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Recently, hybrid metal-halide perovskite-like compounds have emerged as promising materials for
optoelectronic applications. Such materials show optical properties that are usually tunable by the
so-called perovskite dimensionality as well as octahedral distortion and connectivity. In this study, we
have investigated the optical properties of an alanine-based 2D hybrid lead bromide with simultaneous
edge- and corner-sharing [PbBrel*~
broad photoluminescence, which are correlated through structural properties. Also, we showed that this
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octahedra. This compound has a large bandgap of 3.62 eV and

DOI: 10.1039/d2ma00752e emission exhibits a CCT of 3385 K corresponding to the "warm” white light emission characteristic of

self-trapped exciton formation. Finally, we showed that the strong exciton—phonon interaction is the
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Introduction

Over the past two decades, hybrid semiconductor solid-state
materials were projected to be promising materials for opto-
electronic applications ranging from active materials in photovol-
taic solar cells, light-emitting diodes (LEDs), and photodetectors to
photocatalysts.'”® Such promising applications arise from their
unique optoelectronic properties (e.g., high wide-optical
absorption and accessible small bandgaps) due to the rich
chemical constitution and spatial arrangement of their hybrid
organic-inorganic constituents.”*® As the most prominent
example of hybrid semiconductors, prototypical cubic three-
dimensional (3D) hybrid organic-inorganic lead halide perovskites
with the general chemical formula ABX; (A = small organic
monocation; B = Pb®", and X = Cl™, Br™, and I") and the 3D
corner-sharing framework of anionic octahedra [PbX,]*~ with
organic A-site monocations occupying the cuboctahedral voids
exhibit all the aforesaid remarkable characteristics, but suffer
from structural instability under environmental conditions
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main mechanism of photoluminescence broadening.

(e.g., exposure to radiation, heat, and humidity)."*™ This
instability is associated with their intrinsic soft lattices and
inherent brittle crystal structures with small bulk moduli,
which are due to the ionicity of the metal-halide bond and the
weakly bonded organic cations within the voids of the inorganic
framework."*™” The nature of these interactions has motivated a
series of investigations related to the origins and effects of usual
thermal fluctuations in halide perovskites.'*° Based on a com-
parative study between the hybrid (CH;NH;PbBr;) and inorganic
(CsPbBr;) structures, Yaffe et al.>' showed that local polar fluctua-
tions are intrinsic to the general lead-halide perovskite structure,
and the presence of dipolar organic cations is not the only
condition driving local polar fluctuations. In addition to the
intrinsic contribution of inorganic components in these fluctua-
tions, the elongation of metal-halide bonds due to the presence of
a large organic cation in the structure can make the lattice softer,
intensifying the effects of octahedral anharmonicity.**

Another underlying factor that drives the lattice instability
and optoelectronic properties of perovskites is the presence of
stereochemically active 6s%(5s) electron lone pairs. According
to Fabini et al,>® the interaction of lone pairs with anions
regulates and expands the energy bands, contributes to tolerance
factors, increases the electronic mobility, and makes the bandgap
sensitive to pressure and temperature variations. Furthermore,
the energy imbalance due to its presence induces an anharmo-
nicity scenario that contributes to octahedral distortions. For
example, Gao et al’** analyzed the interaction between the
geometric (ionic size) and lone pair (covalence) effects of
different metallic cations (M = Pb, Sn, and Ge) in the structure
of CsMBr; halide perovskites. They showed that the lone pair
stereochemical activity contributes to strong octahedral tilt
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instabilities that induce liquid-like behavior in all examined
crystals.

Designing and building new perovskite-like structures based
on suitable organocations occupying A-sites and/or alloying
halides and metals occupying the X and B sites, respectively,
have been the most adopted strategies to circumvent instability
in hybrid perovskites and also achieve and modulate the desired
properties. The success of such approaches inherently depends
on the steric effects that could be easily estimated by the so-

called Goldschmidt tolerance factor (f =ra + rx / \/E(rB + rx);
r - the ionic radii of A, B, and X ions).®*>° For instance, stable
hybrid lead halide perovskite-like structures show a narrow
range of ¢ values (0.8-1.0), limiting the organic cation to those
with a small apparent ionic radius.”®>® Using cations in the
A-site out of the aforementioned optimum tolerance factor range
destabilizes the perovskite lattice, resulting in structural distor-
tions that seriously affect their remarkable properties (e.g:, the
octahedral tilt impacts the Jahn-Teller distortion of inorganic
octahedra, thus affecting the bandgap, carrier transport, and
exciton-phonon coupling).’>**

In fact, only methylammonium cations (CH;NH;", MA, r =
217 pm) have been reported as a suitable A-site occupant in a
thermodynamically stable cubic phase (perovskite structure),
yielding prototypical MAPbI; (¢ = 0.91).*** Cations with different
sizes, charges, shapes, and functional chemical groups can
provoke severe distortions in the [PbX4]'~ octahedra and,
ultimately, a disruption that determines the connectivity and
dimensionality of the metal-halide inorganic framework. For
instance, when organic bulky A-site cations exceed ¢ > 1.0, two
scenarios are more likely: (i) the formation of new phases where
the fundamental building blocks consist of corner- and face- or
edge-sharing octahedra (usually called a “perovskitoid’’) that
fit large cations into empty cavities of its 3D inorganic network
and (ii) dimensionality reduction of the inorganic lattice,
resulting in low-dimensional perovskites (0- to quasi-2D), which
commonly crystalize in Ruddlesden-Popper (A,,+1BXz,,+1, A = organic
monocation) and Dion-Jacobson (A’A,;BX;,.;, A’ = organic
dication) structure types with corner-sharing octahedral
connectivity (called “perovskite-like”)’”**> or less common
low-dimensional phases with face- and edge-sharing octahedral
connectivities.>**® For example, Kour and co-workers*® recently
reported a highly luminescent low-dimensional perovskitoid
with a large Stokes shift related to their puckered Pbls~ frame-
work comprising both the corner- and face-sharing octahedra.

Despite such a diversity of structural connectivity, in all the
low-dimensional phases of hybrid perovskites, the dielectric
constant of organic and inorganic layers, which resembles
a natural quantum well structure, dictates most of their
(di-)electrical and spectroscopy properties. For instance, the
strong electron-phonon coupling observed in low-dimensional
hybrid perovskite-like compounds promotes a strong quantum/
dielectric confinement leading to a larger exciton binding
energy and a wider optical bandgap, which drives the nature
of exciton radiative recombination (i.e., fluorescence).'*%™*?

Also, molecular cation spacers with a small dielectric con-
stant (¢) lead to a reduction in the exciton Bohr radius, resulting
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in a significant exciton binding energy (E,) enhancement,
leading to the dielectric confinement, whereas the increase of
the exciton Bohr radius, due to the high dielectric constant of the
organic layer spacers, implies a decrease of the exciton binding
energy.***® In the case of 3D perovskites, the low binding energy
between electrons and holes and the frequency-dependent
dielectric response facilitate the charge carrier screening
process, which has made these materials applicable in the
development of low-cost absorbers in solar cells."***” On the
other hand, the strong binding energy generated by the dielectric
constant between the organic and inorganic layers makes
exciton trapping a recurrent phenomenon in low-dimensional
perovskites, whose quantum confinements can be gradually
reduced as the number of metal-halide sheets in each inorganic
layer is reduced (n value), and the optical absorption onset and
exciton binding energies are red-shifted.**>° Additionally, this
high confining power can also be tuned by organic cations that
make up the potential barriers, which, unlike 3D perovskites,
play a complex role in high-frequency dielectric screening.*® For
example, Smith et al.>' showed that the intercalation of highly
polarizable molecules in the layered structures can reduce the
electronic confinement in perovskites from layers with a high
confinement power (n = 1).

Along these lines, the deliberated choice of organic molecules
to compose hybrid low-dimensional perovskites as dielectric
spacers must play a fundamental role in the optoelectronic
applications that, beyond stability,>> require tunable exciton-
binding energies,*>*>** high photoluminescence quantum
efficiencies,” and strong exciton-phonon couplings.’>*® In
addition to the aforementioned intended characteristics, the
choice of organic spacers must consider a set of well-defined”
features that determine their suitability as a spacer in hybrid 2D
perovskites.>””® Noticeably, the presence of functional chemical
groups, with a polar proton-rich donors,”®*® is important
because they are capable of forming multiple hydrogen
bonds,* as well as they establish a strong Coulombic interaction
with inorganic moieties making all the hybrid structures stable.®!

For example, Xie et al.®® reported a study regarding the
stability and optical properties of single crystals of new 2D
perovskite-like compounds with the chemical formula (A"),,PbL,,.,
(A’ = COOH(CH,),NH;, n=1, 3, 5, 7, and 9). They demonstrate the
ability of bifunctional organic cations of amino acids to influence
the structures of low dimensional perovskites, finding diversity in
the connectivity modes of the [Pbl¢]*~ octahedra, with edge-, face-,
and corner-sharing structures. In addition, they observed tunable
optical properties resulting from different octahedral distortion
modes. The reported band gaps calculated for the series agree
with the established tendency based on the connectivity of lead
perovskite-like compounds, where corner-sharing < edge-sharing <
face-sharing,***’

Recently, Sirenko et al.”” showed an approach to obtain 2D
chiral hybrid layered lead-halide perovskite-like structures based
on o-alanine, where they report a set of four new compounds
consisting of an enantiomeric pair (p- and r-alanine based) of
bromide perovskites, and another one of iodide. They present a
set of experiments to characterize the structure and describe

l. 63
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some electronic properties, but with scarce discussion about
their underlying properties. This fact highlights the necessity of
investigating pure amino acid-based perovskites to help elucidate
some aspects concerning the rich structure that presents a
hydrogen-bond network that seems to drive the connectivity in
the corner-sharing inorganic moiety.

Thus, in this paper, we discuss the role and influence of
octahedral distortions and connectivity on the electronic prop-
erties of 2D chiral perovskite r-alaninePbBr;-H,O (AlaPbBr;-
H,0), an enantiomer similar to that previously reported by
Sirenko et al.,*® which was investigated by electronic absorption
spectroscopy and temperature-dependence photoluminescence
performed in addition to Raman spectroscopy measurements
to prove that the exciton—phonon interaction is one of the
primary mechanisms in emission spectra broadening. These
findings may improve our understanding of the role of con-
nectivity in the resulting optoelectronic effects.

Materials and methods

Chemicals

PbBr, (beads, 99 999%), HBr (puriss, p.a., >67%), and r-alanine
(BioUltra, >99.5%) were purchased from Sigma-Aldrich and used
without further purification. Ethanol (EtOH, anhydrous, 99,8%,
Sigma-Aldrich) was dried over 4 A molecular sieves (beads, 8-12
mesh, Sigma-Aldrich) for 72 h prior to use. All other chemicals
were of chromatographic grade and used as received.

Synthesis of AlaBr

AlaBr was first synthesized by standard acid-base neutralization,
where HBr was slowly added into a cold ethanolic solution
of base-free r-alanine under continuous stirring in an ice bath
for 1 h. The ethanol and residual water were removed by low-
vacuum rotary evaporation. Then, a white polycrystalline powder
(DMAI powder) was copiously washed with diethyl ether and
finally dried in a vacuum oven overnight.

Synthesis of [CH;-CH(NH;)-COOH|PbBr;-H,0 (AlaPbBr;-H,0)

Single crystals were prepared from a mixture of 2 mol of excess
of AlaBr and 1 mol of PbBr, dissolved in a mixture of HBr/EtOH
(1:2 v/v) with continuous stirring in a glycerin bath and heated
at 100 °C for 1 h. The solution was slowly cooled down to 70 °C,
and the yellow single crystal prismatic parallelepipeds precipitated
was immediately filtered and washed with diethyl ether several
times and finally dried in a vacuum oven overnight.

X-Ray diffraction measurements

The X-ray diffraction data of the pale yellow single crystal of
AlaPbl;-H,O were collected using a Bruker D8 VENTURE Kappa
geometry diffractometer, equipped with a PHOTON II CPAD
detector, a CuKo INCOATEC IpS 3.0 microfocus source (4 =
1.54178 A) and an APEX 3 control software.”® The data
reduction was performed using SAINT.®> The intensities were
corrected for absorption using SADABS.®® Using Olex2,%” the
structures were solved by intrinsic phasing through SHELXT®®

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

and refined by full-matrix least-squares using SHELXL.%®
All non-hydrogen atoms were refined anisotropically. Hydrogen
atom positions were calculated geometrically and refined using
the riding model. Crystallographic data of AlaPbBr;-H,O have
been deposited at The Cambridge Crystallographic Data Center
under the code CCDC 2164940.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were
carried out using a Maia 200 F3 (Netzsch) calorimeter at
heating and cooling rates of 5 K min~" and 10 K min~" under

a constant nitrogen flow of 50 mL min .

Photoluminescence spectroscopy

Photoluminescence (PL) spectra were recorded in a backscat-
tering configuration using a T64000 JobinVon spectrometer in a
single grating (1800 grooves mm™ ') configuration equipped
with the liquid Nj-cooled charge-coupled device (CCD) detector
and a 365 nm UV led as excitation source through a confocal
Olympus microscope (50 x objective, N.A. 0.90). The experi-
mental resolution was 0.10 nmfor 20 accumulations of 10s.
The temperature-dependent PL measurement was performed
using a helium-based refrigeration system, CSA-202, coupled
with a Lakeshore temperature controller model 11330. The cool-
ing system is supported using an EXT70H/NW40 Edwards turbo
molecular vacuum pump. The PL spectra were deconvoluted
with split-pseudovoigt functions using the Fityk software (version
0.9.8). The chromaticity coordinates (x, y), the calculated color
temperature (CCT), and the color rendering index (CRI) were
calculated using the Collor Calculator by OSRAM Sylvania, Inc.

UV-Vis diffuse reflectance spectroscopy

The room temperature spectrum was recorded using a Shimadzu
UV-2600 spectrophotometer with an ISR-2600 Plus integrating
sphere within a 200-800 nm range. The reflectance spectrum
was transformed into an absorption spectrum by the Kubelka-
Munk function.”®

Raman and IR spectroscopy

The Raman spectrum was recorded over the range of 50-
3800 cm™" with a 632.8 nm HeNe laser as the excitation source
using a LabRAM Jobin-Yvon (Horiba) spectrometer, equipped
with a charge-coupled device (CCD) cooled with liquid nitrogen.
The peaks were deconvoluted with Lorentzian functions using
the Fityk software (version 0.9.8).

The ATR-FTIR spectrum was recorded in the range of
200-4000 cm ' with a resolution of 4 cm™' using a Bruker
Vertex 70 V FT-IR spectrometer, excited by a Globar source.
OPUS software was used for the baseline corrections.

Results and discussion
Crystalline structure

At room temperature, AlaPbBr;-H,O single crystals crystallize in
a monoclinic structure with space group C2, whose lattice

Mater. Adv., 2022, 3, 8597-8607 | 8599
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parameters are a = 21.8573(12) A, b = 6.0851(4) A, ¢ = 8.7665(5) A,
and f = 93.367(2)°. Except for the fact that the crystals
synthesized here have a completely ordered structure, the solved
structural parameters of our samples are close to the similar
structure of the r-alanine-based bromide perovskite previously
reported by Sirenko et al.,*® except that the H and O sites of the
carboxyl group, which in their work are disordered. The full
information about the unit cell and data refinement is presented
in Table S1 (ESIY).

As shown in Fig. 1(a), the asymmetric unit is constituted by
one [NH;-CH(NH,)-COOH]" cation (from now called Ala), one
[PbBr;]” anion, and one water molecule. In the AlaPbBr;-H,0O
structure, each Pb>" ion is surrounded by six Br~ ions, forming
a [PbBrs]"~ octahedral coordination geometry. Such octahedra
are connected along the bc plane, forming inorganic layers
between organic binders stacked along the a axis (Fig. 1(b)).

Regarding the structural configuration of AlaPbBr;-H,O, an
intercalated configuration between the organic and inorganic
layers can be noted. The distance among the layers is char-
acterized by an interlayer spacing (din) of 6.74 A (Fig. 1(c)) that
slices the planes of the family (110) of the perovskite-like
structure. This interlayer spacing is controlled by the size of
the organic cations that, through the protonated amine NH*"

(a)
Pb Br C O N H
°OOOOO

»

(©)

Fig. 1
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and a water molecule, establish Br-H, Br-N, and Br-O bonds
with the inorganic sublattices. The lengths of such bonds and
other connections between the organic molecules are shown in
Table S2 (ESIt). These interactions promote significant changes in
the length and angle of the Pb-Br and Pb-Br-Pb bonds, forming
irregular octahedra with simultaneous corner- and edge-sharing
along the axial and equatorial axes (Fig. 1(c and d)), respectively.
Additionally, the presence of the water molecule makes local
hydrogen bonding contribute to tuning the connectivity of the
lead octahedra, leading to hybrid lead-based halide compounds to
present outstanding optical and dimensional properties.’”*
Besides, changes in the inorganic sublattice influence the
dynamics of charge carriers, exciton-phonon interactions,
and the gap energy.*>®

Unlike the wusual corner-sharing octahedral connectivity
observed in standard 2D perovskite-like compounds, AlaPbBr;-
H,O also presents side-sharing connections. Gautier et al”*
pointed out that such a feature plays an essential role in the
photoluminescence quantum yield (PLQY) of self-trapped excitons.
This side sharing implies new Pb-Br-Pb connections in the
equatorial plane of the octahedra (bc plane) (Fig. 2(a)). One of
the reasons for the improvement in luminescence is the
significant shortening of the Pb-Pb distances (4.48 A) that

L.

a

(a) Asymmetric unit of the AlaPbBr3-H,O crystal, which is composed of one [NHz—CH(NH,)-COOH]* cation, one [PbBr;]~ anion, and one water

molecule. (b) View of the crystalline structure of AlaPbBrs-H,O in which we can see the [PbBrg]*~ octahedra connected along the bc plane, forming
inorganic layers sandwiched by organic binders stacked along the a axis. (c and d) Crystalline structure of AlaPbBrs-H,O viewed along the b axis (axial) and

¢ axis (equatorial), respectively.
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sl

Fig. 2 Angles and bonds of [PbBrel*~ octahedra in the AlaPbBrs-H,O
crystal. (@) Pb—Br—Pb bonds and Pb—Pb length, (b) Pb—Br-Pb angles,

and (c) axial angle in corner-shared octahedra, and (d) bond length and
angles in an individual octahedron.

reduce the angle of the Pb-Br-Pb connections to a minimum
value of 90.87 A (Fig. 2(b)). This reduction becomes more
significant than the angle formed in the corner sharing con-
nections of the octahedron, whose value is 172.6° (Fig. 2(c)).
These values correlate with the different lengths in the Pb-Br
connections along the equatorial axis, which presented max-
imum and minimum values of 3.07 A and 2.98 A, respectively.
These lengths also lightly differ on the axial axis, with values of
3.12 A and 2.97 A.

Optical properties

Regarding the optical properties, UV-Vis diffuse reflectance
spectroscopy under room conditions and temperature-dependent
photoluminescence measurements were performed on AlaPbBr;-
H,O single crystals. Fig. 3 presents the absorption spectrum
at room temperature obtained for AlaPbBr;-H,O crystals and its
estimated bandgap obtained through the Tauc approach.”
Such an absorption spectrum shows an intense peak with an
onset at around 282 nm followed by a secondary peak, whose
onset is around 364 nm. According to the Tauc plot, AlaPbBr;-
H,O presents a direct bandgap of E, = 3.62 eV and a secondary
one at a lower energy edge of E. = 3.07 €V. Such excitonic
behavior is similar in nature with room temperature stable self-
trapped excitons (STE) observed for other 2D perovskitelike
compounds.**’>’* In contrast, Sirenko et al.®® observed only a
single peak, whose bandgap was E, = 3.12 eV for the enantiomeric
pair of bromide perovskites. However, they obtained the spectrum
from powder, while we obtained it from several microcrystals.
It is important to clarify this point because, usually, the optical
properties of hybrid halide perovskite-like compounds are very
sensitive to size processing.”>”® Additionally, a step followed by a
tail around 480 nm, which presents a lower intensity concerning
the other peaks, could be attributed to another lower energy
substrate. However, when we applied the Tauc Plot method,
it did not present enough intensity to estimate the bandgap,
therefore being disregarded in our discussions.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

L 2 4

Absorption / a. u.
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Wavelength / nm

[F(R)hv]?/ a. u.

E,= 3.62

30 32 34 36 38 40
Energy (eV)

Fig. 3 UV-Vis optical absorption spectrum of AlaPbBrs-H,O at room
temperature. The inset shows the estimated bandgap obtained by using
the Tauc approach.”?

The large Stokes shift between the fundamental edge E, and
the excitonic peak E., is also evidence of a STE interaction,
whose exciton binding energy (EBE), according to Cortecchia
et al.,”* can be obtained by taking the difference between the
energy of excitonic transition and the onset of the high-energy
absorption (see Fig. S1 in the ESIt). In the case of AlaPbBr;-
H,0, we observed a difference of around 370 meV. This large
EBE is close to that reported by Dammak et al., 2009° for lead
iodide hybrid 2D perovskite-like compounds, and it is related to
the 2D confinement and the large dielectric disparity between
the organic and inorganic layers in quantum well structures.®>*'
Additionally, with the small thickness of the inorganic layer
(n =1 octahedron), the electron and hole wavefunctions are more
overlapped in the wells, leading to a larger exciton binding
energy.>%?

The optical transitions in perovskite materials are mainly
related to the s and p orbitals of Pb and the s orbital of Br, with
the valence band corresponding to the 4p states of Br~ and the
6s states of Pb>*, while the bottom of the conduction band
primarily consists of Pb 6p states.”***** Being closely related to
structural characteristics, changes in Pb-Br-Pb bond angles
formed by [PbBrs] * adjacent octahedra can modify the anti-
bonding orbital interactions. Such modifications can set the
distance between the valence and conduction bands, tuning the
bandgap.®® In the case of AlaPbBr;-H,0, the loss in the anti-
bonding interaction due to the octahedral edge-sharing, which

Mater. Adv,, 2022, 3, 8597-8607 | 8601
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implies in Pb-Br-Pb angles around 90° (see Fig. 2b), induces a
reduction of lone pair electrons in energy, resulting in a
relatively flat electronic energy band and, consequently, a wider
bandgap.®¢

The relationship between the bandgap width and octahedral
connectivity in halide perovskites was reported in previous
works based on bromides and iodides.>**”*>®® such studies
present a direct proportionality between the octahedral con-
nectivity and the bandgap as a trend, in the following order:
corner-sharing < edge-sharing < face-sharing. Our calculated
bandgap of 3.62 eV is close to those reported by L. Mao et al.>®
for a series of white-light-emitting hybrid lead bromide per-
ovskites, such as 1D (CgHyN,);Pb,Bry, (2,6-dmpz), three-
layered 2D (CsHy4N,),Pb;Bry, (mpz) and 3D (CsH;4N,)PbBr,
(hmp), which has a similar octahedral connectivity (corner- and
edge-sharing octahedra) to AlaPbBr;-H,O.

The Fig. 4(a) shows the photoluminescence (PL) spectrum of
AlaPbBr;-H,0 single crystals measured at room temperature
with a 365 nm excitation source, which shows a broad emission
profile centered at 600 nm. In general, it is expected that a
higher level of local octahedral distortion provides the for-
mation of self-trapped states, resulting in a broad-band emis-
sion spectrum with a significant Stokes shift from the exciton
absorption peak.>®%”

Since octahedral distortions play a fundamental role in the
optical properties of this kind of compound, it is important to
evaluate the degrees of the individual octahedral distortion in
AlaPbBr;-H,0. Thus, we calculated the bond length quadratic
elongation (1) and the bond angle variance (¢?),°>%*%%%9 which
are given by eqn (1) and (2)

() = éi (Z—é)z 1)
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where d; is the Pb-Br bond length, d, is the average length, and
o; the angle formed by Br-Pb-Br, as shown in Fig. 2(d). These
bond lengths and angles values referring to the [PbBre]'~
octahedron are given in Table S4 (ESIT); from those we obtained
2 =0.9602 and ¢* = 15.63 deg, respectively. The variance is in
agreement with the previously reported study by Sirenko
et al.,®® but the authors did not make the correlation between
this parameter and the emission spectrum. In addition, these
values are closer to those previously reported by compounds
that show similar effects, as reported by G. Xie et al., who
observed a broader PL in compounds with high octahedral
distortions.®® Thus, this wide band found in the emission
spectrum of AlaPbBr;-H,O seems related to forming self-
trapped states induced by high octahedral distortion levels.
Sirenko et al.®® using a 280 nm excitation source also observed a
broad band centered at 527 nm for AlaPbBr;-H,0O. However,
their spectrum shows several peaks superimposed to the broad-
band profile. Again, it is important to highlight that they
obtained the spectrum from a powder, so we did not expect a
similar behavior. Additionally, this energy difference between
the excitation sources can trigger the formation of different
radioactive recombination pathways that involve both self-
trapped excitons and free-excitons. Those different radioactive
recombination pathways can change the center and shape of
the PL spectrum. Such behaviors were observed in totally
inorganic perovskites®® and hybrid perovskites with wide emis-
sion bands.”*™**

The main optical characteristic of self-trapped excitons is a
broadband that leads to white light emission.> The color
rendering index (CRI) value is a quantitative measure that
represents the ability of the light source to accurately reflect
the true color of an illuminated sample.”® The CRI analysis
provides a 60 CRI index for AlaPbBr;-H,0, which is slightly

and lower when compared to most commercially available LEDs
- presenting a CRI index of around 80.”” From Fig. 4(b), the
o2 = LZ (o — 90)2 2) emission of AlaPbBr;-H,O has the CIE (International Commis-
- 1
114 sion on Illumination) chromaticity coordinates of (0.45, 0.50)
(b) o @ AlaPbBr,.H,0
0.8 ® 2, 6-dmpz
® mpz
Q ® hmp
g
] 5 0.6
4 g
2 >
15 £ 04
5 £
- 2
S
~ 024
L L L L L 0.0 ; T . T
1.6 1.8 2.0 22 24 0.0 0.2 0.4 0.6 0.8
Energy / eV x-chromaticity coordinate
Fig. 4 (a) Steady-state PL spectrum (excited at 365 nm) at room temperature of AlaPbBr3-H,O single crystals. (b) Chromaticity coordinates of AlaPbBrs-

H,0 in the 1931 color space chromaticity diagram, compared with the results observed for the edge- and corner-sharing octahedral compounds 2,6-
dmpz, mpz and hmp.*® The chromaticity coordinates (x and y), CCT, and CRI are calculated using the software Color Calculator by OSRAM Sylvania, Inc.
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with a contribution from the yellow region of the spectrum
compared to pure white light, which has the chromaticity
coordinates of (0.33, 0.33). This gives the emission with a
correlated color temperature (CCT) of 3385 K, corresponding
to “warm” white light. L. Mao et al.*’ also report this “warm”
light emission for 2,6-dmpz, mpz, and hmp (Fig. 4(b)). In such a
study, they observed that a broad emission was also given by
possible internal distortions and octahedral connectivity and
reported by Zhao et al.®® in face-sharing perovskites with large
bandgaps and yellowish-green emissions.

Since the electronic properties of AlaPbBr;-H,O are intrinsi-
cally related to the structural organization, its optical properties
also could be sensitive to temperature variations. Thus, we
measured the temperature-dependent photoluminescence (PL)
emission behavior of AlaPbBr;H,O single crystals in the tem-
perature range between 10 K and 300 K (Fig. 5(a)). Due to the
asymmetric shape of PL bands, the best-fitting curves have
been obtained by deconvolution with the split pseudo-Voigt
function (see the ESIY), as shown in Fig. 5(b).

As shown in Fig. 5(c), the redshift in the peak position
(center) is interrupted by an abrupt change in the slope at
130 K. After this, it starts increasing up to room temperature.
Such anomalous behaviors already have been studied in pre-
vious works and may be related to structural phase transitions,
which induce abrupt changes in all PL band parameters.**°® In
fact, all curves exhibit a discontinuity at 130 K. From our DSC

View Article Online
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occurred in this temperature range. However, a more detailed
structural analysis is still needed.

In 2D hybrid quantum wells, the intrinsic pathways of exciton
recombinations are related to exciton-phonon interactions,’® and it
has been reported that hybrid perovskites based on lead halides

100,101 11y this sce-

exhibit very strong exciton-phonon interactions.
nario, the temperature dependent emission broadening (I'(7)) has
been a key feature for the investigation of this phenomenon.”**
Nevertheless, different mechanisms of scattering involving charge
carriers and phonons or even impurities are associated with
different correlations on the temperature dependent PL linewidth.

Such mechanisms can be expressed as follows:>

F(T] = FO + Fac + FLO + Fimp = FO + VacT+ VLOn(T) + 'yimpeiEb/kBT

3)

where I, is a constant value for the FWHM at 0 K and
represents the temperature-independent inhomogeneous
broadening that arises from disorder conditions and imperfec-
tions; the following two terms I',. and Iy, are temperature-
dependent homogeneous broadening terms, which are related
to acoustic and optical phonon (Frohlich) interactions with
carrier-phonon coupling constants y,. and y0, respectively; the
last term I'jp,p, takes into account the exciton scattering (inho-
mogeneous) of ionized impurities with an average E;, energy
and a yjmp coupling strength. The Bose-Einstein factor n(T) = 1/

analysis (see Fig. S2 in the ESI{), it is found that no events [e®**" _ 1] gives the scattering of LO phonons thermally
=] . T .
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Fig. 5

(a) Temperature-dependent PL emission spectra of Ala-PbBrs-H,O for temperatures from 10 K up to 300 K. (b) Deconvolution of the PL emission

spectrum at 10 K. Temperature-dependent of the (c) center, (d) integrated intensity, and (e) full width at half-maximum (FWHM) of the PL emission
spectra of Ala-PbBrs-H,O for temperatures from 10 K up to 300 K. In Figure (e), the green squares are the experimental data, the blue bars are the error
bars, and the red dashed line is the best fit achieved. The fit was performed in the blue region of the curve taking the contributions I'o + I'yc + I' 0.
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Fig. 6 Raman spectrum of AlaPbBrs-H,O at 300 K. (a) Low-, (b) middle- and (c) high-wavenumber range. For the high-wavenumber spectrum, please

see Fig. S4 and S5 in the ESL¥

activated, whose energy is Ero = hw,. In this way, in a low-
temperature regime (generally lower than 100 K>°), the emis-
sion broadening is governed by acoustic phonon scattering.

To provide further information about the PL broadening
mechanism, the obtained I'(T) was fitted by using eqn (3). Our
best fittings were reached considering the contributions I'y +
Iy + I'o. To preserve our fittings and discussions about the
exciton-phonon coupling, we consider only the region that pre-
cedes the discontinuity point selecting just the temperature range
between 10 and 130 K. According to the best fits, considering the
extrapolated inhomogeneous broadening term I'y = 383 meV, we
obtain the following coupling constants: y,. = 46 peV K" and
Yo = 355 meV. Such values confirm the higher contribution of
large electron-phonon coupling to the broadening of PL emission
via the Frohlich interaction. Such large LO coupling strengths are
found in other 2D hybrid lead bromide perovskites and is related
to the stronger exciton confinement in the thinner quantum well
structure (n = 1).5*'°*> Indeed, when LO phonons are thermally
activated, the strong electron-phonon interaction switches the
curve tending from a linear regime (involving lower energy
acoustic phonon contribution) to a super-linear regime.** From
our FWHM temperature dependence analysis, this behavior can
be observed in the range of 70 K to 130 K, as shown in Fig. 5(e).
Surprisingly, this change in linearity via the LO Frohlich inter-
action occurs in the same range as redshifts simultaneously
observed in the emission and intensity parameters, as seen in
Fig. 5(c and d), respectively. This suggests that an enhancement in
the electron-phonon interaction via thermal activation can induce
a shift of PL emission to lower energies and also reduce the
intensity of its emission. Additionally, a stability interval (up to
70 K) is observed in the integrated PL intensity, which could be
associated with the large EBE with respect to kgT, where kg is the
Boltzmann constant, which has been extensively investigated in
2D hybrid perovskite-like compounds.”

In addition to the evidence of exciton-phonon coupling in
our sample, eqn (3) also provides further information about the

8604 | Mater. Adv, 2022, 3, 8597-8607

Frohlich interaction, suggesting that phonons would mediate
these interactions.’®°*'%* In this case, the obtained E; o value of
14.2 meV corresponds to a phonon of frequency at 115 cm ™.
To assign this phonon we performed Raman spectroscopy in
this sample at room temperature. Fig. 6 shows the room-
temperature unpolarized Raman-active spectrum. According
to the group theory analysis, based on the site occupation of
the C, monoclinic space group of AlaPbBr;-H,0, we expect 126
vibrational polar modes at the I' point of the Brillouin zone.
Such phonons can be decomposed on to the irreducible repre-
sentation of the factor group 2 as 624 @ 61B.'** We observed
77 modes of those 126 predicted by group theory analysis. As
already observed in other hybrid perovskite compounds, the
spectrum can be analyzed in two different regions. First, the
low wavenumber range (50-300 cm ') corresponds to [PbBrg] *
octahedral modes mixed with the organic cation [(NH;)-
(CH,),~COOH] lattice modes (Fig. 6(a));””**'°> and, a second
range, beyond 300 cm ™", in which we observe the organic molecule
internal modes (Fig. 6(b and c)). The bands at 103 cm ' and
136 cm ' are assigned to the symmetric stretching modes of
Br-Pb-Br, v (Br-Pb-Br), and Br-Pb, vs (Br-Pb), respectively. While
the mode at 123 ecm™ " to the Br-Pb asymmetric stretching, v, (Br-
Pb).””'%1%98 The same active vibrational modes were observed in
our ATR-FTIR analysis (see Fig. S3 in the ESIf) and are in good
agreement with the previously reported study by Sirenko et al.®
Thus, the corresponding phonon at 115 em™ " that couples with
excitons is close in energy to the Pb-Br phonon observed in our
Raman spectrum in the range of 80-140 cm™ ", as shown in Fig. 6.
This suggests that the LO phonon modes of Pb-Br ions play the
dominant role in the electron-phonon excitonic interaction.

Conclusions

In conclusion, we investigated AlaPbBr;-H,0, a 2D hybrid lead
bromide perovskite-like compound. This compound exhibits

© 2022 The Author(s). Published by the Royal Society of Chemistry
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simultaneous edge- and corner-sharing [PbBrg]*~ octahedral
connectivities. We observed a bandgap-structure and PL-struc-
ture correlation, in which a large bandgap of 3.62 €V is due to
the formation of a near 90° degree Pb-Br-Pb bond angle, and
the broad PL emission comes from a considerable octahedral
distortion level in the crystal structure. At room temperature,
this emission exhibits a CCT of 3385 K corresponding to the
“warm” white light emission, characteristic of self-trapped
exciton formation. In addition, the temperature-dependent PL
emission suggests a strong exciton-phonon interaction as the
main mechanism of PL broadening. Hence, our work provides
advances in the study and understanding of the structure-
property relationships of 2D hybrid perovskites with octahedral
connectivity modes that can be extended to non-conventional
ones. Such investigations are fundamentals in the development
of white-light solid-state lighting and other optoelectronic
applications.
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