phonon modes are thermally accessible to
couple to the STEs assisting radiative recombination.
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This temperature dependence of FWHM (I') can be fitted to
the following equation relating coupling of electronic excitations
with the longitudinal optical lattice phonons:*”

-1
F(T) = FO + FPhonon (C(ELO/kBT> - 1) +Finh0moeiEh/kBT

where, I'y = FWHM at T = 0 K, I'phonon Tepresents electron-
phonon coupling and E represents the energy of longitudinal
optical phonon mode, I'jhhomo represents inhomogeneous
broadening while E, is the binding energy of trapped states.
The fitting and its associated parameters (Fig. S13, ESIt) reflects
strong electron-phonon coupling with E;, = 306 cm™ Y, in agree-
ment with the low frequency Raman stretching mode of the Te-Cl
bond**?° of the inorganic metal halide framework (Fig. S14, ESI?).
The presence of strong Te-Cl stretching Raman peaks indicates
highly polarised phonon modes arising due to strong electron—-
phonon coupling. The strength of electron-phonon coupling, as
quantified in terms of the Huang-Rhys parameter (S), is estimated
to be 12.45 (Fig. S15, ESIT). Such a high coupling constant is in
close agreement with the reported electron-phonon coupling
constants for 0D Sb(r) halide based hybrids."® Time resolved PL
measurements of the crystals at low temperatures (decay profiles,
extracted lifetimes, and relative weights as in Fig. S16, ESIt) show
progressive lengthening of the lifetime as the temperature is
lowered.

With these observations in mind, the observed photo-
physical properties can be rationalized in terms of a qualitative

This journal is © The Royal Society of Chemistry 2021

configurational coordinate diagram (Fig. 5a) involving the
ground state ('Sy), excited states (P, *Py;,) and low lying
self-trapped states (STEs). Following photon absorption, an
electron is promoted to an excited state and, after its therma-
lization, is trapped in a long-lived STE state. This trapping is
then followed by a slow radiative recombination with broad-
band emission wherein the Stokes shift likely arises due to the
excited state structural reorganization. A thermally activated
(phonon assisted) de-trapping pathway, followed by a fast non-
radiative recombination process (thermal quenching due to
intersection of ground and STE states), is also present and
competes effectively with the radiative broad band emission at
high temperatures. Clearly, the observed strong intrinsic broad
band emission at room temperature (and increase of PL
intensity with decreasing temperature) is due to efficient STE
radiative recombination that dominates over the non-radiative,
high activation energy (Fig. S13, ESIt), thermal quenching pathway.

(BzTEA),TeCls crystals exhibit thermal/ambient stability.
Thermogravimetric analysis (TGA) of the product (Fig. S17,
ESIt) demonstrates thermal stability up to 160 °C with ligand
loss feature at ~200 °C and metal halide unit loss at ~500 °C.
The product is stable under ambient conditions over a month
with strong persistent photoluminescence (Fig. S18, ESIt) and
no discernible changes in the PXRD pattern (Fig. S19, ESIT).
To highlight the utility of excitation features in the visible
range, a proof-of-concept down-conversion LED was fabricated
using a commercially available blue LED (lemi = 447 nm,
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Fig. 4 (a) Low temperature PL (Aexc = 440 nm) spectra of (BzTEA),TeClg

crystals; (b) integrated PL intensity and bandwidth (FWHM) as a function of
temperature.

FWHM = 20 nm) as the optical source and (BzTEA),TeCl,
hybrid as the phosphor material coated on top of the blue
LED (Fig. 5b, insets). Electrical biasing of the resultant LED
architecture down-converts blue source light to yellow-orange
phosphor light characteristic of the (BzTEA),TeCls hybrid
(Fig. 5b). The perceived color of the light emanating from the
(BzTEA),TeClg hybrid, bare LED, and down-conversion LED
architecture is presented in the CIE 1931 chromaticity coordinate
plot (Fig. 5¢) showing successful optical down-conversion using a
visible commercial LED. This, by no means, undermines the mild
toxicity and rarity of elemental tellurium for their practical
applications.

The relevance of the current work within the premise of the
burgeoning research efforts on a variety of 0D hybrids (Pb, Sn,
Sb) is noted here. Synthesis of strongly emissive (at times near
unity PLQY) 0D metal halide hybrids (Sb**, Pb**, Sn**), utilizing
organic counter-cationic ligands, relies on a ‘hit-or-miss’
approach on the choice of ligand. Furthermore, efforts on
drawing any correlation between structure/distortion and PLQY
for these emissive 0D hybrids (Sb, Sn) (Table S1 and S2, ESIt)
have met with limited success due to the adoption of a variety
of metal halide coordination geometries (octahedral, square
pyramidal, disphenoidal, etc.) particularly for Sb** 0D hybrids.
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Fig. 5 (a) Schematic representation of the configurational coordinate
diagram showing the STE based broad band emission and thermally
activated (phonon assisted) non-radiative recombination leading to thermal
PL quenching in 0D hybrids. LED characterization (b) electroluminescence
of the commercial bare LED, down-converted luminescence from the
sample coated LED, and neat sample photoluminescence; inset shows
photographs of (i) commercial bare LED and (i) sample coated down-
conversion LED; (c) CIE 1931 Chromaticity coordinate plot for the
commercial blue LED, down-conversion LED, and neat sample emission.

This has deterred designing chemical control on PLQY for
these 0D hybrids (Sb, Sn). Interestingly, Te(iv)halide hybrids,
that exclusively adopt an octahedral geometry irrespective of
the counter cationic ligand, alleviates the above cited drawback
faced by Sb(m) hybrids. Hence, [TeXc]*~ hybrids are an apt
choice for further investigation of structure/distortion-PLQY
correlation studies. However, [TeXq]”~ hybrids typically have
low PLQYs at room temperature. Encouragingly, this work
demonstrates a [TeXq]*~ hybrid with high room temperature
PLQY (~15%). By no means is the achieved PLQY for this
[TeXq]*~ hybrid comparable to that of Sb/Sn based hybrids.
However, the exclusivity of coordination geometry with modest
ambient PLQY of the [TeX¢]>~ hybrid opens up the possibility of
deciphering structure/distortion - PLQY correlation that is
currently missing for the reported main group metal halide
(Pb, Sb, Sn) 0D hybrids. Further work on enhancing the
ambient PLQY and drawing structure-property correlation for
[TeXs]*~ based 0D hybrids is of enormous importance and is
currently underway.

Conclusions

In conclusion, we have successfully synthesized (BzTEA),TeCls
zero dimensional vacancy ordered double perovskite with
strong room temperature luminescence featuring octahedral
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Te(v) chloride as the inorganic unit embedded in the organic
ligand (benzyltriethylammonium chloride) matrix. The product
shows long lived, intrinsic self-trapping induced broad band,
yellow-orange photoluminescence (Aem; = 610 nm) with high
PLQY (15% at room temperature), good thermal/ambient
stability, and excitation feature in the visible region (~445 nm).
A test-bed down-conversion LED, fabricated utilizing a visible
commercial LED, demonstrates strong room temperature orange
down-converted emission. The exclusive adoption of the ‘near’
regular octahedral structure of the Te(v)-halide unit provides a
unique opportunity to unravel the role played by the 5s> lone pair
induced distortion in shaping its luminescence properties.
Further synthetic efforts on developing strongly emissive [TeXc]*~
hybrids utilizing a common templating ligand are underway that
would allow drawing a discernible structure/distortion-photophysical
property correlation for the ‘Pb-free’ 0D (Te, Sb, Sn) hybrid
luminescent materials.
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