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Zusammenfassung

Diese kumulative Arbeit konzentriert sich auf die Untersuchung der zeitaufgelosten Dynamik
in verschiedenen Perowskiten und neu synthetisierten Schiffbasen, die fiir optoelektronische
Anwendungen wie Solarzellen und LEDs interessant sein konnten. Die géngigen Solarzellen
und LEDs basieren aufgrund ihrer hohen Effizienz und Stabilitat auf anorganischen Materialien
wie Silizium. Die hohen Kosten fir die Verarbeitung von reinem kristallinem Silizium
veranlassen Forschungsgruppen, nach kostenglnstigen Kandidaten mit vergleichbarer
Effizienz und Stabilitat zu suchen. Seitdem wurden umfangreiche Forschungsarbeiten zu 2D
und 3D-Perowskiten fur alternative Solarzellen und LEDs durchgefihrt. Diese Perowskite
konnten in naher Zukunft vielversprechende Ergebnisse als Ersatz fur Silizium liefern, wenn
einige Probleme, z. B. die Stabilitat und die Verwendung von Blei, gelost sind (siehe Kapitel
1).

Im ersten Projekt (Ref. 1) wurde die Ein-Schritt-Spin-Coating-Methode angewandt, um
hochwertige Dunnschichten aus 2D-Perowskiten mit verschiedenen Chromophoren (Benzyl,
Naphthyl und Pyrenyl) herzustellen. Hier wurden die Energietransfereigenschaften und
Relaxationswege mit Hilfe von UV-Vis-Absorptions-, PL-, TCSPC- und transienten
Absorptionsspektroskopietechniken (fs-TAS) unter dhnlichen experimentellen Bedingungen
untersucht. Die Wahl des Chromophors in der organischen Schicht und der Halogenidgehalt
sind entscheidende Faktoren bei der Kontrolle der elektronischen Eigenschaften von
zweidimensionalen (2D) Materialien. Das Verstdndnis der Photophysik von 2D-Perowskit-
Materialien ist fur effiziente und stabile optoelektronische Gerate von grof3er Bedeutung. Diese
Chromophore stellen drei verschiedene Energieniveauszenarien fiir die Studie dar. Ziel dieser
Arbeit war es, den Einfluss der Grol3e der aromatischen Spacer der verschiedenen Chromophore
zu visualisieren und zu untersuchen. Daher haben wir den Halogenidanteil in der anorganischen
Schicht in allen Perowskitfilmen auf Br (70 %) und 1 (30 %) festgelegt. Die Verwendung von
groBen Chromophoren in 2D-Bleihalogenid-Perowskiten als Abstandshalter zeigte erfolgreiche
Energielibertragungssysteme. Wir beobachteten den exzitonischen Absorptionspeak der
Bleihalogenidschicht in (BA)2Pb(Bro,710.3)a, (NMA)2Pb(Bro,7l03)s und (PMA)2Pb(Bro7103)s bei
402 nm, 417 nm bzw. 404 nm. In den Absorptionsspektren von (NMA)2Pb(Bro710,3)s und
(PMA)2Pb(Bro7l03)s ist eine breite, rotverschobene Absorption zu erkennen, die auf
Fallenzustande in beiden Proben zurtickzufiihren sein konnte. Das PL-Spektrum von
(BA)2Pb(Bro7lo3)s zeigt ein schmales exzitonisches Emissionsverhalten der anorganischen
Bleihalogenidschicht. Das Emissionsspektrum von (NMA)2Pb(Bro7lo3)s besteht aus zwei

Komponenten: (1) einem leicht rotverschobenen exzitonischen Peak bei 440 nm aus der



Zusammenfassung

anorganischen Schicht und (2) der Phosphoreszenz des Naphthylchromophors bei
Raumtemperatur (eine strukturierte Emission mit Maxima bei 570 und 617 nm) aus der
organischen Schicht. Das Emissionsspektrum von (PMA)2Pb(Bro7lo3)s sStammt hauptséchlich
aus der organischen Schicht und stellt die Fluoreszenz des Pyrenylchromophors dar.

Wir haben TCSPC verwendet, um die Lebensdauern dieser Emissionen mit der Anregung bei
320 nm zu untersuchen. (NMA)2Pb(Bro7l0,3)4 (0,6 ns) und (BA)2Pb(Bro7lo:3)4 (0,61 ns) haben
Lebensdauer im Vergleich zu (PMA)2Pb(Bro,710,3)4 (zwei Zerfallskomponenten 0,98 und 17 ns).
In (BA)2Pb(Bro,7l0,3)s steht die Lebensdauer von 0,61 ns fur die Relaxation der Exzitonen von
der anorganischen Schicht zum Grundzustand. In (NMA)2Pb(Bro7lo3)s wurden zwei
verschiedene Bereiche gemessen (vor und nach 530 nm). Im ersten Bereich (Wellenldnge < 530
nm) stellt die Lebensdauer die Relaxation von der anorganischen Schicht zum Grundzustand
dar. Im zweiten Bereich (Wellenldnge > 530 nm) stellt die Lebensdauer die Relaxation vom
organischen  Triplett-Zustand zum  Grundzustand dar. Die PL-Transiente von
(PMA)2Pb(Bro,710,3)4 wurde gut mit einer bi-exponentiellen Kurve angepasst. Die schnelle
Komponente (0,98 ns) wird verschiedenen Relaxationsprozessen zugeordnet, z. B. Singulett-
Singulett-Annihilation in der organischen Schicht. Die langsamere Komponente (17 ns) steht
fir die Lebensdauer des Pyrenyl-Singlettzustands. Aus den UV-Vis-Absorptions-,
Photolumineszenz- und TCSPC-Messungen geht eindeutig hervor, dass jeder Chromophor ein
vollig anderes Verhalten aufweist. In (BA)2Pb(Bro7l0:3)4 gibt es keine Wechselwirkung oder
Energietbertragung zwischen den anorganischen und organischen Schichten, da die Singulett-
und Triplett-Zustandsbanden des BA-Chromophors eine hohere Energie aufweisen als die
Exzitonenbande. Bei (NMA)2Pb(Bro 7l0:3)4 und (PMA)2Pb(Bro7l03)4 besteht jedoch eine starke
Kopplung zwischen den Schichten. Bei (NMA)2Pb(Bro7lo3)s liegt die exzitonische Bande
energetisch zwischen der Singulett- und Triplett-Zustandsbande des NMA-Chromophors. In
(PMA)2Pb(Bro7l03) ist schliellich die exzitonische Bande energetisch hoher als die Singulett-
und Triplett-Zustandsbande des PMA-Chromophors.

Zur weiteren Untersuchung des Energietransfers haben wir fs-T AS-Experimente nach 387 nm
Anregung flr alle Perowskit-Proben durchgefiihrt. In (BA)2Pb(Bro7lo3)s beobachten wir nur
das Bleihalogenid-Exziton-Signal bei 404 nm ohne jedes andere Signal aus der organischen
Schicht, was mit den PL- und TCSPC-Messungen (bereinstimmt. Die transienten
Absorptionsspektren von (NMA)2Pb(Bro,7l0,3)4 bestatigen den ultraschnellen Energietransfer
von der anorganischen Schicht zur organischen Triplettschicht innerhalb von 0,26 ps. Aufgrund
unserer begrenzten experimentellen Auflésung konnten wir die Kinetik fiir den Energietransfer

von der anorganischen Schicht zum organischen Singulett-Zustand des PMA Chromophors in
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(PMA)2Pb(Bro,710,3)4 nicht zeitlich auflésen, der Prozess lauft somit schneller als 150 fs ab. Die
Erfassung von TA-Spektren fir verschiedene Anregungsleistungen an allen Proben zeigt eine
deutliche Abhangigkeit von der Pumpleistung. Mit abnehmender Anregungsleistung verlangern
sich die Ladungstragerabklingzeiten, und die jeweiligen Amplituden der schnellen
Komponenten t1 und 12 werden enorm verringert. Der Methylspacer zwischen dem organischen
Chromophor und der Ammonium-Ankergruppe ermdglicht einen engen Kontakt zwischen dem
2D-Exziton in der anorganischen Schicht und den organischen Chromophoren, was zu einem
Energietransfermechanismus vom Dexter-Typ sowohl in (NMA)2Pb(Bro7lo3)s als auch in
(PMA)2Pb(Bro7lo3)s flihrt. Das Verstdndnis der Wechselwirkung zwischen grofien
Chromophoren und Perowskit-Strukturen wird dazu beitragen, die Bauelemente fur
verschiedene ~ Anwendungen zu  optimieren, insbesondere fiir LEDs (hohe

Emissionsquantenausbeute) und Solarzellen (hohe Ladungstrennungseffizienz).

Im zweiten Projekt (Ref. 2) haben wir 3D-Perowskite untersucht, bei denen die PbXs Oktaeder
in allen drei Raumrichtungen verknipft sind. Doppelkation-Perowskite kdnnten eine
vielversprechende Verwendung als Solarzellen der néchsten Generation und in
optoelektronischen Anwendungen haben. Ein Weg zur weiteren Verbesserung der Qualitat und
Stabilitat dieser Materialien ist die Zugabe von Casium (Cs) als Dreifachkation zur A-Seite des
Mischkations-Formamidinium  (FA)/Methylammonium (MA) im Perowskit APbXs.
Cs/IFA/MA-Perowskite weisen einen hohen Wirkungsgrad, eine geringere Fallenbildung,
erhdhte thermische Stabilitdt und eine verbesserte Stabilitat gegeniiber Feuchtigkeit auf. Die
Perowskite auf Bromidbasis sind jedoch Halbleiter mit breiter Bandliicke (> 1,8 eV) im
Vergleich zu lodid-Perowskiten, die stabile Bauelemente fiir LEDs, Wasserspalter, Sensoren
und Hochleistungs-SCs mit mehreren Ubergangen darstellen kénnten. Die ultraschnelle
transiente Absorptionsspektroskopie wurde eingesetzt, um die Photophysik von Einzel- und
Mischkation-Perowskiten zu verstehen. Wahrend Cs als Dreifachkation den Wirkungsgrad
verbessert, hat der Einfluss von Cs auf die Dynamik von FA/MA-Perowskiten bisher weniger
Beachtung gefunden.

Wir haben durch die Ein-Schritt-Spin-Coating-Methode diinne Filme von FAogMAo,17PbBr3
und Csoo05(FA0,83MA0,17)0,0sPbBrs auf einem Glassubstrat hergestellt. Wir verwenden
zeitaufgelOste spektroskopische Techniken (stationdre Spektroskopie, zeitaufgeldste Emission
und fs-TAS), um die Wirkung von Cs auf die Dynamik von Perowskiten auf Basis von
Mischkationen mit breiter Bandlicke und Bromid zu untersuchen. Die Absorptionsspektren
beider Filme sind dhnlich mit einem scharfen Peak bei 532 nm, was auf eine dhnliche

Lokalisierung der Ladungstrdger an der Bandkante hinweist. Die PL-Intensitat von
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Cso,05(FA0,83MA0,17)0,95PbBr3 ist im Vergleich zu FAqg3MAg 17PbBrs um das Vierfache erhoht,
was auf eine Verringerung der nicht-radiativen Rekombinationsstellen im Perowskitfilm
hinweist. Die Zugabe von Cs erhéht auch die Lebensdauer der photogenerierten Ladungstrager
(von 291 auf 355 ns), indem die Fallendichte und die nicht-radiativen Rekombinationsstellen
im Perowskitfilm reduziert werden.

Eine genauere Untersuchung der Dynamik und der Relaxationspfade beider Proben mittels fs-
TAS im Spektralbereich von 400 bis 645 nm ergab nach einer Anregung bei 387 nm &dhnliche
Ergebnisse wie zuvor berichtet. In beiden Filmen beobachteten wir drei Signale, das negative
Photobleach-Signal (PB), die positive photoinduzierte Absorption (PIA1) und (P1A2). Das PB
bei 532 nm wird dem Band-Filling-Effekt zugeordnet, und stimmt mit dem stationdren
Absorptionsspektrum tberein. Das kurzlebige PIA1-Signal (<1 ps) im Bereich von 539 bis 580
nm ist mit der transienten Elektroabsorption (Stark-Effekt) und der Renormierung der
Bandlicke (BGR) verbunden. Das PIA2-Signal (Spektralbereich zwischen 400 und 520 nm),
das nicht-exponentiell abklingt, wird der Relaxation freier Ladungstrager zugeordnet. Eine
klare Abhadngigkeit von der Pumpleistung ist in beiden Filmen zu erkennen, wenn man
leistungsabhangige Experimente mit optischen Pumpimpulsen bei 387 nm durchfuhrt. Bei
niedriger Pumpleistung erscheint das PIA2-Signal bei friihen Verzogerungszeiten bei 520 nm,
ohne sich auch bei langeren Verzdgerungszeiten spektral zu verandern. Allerdings wird das
PIA2-Signal bei hohen Pumpleistungen mit einer Verbreiterung und einer starken
Blauverschiebung (bis 420 nm) beobachtet, was bedeutet, dass das PIA2-Signal ein
empfindlicher Indikator fur die thermische und Dichteverteilung der Ladungstrager in der
Dinnschicht ist. In der Csoos(FA083MA017)0,95PbBrs-Schicht beobachteten wir eine
Verbesserung des effizienten hot-phonon-bottleneck (,,HeilRe-Phononen-Flaschenhals®)
aufgrund der grolRen Masse und des kleinen lonenradius von Cs mit einer l&ngeren Lebensdauer
im Vergleich zur FA,8sM Ao 17PbBrs-Schicht. Auf der Grundlage der Datenauswertung mit dem
Softwarepaket Optimus stimmt die schnellste Komponente mit der Polaronbildungszeit
uberein. Die langsamste Komponente, die in unserem experimentellen Zeitfenster (1,5 ns) nicht
abklingt, ist wahrscheinlich auf eine non-geminate (,,nicht paarweise®) Rekombination
zuriickzufuhren. Unsere Ergebnisse zeigen, dass die Zugabe von Cs eine entspannte Form des
Perowskit-Kristallgitters mit weniger Fallen und damit eine bessere Leistung der Bauelemente
ermoglicht. Wir glauben, dass die Mischkation-Bleibromid-Perowskite mit breiter Bandliicke

ein interessantes Zielmaterial fur Solarzellen, Sensoren und Leistungselektronik sein werden.

Im dritten Projekt (Ref. 3) wurden Schiffbasen untersucht. Diese sind bemerkenswerte

Kandidaten fir zahlreiche Anwendungen wie antibakterielle, antivirale, antitumorale und

Vi
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antimykotische biomedizinische Anwendungen, organische Leuchtdioden (OLED), Sensoren
und photovoltaische Solarzellen, da sie in einem bestimmten Bereich emittieren kdnnen.
Schiffsbasen werden durch Kondensationsreaktionen zwischen priméren Aminen mit
Aldehyden oder Ketonen in Gegenwart von homogenen oder heterogenen Katalysatoren unter
optimierten Bedingungen synthetisiert. Heterogene Katalysatoren werden haufig in der
organischen Synthese verwendet, da sie leicht zu gewinnen sind und eine hohe Effizienz
aufweisen. Dariiber hinaus wurden fiur einige Indolderivate und andere heterocyclische
Verbindungen aggregationsinduzierte Emissionseigenschaften nachgewiesen. Daher kdnnen
Schiffsbasen mit Indolanteilen einige interessante optische Eigenschaften aufweisen.
Allerdings gibt es nur wenige Studien, die ausschliel3lich solche Materialien untersucht haben.
Der Ersatz des giftigen Piperidin-Katalysators, der in der organischen Synthese verwendet wird,
ist sehr wichtig.

Verglichen wurde die Produktausbeute bei der Synthese von sechs neuen, von Indol
abgeleiteten Schiffbasen unter Verwendung des heterogenen Katalysators Au@TiO2 und
Piperidin als organischem Katalysator. Beide Katalysatoren zeigten vergleichbare Ergebnisse,
aber Au@TiO2 war leicht zu trennen und recycelbar. Unser Hauptbeitrag zu diesem Projekt ist
die Untersuchung der photophysikalischen Eigenschaften der vier Materialien anhand von UV -
Vis-Absorption, PL und TCSPC. Alle Losungen wurden mit Dimethylsulfoxid (DMSO) als
Losungsmittel hergestellt. Die Losungskonzentration fiir alle Proben betragt 1x10° mol L, mit
Ausnahme der Probe (E)-1-(4-(((3-Chlor-1H-indol-2-yl)methylen)amino)phenyl)ethan-1-on
(3b), die eine schwache Absorption zeigt, daher wurde hier die Konzentrationen 1x107" mol L1
verwendet. Die Absorptionspeaks fiir alle Proben kénnen m—m*-Ubergéngen zugeordnet
werden. Erstens resultieren die Peaks bei 280-320 nm aus n—n*-Ubergéngen des aromatischen
Kerns. Zweitens beziehen sich die Banden im Bereich 300-360 nm auf n—m*-Ubergange der
C=N-Gruppen. Die langerwelligen Absorptionen schlieBlich spiegeln die erweiterte
Konjugation im gesamten Molekul wider. Diese Proben weisen verschiedene Grundzustande
fur unterschiedliche Substituenten auf.

Die Emissionsspektren von (E)-1-(3-Chlor-1H-indol-2-yl)-N-(4-methoxyphenyl)methanimin
(3a) (Methoxygruppe) und (3b) (Acetylgruppe) weisen keine Veranderung des Maximums (415
nm) auf; es wurde jedoch berichtet, dass diese Gruppen die Energiellicke zwischen dem
niedrigsten unbesetzten Molekilorbital (LUMO) und dem hochsten besetzten Molekilorbital
(HOMO) beeinflussen konnen, so dass eine Blau- oder Rotverschiebung entsteht. Durch
Ersetzen des Phenylrings von (3a) und (3b) durch Naphthyl in (E)-1-(3-Chlor-1H-indol-2-yl)-
N-(naphthalen-1-yl)methanimin (3c) und Carbazolyl in (E)-1-(3-Chlor-1H-indol-2-yl)-N-(9-

Vil
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ethyl-9H-carbazol-3-yl)methanimin (3f) wird das Emissionsmaximum auf 430 bzw. 450 nm
rotverschoben. Dieses Ergebnis deutet auf die Mdglichkeit hin, dass die Substituentengruppen
die Energie Exomo in der Reihenfolge Carbazolyl > Naphthyl > Phenyl erhohen.

Um die Lebensdauer dieser Emissionen weiter zu untersuchen, fiihrten wir TCSPC-Messungen
im Losungszustand durch. Die untersuchten Schiffbasen zeigten gut angepasste biexponentielle
Zerfallsprofile mit Emissionslebensdauern in der Grofenordnung von Nanosekunden. Wir
ordneten diese Zerfallszeiten der Fluoreszenz zu, die von angeregten Singulett-Zustanden
emittiert wird. Bei der Bestimmung der Emissionsfarben mit der Commission Internationale de
I'Eclairage (CIE) zeigten die (3b), (3c) und (3f) Proben eine tiefblaue Fluoreszenz mit CIE-
Koordinaten von y<0,1. Daher kénnten diese Materialien fur die Entwicklung neuer OLEDs

mit geringerem Energieverbrauch interessant sein.

Keywords: Ultrafast spectroscopy, transient absorption spectroscopy, TCSPC, lead-halide

perovskites, bromide-based perovskite, 2D perovskite, 3D perovskite, energy transfer, wide-bandgap
semiconductor, benzyl ammonium (BA), 1-naphthyl methyl ammonium (NMA), 1-pyrene methyl

ammonium (PMA), mixed-cation, triple-cation, Schiff base
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Chapter 1 Introduction

In the last twenty years, there has been splendid progress in energy conversion technologies to
have sustainable energy sources. For example, solar cells contribute significantly to energy
production as the sun is an enormous source for renewable energy. Currently, the most common
commercialized photovoltaic devices are silicon-based. The scientists' main targets are high
efficiency, low cost, environmentally friendly, and easy to synthesize new semiconductor
materials to replace silicon. Furthermore, understanding the photophysical properties of these
materials is very important for designing high efficient photoconversion systems.

This thesis investigates the photophysics of lead-based wide-bandgap perovskites with different
dimensionality (2D, 3D) and how they can be optimized for optoelectronic applications. In
chapter 1, we present the background and progress in perovskite research. The basic concepts
of semiconductor and spectroscopic methods of the applied techniques in this work are
discussed in chapter 2.

In the first project (chapter 3.1), we used our time-resolved techniques to study the ultrafast
dynamics of energy transfer from the inorganic to the organic layer in a series of three lead-
based mixed-halide 2D perovskites containing benzyl ammonium (BA), 1-naphthyl methyl
ammonium (NMA), and 1-pyrene methyl ammonium (PMA) thin films.

In the second project (chapter 3.2), we used time-resolved spectroscopic techniques to study the
effect of adding 5% of Cs on the dynamics of a mixed-cation wide bandgap bromide-based 3D
perovskite.

In another side project (chapter 4), we present the photophysics properties of newly synthesized
new Schiff bases containing indole moieties using piperidine as an organic base catalyst and
Au@TiO: as a heterogeneous catalyst. Finally, the results of this work are summarized in

Chapter 5 with an outlook and a discussion of open questions for further research.



Introduction

1.1 Background and progress in perovskite research

Organic—inorganic metal halide perovskites with the general formula ABX3z (A can be an
organic cation like CHsNHs*, CH(NH>).", etc. or inorganic like Cs*, Rb*; B = Pb?* or Sn?*; X
= CI, Br,, I) promise new semiconductor materials in the field of photovoltaics which could
show long carrier lifetimestl, sharp band edgest?®l, high absorption coefficients*®!, the
flexibility of tuning optical band gaps from the visible to the near IR wavelength ranges(®™,
large hole and electron mobilitest®, low trap densities®'% and high photoluminescence quantum
yieldst*H,

Figure 1.1. Perovskite crystal structure ABXs.

Originally, perovskites as metal oxides were known as a class of compounds with the chemical
structure ABOs, most of which are classified as piezoelectric or ferroelectric materials. Gustav
Rose was the first to discover perovskite in a piece of chlorite-rich skarn in 1839 (CaTiOs)!2%3l,
Cation A has 12-fold cuboctahedral coordination and sits at the cube corner positions. Cation
B has 6-fold coordination surrounded by an octahedron of X anions. X anion occupying the
face-centered positions. The hydrogen bonding among the A* cations and halogen X~ anions,
plus the electrostatic interactions, are helping to stabilize the 3D structure!*! (see Figure 1.1).
By replacing oxygen with halide, Miyasaka's lab could show a photovoltaic function of the
perovskite nanocrystalline particles self-organized on the TiO> mesoporous layer with an
efficiency of 3.8% on a CH3NHzPbls-based cell, and a high photovoltage of 0.96 V was
obtained with a CHsNHsPbBrs-based cell as an excellent start for other researchers*>¢l. The
high electronegativity of the X anion increases the ionic character of the perovskite and highly
influences the bandgap and the absorption spectra of the material. So, variation of the halogen
(CI, Br, 1) or using mixed halides enables tuning the bandgap (for solar cell or optoelectronic
applications) as a unique point of halide perovskite semiconductors. The lowest bandgap energy
(red-shift) can be achieved by the use of iodine (vice versa, adding chloride leads to a blue shift
in the bandgap). From that time, many works have been published about the synthesis of new
perovskites with promising efficiency and stability. The efficiency jumped from 3.81%1 to more
than 25% during extensive work from many groups over thirteen years, which puts the
perovskite competing with the best photovoltaic cell efficiency (PCE) of crystalline silicon solar
cells (Figure 1.2 readapted from https://www.nrel.gov/pv/cell-efficiency.html).
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Introduction

Halide perovskites are highly ionic crystals (ionic conductors) compared to oxide ones (ABO3).
The solubility of lead halide perovskites in polar solvents (dimethylformamide, alcohol, etc.)
opens the possibility of coating perovskite films in solar cell applications. However, halide
perovskites have unique properties; there are many demands required from the industry, like
stability and durability. The Photovoltaic (PV) community studied the solid-state physics of
halide perovskites (charge recombination, mechanisms of carrier transport), especially three-
dimensional (3D) perovskites, because of the isotropic carrier transport feature for power
generation and long diffusion lengths for free carriers (Example: MAPDI3
(MA=methylammonium))®78l Taking MAPbI; as an example for 3D perovskites, the
electronic structure of the valence band (VB) is 25% of (6s) Pb orbital (lone pair) and 75% of
(5p) | orbitals, while the conduction band is made of a mixture of (6p) Pb plus other orbitals
with strong coupling between (5p) | and (6s?) Pb lone-pairl®l. There is a similar feature of
MAPDI3, GaAs and Si, the long carrier lifetime of hundreds of nanoseconds. Due to the help of
the high ionic density of halides, the charge recombination is reduced by a charge-screening
effect against Coulombic interactions™*”2°21, Having all these unique features in the perovskite
structure is not sufficient for industrial applications if the perovskite material is not stable. The
target in the last few years was to improve the stability by replacing the A-site cation and the
B-site anion with different inorganic or organic cations and halogen anions. The MA cation has
a critical problem with thermal stability above 120 °C, so the direction is now to mix or replace
it with other inorganic cations???4l. Replacing the MA with single cations like formamidinium
(FA) cations or inorganic Cs yielded increased thermal stability with low energy of the
bandgap[?225-291, Adding Cs as second cation to FAPbls (FA«Cs1-«Pbls film) showed devices
with high performance (Efficiency > 20%)B%31, The key point of mixed cation perovskite
samples is stabilizing the crystal structure with high symmetry (cubic). The mixed cation sample
(FA/MAJCs) is usually cubic, while the MAPDI3 is tetragonal, so it has the best stability.
Nowadays, one of the best common options is triple-cation perovskite
(CsIFAIMA)Pb(1/Br)3t*2%1, Saliba et al. reported that adding 5% Cs to the mixed cation sample
(FA/MA) could improve the stability and efficiency of the devicel?],

External conditions such as air, heat, and moisture influence the intrinsic stability of perovskite
structure. In other words, the device degrades as the perovskite is sensitive to water by forming
hydrated compounds through hydrogen bonding. As shown in Figure 1.3, the loss of hydrated
compounds can be reversed back to MAPDI3z (Eqg. 1 and Eqg. 2). On the other hand, complete
segregation of the perovskite to CHsNHsl and other components (Eq. 3) with excess water

might cause. Many ways have been developed to improve the moisture sensitivity and the
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'/{4[CH3NH3P|:»13,H20] [
4CH,NH,Pbl, + 4 H,0

\||(CH3NH3)4Pb15.2H20 +20,0]+ 3Pbl, | @)

y

[4CH,NH, + Pbl, + 2H,0 | ()

Figure 1.5. Degradation scheme of MAPblI;.

stability of the perovskite, such as the common polymer (spiro-OMeTAD)B as a hydrophobic
layer or by modifying the surface with small molecules®®! or by mixing a small amount of two-
dimensional (2D) perovskite containing hydrophobic organic cationst®-3l. Although the 2D
perovskites usually have a high energy bandgap with negligible electron-transport features and
narrow absorption bands, 2D perovskites could significantly improve the 3D perovskite's long-
term stability and efficiency* 3. The researchers have found that the surface of a 3D
perovskite film is affected by the atmosphere (O2 and N2); however, the 2D perovskite has been
used as a protective layer against humidity. The perovskite film is degraded by oxygen due to
the formation of superoxide by electron transfer to O, from the photoexcited MAPbI3", as shown
in Eq. 1-10444%1,

MAPbDI3 @f MAPbI;"

0
(deprotonation)

Therefore, encapsulation methods would be the best solution against these stability challenges.

— CHs;NH, + Pbl» + %12 + H,0 (1-1)

In the last few years, low dimensional (LD) perovskite semiconductors attracted much attention
due to their different optical and electronic properties compared to those of the bulk ones.
Following the use of large cations, e.g., alkylammonium, to replace the small cation (MA, FA,
Cs), lead to structure shifts from 3D to 2D as the organic ammonium cation layers separate the
2D (MX4)? sheets consequently the structure regulates the connecting bonds via hydrogen
bonding between the organic cation ammonium groups, via van der Waals interactions between
adjacent organic tails and the inorganic sheet halogens. For this reason, the excitons are
confined within the 2D inorganic layers since the interfaces between the organic and inorganic
layers are flat®*647, Therefore, the width of the barrier layer in the 2D system is vital to the
guantum confinement effect. Takeoka et al. reported the change in the quantum confinement
structure with different halide species, well thickness, and barrier size of perovskite thin films
with long-chain lengthst*l. In addition, there is another group of materials called quasi-2D
perovskites structurally between the 2D and 3D systems, which are achieved by multi-sheet
layers of MAPbX3 perovskites sandwiched between organic ammonium layers with (n) number
of inorganic monolayer sheets. As shown in Figurel.4, increasing these inorganic monolayer
sheets will produce a 3D structure. The general formula of the quasi-2D perovskites is
A2Bn-1MnXane1 (A = CH3(CH2)nNHs*; B = CH3NHs"; M = Pb?*or Sn?*; X = I, Br",CI")[47-52],
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These materials are counted as Ruddlesden—Popper series. The quasi-2D perovskites could
show a high performance in LEDs applications due to the large exciton binding energy and the
high photoluminescence quantum yields (PLQYs)3l. Many factors (the deposition method and
the spacing cation) influence the 2D films during the fabrication process, e.g., crystallinity and
film morphology, as they might lead to different phases®*5°l,

There is a quick jump in the field of 2D perovskite materials with a high interest in
understanding the photophysics properties of these materials. After the material absorbs light
(excitation), luminescence might arise from the organic or inorganic layers. The emission
arising from the inorganic layer comes through radiative decay of the excited electron-hole pairs
(excitons) or self-trapped excitons®. Emission come from the organic layer through excited
molecules S; or Ty states (Fluorescence or phosphorescence). The emission might also come
from both layers due to the energy transfer from the inorganic to the organic layer. The history
of these materials started in 1993; the first 2D mixed halide perovskites were synthesized with
different organic cations by Papavassiliou® %4 and later by Mitzi®5-681 Mitzi and his co-

2D

Quasi-2D perovskite

n=1

Figure 1.6. Scheme of perovskite structure series from 2D to 3D showing the quasi 2D as intermediate of both
structures.

workers reported a promising series of Sn-l-based perovskites for thin film transistor
application® based on the high electrical conductivity of these materials®-"%, The first effort
to investigate the photophysics of lead-based 2D perovskite was from Ishihara and his co-
workers by visualizing the effects of the organic cations on the optical properties and their
excitonic naturel’*74l, Even though the inorganic layer is the domain layer of luminescence
properties for 2D halide perovskites, there is an opportunity for coupling the luminescent
properties of both layers (inorganic with organic chromophores)®®l. A broad range of many
chromophores like azobenzenel™!, naphthalenel™, thiophene derivatives®-l anthracenel’", p-
terphenyl"®, pyrenel™ and other groups®® have been used as cations in 2D perovskite
layers. There are two possibilities resulting from this mixture: weak or strong coupling between

organic and inorganic layers. The weak coupling occurs as a result of no interaction between
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the organic and inorganic sublattices; thus, the emission is an aggregate of the luminescence
spectra of the individual components. For example, Cortecchia et al. reported that by using 4,4'-
(1,1’-biphenyl-4,4" -diyldioxy)di-aniline as an organic building block in 2D Cu—Cl perovskite:
no emission was detected from Cu-Cl framework and the emission arises only from the organic
chromophore®l. The strong coupling between the excited state of the organic and inorganic
layers will lead to the emission of the organic molecule due to energy transfer from the inorganic
lattice to a lower state of the chromophore. In this case, the emission depends on the excitation
wavelength (energy) and the tuning of the inorganic layer energy. Braun et al. reported different
Pb-CI perovskites containing benzyl ammonium, phenethyl, 2-naphthyl methyl, and 2-anthryl
methyl cations with different energy levelst’’l. To better understand the energy transfer
mechanism, Era et al. synthesized a series of alkylammonium-linked naphthalene molecules to
study the influence of the alkyl chain length on the energy transfer efficiency. They reported
that perovskites formed from naphthalene derivatives with shorter alkyl chains showed that
energy transfer becomes highly efficient as the chromophore is moved close to the inorganic
lattice®?. Furthermore, that energy transfer can be stated as Dexter charge transfer
mechanism!®! or Forster resonance energy transfer (FRET) mechanism®4. The main difference
between both mechanisms is the length scale. When the distance between two parties decreases,
the reaction rate constant of Dexter energy transfer rises. Ema et al. studied an example of a
Dexter energy transfer from the inorganic layer to naphthalene molecules in the organic layer
investigated by temperature-dependent measurementst®l. Braun and co-workers were the first
group to study the packing effect arrangement of organic chromophores (pyrene-methyl
ammonium cation (PMA)) with different halides (Cl and Br)[’®l. In (PMA),PbCls, the
perovskite displayed only monomeric fluorescence from pyrene. However, in (PMA)2PbBrg,
there is energy transfer from the inorganic excitonic band (Pb—Br) to the excited singlet state
of pyrene, leading to excimer formation and for iodide pure phosphorescence is observed.
Furthermore, Kagan and co-workers studied the energetic effect of the excitonic band energy
by changing the halide side (CI, Br, I) in the perovskite containing the organic chromophore
AEQT ( 5,5 bis(ethylammonium)-2,2":5',2":5",2"-quaterthiophene®. In their study, they
found that by shifting the VB to higher energy in the iodide perovskite, the photoluminescence
is quenched due to trapping the holes in the inorganic layers concurrently with the electrons
migrating to the LUMO of the organic layer. However, (AEQT)PbCIs; showed radiative
recombination since electrons and holes migrate into the LUMO and HOMOP866l, These
materials have other applications beside the solar cell and LEDs such as scintillators®87 and

phosphors (using the narrow®8% and broad!®® emission feature).






Chapter 2 Theoretical Framework and Spectroscopic
Methods

This chapter is divided into two sections. In the first section, basic concepts of semiconductors
related to the results of this work are discussed. The second section presents the spectroscopic

background of the applied techniques in this thesis.

2.1 Basic concepts of semiconductors

The classic definition of a semiconductor is a crystalline solid characterized by a forbidden gap
separating two bands of states; the occupied valence band (VB) and the empty conduction band
(at low temperatures). There are two classes of semiconductors: direct and indirect bandgaps
with different optical properties. When the energetic maximum of the valence band and the
energetic minimum of the conduction band occur at the same point in the Brillouin zone, it is
called a direct bandgap. When it occurs at different points, it is called an indirect bandgap. A

direct bandgap leads to allowed electronic transitions between VB and CB.

Excitation creates an electron-hole pair when electrons get excited to the CB, they leave holes
in the VVB. These missing electrons (holes) are treated in solid state physics as quasi-particles
with positive elementary charge +e and effective mass mn. The pair consists of free carriers if
the electron and hole interaction is negligible. On the other hand, due to an electrostatic
Coulomb interaction (quasi-particles) between an electron and hole, an exciton can be formed
as a bound state of an electron and a hole with a total charge of zero. Excitons can be formed
by direct photoexcitation or a combination of free carriers. The binding energy of these excitons
can play an essential role in different applications. In the first scenario, they get separated after
the photoexcitation to free carriers, and fits well for the photovoltaic devices, meaning low
binding energy. In the second scenario, the exciton binding energy is high, so the exciton
remains bound and emits light. This feature can be used for laser media and light-emitting diode
technologies. The electron-hole interaction must be considered to describe the exciton after the
excitation. An exciton's binding energy (En) and size significantly influences the exciton
dynamics from optical absorption to equilibration before the photoluminescence emission®,
The dielectric constant defines the exciton binding energy as it balances the electron-hole
interactions or protects the electron-electron repulsions. Usually, compared to thermal energy
at room temperature (ksT~25 meV), the exciton binding energy is small in the bulk
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semiconductor with a high dielectric constant and lower bandgap; subsequently, the exciton is
not a unique feature in these materials. For example, the exciton binding energy is 4.9 meV for
GaAs, ~10 meV for 3D perovskites®>9?1, 15 meV for CdSe, 27 meV for CdS but > 150 meV in
2D perovskites with n=12%-%1_Some 3D perovskites like CH3NHsPbBrs and CHzNHsPbls,
showed temperature dependence of exciton binding energy®”l. The exciton binding energy has
to be measured at low temperatures due to the phase transition at 160 K, as it will be different
compared to measuring at room temperature 191001 The 2D perovskite structure contains the
inorganic layer as the well and the organic spacer as the barrier. The exciton binding energy of
2D perovskite is higher than the 3D one because the inorganic layer usually has a higher
dielectric constant than the organic spacer. The Ep of 2D perovskite can be calculated by,

Ep = 4(§—:)2 EpP (2-1)

Where &y and &5 are the dielectric constants of the well and barrier, respectively, and Ep*® is the

exciton binding energy of the corresponding 3D perovskite[>].

Polarons are quasi-particles that result from the strong coupling of electrons or holes with ionic
vibrations in polarizable materials. The term "polaron” was termed by Pekar®®l and generally
refers to an electronic charge carrier in a solid-state material, which alters the atomic motions
of this material, as illustrated in Figure 2.1. So if the electronic carriers are self-trapped, they
can be treated as strong-coupling polarons. On the other hand, it is called week-coupling
polarons if the electronic carriers are not self-trapped. The quasi-particle is called small polaron
(strong coupling) or large polaron (weak coupling) based on the intensity of the electron-phonon

coupling®®?. The small polarons have many features like incoherent motion, mobility

1@

® 3
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Figure 2.1. The scheme shows the movement of the anions (large circles) and cations (small circles) in a lattice
from their equilibrium positions (small and large open circles) to a new configuration (small and large filled circles),
leading to producing a potential well for that self-trapped electron on a cation (hatched area). Readapted from ref.
102.

10



Theoretical Framework

increasing with temperature, polaron radius being almost the same as the lattice parameter,
narrow mid-gap electronic states, and short-range electron-phonon interactiont%l, By contrast,
large polarons show coherent motion, mobility decreasing with temperature, a polaron radius
larger than the lattice parameter, shallow electronic states, and long-range electron-phonon

interaction.

2.1.3 Low and high dimensional systems

The synthesis of semiconductor materials with different dimensionality, e.g., zero-dimensional
(OD), one-dimensional (1D), two-dimensional (2D), or high dimensional, e.g., three-
dimensional (3D), opened many applications due to the possibility of having different physical
properties like dielectric quantum confinement of the exciton, excitonic absorption, and
photoluminescence. For example, the synthesis of 2D systems showed enhancement in the
oscillator strength and higher excitonic binding energy Ep (~360 meV)[%! which was early
applied to light-emitting devices and affordable transistorst*%-1%¢], By taking the building block
MXe octahedron (M =Pb or Sn and X = ClI, Br or 1) as an example, the OD system has isolated
octahedral crystallized with no interaction Ex: (CH3NH3)4Pblg.2H20)%). In the 1D system,
each octahedron shares two opposite corners forming separate infinite chains with linear
arrangement (Ex: (NH2C(1) = NH2)sPbls)61119 |n the case of each octahedron sharing four
coplanar corners lead to 2D system formation. So the 2D material has separate layers that come
from the long carbon amine part (Ex: (CoHisNH3).MX4)P*1! In the 3D system, each
octahedron shares all its corners to connect from all directions to form the 3D network (Ex:
(CH3sNHsMX3)t2 In semiconductor thin films, by lower the system's dimensionality, the

@

0D 1D 2D 3D

Figure 2.2. Examples of crystal structures of 0D (CH3NH3)4Pbls.2H,0), 1D (NH.C(l) = NHy)sPbls), 2D
(CgH19NHs)2Pbls and 3D (CH3NH3Pbls). The red spheres are Pb atoms, blue spheres | atoms, and black spheres
are O, N and C atoms.
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guantum mechanical wave functions of the electron and hole are confined within the materials,
leading to so-called quantum confinement effectsl”>!3l. In other words, the characteristic
semiconductor dimension (L) has to be much longer than the effective de Broglie wavelength
(Ab) of a thermal electron or hole to behave as a classical particle (L>>Ap). In case of L=Ap, the
electron wave must be taken into account since the electrons become confined. Particularly,
when the electron motion is confined in three dimensions its forms 0D nanocrystals or quantum
dots. Confinement in one or two dimensions forms 1D quantum wires or creates 2D quantum
wells %1 Since the inorganic layers are higher polarizable than the organic layerst™, the
dielectric confinement comes from the poor screening of the Coulombic attraction between the

electron and hole by the organic layerst®3114115],

The typical coating method used in industry is vacuum deposition, as it offers stable and highly
uniform films with the option to perform multilayer deposition methods. However, this method
requires large material consumption and expensive steps. On the other hand, the solution
processes have many advantages like less material use, low cost, and compatibility. For high-
quality film formation, choosing the coating method depends on the characteristics of the
material, and the solvent used is essential. The method that we have used for this work is the
spin coating method. In principle, we mixed a lead halide (inorganic) solution with organic
ammonium hydrohalide with a specific molar ratio (1:2 for 2D perovskite or 1:1 in 3D
perovskite) and spin-coated that mixture on a substrate. Dimethylformamide (DMF) and
dimethylsulfoxide (DMSQ) proved to be the most common solvents for this process. The thin
film thickness could be controlled by the rotational speed of the spin coater and the

concentration of the perovskite precursor.
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2.2 Spectroscopic background

In this section, the theoretical background and the general principles of optical spectroscopy
techniques are discussed. To investigate the relaxation process of charge carriers and excitons
in the perovskite samples, we used UV-Vis absorption spectroscopy, steady-state
photoluminescence spectroscopy (PL), time-correlated single photon counting (TCSPC), and
femtosecond transient absorption spectroscopy (fs-TAS). UV-Vis absorption spectroscopy is
discussed in subsection 2.2.1, and PL spectroscopy is discussed in subsection 2.2.2. Finally, in
subsections 2.2.3, 2.2.4 and 2.2.5, we discuss relaxation processes and the time-resolved
techniques (TCSPC and TAS).

2.2.1 UV-Vis spectroscopy

Absorption spectroscopy is a helpful tool for estimating allowed molecular transitions and the
nature of semiconductors. It is used to investigate the electronic states of atoms, molecules or
solid-state materials by measuring the absorption of radiation as a function of wavelength or
energy in the ultraviolet (4 <400 nm, AE > 3.1 eV) and visible (1 = 400 - 760 nm, AE ~ 1.6 —
3.1 eV) tothe IR (4 > 700 nm, AE < 1.6 eV) spectral ranges. By measuring the ratio of the
transmitted light and the incident light intensity, the absorption of radiation can be determined.

Beer-Lambert's law gives the absorbance of a sample in Eq (2.2).
| =lge°N (2-2)

The intensity of the transmitted light (1) depends on the initial incident light (lo), the absorption
cross-section (o), the path length (1), and the number of absorbing molecules (N). The
absorption edge determines the semiconductor's bandgap. We used a commercial UV/Vis
spectrophotometer SPECORD S600 (Analytik Jena, Jena, Germany) for all the measurements.
The determination of the unknown concentration of an analyte molecule or atom can be done
by measuring the amount of light that is absorbed by a sample. The non-linearity of Beer-
Lambert law includes many causes like stray light, scattering of light because of particles in the

sample, or fluorescence or phosphorescence.

Thin film

- -->d. . Photo
Spectrometer detector

Sample holder

Absorption

Wavelength (nm)

Figure 2.3. Absorption measurement setup.
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2.2.2 Steady-state photoluminescence spectra (PL)

PL spectra result when the sample is constantly illuminated with a specific wavelength. Then
the electrons are excited to higher energy levels by photons. These electrons, after some time,
relax from the excited state to the ground state and emit light. PL is the emission of light
resulting from the absorption of photons. Measuring the luminescence spectrum over a broad
electromagnetic range gives information about the materials' impurities and morphology. In this
thesis, the measurements were done using an FP-8500 spectrofluorometer (Jasco, Grof3-
Umstadt, Germany). We also applied bandpass filters for spectral cleaning depending on the
excitation wavelengths used for the excitation pass and a long pass filter for the emission path.
For example, for an excitation wavelength of 2 = 320 nm, we have used a UV bandpass filter
for 280-370 nm (UG11, Schott Glas) for the excitation path and a long pass filter of 360 nm
(WG360, Schott Glas) for the emission path. Routinely, the data were corrected for the

wavelength-dependent instrument sensitivity and the baseline.

2.2.3 Relaxation processes

The Jablonski diagram is normally used to understand the relaxation processes that occur
between absorption and emission in the excited states of molecular systems. As shown in Figure
2.411181 'S5 S, and S represent the ground, first, and second electronic states. The fluorophores

can exist in several vibrational energy levels (Vo, V1, Vo, ...., V) at each electronic energy

v Internal conversions (IC)
) e —————— IC

Vy

V

- veep v, Intramolecular vibrationalrelaxation (IVR)
% [vr Inter-system crossing (1SC)
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IC & A ISC
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(10155)
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Figure 2.4. Scheme of Jablonski diagram with different possible relaxation pathways.
level. Absorption and emission usually occur from the lowest vibrational state. In the shown
Jablonski diagram, various processes usually occur after the material absorbs light. Usually, the
excitation of the fluorophore leads to some higher vibrational levels of S; or Sz. Then the

molecules relax to an energetic vibrational level of S; within 102s or less; this process is called
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internal conversion (IC). The relaxation to the ground state occurs to higher excited vibrational

ground state levels in 10°2%s for reaching the thermal equilibrium. The electronic excitation does

A
Conduction band
1 000¢
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Bandgapé Trap state

Energy (eV)

Valence band

A 4

Wave vector (#£)

Figure 2.5. Scheme of electron-hole recombination mechanism. (1) band-to-band recombination and (2) trap-
assisted recombination and the electronic levels related to an exciton in a direct bandgap semiconductor.

not change the nuclear geometry, so the emission spectrum typically is a mirror image of the So
to S; transition absorption spectrum. Often, the spacing of the vibrational energy levels of the
ground state is similar to that of the excited states. Another possibility for molecules in the S;
state is to go through a spin conversion to the first triplet state T1 a so-called intersystem crossing
process (ISC). The emission from Ty is called phosphorescence which is generally shifted to
lower energy (longer wavelengths). The rate constants for triplet emission are smaller than those
for fluorescence since the transition from Ti to the singlet ground state is forbidden. The
molecules with heavy atoms facilitate intersystem crossing (Ex: bromine and iodine) by
increased spin-orbital coupling™*®l.

In Figure 2.5, the carrier recombination mechanisms for a direct bandgap semiconductor are
shown. Firstly, a radiative transition (path 1) in direct bandgap (band to band transition) occurs
when an electron falls from its state in the CB into the empty state in the VB, which is associated
with the hole. The other possibility (path 2) is that an electron falls into a trap at an energy level
within the bandgap caused by the presence of a structural defect or a foreign atom. Once the
trap is filled, it can not accept another electron. The electron occupying of the trapped energy
can then move to the VB's empty state. This process is called Shockley-Read-Hall (SRH)

recombination.

2.2.3.1 Bandgap renormalization (BGR)

After intense semiconductor excitation, the charge carrier's dynamic is affected by the state-

filling and many-body effects. The system minimizes its total energy by reducing the
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fundamental bandgap energy, leading to a red shift of the band edge. Due to the Coulombic
repulsion between the carriers in the conduction band, a density-dependent renormalization of
the fundamental bandgap of the semiconductor because of a quantum mechanical effect occurs
from the Pauli repulsion™7118l, This change in the bandgap is called BGR, and this phenomenon
is short-lived (~1 ps) in perovskite (MAPbI3)!19],

2.2.3.2 Phonon bottleneck

Photovoltaic devices lose much energy, which can not be converted to electricity as heat. The
phonon bottleneck process retards the relaxation cooling due to an inefficient coupling and
energy transfer between acoustic and optical phonons in the conduction band*?’), The excess
hot optical phonons raise the phonon reabsorption and decrease the overall thermalization rate
leading to a delay in the recombination of the carriers. The transient absorption spectroscopy
technique observes this phenomenon at the sub picosecond time frame in the lead halide

perovskites®>119.121],

Hlﬁ]ll Ehonon emission
Non-eiui].ibrium Ehonon iogulation
Phonon reabsoation increase

Net thermalization rate reduction
S

2.2.4 Time-correlated single photon counting (TCSPC)

This technique is used in many analyses to investigate excited state or charge carrier relaxation
processes, which happen at the nano to picosecond time ranges. By exciting the sample with a
pulsed laser, the fluorescence can be collected by detecting the arrival time of individual
photons and constructing the decay curves from the individual time measurement. In principle,
the emission time signal of single photons is repeated. The excitation pulse duration is used as
the reference for timing. In this dissertation, we have used two different excitation sources.
Firstly, the thin films were excited using a sub-ns pulsed LED PLS320 at 325 nm, and the PL
of the sample was detected using a photomultiplier detector (PMA 182, PicoQuant). The
repetition rate of the pulsed LED was adjusted to 10’ Hz (a time window of 100 ns). The
Rayleigh scattered light on a pure quartz substrate was used to determine the temporal
instrument response function (IRF) of the TCSPC system (full width at half maximum (FWHM)
of ~800 ps in this setup).
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Secondly, a mode-locked titanium-doped sapphire (Ti:Sa) laser (Tsunami 3941-X3BB, Spectra-
Physics, Darmstadt, Germany) was pumped by an 8 W continuous-wave diode-pumped solid-
state laser (Millennia eV, Spectra-Physics, 532 nm) for the excitation of the samples. The Ti:Sa
Laser allowed tuning the fundamental wavelength within the range from 700 to 1000 nm at a
repetition rate of 80 MHz. The acousto-optic modulator assisted in reducing the repetition rate
to 800 kHz. By tuning the fundamental to 775 nm, the excitation wavelength of 387 nm was
obtained by SHG in a BBO crystal (frequency doubler and pulse selector, Model 3980, Spectra-
Physics). The instrument response function (IRF, FWHM 200 ps) was obtained using an empty
glass substrate as a scattering sample. A photomultiplier tube (PMT, PMA-C 182-M,
PicoQuant, Berlin, Germany) and a TimeHarp 260 PICO Single PCle card (PicoQuant) were

used for single-photon detection with 25 ps time resolution.

TAS is a valuable technique for understanding solid-phase dynamicst*22-2241_ |n this method, we
use two different pulses: pump and probe. The pump pulse is used to excite the sample at a time
delay (At = 0), and the pulse must be shorter than the investigated species' lifetime. The probe
pulse (which has to be low intensity) is used to reveal the non-equilibrium dynamics of the
system. By temporally delaying one of both beams (using the delay stage), the changes in the
system can be measured at different time delays. The probe signal AA(A,t) is derived by
subtracting the absorption spectrum after the excitation and the absorption spectrum before the
excitation (AA) at different time delays At using the Beer-Lambert law. Based on that, the
absorbance difference is collected according to

AAQ) = - log —2pemped (2-3)

I(/Dunpumped

I(A)unpumpea 1S the transmitted intensity through the sample before excitation, and
I(A) pumpea 18 the transmitted intensity through the sample after the sample was excited. For the
time being, many laboratories prefer to use a rotating optical chopper or a mechanical shutter
to block the excitation pump (every second pulse) for shot-to-shot detection (Figure 2.6).

Therefore, the absorbance change is averaged n times for each single delay time 1. The
difference in absorbance is calculated for two subsequent averaged sequences of S probe pulses
with the corresponding pump pulses unblocked or blocked. Therefore, for each t, the detected
pulse number is i = 2nS. The averaging of the change in absorbance is repeated for t time delays
1, forming a transient map. The signal-to-noise ratio can further get better by averaging N

individual successful transient measurements. Figure 2.7. shows the signals which can be
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Figure 2.6. Optical scheme of the femtosecond transient absorption spectrometer.

observed in a transient absorption spectrum, i.e., ground-state bleach (GSB), stimulated
emission (SE), and excited state absorption (ESA) in condensed matter. GSB is a negative signal
in the AA spectrum due to the decreased number of molecules after the excitation in the ground
state, which is observed in the wavelength region of ground state absorption. The negative
signal (SE) occurs only for optically allowed transitions due to a photon from the probe pulse
prompting the emission of another photon from the excited state, which drops to the ground
state. The SE signal results in Stokes shift with regard to the ground-state bleach, and sometimes
it overlaps with the ground-state bleach. The third signal (ESA) is positive and comes from the
absorption of the excited sample in higher excited states. During the excitation of the sample,

we have to use lower probe pulse intensity to avoid affecting the excited state population™?41,
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Figure 2.7. The scheme represents the three processes that can be observed in a transient absorption spectrum,
e.g., ground state bleach (GSB), stimulated emission (SE) and excited state absorption (ESA).

Frequency-mixing processes and non-linear crystals

The phenomena of non-linear optics have an essential role in developing many fields like
femtosecond laser chemistry, laser spectroscopy, and photochemistry. Non-linear effects
require light intensities that high-power lasers can produce. Introducing high-intensity pulses
with different frequencies to crystals leads to the creation of new pulses with different
wavelengths resulting in the generation of e.g. the second and the third harmonic or sum and
difference frequency. When we focus an intense pulse of frequency (D onto a crystal, two pulses
are generated: one with the incident frequency (0 and the second pulse has the double frequency
2@ (called second harmonic). When the light of a pulsed laser is directed onto a non-linear
crystal, by tuning the angle (©) between the direction of the crystal optic axis and the direction
of the laser beam, at certain angles, the output pulse from the crystal has two components as
shown in Figure 2.8. Many effects can occur like e.g. second harmonic generation (SHG)!%!

Sin Mt Sin 2t Sin Ot

A/N&econd harmonic
. Nonlinear generation
crystal

,
® ®,- @, =0, Difference frequency
—_————
2 generation
o,
—bm 0, +©, =0, Sum frequency
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dﬂ —_— — Wave vectors
—- .
K k, " matching
3

Figure 2.8. The generation of different frequencies by two incident pulses in a non-linear crystal.
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difference frequency generation ((D1-(D2) and the sum frequency generation ((D1+2), third
harmonic generation 3, self-phase modulation, self-focusing, two-photon absorption,
stimulated Raman scattering and four-wave mixing.
The short laser pulses with an electric field (about > 102 V/cm?) in a matter can change the
microscopic properties of the non-linear crystal. The electric induction D depends on the
medium polarization P, the electric permittivity of free space o and electric field E

D =gE + P, (2-4)
For a small intensity of light, the polarization induced in the materials depends linearly on the
electric field E

P() = x VE(), (2-5)

Where x @ is the electronic susceptibility of the first order and represents the linear response.
If the electric field E of the incident light increases, the polarization of the medium is not linearly
dependent on E. It can be expanded in a power series, and each term is based on the
susceptibility of the n-th order.

P(t) = 20 Y E(®) + xPE(®) + (P EW)+ ..) (2-6)
The electron in the material might move in the x, y, or z direction. The form should be written
Pi = g0 (i Ej + xii® EiEx + i @ EiEKEI + ...) (2-7)

where i, j, k identify the x, y, z Cartesian components.

Assume the electric field E of the incident wave is a plane wave with frequency component (O

and wave vector k travelling in z-direction

E = Eocos(Ot - kZ) (2-8)
the polarization P® in case of first order susceptibility will be
PO (t) =y Egcos(Mt - kZ) (2-9)

Obviously in linear optics an incident wave of frequency ® induces in a material a polarization
wave of the same frequency.
And in the nonlinear second order polarization case P® the polarization yields

P@ (t) = @ Ee?(cos(t - kZ))? (2-10)

@ g2 1+ cos(2wt —2kZ)
2

@)E2 @)g2 -
= B 4 S o520t - 2K2) (2-12)

Eq (2-11) shows that in the second order polarization, there is a new wave with double

frequency (2m) and a new wave vector 2k1, which is called second harmonic generation (SHG).
Additionally, in the first term of P@)(t) a constant nonlinear polarization is seen, which does not

depend on the frequency @ and is called optical rectification.
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Phase matching condition

Phase-matching condition (AE = 0) is achieved when the phase velocity of the nonlinear
polarization wave travelling through the material is the same as the phase velocity of the
primary refracted wavel’?®!. The phase velocity vpn is the speed at which a plane wave

propagates in a medium with a reflection index n(w) and it can be written

w_ ¢

f n(w)

Vph = (2-12)

The incident wave with the frequency (M1 and the wave vector k1 generates a non-linear
polarization wave at the wave vector 2k: and the frequency 2(M1. In this case, the SHG wave
frequency is M2 = 21, and the wave vector k2 is not equal to 2k1, because in general the

refractive index n(M1) is not equal to n((2) Therefore, the polarization wave (ESHG) phase
velocity in the material is different and the phase matching condition is carried out only when:

n(M1) = n(My) (2-13)
This condition is not fulfilled in the isotropic media but can be obtained in birefringent crystals.
These crystals have different refractive indices for ordinary (no) and extraordinary (ne) waves
(see Figure 2.9). The question will now be written as

Ne(M1) = No((2) (2-14)
It guarantees a highly efficient conversion of the fundamental frequency to its second harmonic.
There are many commonly used crystals like beta-barium borate (BBO), lithium triborate
(LBO), KDP (potassium dihydrogen phosphate), and Potassium titanyl phosphate (KTP). In

this work, we have used BBO crystal.
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Figure 2.9. Phase matching direction in a uniaxial birefringent crystal.

Another nonlinear effect of second order is the so-called parametric process, where a high
energetic photon is split up into a signal and an idler photon. Also this process is very efficient

if phase matching is obtained, and by a non-collinear arrangement (see Fig 2.8, below) also the
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group velocities can be matched. This leads to a phase-matching condition over the whole
spectral range of the pulse. Thus the pulse duration will become shorter. This process is called
non-collinear parametric amplification (NOPA).

White-light supercontinuum generation (SCG)

This process was discovered by Alfano and Shapirol*?’l. By focusing a high-peak-intensity
pulse with narrow spectral bandwidth into a medium, the output will be a pulse with a very
broad spectral bandwidth. The spectral broadening, which leads to the self-focusing (SF) and
generation of the new frequencies, mainly comes from the non-linear optical effects of self-
phase modulation (SPM). The most common crystals are sapphire (aluminum oxide a-Al;O3)
and calcium fluoride CaF,. In this work, we have used CaF. as it performs better in the

investigated spectrum region (see Figure 2.10).

Intensity (a.u.)
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Figure 2.10. Spectrum of white light continuum generated in CaF; crystal by excitation at 778 nm.
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Chapter 3 Ultrafast Dynamics in 2D & 3D Perovskite
Thin Films

This chapter is based on the works published in Nanoscale 2021 (Ref.1)[*?1 and the Journal of
Physical Chemistry C 2022 (Ref. 2)*?°l, The chapter is divided into two sections. The first
section discusses ultrafast energy transfer between organic-inorganic layers in 2D perovskite
thin films. In the second section, the influence of Cs cation in wide-bandgap mixed-cation 3D

Perovskites is discussed.

3.1 Ultrafast Dynamics in 2D perovskite thin films

Recently, many researchers are trying to improve the properties of the two-dimensional (2D)
organic-inorganic perovskites with large size organic spacers as they are structurally and
photochemically very stable because of the hydrophobicity of these organic layers compared
with the 3D perovskites.*134 About 20 years ago, some groups started to use the organic
cations in this material class to determine the structure of the inorganic semiconductor material
and to become the electronically active component. The introduction of large chromophores in
2D lead halides leads to effective low-dimensional energy transfer systems, including organic
singlet statest’"" organic triplet statesl’”7%#213] and organic charge-transfer states (pyrene-
TCNQ)1381371  Efficient energy transfer between the inorganic layers (lead chloride) and
organic layers (benzyl, naphthyl, anthryl) could be achieved”" by tuning the inorganic excitonic
states to high transition energies in the (R-CH2-NHz)2PbCls system. This was interpreted for
benzyl and naphthyl chromophores by an efficient energy transfer process from the inorganic
excitonic band to the triplet state of the organic layer via a Dexter energy transfer mechanism[’")
due to a strong coupling between the lead chloride excitonic band and the triplet state of the
chromophore. Ema et al. reported for lead bromides that the energy transfer efficiency to the
organic naphthyl triplet system increases with decreasing the alkyl chain length between the
NHz anchor group and the aromatic naphthyl system!®l. Pyrene-based halide perovskites were
also studied with different lead halides as a promising material for efficient energy transfer and
light-emitting applicationst™®. 2D perovskites showed progress in power conversion efficiency
(PCE) from 4.02%" to 12.4% by employing quasi-2D perovskites, which consist of alternating
napthylmethylamine and formamidinium cations™! and even solar cells with naphthyl and
anthryl groups were realized**!, Many studies have reported the possibility of tuning the
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excitonic band by replacing or mixing halide crystals, which facilitates the fabrication of LEDs
from blue to green region*4-1441,

Based on that, the choice of the chromophore in the organic layer and the halide content are
critical factors in monitoring the electronic properties of 2D materials. Understanding the
photophysics of 2D perovskite materials is significant for efficient and stable optoelectronic
devices. The one-step spin coating method was applied to fabricate high-quality thin films of
2D perovskites with different chromophores (benzyl, naphthyl, and pyrenyl) to study the role
of the energy transfer properties and relaxation pathways by using UV-Vis absorption, PL,
TCSPC, and transient absorption spectroscopy techniques under similar experimental
conditions (Figure 3.1). These chromophores represent three different energy level scenarios
for the study (see Figure 3.2).

NH,) PbX, NH,) PbX,
@NHg PbX,
NG QO

2 2

Figure 3.1. The chemical structure of the benzyl (left), naphthyl (middle), and pyrenyl (right) perovskite thin
films. X = Br (70%) and | (30%).

This work aimed to visualize and investigate the influence of the size of the aromatic spacers
of the different chromophores, so we fixed the halide percentage in the inorganic layer to Br
(70%) and I (30%) in all perovskite films. Using large chromophores in 2D lead halide

perovskites as a spacer showed successful energy transfer systemst??:79.82.135-137],

In the BA-based perovskite, the singlet (at about 260 nm) and the triplet (at about 360 nm)
excited state of the BA chromophore are higher in energy than (402 nm) the excitonic lead
halide state (see Figure 3.2a). The excitonic absorption peak of the (BA)2Pb(Bro.710.3)4 film is
observed at 402 nm (3.09 eV) with a red-shifted extinction tail due to scattering. The PL
spectrum of (BA)2Pb(Bro.7lo.3)4 after excitation at 320 nm shows the typical emission behavior
for the 2D exciton confined in the inorganic lead halide layer at 405 nm without fine spectral
structurel’” 7! (see Figure 3.2b). By performing TCSPC with excitation at 320 nm, the exciton
relaxation lifetime from the inorganic layer is determined to 0.61 ns. To collect deep
information on the excited state and mechanism of energy transfer, we performed fs-TAS
experiments. As expected, only the exciton dynamics from the inorganic layer are observed

without any relaxation channels provided by singlet or triplet states of the organic cation**],
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The wavelength and time-dependent TA map of BA perovskite thin film is shown in Figure
3.2c.
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Figure 3.2. (a) A schematic representation showing the energy levels of the organic and inorganic layers. (b) UV-
vis absorption and normalized PL spectra (the excitation wavelength for the emission measurements was 320 nm)
and (c) transient absorption data for (BA)2Pb(Bro7los)s thin films excited at 387 nm (81 pJ/cm?) at room
temperature.

A clear pump power dependence is observed and with increasing power (from 81 to 146 pJ
cm ?) the exciton relaxation time decreases from 506 to 32 ps, respectively, and the amplitude
of the fast component t; strongly increases by comparing the TA spectra of different excitation

power densities.

3.1.3 Dynamics of (NMA)2Pb(Bro.710.3)4 thin film

In the NMA-based perovskite, the excitonic lead halide state energy at 417 nm is in between
the singlet and the triplet excited state energies (see Figure 3.3a)["’1. In this case, an efficient
energy transfer occurs from the excitonic lead halide band to the organic triplet state due to
strong coupling between the layers®!. As shown in Figure 3.3b, the excitonic absorption is
observed at 417 nm (2.98 eV) with a weak broad red-shifted absorption plateau that extends
until 570 nm due to trap states!**°l. The emission spectrum of the (NMA)2Pb(Bro7lo.3)s consists
of two parts: an excitonic peak at 440 nm, which is slightly red-shifted to the excitonic
absorption maximum of the film and structured emission with maxima at 570 and 617 nm which
can be assigned to the phosphorescence of the naphthyl chromophore at room
temperature®14€1. These two emission parts have different decay times. The exciton peak has
a slightly shorter decay (0.6 ns) than NMA phosphorescence (0.67 ns).
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Figure 3.3. (a) A schematic representation showing the energy levels of the organic and inorganic layers. (b) UV-
vis absorption and normalized PL spectra (the excitation wavelength for the emission measurements was 320 nm)
and (c) TA map for (NMA),Pb(Bro 7o) thin films excited at 387 nm (81 pJ/cm?) at room temperature.
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For further inspection of energy transfer, we performed fs-TAS experiments after 387 nm
excitation. In the TA map (Figure 3.3c), the peak position of the negative signal (blue signal at
420 nm) is in good agreement with the excitonic peak in the absorption spectrum assigned to
the state filling signal contributed by both band-edge electrons and holes. The positive feature
(around 440 nm) which appears around 0.5 ps after the optical excitation pulse, might be due
to the naphthalene monomer triplet-triplet absorption!*6-148_ The broad positive peak (red
signal at 600 nm) is assigned to triplet-triplet absorption of the intramolecular triplet excimer
of NMAIL38.146.1481 "\which forms due to the high density of naphthalene chromophores in the
organic layer. As discussed in detail (Ref.1), the transient absorption spectra of
(NMA)2Pb(Bro.710.3)4 confirmed ultrafast energy transfer from the inorganic layer to the triplet
organic layer within 0.26 ps’"%I1. The long-lived signal consists of a negative signal at 420 nm
(bleach of exciton signal from inorganic layer) and positive signals at 435 nm (triplet-triplet
absorption of naphthalene chromophore*l) and at 600 nm (triplet-triplet absorption of
naphthalene excimer*°l). By comparing the TA spectra at different excitation power densities,
it is observed that exciton relaxation times become faster, and the respective amplitudes become

larger with increasing pump power.

In the PMA-based perovskite, the excitonic band is higher in energy than the singlet and triplet
excited states of the chromophorel***51. The excitonic peak of (PMA)2Pb(Bro7lo.3)s is found
at 404 nm (3.07 eV) and has a weak red-shifted absorption at about 453 nm (2.74 eV), most
likely due to trap states**®! (see Figure 3.4a). The PL spectrum shows a broad, fine structured
emission with maxima at 403, 428, and 460 nm that extends until 600 nm (excited at 320 nm).
This can be assigned to the fluorescence of the pyrenyl chromophore in this film[t52253 The
PMA perovskite has two decay components. The fast component (0.98 ns) may represent
different relaxation processes like singlet-singlet annihilation in the organic layer, while the
slow component (17 ns) shows the lifetime of the pyrenyl singlet state*>°l. The wavelength and
time-dependent TA map of PMA perovskite thin film is shown in Figure. 3.4c. The peak
position of the negative signal at 418 nm is in good agreement with the excitonic absorption
peak in the steady-state spectrum assigned to the state filling signal. The spectrally broad
positive feature in the visible range with a maximum around 575 nm can be assigned to excited
singlet state absorption of the PMA chromophore[*52154, The excited-state absorption appears
within about 0.4 ps and does not decay until 1 ns (time window of the experiment), suggesting
a long-lived singlet state which match the observed long-lived fluorescence decay from TCPSC

measurement. The comparison of the TA spectra at different excitation power densities shows
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that carrier relaxation times become faster with increasing power. Due to our limited
experimental resolution, we could not detect the energy transfer kinetics from the inorganic
layer to the organic singlet state of the PMA chromophore.
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Figure 3.4. (2) A schematic representation showing the energy levels of the organic and inorganic layers. (b) UV-
vis absorption and normalized PL spectra (the excitation wavelength for the emission measurements was 320 nm)
and (c) TA map for (PMA),Pb(Brozlo.3)s thin films excited at 387 nm (146 pJ/cm?) at room temperature.

Energy transfer mechanisms of (NMA)2Pb(Bro.710.3)s and (PMA)2Pb(Bro.7103)4

The methyl spacer between the organic chromophore and the ammonium anchor group allows
for close contact between 2D exciton in the inorganic layer and organic chromophores leading
to a Dexter-type energy transfer mechanism in both (NMA)2Pb(Brozlos)s and
(PMA)2Pb(Bro710.3)47"81381%51 - Our study aimed to show how the choice of the organic
chromophores concerning the singlet and triplet states simplifies the energetic alignment of the
2D confined exciton in the lead halide layer. Understanding the interaction of large
chromophores with perovskite structures will help to optimize the devices for different
applications, especially LEDs (high emission quantum vyield) and solar cells (high charge

separation efficiency).

3.2 Ultrafast Dynamics in 3D perovskite thin films

3.2.1 Introduction

Double-cation perovskites showed promising device performance as next-generation solar cells
and in optoelectronic applications. One pathway to further increase the quality and stability of
these materials is adding cesium (Cs) as a triple cation to the A-site of mixed-cation
formamidinium (FA)/ methylammonium (MA\) in the perovskite APbX32156-15% Cs/FA/MA
perovskites exhibit high efficienciest®, decrease trap state formation*®l thermal
stability™%16%1 and improved stability against humidity!*6216%l, Bromide-based perovskites are
wide-bandgap semiconductors (> 1.8 eV)[571641661 compared to iodide perovskites, which
could display stable devices for LEDs, water splitters, sensors, and multi-junctions high-
performance SCs[*67-16%, Ultrafast transient absorption spectroscopy (TAS) has been used to

understand the photophysics of singlel®?118.119.121.145170-176]  ang  mixedt*7 1771841 cation
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perovskites. Ghosh et.al, reported the separation time of the initial photo-excited excitons into
free charge carriers (20 fs), which is followed by charge carrier thermalization (sub-100 fs time
range)*"®l. Polaron formation occurs depending on the used cations (0.3 ps in the case of
MAPbBr3; and 0.7 ps in CsPbBr3)*®. The time constant for subsequent carrier cooling was
determined to be 230 fs for low carrier densities, which is slowed down to 770 fs for higher
carrier densities due to the hot phonon bottleneck effect 12, Finally, the later signal decay
extending to the nanosecond time scale obeys second-order kinetics due to charge

recombination(”3],

Reducing recombination losses before carrier extraction is critical for
enhancing the efficiency of perovskite SCs[. While Cs as a triple cation exhibits
improvement in efficiency, the influence of Cs in FA/MA perovskite dynamics has attracted

less attention until now.

In this project, by the one-step spin-coating method, we fabricated FAo.8sMAo.17PbBrs and
Cs0.05(FA0.83MA0.17)0.95PbBr3 thin films on a glass substrate as reported elsewhere321871 We
use time-resolved spectroscopic techniques (steady-state spectroscopy, time-resolved emission,
and fs-TAS) to study the effect of Cs on the dynamics of mixed-cation wide bandgap bromide-
based perovskite. The absorption spectra of both films are similar with a sharp peak at 532 nm,
indicating a similar localization of the charge carriers at the band edge (see Figure 3.5a). The
PL intensity of Cso.os(FA083MAo.17)0.9sPbBr3 is enhanced by a factor of four compared to
FA083sMA0.17PbBr3 which refers to a reduction of non-radiative recombination sites in the
perovskite film (see Figure 3.5b). Adding Cs increases the lifetime of the photogenerated charge
carriers (from 291 to 355 ns) by reducing trap density and non-radiative recombination sites in
the perovskite film (See Figure 3.5¢).

A closer look at both samples' dynamics and relaxation pathways by fs-TAS after excitation at
387 nm in the probe spectral region from 400 to 645 nm showed similar results reported
previously*781881 In both films, we observed three signals, negative Photobleach signal (PB),
positive photoinduced absorption (PIA1), and (P1A2). PB at 532 nm is assigned to the band-
filling effect! 1, which matches the steady-state absorption spectrum. The short-lived PIA1
(<1 ps) signal in the 539 to 580 nm region is linked to transient electroabsorption (Stark effect)

and band gap renormalization (BGR)[119.178188-1%0] p|A2 signal (spectral range between 400 and
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520 nm), which decayed non-exponentially, is assigned to the relaxation of free charge carriers.
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Figure 3.5. (a) Steady-state absorption, (b) steady-state photoluminescence (PL) spectra with optical excitation af
362 nm, and (c) time-resolved (PL) decay with optical excitation at 387 nm of FA/MA (blue) and Cs/[FA/IMA
(orange) thin films deposited on glass substrates at room temperature.
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A clear pump power dependence is seen in both films by performing power-dependent
experiments with optical pump pulses at 387 nm. For low pump power, the PIA2 signal appears
at early delay times at 520 nm without spectral changes also for longer delay times. However,
the PIA2 signal is observed with a broadening and a strong blue shift (up to 420 nm) for high
pump powers, which means that the PIA2 signal is a sensitive indicator for the thin film's
thermal and density distribution of charge carriers. In Cso.05(FA0.83MA0.17)0.95sPbBr3 film, we
observed an enhancement in the efficient hot-phonon bottleneck due to the large mass and small
ionic radius of Cs with a longer lifetime compared to FAqs3sMAo.17PbBrs film®211%1211 Based
on the data evaluation by the software package Optimus!*®Y, the fastest component agrees with
the polaron formation timel*®l. The slowest component, which does not decay in our
experimental time window (1.5 ns), is likely due to non-geminate recombination. Our results
showed that the addition of Cs allows a relaxed form of the perovskite crystal lattice with less
traps and, therefore, better device performance. We believe that the wide band gap mixed-cation
lead bromide perovskites will be an exciting target material for solar cells, sensors, and power

electronics.
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Chapter 4 Photophysical Properties of New Schiff

Bases Containing an Indole Moiety

4.1 Introduction
This chapter is based on the work published in ACS Omega 2022 (Ref. 3)11%21, Schiff bases are

a remarkable candidate for many applications such as antibacterial®®l antivirall*®?,
antitumor(*® antifungall*®! biomedical, organic light emitting diode (OLED)[, sensors!**"],
and photovoltaic solar cell applications™®€-2% owing to the possibility of emitting in a specific
range. Schiff bases are synthesized through condensation reactions between primary amines
with aldehydes or ketones in the presence of homogeneous or heterogeneous catalysts under
optimized conditions. Heterogeneous catalysts are often used in organic synthesis as they are
easy to recover and have high efficiency?:2%1, |n addition, some indole derivatives and other
heterocyclic compounds have shown aggregation-induced emission properties98:204-206]

Thus, Schiff bases with indole moieties may have some interesting optical properties. However,
only a few studies have exclusively examined such materials. Replacing the toxic piperidine

catalyst that is used in organic synthesis is very important.
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Figure 4.1. The chemical structure of 3a, 3b, 3c and 3f Schiff base derivatives.

4.2 Photophysical behavior of the selected Schiff bases

In this project, we compared the synthesized product yield of six new Schiff bases derived from

indole using the heterogenous catalyst Au@TiO> and piperidine as an organic catalyst. Both
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catalysts showed comparable results, but the Au@TiO> was easy to separate and recyclable.
Our main contribution to this project is studying the photophysics properties of four materials
using UV—Vis absorption, PL, and TCSPC. All solutions have been prepared using dimethyl
sulfoxide (DMSO) as solvent. The solution concentration for all samples is 1x10~° mol L™
except for sample (E)-1-(4-(((3-chloro-1H-indol-2-yl)methylene)amino)phenyl)ethan-1-one
(3b) where it is 1x10~7 mol Lt as it shows a weak absorption. The absorption peaks for all
samples can be assigned to the n—x™* transitions. Firstly, the peaks at 280-320 nm resulted from
n—7* transitions of the aromatic core. Secondly, the bands in the 300—360 nm range refer to
n—m* transitions of the C=N groups. Finally, the longer wavelength absorptions reflect the
extended conjugation in the whole molecule. These samples have various ground states for

different substituents.
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Figure 4.2. Photophysical behavior of DMSO solutions of 3a, 3b, 3c, and 3f at room temperature: (a) UV-Vis
absorption spectra (1x10~" mol Lt for 3b and 1x10~° mol L for 3a, 3c, and 3f). (b) Emission spectra with
excitation at 320 nm (1x10~" mol L ™). (c) Photoluminescence decay profiles at 320 nm excitation.

The emission spectra of (E)-1-(3-chloro-1H-indol-2-yl)-N-(4-methoxyphenyl)methanimine
(3a) (methoxy group) and (3b) (acetyl group) have no change in the Amax (415 nm); however, it
has been reported that these groups can affect the energy gap between the lowest unoccupied
molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) to produce a
blue or red shift!?%™l, The emission maximum is red-shifted by replacing the phenyl ring of (3a)
and (3b) with naphthyl in (E)-1-(3-chloro-1H-indol-2-yl)-N-(naphthalen-1-yl)methanimine
(3c) and carbazolyl in  (E)-1-(3-chloro-1H-indol-2-yl)-N-(9-ethyl-9H-carbazol-3-
yl)methanimine (3f) rings to 430 and 450 nm, respectively. This result signifies the possibility
of the substituent groups increasing Exomo in the order carbazolyl > naphthyl > phenyl.

For further investigation of the lifetime of these emissions, we performed TCSPC
measurements in the solution state. The studied Schiff bases showed well-fitted biexponential
decay profiles with emission lifetimes on the order of nanoseconds. We assigned these decay's
lifetimes to fluorescence emitted from singlet excited states. By detecting the emission colors

with the Commission Internationale de I’Eclairage (CIE), the (3b), (3c) and (3f) samples
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showed a deep blue fluorescence with CIE coordinates of y<0.112%8l, Based on that, these

materials might be interesting for designing new OLEDs with reduced energy consumption.
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Chapter 5 Conclusion and Outlook

5.1 Conclusion

In summary, this cumulative thesis focuses on investigating the time-resolved dynamics in
different perovskites and new synthesized Schiff base materials that might be interesting for
optoelectronic applications like solar cells and LEDs. The common solar cell and LEDs devices
are based on inorganic materials like silicon because of their high efficiency and stability. The
high cost of processing pure-crystalline silicon encourages researchers to find low-cost
candidates with comparable efficiency and stability. Since then, extensive research has been
done on 2D and 3D perovskites for alternative solar cells and LEDs. These perovskites could
show promising results in replacing silicon in the near future when some issues, e.g., stability

and the presence of lead are fixed (discussed in chapter 1).

In chapter 3, we studied the energy transfer from the inorganic to the organic layer in three lead-
based mixed-halide perovskite thin films containing BA, NMA, and PMA cations. The selection
of the organic chromophores makes it easier for the 2D confined exciton in the lead halide layer
to align energetically with the singlet and triplet states of the organic layer. Our studies provide
insight into how large chromophores affect perovskite photophysical properties. In the visible
spectral range, fs-TAS on (BA)2Pb(Bro.7lo.3), (NMA)2Pb(Bro.7lo3), and (PMA)2Pb(Bro.710.3)4
thin films revealed the ultrafast Dexter-type energy transfer channel between the donating 2D-

confined exciton and the accepting chromophore under spin conservation.

In chapter 4, we used fs-TAS and time-resolved spectroscopic techniques (steady-state
spectroscopy and TCSPC) to study the effect of Cs on the dynamics of a mixed-cation (FA/MA)
wide band gap bromide-based perovskite. Adding 5% of Cs increased the average lifetime of
the photogenerated charge carriers due to less non-radiative recombination channels and
reduced trap density. Investigating the mechanism of charge dynamics in mixed cation
perovskite thin films is essential for fabricating high-performance and stable devices. Recent
interest in 2D and 3D perovskite systems is coupled with frequently complementary demands

for optimization in various applications, including LEDs and solar cells.

In chapter 5, our study showed that using Au@TiO: as a heterogeneous catalyst for synthesizing
six new Schiff bases derived from indole facilitates the procedure with high yield and reusability

of the used catalyst. In addition, the photophysical properties of these new dyes exhibit
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interesting luminescence behaviors, such as the dependence of the spectral shape on the
substituent group and the emission of deep-blue fluorescence with CIE coordinates of y <0.1.
Based on that, these dyes may help in designing new OLEDs because they decrease the emitting

devices' energy consumption.

5.2 Outlook

Perovskite material with different dimensionality could show outstanding improvement in the
past few years for making a further step from lab to industry. The efforts to understand the
photochemical and photophysical properties of 2D halide perovskites will push this field
further. Choosing suitable spacers, especially those with heavily conjugated rings, open many
doors for the use and suitability of these materials for specific applications. However, many still
open questions about these materials, such as the impact of spacer on film properties, limitation
of layer numbers, device stability, mixing of different cations and the photophysical properties,

need to be studied and resolved.
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Lead halide based perovskite semiconductors self-assemble with distinct organic cations in natural multi-
quantum-well structures. The emerging electronic properties of these two-dimensional (2D) materials
can be controlled by the combination of the halide content and choice of chromophore in the organic
layer. Understanding the photophysics of the perovskite semiconductor materials is critical for the optim-
ization of stable and efficient optoelectronic devices. We use femtosecond transient absorption spec-
troscopy (fs-TAS) to study the mechanism of energy transfer between the organic and inorganic layers in
a series of three lead-based mixed-halide perovskites such as benzylammonium (BA), 1-naphthylmethyl-
ammonium (NMA), and 1-pyrenemethylammonium (PMA) cations in 2D-lead-based perovskite thin films
under similar experimental conditions. After optical excitation of the 2D-confined exciton in the lead
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halide layer, ultrafast energy transfer is observed to organic singlet and triplet states of the incorporated
chromophores. This is explained by an effective Dexter energy transfer, which operates via a correlated
electron exchange between the donating 2D-confined exciton and the accepting chromophore under

rsc.li/nanoscale spin conservation.

photodetectors, scintillators,”* phosphors,”> and photonic
devices'* were demonstrated.
Lead halide perovskites consist of inorganic PbXs octa-

Introduction

Perovskites are promising semiconductor materials for

Published on 07 September 2021. Downloaded by University of Frankfurt on 7/5/2022 2:00:09 PM.

efficient solar cells (SCs) or light-emitting diodes (LEDs)
because of their high quantum efficiencies, optical and electri-
cal properties, tunability, and their low cost. Three-dimen-
sional (3D) perovskite solar cells showed outstanding progress
in the power conversion efficiency from 3.8%' to 25.2%
within 11 years. To date, many researchers are trying to
improve the properties of the two-dimensional (2D) organic-
inorganic perovskites with large size organic spacers as they
are photochemically and structurally very stable because of the
hydrophobicity of these organic layers compared with the 3D
perovskites.>” Besides, for 2D perovskites, important opto-
electronic applications® like LEDs,” ™" transistors,'? solar cells,
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hedrons, where X is Cl, Br, or I. Depending on the choice of
the organic cations, these PbX, units crystallize isolated (0D),
linearly arranged (1D), layered (2D), or connected in all direc-
tions (3D). This allows the control of the dimensionality of the
inorganic semiconductor material.">** The chemical formula
of 2D perovskites (see scheme in Fig. S17) is known for more
than 30 years as (R-CH,-NH3),(A),,_1BX3,+1, Wwhere A and B are
cations. R-CH,-NHj; is a primary aliphatic or an aromatic
alkyl-ammonium group working as a spacer between the
layers, X is a halide anion, and n refers to the number of metal
halide octahedral layers.>*

About 20 years ago, some groups started to use the organic
cations in this material class not only to determine the struc-
ture of the inorganic semiconductor material but moreover to
become the electronically active component. The introduction
of large chromophores in 2D lead halides leads to effective
low-dimensional energy transfer systems, including organic
triplet states,>>® organic singlet states®®*” and organic
charge-transfer states (pyrene-TCNQ).>>*° By tuning the in-
organic excitonic states to high transition energies in the (R-
CH,-NH3;),PbCl, system, efficient energy transfer between the
inorganic layers (lead chloride) and organic layers (benzyl,
naphthyl, anthryl) could be achieved.*® For benzyl and

This journal is © The Royal Society of Chemistry 2021
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naphthyl chromophores, a strong coupling between the lead
chloride excitonic band and the triplet state of the chromophore
is monitored by a strong phosphorescence signal from the
organic triplet state. This was interpreted by an efficient energy
transfer process from the inorganic excitonic band to the triplet
state of the organic layer via a Dexter energy transfer mecha-
nism.>® Ema et al. reported for lead bromides that the energy
transfer efficiency to the organic naphthyl triplet system
decreases with increasing the alkyl chain length between the
NH; anchor group and the aromatic naphthyl system.’" Pyrene-
based halide perovskites were also studied with different lead
halides (chloride, bromide, and iodide) as a promising material
for light-emitting applications and efficient energy transfer to
the organic singlet and triplet system.”” 2D perovskites were not
applied in solar cell devices until Cao et al. could achieve 4.02%
power conversion efficiency.’* Recently, efficiencies as high as
12.4% have been obtained by employing quasi-2D perovskites,
which consist of alternating napthylmethylamine and formami-
dinium cations®® and even solar cells with naphthyl and anthryl
groups were realized.>® Many studies have reported the possi-
bility of tuning the excitonic band by halide replacement and
the improved stability of these mixed halide (Cl, Br, and I) crys-
tals due to their flexibility, which facilitates the fabrication of
LEDs from blue to the green region.>*>° Those mixed halide
perovskites are referred to as (R-CH,-NHj),Pb(Br,I,_,) with the
aromatic chromophore R. Here the parameter x determines the
relative content of Br and I and for e.g. a ratio of Br:I of
0.7 : 0.3, this can also be written as (R-CH,-NH3),Pb(Br ;1 3)4.

In this work, we present time-resolved spectral studies of
different chromophores like benzylammonium (BA),
1-naphthylmethylammonium (NMA), and 1-pyrenemethyl-
ammonium (PMA) cations in 2D-lead based perovskite thin
films using steady-state UV-Vis, steady-state PL spectroscopy,
time-resolved emission, and ultrafast femtosecond transient
absorption spectroscopy. These experiments are performed on
all investigated samples under similar experimental conditions
to elucidate the energy transfer and relaxation pathways.

Experimental section

The one-step spin-coating method was applied to fabricate
thin films of microcrystalline (BA),Pb(Bry;ly3)s, (NMA),Pb
(Bro.71.3)s, and (PMA),Pb(Br, ;I,3)s on quartz glass substrates.
We used mixed halide lead-based Pb(Br, I, 3), for all samples
to tune the excitonic transition energy of the inorganic part
and visualize the influence of the different chromophores.

Preparation of the substrates

The 25.4 mm X 25.4 mm quartz substrates of 1 mm thickness
were cleaned with soapy water and then washed with deionized
water after ultrasonication for 45 min in a mixture of acetone
and isopropyl alcohol (1:1). Afterwards, the glass was dried
with a nitrogen blower. Before the spin coating, the substrates
were subsequently exposed to O, plasma for 15 min (Plasma
cleaner Zepto, Diener electronic) to remove organic residues.

This journal is © The Royal Society of Chemistry 2021
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Preparation of perovskite precursors for the thin films

Firstly, benzylammonium bromide (C,H,NH;Br), was syn-
thesized via the reaction of benzylamine (C;HoN, 3 mL, Alfa
Aesar) with hydrobromic acid (HBr, 48% in water, ACROS
ORGANICS) and stirred at 0 °C for 30 min. The C,H,NH;3;Br
powder was washed three times with petroleum ether and
dried in a vacuum pump for two days before use.
Benzylammonium iodide (C,H,NH;I) was synthesized via the
reaction of benzylamine (C;HoN, 3 mL, Alfa Aesar) with hydro-
iodic acid (HI, 55-58 mass% in water, Fluka) by the same
process. (BA),PbBr, and (BA),Pbl, precursor solutions (the
concentration of solute was fixed at 0.3 M for all samples) were
prepared in N,N-dimethyl formamide (DMF, anhydrous,
Aldrich, 1 mL). (BA),Pb(Br,-Ily3)s solution was mixed from
0.7 ml of (BA),PbBr, and 0.3 ml of (BA),Pbl,. The solution was
stirred at 50 °C for 1 day before use in the spin-coating
process.

We have used the analogue procedure to prepare (NMA),Pb
(Bro.;Ip.3)s (except that 1-naphthylmethylammonium bromide
and 1-naphthylmethylammonium iodide powders were
washed with diethyl ether). The procedure prepared the salts
1-pyrenemethylammonium bromide, and 1-pyrenemethyl-
ammonium iodide described elsewhere®” and in the ESLt

Finally, transparent and homogeneous solutions of (BA),Pb
(BrosIos)s, (NMA),Pb(Bro;1p3)s, and (PMA),Pb(Bry1o5)s
without the formation of any precipitates were obtained. Using
these solutions at 50 °C, spin-coating was carried out at 4000
rpm for 50 s. After the spin-coating, the films were annealed at
100 °C for 10 min. As shown in Fig. S1,f the SEM and XRD
spectra of all samples exhibit high crystallinity of the films.

Optical measurements

Steady-state spectroscopy. Absorption spectra of the spin-
coated films on a quartz substrate (thickness 1 mm) were
recorded with the UV/Vis spectrophotometer SPECORD S600
(Analytik Jena, Jena, Germany). Photoluminescence (PL)
spectra were collected by an FP-8500 spectrofluorometer
(Jasco, Grof3-Umstadt, Germany). The excitation wavelength
was 320 nm with a bandwidth of 5 nm. We additionally
applied an UV band pass filter for 280-370 nm (UG11, Schott
Glas) for the excitation path and a long pass filter of 360 nm
(WG360, Schott Glas) for the emission path. The PMT voltage
was set to 950 V. The wavelength-dependent instrument sensi-
tivity and the baseline were corrected routinely.

Time-correlated  single photon counting (TCSPC).
Nanosecond time-resolved emission measurements were per-
formed using a TCSPC system (Fluo Time 100, PicoQuant) and
counting card with 25 ps channel width. The thin films were
excited using a sub-ns pulsed LED PLS320 at 325 nm, and the
PL of the sample was detected using a photomultiplier detec-
tor (PMA 182, PicoQuant). The repetition rate of the pulsed
LED was 10’ Hz (time window of 100 ns). The Rayleigh scat-
tered light on a pure quartz substrate was used to determine
the temporal instrument response function (IRF) of the TCSPC
system (full width at half maximum (FWHM) of ~800 ps). This

Nanoscale, 2021, 13, 15668-15676 | 15669


https://doi.org/10.1039/d1nr04290d

Published on 07 September 2021. Downloaded by University of Frankfurt on 7/5/2022 2:00:09 PM.

Paper

IRF was considered in the fitting of the transient traces. For all
measurements, a long pass filter at 390 nm was inserted routi-
nely to block stray light from the excitation source. Various
detection wavelength ranges were selected using combinations
of long pass and band pass filters.

Femtosecond transient absorption spectroscopy measure-
ments (fs-TAS). We used a home-built pump-probe setup*® for
fs-TAS to investigate the ultrafast exciton dynamics, energy
transfer, and recombination processes in the 2D perovskite
systems. The pulsed laser system ran at a central wavelength of
775 nm and a repetition rate of 1 kHz (Clark-MXR, Dexter, MI,
USA, pulse duration of 180 fs). Excitation pulses were applied
with a central wavelength of 387 nm (after second harmonic
generation of the laser fundamental). We adjusted the pump
pulse energy to obtain an excitation density of 162 pJ ecm™> at
the sample position. The probe white light covering a spectral
range of 360-645 nm was generated by focusing a part of the
laser fundamental onto a 5 mm thick calcium fluoride crystal.
The white light was transmitted through the sample and sub-
sequently detected via an HR320 spectrograph (Horiba, Kyoto,
Japan). The detection system is consisting of a signal proces-
sing chip (S8865-128) with 128 channel photodiode arrays
(PDA), a C9118 driver circuit (Hamamatsu Photonics) and a
data acquisition card that digitizes the analog PDA signals at
16 bits (National Instruments, NI6120). The sample was con-
tinuously moved in the plane perpendicular to the direction of
probe pulse propagation. By varying the time delay between
the excitation and the probe pulses via a stepping translational
stage (delay line), we obtained a three-dimensional transient
absorption profile (AOD vs. 4 and t).*' All spectra presented
here were chirp-corrected, and the instrumental resolution was
~200 fs. The decay-associated spectra (DAS) resulted from the
global lifetime analysis (GLA) discussed in detail elsewhere.*?
All TA measurements were performed up to 1.5 ns delay time.

Results and discussion

The benzyl, naphthyl and pyrenyl chromophores, which are
incorporated as an organic layer in the lead halide perovskite
films, were chosen because the energetic position of their first
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excited singlet and triplet states allows for different scenarios
of energy transfer. The fluorescence and phosphorescence of
these chromophores cover transition wavelengths from the UV
to the red spectral range. The halide mixture of Br and I in the
ratio 0.7:0.3 shifts the transition wavelength of the 2D lead
halide exciton to about 400 nm.

It is worth noting that a paper by Wu et al. reporting the
triplet excimer formation with NMA cations has been recently
published during the preparation of our manuscript.*?
However, our study mainly focuses on the energy transfer
mechanism between the inorganic and organic layers in 2D
perovskite thin films.*?

UV-vis absorption and fluorescence spectroscopy of the thin
film samples

Absorption spectroscopy is a unique tool for the estimation of
optical bandgap and the nature of semiconductors, but also of
allowed molecular transitions. The absorption spectra of thin
semiconductor films show a sharp enhancement at wavelength
regions larger than or close to the bandgap if the material is
excitonic. As shown in (Fig. 1la-c), this excitonic absorption
peak of the (BA),Pb(Br, I, 3), film is observed at 402 nm (3.09
eV) with a red-shifted extinction tail due to scattering. The
(NMA),Pb(Br 51y 3)4 film shows excitonic absorption at 417 nm
(2.98 eV) with a weak broad red-shifted absorption plateau that
extends until 570 nm, most likely due to trap states.** The exci-
tonic peak of (PMA),Pb(Br, ], 3), is found at 404 nm (3.07 eV)
and has a weak red-shifted absorption at about 453 nm (2.74
eV), most likely due to trap states.’” The PL spectrum of
(BA),Pb(Br, 51y 3)4 after excitation at 320 nm shows a spectrally
narrow excitonic emission peak at 405 nm without spectral
fine structure. This is the typical emission behaviour for the
2D exciton confined in the inorganic lead halide layer.>>*” The
emission spectrum of the (NMA),Pb(Br, -], 3), after excitation
at 320 nm film consists of two components: an excitonic peak
at 440 nm is observed, which is slightly red-shifted to the exci-
tonic absorption maximum of the film; also a structured emis-
sion with maxima at 570 and 617 nm is observed, that can be
assigned to the phosphorescence of the naphthyl chromo-
phore at room temperature.*"**> The PL spectrum of (PMA),Pb

——— bos — . —————————— O T s S B S o i Mt

12} [(BA),Pb(Bro7lg3)s|| ~ (NMA),Pb(Bro o3| | 5 (PMA),Pb(Bry 7l5.3)s =)
8 Abs s ot & Abs 18 16} hbs s
10} ’ . PL = : PL > Lo PL 1>
@ _oal e &
5 os g5 & Si2f s
2 = - = B {15
Sosft g3 T 2, T

Qo Qo 2 S
° o & -
< 04} M <02 2 N
T E 18
£ £ 04f E
02} S 0,1 5 5
z z g z

T T I ik T I AL T

7330 360 390 420 450 480 510 540 570 600 630
Wavelength / nm

0,0 L
330 360 390 420 450 480 510 540 570 600 630
Wavelength / nm

0'0 1 1 1 1 1 1 n i
330 360 390 420 450 480 510 540 570 600 630
Wavelength / nm

Fig. 1 UV-vis absorption and normalized PL spectra of (a) (BA),Pb(Brg7lp.3)4 (b) (NMA),Pb(Brg sl 3)s and (c) (PMA),Pb(Brg;lp3)4 thin films at room
temperature. The excitation wavelength for the emission measurements was 320 nm.
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(Bro.71p.3)s excited at 320 nm shows a broad, fine structured
emission with maxima at 403, 428, and 460 nm that
extends until 600 nm. This can be assigned to the fluorescence
of the pyrenyl chromophore in this film, as these emission
characteristics are well-known for 1-substituted pyrene
chromophores.*®*?

Altogether the 2D perovskite samples with the selected
three different organic chromophores show an absorption
behaviour which is dominated by the lead halide based 2D
confined exciton of the inorganic layer while the emission
behaviour is either due to the 2D inorganic exciton or the
organic triplet state or the organic singlet state, depending on
the chosen organic chromophore.

Time-resolved fluorescence measurements

To investigate the mechanisms of energy relaxation pathways
and lifetimes, PL decay measurements were performed using
the TCSPC technique. TCSPC decay profiles of (BA),Pb
(Bro.710.3)s, (NMA),Pb(Br,,1y3)s, and (PMA),Pb(Br, ;I 3)s thin
films are shown in (Fig. S27). It is evident from the figure that
(PMA),Pb(Bry ;I 3)s has the longest lifetimes with two decay
components of 0.98 ns and 17 ns, followed by (NMA),Pb
(Bry.7Ip.3)s (0.60 ns) and (BA),Pb(Br,-Iy3)s (0.61 ns) samples.
The detailed parameters are summarized in Table S1.}

In BA perovskite, the lifetime of 0.61 ns represents the
exciton relaxation in the inorganic layer. In NMA perovskite,
the lifetime component monitored at the exciton peak
(440 nm) represents the relaxation of the 2D exciton to the
ground state and the triplet state of the naphthyl chromophore
at room temperature, while the slower decay monitored at the
naphthyl phosphorescence (wavelength > 530 nm) shows the
decay of the organic triplet state.®® The PMA perovskite has
two components. The fast component (0.98 ns) may represent
different relaxation processes like singlet-singlet annihilation
in the organic layer, while the slow component (17 ns) shows
the lifetime of the pyrenyl singlet state.’® The observed average
PL lifetimes (7avg) of NMA and PMA chromophores are close to
the reported values of different groups.>**

Transient absorption

By performing fs-TAS experiments, it is possible to monitor
the dynamics of transiently created excited states, excitons or
charge carriers. This provides insight into the mechanisms of
exciton cooling processes, energy transfer or charge carrier
transfer in these thin-film samples. The used approach is a
pump-probe experiment, where the sample is excited by an
ultrashort laser pulse.”*® The ensuing non-equilibrium
dynamics of the system can be detected via the transmission
of delayed probe pulses. The samples were pumped at 387 nm,
and the spectrally broad probe pulse revealed the changes in
the absorption spectrum (AA) as a function of time. The
samples were measured from the sample side at room temp-
erature. The films were stable during the measurements, and
repeated measurements at identical sample positions showed
no difference in the magnitude of the recovery kinetics of the
signals.

This journal is © The Royal Society of Chemistry 2021
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Ultrafast dynamics of (BA),Pb(Br, ;1p.3)s

In the BA-based perovskite, thin-film absorption and emission
are dominated by the 2D Pb-mixed halide excitonic state. It is
expected that energy transfer between the organic and in-
organic layers is absent after excitation at 387 nm, as the exci-
tonic lead halide state at 406 nm is lower in energy than both
the singlet (at about 260 nm) and the triplet (at about
360 nm)° excited state of the BA chromophore.

The wavelength and time-dependent TA map of BA perovs-
kite thin film is shown in Fig. 2a. The ground state bleach GSB
at 404 nm (3.09 eV) is close to the bandgap of the material.
The excitonic band of the inorganic part is lower in energy
than the singlet and the triplet states of the organic part, thus
only the exciton dynamics from the inorganic layer is observed
without any relaxation channels provided by singlet or triplet
states of the organic cation.**

The absorption changes of the sample at 406 nm for
different delay times are shown in Fig. 2b. The decay-associ-
ated spectra (DAS) resulting from the global lifetime analysis
(GLA)*? are composed of two lifetimes (Fig. 2c). The dominant
bleach signal due to the lead halide exciton is long-lived and
decays with a time constant of 506 ps.

By comparing the TA spectra of different excitation power
densities, a clear pump power dependence is observed. With
increasing power (from 81 to 146 pJ cm™>) the exciton relax-
ation time decreases from 506 to 32 ps, respectively, and the
amplitude of the fast component 7, strongly increases (Fig. S3
and Table S2t). The excitation power-dependence is directly
correlated to the exciton density in the sample. Therefore, the
fast time constant r; is assigned to the exciton-exciton annihil-
ation process (EEA), whereas the time constant 7, is indicative
for the relaxation of the 2D confined exciton to the ground
state.

Ultrafast dynamics of (NMA),Pb(Br, 51, 3),

In the NMA-based perovskite thin-film, the excitonic band (at
417 nm) is lower in energy than the singlet excited state (at
290 nm) though it is higher in energy than the triplet excited
state (at 470 nm) of the NMA chromophore.”® In this case, a
strong coupling between the layers leads to an energy transfer
from the excitonic lead halide band to the organic triplet
state.®® The wavelength and time-dependent TA map are
shown in Fig. 3a. In the transient absorption spectra of the
NMA perovskite, the peak position of the negative signal (blue
signal) at about 420 nm is in good agreement with the exci-
tonic peak in the absorption spectrum (Fig. 1b). Thus it can be
assigned to the state filling signal contributed by both band-
edge electrons and holes of the lead halide exciton. The posi-
tive feature around 440 nm, which appears around 0.5 ps after
the optical excitation pulse (see Fig. 3b and d), might be due
to the naphthalene monomer triplet-triplet absorption.**>%>
The broad positive peak (red signal) around 600 nm is
assigned to triplet-triplet absorption of the intramolecular
triplet excimer of NMA,****! which forms due to the high
density of naphthalene chromophores in the organic layer.
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The changes in the absorption spectrum of the sample at
different delay times are shown in Fig. 3b. The respective
recombination kinetics probed at 419 and 600 nm were
plotted in Fig. 3c. The (DAS) is composed of three lifetimes
and a long-lived component (inf) (Fig. 3d). It worth noting
that the dominant bleach signal due to the lead halide exciton
at 417 nm decays fast with z; of 0.26 ps, 7, of 9.7 ps and 73 of
670 ps. This result is in agreement with the Ema work.>"

By comparing the TA spectra at different excitation power
densities (Fig. S4 and Table S37), it is observed that exciton
relaxation times become faster, and the respective amplitudes
become larger with increasing pump power. Further, by

15672 | Nanoscale, 2021, 13, 15668-15676

increasing the power from 81 to 162 uJ ecm ™2, the exciton relax-

ation time decreases. Thus, the fast time constants z; (0.26 ps)
and 7, (9.7 ps) have strong contributions to the exciton-exciton
annihilation process. The DAS of the time constant z; also
shows a negative amplitude in a spectrally broad range
between 450 to 600 nm, and the DAS of the time constant 7,
has a negative component at 430 nm, which both is indicative
for the rise of triplet-triplet absorption signals of the naphtha-
lene chromophore (Fig. 3d). Therefore, the energy transfer to
the organic naphthalene layer is observed in this ultrafast time
range. The transient absorption spectrum at the longest experi-
mental delay time is identical with the DAS of the infinity
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decay component 7,. This long-lived signal consists of a nega-
tive signal at 420 nm (bleach of lead halide based exciton
signal) and positive signals at 435 nm (triplet-triplet absorp-
tion of naphthalene chromophore® and at 600 nm (triplet-
triplet absorption of naphthalene excimer.’*

Ultrafast dynamics of (PMA),Pb(Br, 51y.3)4

In the PMA-based perovskite, the excitonic band is higher in
energy than the singlet and triplet excited states of the
chromophore.*>* The wavelength and time-dependent TA
map of PMA perovskite thin film is shown in Fig. 4a. The peak
position of the negative signal (blue signal) at 418 nm is in
good agreement with the excitonic absorption peak in the
steady-state spectrum (Fig. 1c). This can be assigned to the
state filling signal contributed by both band-edge electrons
and holes. The spectrally broad positive feature in the visible
range with a maximum around 575 nm can be assigned to
excited singlet state absorption of the PMA chromophore.**>*
The excited-state absorption appears within about 0.4 ps and
does not decay until 1 ns, suggesting a long-lived singlet state.
This is in line with the observed long-lived fluorescence decay
(biexponential decay with 0.98 ns and 17.1 ns) as shown in
Fig. S5 and Table S4.1

The absorption changes of the sample at different delay
times are shown in Fig. 4b, and kinetics at selected probe
wavelengths (420 nm, 473 nm and 584 nm) are plotted in
Fig. 4c. The DAS is composed of three lifetimes and a long-
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lived component (inf) (Fig. 4d). The dominant bleach signal
due to the lead halide exciton probed at 420 nm decays fast
with two time constants (z; = 0.2 ps and 7, = 8.6 ps).

The comparison of the TA spectra at different excitation
power densities shows that carrier relaxation times become
faster with increasing power (Fig. S5 and Table S4f). By increas-
ing the power density from 81 to 146 pJ cm™?, the carrier relax-
ation time 7; of 0.36 ps decreases to 0.2 ps and the decay time
7, of 14 ps decreases to 8.6 ps. Moreover, the respective ampli-
tudes of the fast components 7; and 7, are strongly increased.
Thus these time constants are assigned to the exciton-exciton
annihilation process. The DAS for all decay times lacks a nega-
tive amplitude between 450 and 620 nm, which was assigned to
the ESA signal of the pyrene singlet state. Thus the energy trans-
fer process from the lead halide based exciton to the organic
pyrene layer occurs ultrafast beyond our experimental time
resolution. The long-lived excited singlet state of the pyrene
chromophore is also seen in the DAS of the time constant z3
and the infinity time constant z,.

Differences between (NMA),Pb(Br, -1, 3), and (PMA),Pb
(Br0.7lo_3)4 thin films

(NMA),Pb(Bry;1p3)s triplet state and (PMA),Pb(Bry-1ly3)s
singlet state both are lower in energy than the inorganic lead
halide exciton band, yet the transient data monitoring the
energy transfer processes exhibit different results. For the
NMA chromophore, an ultrafast population time of 0.26 ps
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Fig. 4 Transient absorption data for (PMA),Pb(Bro 1o 3)4 thin films excited at 387 nm (146 uJ cm™2). (a) Wavelength and time dependent TA map. (b)
Transient spectra at different time delay times. (c) Kinetic traces at 420 and 584 nm. (d) Decay associated spectra (DAS) from kinetic fitting with three

time constants and slow component that does not decay (Inf).
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could be resolved (negative amplitude of the respective DAS in
the visible range between 450 and 600 nm). On the other
hand, a similarly negative amplitude in the DAS of the PMA
perovskite is not resolved. Instead, the transient absorption
spectrum, which is characteristic for the pyrene singlet state is
observed directly after optical excitation and remains to the
nanosecond time regime. Therefore, the energy transfer from
the lead halide exciton to the organic singlet state occurred
faster than the time-resolution of our experiment (about 200
fs). For the PMA chromophore absorption, the negligible spec-
tral overlap with the lead halide excitonic emission spectrum
does not support the FRET process as a possible transfer
mechanism. FRET is excluded as an explanation also for the
energy transfer for the NMA chromophore as the accepting
triplet state would be optically forbidden. Instead for both
chromophores, a Dexter-type mechanism seems to be more
reasonable. This was also discussed before by several research
groups on comparable systems>®**>° and especially the work
of Ema et al.,*" where the energy transfer in dependence of the
distance between the chromophore and lead halide layer was
studied in detail. Therefore, a correlated two-fold charge trans-
fer (electron and hole) from the lead halide exciton to the
organic acceptor chromophore explains the observed ultrafast
transfer time. The short methyl spacer between the organic
chromophore and the ammonium anchor group to the halide
allows for the necessary contact interaction between the 2D
exciton in the inorganic layer and the organic chromophores.
A recent theoretical study for the perovskite system (R-CH,—
NH3;),(A),,—1BXs,., investigated the excitonic interaction of lead
halide layers separated by organic spacer layers with respect to
exciton delocalization.”® Especially for the case of single lead
halide layers (n = 1) a very strong delocalization of electron and
hole density was calculated, which results in Dexter-type
energy transfer processes in the range of a few to tens of fem-
toseconds. This exciton delocalization effect also enables
efficient energy transfer to suitable organic chromophores by
this mechanism in the same time-range. Because the Dexter
mechanism conserves the spin state, the ultrafast transfer to
singlet and triplet states is feasible.

Besides the ultrafast energy transfer dynamics, as summar-
ized in Fig. 5, an excitation density dependent decay is
observed for all investigated samples. The samples showed
exciton-exciton annihilation in the sub-ps and few-ps range
for both chromophores t, which is effective due to the reduced
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Fig. 5 A schematic representation showing the energy transfer
dynamics of (BA),Pb(Broslos)s, (NMA),Pb(Broslos)s and (PMA),Pb
(Bro.7l0.3)4 thin films.
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dimensionality of the crystalline structure. These exciton-
exciton annihilation processes are non-exponential by nature,
which is reflected by the approximated parametrization via
multi-exponential fit models as seen in the respective DAS>">°
(Fig. 3 and 4).

Conclusions

A series of three lead-based mixed-halide perovskites contain-
ing BA, NMA, and PMA thin films have been fabricated to
study the ultrafast dynamics of energy transfer from the in-
organic to the organic layer. The choice of the organic chromo-
phores facilitates the relative energetic alignment of the 2D
confined exciton in the lead halide layer with respect to the
singlet and triplet states of the organic layer. Femtosecond
transient absorption spectroscopy on (BA),Pb(Bry ;Iy.3)4,
(NMA),Pb(Bry ;1p3)4, and (PMA),Pb(Br,-1y3)s nanocrystalline
thin films in the visible spectral region showed the ultrafast
Dexter-type energy transfer path to the organic singlet/triplet
states. The presented spectral studies help to understand the
interaction of large chromophores with perovskite structures
and how it can be optimized for different optoelectronic
devices, where the recent interest in 2D and 3D perovskite
systems is combined with often complementary demands for
the optimization in different applications ranging from LEDs
(high emission quantum yield) to solar cells (high charge sep-
aration efficiency). The implementation of large organic
chromophores with well-defined spacers between the lead
halide layer and the organic pi-electron system enables more
flexibility in the design of those devices.
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Preparation of 1-pyrenyl-methylammonium bromide:

1-Pyrenyl-methylamine were dissolved in the required amount of isopropanol and stirred about 30
min at room temperature. Then hydrobromic (47%) were added in one portion, whereupon the
hydrobromide precipitates immediately. There was still 30 min stirred, and the precipitate formed was
filtered off, washed with isopropanol and finally with diethyl ether and dried in vacuum.

Preparation of 1-pyrenyl-methylammonium iodide:

1-Pyrenylmethylamine were dissolved in the required amount of isopropanol (approx. 40 mL). For a
complete solution, about 30 min. be stirred at room temperature. Then 0.183 mL (1.38 mmol) HI (57%)
were added in one portion, whereupon the hydroiodide precipitates immediately. (The hydriodic acid
was present as a 57% aqueous solution, which was stabilized with 1.5% hypophosphorous acid and
was therefore freshly distilled shortly before use. After the distillation, the acid changes colour very
quickly due to light and small amounts of dust or the like red-brown.) Another 30 min stirred, and the
precipitate formed was filtered off, washed with isopropanol and finally with diethyl ether and dried
in vacuum. During all manipulations, care was taken to ensure that there was only a little incidence of
light.
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SEM, Schemes and XRD spectra of (BA):Pb(Broslos)s, (NMA)Pb(Broslo3)a and
(PMA)2Pb(Bro.7l0.3)a thin films:
(BA),Pb(Bry5ly3)s (PMA),Pb(Bry;l53)4
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Fig. S1 Scanning-electron Microscope images of all films. XRD patterns of PbBr; and Pbl, powders (the

same for all samples).

(BA)2Pb(Broslos)a film in

Benzylammonium bromide, benzylammonium
the

left panel;

1-naphthylmethylammonium

iodide powders, and
bromide, 1-

naphthylmethylammonium iodide powders, and (NMA),Pb(Bro7los)s film in the middle panel; 1-

pyrenemethylammonium  bromi

de and

1-pyrenemethylammonium

iodide powders and

(PMA)2Pb(Bro7lo)s film in the right panel. All powders exposed in ambient air.
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TCSPC measurements:

a b 10 F T T T T Cio
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Fig. S2 Photoluminescence (PL) decay of (a) (BA):Pb(Broslos)s, (b) (NMA),Pb(Brozslos)s and (c)
(PMA)2Pb(Bro7los)s thin films deposited on quartz substrates with excitation at 320 nm at room
temperature measured by TCSPC.

Table S1. Photoluminescence (PL) decay time coefficients of all samples. Values in parentheses give
the relative amplitude.

(BA)2Pb(Bro.7l0:3)a 0.61 (100%)

(NMA)2Pb(Bro7lo3)a 0.60 (100%)
(390-500 nm)

(PMA)2Pb(Bro7103)s 0.98 (72%) 17.1 (28%)
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Excitation density-dependent measurements:

OPTIMUS (www.optimusfit.org) has been used to perform the global lifetime analysis for

these measurements?®. The samples were pumped by 387 nm and probed by a white-light
continuum to reveal the transient changes in absorption (AA). The samples were measured at

room temperature.

For (BA)2Pb(Bro.7l0.3)s, a bi-exponential decay function was sufficient to obtain a satisfactory
global fit between 400 and 650 nm. In Fig. S3, the bleach signal of the lead halide-based
exciton bleach at 404 nm is shown, exemplarily.

0,0

0.2F

04l

06

AA (OD)/ Normalized

1,01

< Low power
< High power|
T

10
Time / ps

100 1000

Fig. S3 (BA),Pb(Bro7lo3)a kinetic traces excited by 387 nm and probed at 404 nm at two different pump

pulse energies.

Table S2. Time constants in ps resulting from the global fit analysis for different excitation densities of

(BA),Pb(Broslo.3)s probed at 404 nm.

Power (w/cm?) T1 (ps) (A1) T2 (ps) (Az)
146 1(70 %) 32 (30%)
81 0.52 (70%) 506 (30%)
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For (NMA)2Pb(Bro.7lo3)s, a tri-exponential decay function and signal offset (ta = infinity) was
required to obtain a satisfactory global fit between 400 and 650 nm. In Fig S4, the bleach
signal of the lead halide-based exciton bleach at 419 nm is shown, exemplarily.

T T T T
0,0 b,
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(3]
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©
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0 1 10 100 1000

Time / ps
Fig. S4 (NMA),Pb(Bro7los)a kinetic traces excited by 387 nm and probed at 419 nm at two different
pump pulse energies.

Table S3. Time constants in ps resulting from the global fit analysis for different excitation densities of
(NMA)sz(Br0,7I0,3)4.

Power (u/cm?) T1 (ps) (A1) T2 (ps) (A2) T3 (ps) (As) Ta (ps)
162 0.20 (30%) 5 (48%) 288 (15%) Infinity (7%)
81 0.26 (27%) 9.7 (48%) 670 (13%) Infinity (12%)
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For (PMA),Pb(Bro.7lo3)s, a tri-exponential decay function and signal offset (14 = infinity) was
required to obtain a satisfactory global fit between 400 and 650 nm. In Fig. S5, the bleach
signal of the lead halide-based exciton bleach at 418 nm is shown, exemplarily.

AA (OD)/ Normalized

Time / ps

Fig. S5 (PMA),Pb(Broslo3)s kinetic traces excited by 387 nm and probed at 418 nm at two different
pump pulse energies.

Table S4. Time constants in ps resulting from the global fit analysis for different excitation densities
of (PMA)sz(Br0,7I0,3)4.

Power (u/cm?) T1(ps) T2 (ps) T3 (ps) Ts (ps)
146 0.2 (40%) 8.6 (45%) 196 (10%) Infinity (5%)
81 0.36 (40%) 14 (25%) 500 (19%) Infinity (17%)

S| References

(1) Slavov, C.; Hartmann, H.; Wachtveitl, J. Implementation and Evaluation of Data Analysis
Strategies for Time-Resolved Optical Spectroscopy. Anal. Chem. 2015, 87 (4), 2328—
2336. https://doi.org/10.1021/ac504348h.
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ABSTRACT: Mixed-cation perovskites exhibit outstanding performance as
next-generation solar cells and for optoelectronic applications. One pathway
to increase the quality and stability of these materials is adding Cs to the A-
site of mixed-cation formamidinium/methylammonium in the perovskite
APbX;. Here, we use femtosecond transient absorption spectroscopy to study
the effect of Cs on the dynamics of a mixed-cation wide band gap bromide-
based perovskite. Negligible changes in the optical spectra are observed
between the two films, indicating a similar localization of the charge carriers at
the band edge. However, adding Cs reduces the non-radiative recombination
sites and increases the lifetime of the photogenerated charge carriers in the
perovskite film (from 291 to 355 ns). Furthermore, the Cs cation slows down
the cooling of hot carriers through an efficient hot-phonon bottleneck, which
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is observed by increasing the excitation power from 9.7 to 648 uJ/cm” [the lifetime of the fast component (z,) increases from 0.21 to
0.91 ps]. Understanding the mechanism of charge dynamics in perovskite thin films is critical for the fabrication of high-performance

devices.

B INTRODUCTION

Hybrid organic—inorganic lead halide perovskite solar cells
(PSCs) have attracted much attention over the past 10 years as
a pre-eminent candidate for the next generation of solar cells
(SCs) due to their excellent optoelectronic properties, simple
fabrication, and low-cost processing.' > The possibility of
changing the cation A, metal B, or halide X in the perovskite
structure (ABX;) opened many opportunities for novel
material synthesis with power conversion efficiencies of more
than 25%"” using FAPbI;-rich perovskites with a band gap
close to 1.5 eV.

A is a monovalent cation such as methylammonium (MA"),
formamidinium (FA*), or the inorganic cation Cs*, B is a
divalent metal cation such as lead (Pb**) or tin (Sn**), and X is
a halide anion (Cl~, Br~, and I7). Triple cation PSCs with a
Cs/FA/MA mixture at the A-site exhibit promising results
toward an efficient and stable SC.*® In addition, Cs/FA/MA
perovskites show high efficiencies,”” thermal stability,"”""
improved stability against humidity,">'® increased reproduci-
bility, and decreased trap state formation.'* Replacing iodide
with bromide leads to perovskite materials with increased
stability against air, but it is less efficient for single-junction
SCs due to its high band gap >1.8 eV.*"*~"7 As wide band gap
semiconductors, bromide-based perovskites offer promising
possibilities for optoelectronic applications such as sensors,
water splitters, light-emitting diodes (LEDs), and multi-
junction high-performance SCs.”'”~*°

© 2022 American Chemical Society

WACS Publications

8787

Much effort has been made to understand the dynamics of
the single-cation perovskite photophysics using ultrafast
transient absorption spectroscopy (TAS)."**'~*" TAS is a
powerful technique to visualize carrier excitation, recombina-
tion, relaxation, and energy transfer on a subpicosecond time
scale.”* ™" Ghosh et al. reported the separation time of the
initial photo-excited excitons into free charge carriers (20 fs)
by performing a 10 fs resolution experiment,’® which is
followed by charge carrier thermalization (sub-100 fs time
range).32 Polaron formation occurs between 0.3 and 0.7 ps
depending on the used cations (0.3 ps in the case of MAPbBr,
and 0.7 ps in CsPbBr,).”” The time constant for subsequent
carrier cooling was determined to be 230 fs for low carrier
densities, which is slowed down to 770 fs for higher carrier
densities.”” This behavior is attributed to a hot-phonon
bottleneck effect. Later signal decay extending to the
nanosecond time scale obeys second-order kinetics due to
charge recombination.”!

Typically, charge carrier extraction in SCs is assisted by
electron or hole transport layers. Reducing recombination
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losses before carrier extraction is critical for enhancing the
efficiency of perovskite SCs.”* Recently, some dynamics studies
on mixed-cation halide perovskite have been reported.”>~*
However, the role of Cs in FA/MA hybrid perovskite has
received less attention so far.

In this work, we used time-resolved spectroscopic
techniques [steady-state spectroscopy, time-resolved emission,
and ultrafast femtosecond TAS (fs-TAS)] to study the excited-
state dynamics of FA(g;MA, ,PbBr; with or without 5% Cs to
elucidate the underlying mechanism and relaxation pathways.

B EXPERIMENTAL SECTION

The one-step spin-coating method was applied to fabricate thin
films of microcrystalline FA;g3;MA, ,PbBr; and
Cso0s(FAgg3MAg 17)00sPbBr; on a glass substrate as reported
elsewhere.”™ For the sake of simplicity, we will name these
perovskite samples as FA/MA and Cs/FA/MA films in the
following.

Materials. The chemicals used to fabricate perovskite films
are commercially available from the specified suppliers. N, N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), and
anisole were purchased from Acros Organics. Caesium
bromide (CsBr, ultradry (99.998%)) was bought from abcr
GmbH. Formamidinium bromide (FABr) and methylammo-
nium bromide (MABr) were purchased from Greatcell solar.
Lead bromide (PbBr,) was bought from Tokyo Chemical
Industry (TCI) Co.

Preparation of Perovskite Thin Films. The perovskite
films of Cs/FA/MA and FA/MA lead bromide were prepared
by spin coating via the antisolvent method on glass substrates.
First, glass substrates were cleaned in 2% Hellmanex deionized
water solution with the assistance of an ultrasonic bath.
Subsequently, the substrates were further cleaned with acetone,
2-propanol, and UV ozone treatment for 15 min. The
perovskite solution was prepared following a triple cation
process.** The FAPbBr; precursor solution was prepared by
dissolving FABr and PbBr, (molar ratio 1:1.1) in anhydrous
DMF/DMSO 4:1 (v/v). In contrast, MAPbBr; solution was
prepared by dissolving the precursors, MABr (1 M) and PbBr,
(1.1 M), dissolved in the DMF/DMSO solvent mixture.
Furthermore, the double cation perovskite (FA/MA) was
prepared by mixing the solutions of FAPbBr; and MAPbBr;,
respectively, with an 83:17 volume ratio. To obtain the triple
cation perovskite, 5 vol % solution of the inorganic salt CsBr
(1.5 M) in DMSO was added to the double cation perovskite
precursor.” Finally, 100 uL of the perovskite solution was
deposited using spin coating in one step (30 s at 3000 rpm and
2000 rpm/s). Ten seconds before the end of the process, 200
UL of anisole, an antisolvent, was poured on the spinning
substrate. Then, the substrates were annealed at 100 °C for 45
min. The entire process was carried out in a nitrogen-filled
glovebox. As shown in Figures S1 and S2, the X-ray diffraction
(XRD) spectra and scanning electron microscopy (SEM)
images of both films exhibit high crystallinity and morphology
of these films, respectively.

Steady-State Spectroscopy. Absorption spectra of the
spin-coated films on a glass substrate (thickness 1 mm) were
recorded with the SPECORD S600 UV /vis spectrophotometer
(Analytik Jena, Jena, Germany). PL spectra were collected with
an FP-8500 spectrofluorometer (Jasco, Grof-Umstadt, Ger-
many). The excitation wavelength was 362 nm with a
bandwidth of 5 nm. For additional spectral cleaning, we
applied a UV band-pass filter between 280 and 370 nm
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(UG11, Schott Glas) for the excitation path and a long pass
filter at 360 nm (WG360, Schott Glas) for the emission path,
respectively. The PMT voltage was set to 650 V. The
wavelength-dependent instrument sensitivity and the baseline
were corrected routinely. All measurements were performed at
room temperature under ambient conditions.

Time-Correlated Single-Photon Counting. We used
our home-built time-correlated single-photon counting
(TCSPC) setup with a counting card for recording time-
resolved PL data.**° Briefly, the thin films were excited using
a mode-locked titanium-doped sapphire (Ti/Sa) laser
(Tsunami 3941-X3BB, Spectra-Physics, Darmstadt, Germany),
which was pumped by a 8 W continuous wave diode pumped
solid-state laser (Millennia eV, Spectra-Physics, 532 nm). The
Ti/Sa laser allowed the tuning of the excitation wavelength to
775 nm with a pulse width of 100 fs at a repetition rate of 80
MHz. The acoustooptic modulator assisted to reduce the
repetition rate to 160 kHz. The excitation wavelength of 387
nm was obtained by second harmonic generation (SHG) in a
BBO crystal (frequency doubler and pulse selector, model
3980, Spectra-Physics). We used excitation filters (UG11,
BG38, Schott AG, Mainz, Germany) to block remaining
fundamental light from the SHG excitation pulses. The
instrument response function (IRF, FWHM 200 ps) was
obtained without emission filters using an empty glass
substrate as a scattering sample. A photomultiplier tube
(PMT, PMA-C 182-M, PicoQuant, Berlin, Germany) and a
TimeHarp 260 PICO Single PCle card (PicoQuant) were used
for single-photon detection (channel width adjusted to 400
ps). Long-pass filters at 400 and 470 nm were inserted
routinely to block stray light from the excitation pulses for both
samples.

Femtosecond Transient Absorption Spectroscopy
Measurements. We used fs-TAS to investigate the ultrafast
excited-state dynamics and the recombination processes in the
mixed cation perovskite systems using a home-built pump—
probe setup.”” Briefly, the excitation pump pulses were applied
at a central wavelength of 387 nm (SHG of the laser
fundamental). The pulsed laser system was running at 775 nm
central wavelength and 1 kHz repetition rate (Clark-MXR,
Dexter, ML, USA) with a pulse duration of 150 fs. The
excitation power was adjusted between 9.7 and 648 yJ cm™ at
the sample position. The probe white light covering a spectral
range of 400—645 nm was generated by focusing a part of the
laser fundamental onto a S mm thick calcium fluoride crystal.
The white light was transmitted through the sample and
subsequently detected via an HR320 spectrograph (Horiba,
Kyoto, Japan). The detection system consists of a signal-
processing chip (S8865-128) with 128 channel photodiode
arrays (PDA), a C9118 driver circuit (Hamamatsu Photonics),
and a data acquisition card that digitizes the analogue PDA
signals at 16 bits (National Instruments, NI6120). The sample
was continuously moved in the plane perpendicular to the
direction of probe pulse propagation. The measurements for
both samples were performed at room temperature under
ambient conditions.

Data evaluation of the transient absorption data was
performed by the software package Optimus.”® The data sets
were fitted via a GLA to a multiexponential model with decay
times 7, and related decay-associated spectra (DAS). Addi-
tionally, the data sets were converted by a model-free method,
the so-called lifetime density analysis (LDA), which is a
numerical variant of the Laplace transformation.
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Figure 1. (a) Steady-state absorption, (b) steady-state photoluminescence (PL) spectra with optical excitation at 362 nm, and (c) time-resolved
(PL) decay with optical excitation at 387 nm of FA/MA (blue) and Cs/FA/MA (orange) thin films deposited on glass substrates at room
temperature.
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Figure 2. (a,b) Wavelength and time-dependent TA map of FA/MA (upper panel) and Cs/FA/MA (lower panel) films, (c,d) corresponding
lifetime density maps (LDM) obtained from the lifetime distribution analysis of the TA data displayed in (a,b). (e,f) Decay-associated spectra
(DAS) from a global lifetime analysis (GLA) to a sequential model with three exponential decay components and a remaining spectrum at the end

of the experimental time window (inf). Both films were excited with a laser pulse of 387 nm and a fluence of 324 uJ cm™.

B RESULTS AND DISCUSSION A closer look is taken at the photophysics of both thin films

Here, we present the optical properties of the spin-coated using fs-TAS after photoexcitation at 387 nm and in a probing

FAg ssMA, ,PbBr; thin films with and without 5% Cs on a spectral region between 400 and 645 nm. Both samples
glasé substrate. As shown in Figure la, the absorption spectra showed transient spectral features similar to those reported in
. ’] . . 36,49
of both samples are identical. Both compositions show a broad previously published work.
continuum with a sharp absorption peak at 532 nm (2.33 eV) The TAS results of both thin films excited with an excitation
: J . 2 . .
the excitonic absorption of the materials. The emission spectra density of 324 yJ/cm” are shown in Figure 2. The wavelength

of both films have a maximum at 546 nm (2.2 €V), but the and time-dependent TA maps are shown in Figure 2a for the
addition of Cs enhances the PL intensity by a factor of four FA/MA film and Figure 2b for the Cs/FA/MA film. In both
(shown in Figure 1b), which indicates a reduction of the non- samples, the photobleaching (PB) of the excitonic ground-state
radiative recombination sites in the perovskite film. Moreover, absorption centered at 532 nm (2.33 eV) is observed in
we investigated the dynamics of the charge carrier relaxation by accordance with the steady-state absorption spectrum. Slightly
time-resolved PL with the TCSPC method. As shown in Figure red-shifted to this signal a photoinduced absorption (PIA1)
lc, the Cs/FA/MA film has a longer average lifetime (35S ns) signal is observed at 539 nm (2.30 eV) for early delay times.
than the FA/MA film (291 ns), which is also in agreement with This is related to a transient Stark shift of the excitonic
fewer non-radiative recombination channels and a reduced trap transition due to charge carriers, after exciton dissociation. In
density in the triple cation sample. the spectral range between 400 and 520 nm, a photoinduced
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Figure 3. TA measurement on the FA/MA film up to 1.5 ns at (a) 9.7, (b) 81, (c) 178, (d) 324, and (e) 648 pJ/cm? for different excitation powers
(left panel). TA measurement on the Cs/FA/MA film at (a) 9.7, (b) 81, (c) 324, (d) 552, and (e) 648 uJ/cm? for different excitation powers up to
1.5 ns (right panel). Both films were excited by optical pump pulses at 387 nm. A quantitative evaluation of these datasets was done by GLA and is
presented in Tables S1 and S2. An evaluation of these data sets by LDA is presented in Figure S7.

absorption (PIA2) signal with a non-exponential dynamic
spectral shift is monitored, which can be assigned to the
relaxation of free charge carriers. The origin of this signal was
first ascribed to intraband transitions,”® but a recent study,
which combined transient absorption with transient reflectance
data, attributed this signal to increased sample reflectivity due
to a photoinduced change of the refractive index.””

The LDMs of both samples are shown in Figure 2c (FA/MA
film) and Figure 2d (Cs/FA/MA film) (see also Figure S7 for
all powers). The positive LDM signal at 539 nm (PIAl)
assigns a decay time of 0.2 ps to the PIA1 signal decay. At a
wavelength of 532 nm (PB), the LDM plot shows an extended
negative range between S ps and 3 ns. This illustrates that the
PB signal of the samples decays via non-exponential decay
kinetics. In the spectral range between 400 and 520 nm
(PIA2), several tilted negative and positive areas are seen in
the LDM plot between 1 and 100 ps. This shows that the PIA2
signal decays non-exponentially combined with a transient
spectral shift from 400 to 520 nm.
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In the following, the transient data set will be parametrized
by a set of exponential decay components. This GLA™® of the
transient data yields DAS related to three lifetimes, and an
infinity lifetime accounts for the transient spectrum at the end
of our experimental time window [Figure 2e (FA/MA film)
and Figure 2f (Cs/FA/MA film)]. The long-lived positive
signal (PIA 2) in the region from 400 to 520 nm shows a
dynamic red shift, which is assigned to the cooling of free
charge carriers. The negative PB signal at 532 nm is assigned to
the band-filling effect.” The stimulated emission and PB are
possibly overlapped in the same transient feature. In the region
from 540 to 580 nm, there is a positive feature (PIA1), below
the band gap energy only at short delay times (<1 ps). It was
also observed in single-cation perovskites such as MAPbI; and
was associated with band gap renormalization (BGR) and
transient electroabsorption (Stark effect).>*%**~!

By performing experiments with different excitation power
densities in both films, a clear pump power dependence is seen
(Figure 3). For high pump powers, we observe a strong blue
shift (up to 420 nm) and a broadening of the PIA2 signal at
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early delay times, which red-shifts for longer delay times to 520
nm and becomes spectrally narrow. However, for very low
pump power, the PIA2 signal appears at early delay times at
520 nm and remains spectrally unchanged also for longer delay
times. This indicates that the PIA2 signal is a sensitive
indicator for the density and thermal distribution of charge
carriers in the thin film.”* In the FA/MA film, by increasing the
power from 9.7 to 648 uJ/ cm?, the slowest carrier relaxation
time (7;) decreases from 500 to 85 ps, respectively [Figure 3
and Table S1 (Supporting Information)]. The excitation
power dependence is directly correlated with the exciton
density in the sample. In the Cs/FA/MA film, by increasing
the power from 9.7 to 648 uJ/ cmz, the carrier relaxation time
(73) decreases from 905 to 124 ps, and the cooling process of
the fast component (7;) is directly affected by the phonon
bottleneck, which slows down the cooling of charge carriers
with increasing carrier density.””*>*° This phenomenon is
observed as well in the FA/MA film with shorter lifetimes (see
Figure 3 and Table S2).

Therefore, the fast component 7, is compatible with polaron
formation.” In the case of Cs, increasing the excitation power
delays the polaron formation from 0.21 to 0.91 ps; however, in
the case of absence of Cs, it delays the polaron formation from
0.2 to 0.84 ps. This excitation density-dependent slowdown in
the polaron formation time (7,) together with the increase in
the decay rate (7, and 7;) is an indication for the phonon
bottleneck.”” For the perovskite film with an addition of 5%
Cs, this effect is slightly enhanced.

Considering the striking linearity of AA™" as a function of
time for the PB signal (532 nm) for all excitation densities, we
could conclude that the recombination mechanism occurs via
second-order kinetics. This non-exponential mechanism is
approximated in the GLA mainly by the second (7,) and third
time constant (7;) (see Supporting Information, Figures S4
and $6).”' The fourth time constant (z,) for the slowest
component, which does not decay in our experimental time
window (1.5 ns), is likely due to non-geminate recombination.
For a stable fitting process of the data sets, it was set to infinity
value.

In a former study, adding 5% of Cs to the perovskite
material enabled a relative improvement of 17% in power
conversion efficiency (PCE) (16.3 to 19.2%).” The present
study shows that the main characteristics of ultrafast charge
carrier dynamics exhibit only slight changes between the
perovskite material with and without addition of Cs. However,
the higher fluorescence signal is a clear indication for reduced
trap state density. Our observation of the increase in the
fluorescence lifetime from 291 to 355 ns after addition of 5%
Cs to the perovskite corresponds to a relative increase in the
lifetime of 18%. This coincides with the improvement in device
performance, mentioned above. This unusual long fluorescence
lifetime in the microsecond time range monitors the diffusion
of screened charge carriers (polarons) in the perovskite film. If
this perovskite material is incorporated in a photovoltaic device
between hole- or electron-extracting layers in a typical
sandwich geometry, the enlarged charge carrier lifetime
would directly improve device performance. The incorporation
of a small amount of non-polar Cs cation does not change the
polar surrounding dominated by polar MA and FA cations in
the perovskite lattice, but obviously the third cation allows a
relaxed formation of the perovskite crystal lattice with less
traps and therefore better device performance.
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A similar observation was reported®® for photovoltaic
devices based on lead halides with a chloride/iodide mixture
and a Cs/FA mixture on the A-site. Here, the introduction of
polar MA as the third cation type resulted in a more defect-
tolerant material with an increased fluorescence intensity and
lifetime, which was explained by a reduction of trap-assisted
recombination.

B CONCLUSIONS

In summary, we compared the excited-state properties of FA/
MA and Cs/FA/MA mixture perovskite films using fs-TAS
upon photoexcitation at 3.2 eV in the visible region (~1.9—3.1
€V) to identify the role of Cs in carrier recombination paths.
Adding 5% of Cs showed significant features in their
photophysics. The steady-state spectra did not show any
apparent change between the two materials, indicating a similar
degree of localization of the charge carriers at the band edge
(2.33 eV). Moreover, the addition of Cs reduced trap density
and terminated non-radiative recombination channels as well
as increased the average lifetime of the photogenerated charge
carriers from 291 to 355 ns. In the Cs/FA/MA film, we
observed the enhancement in the efficient hot-phonon
bottleneck due to the large mass and small ionic radius of
Cs. Our study suggests that triple-cation lead bromide
perovskites will be an exciting target materials for designing
photoconversion systems that use slow carrier relaxation for
high-efficiency solar energy conversion.
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Figure S1. XRD spectra of FAos83MAg17PbBrs and Cso.o5(FA0.83MA0.17)0.95PbBr3
collected at room temperature. Data were collected in a D8 Advance Bruker 26-Q

diffractometer, with copper radiation (Cu Ko 1, A = 1.5406 A) and a secondary
monochromator, operated at 40 kV and 30 mA.

Figure S2. Top view scanning electron microscopy (SEM) images of FA/MA (left image)
and Cs/FA/MA (right image) thin films deposited on glass substrates.
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Figure S3. Kinetic profiles of FA/MA film probed at 530 nm at various pump intensities from
9.7 to 648 pJ/icm?.

Table S1. Time constants in ps resulting from the global fit analysis for different powers of
FA/MA thin films on glass.

9.7 HJ/Cm2 0.20 40 500 inf
81 ul/cm? 0.27 11.08 182 inf
178 pJ/cmz 0.3 10.18 135 inf
324 pJ/cmz 0.35 5.9 100 inf
648 pJ/cmz 0.84 3.65 85 inf
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Figure S4. Reciprocal of kinetic traces on FA/MA film up to 1.5 ns at 533 nm for different
powers: (a) 9.7, (b) 81, (c) 178, (d) 324 and (e) 648 pl/cm? normalized at the maximum
bleach (minimum AA™).
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Figure S5. Kinetic profiles of Cs/FA/MA film probed at 530 nm at various pump intensities.

Table S2. Time constants in ps resulting from the global fit analysis for different powers of
Cs/FA/MA thin films on glass.

9.7 W/em’ 0.21 71 905 inf
81 ul/cm? 0.29 18 190 inf
324 pl/em’ 0.43 6.4 166 inf
552 ul/em’ 0.71 6.5 148 inf
648 pl/em’ 0.91 4.66 124 -
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Figure S6. Reciprocal of kinetic traces on Cs/FA/MA film up to 1.5 ns at 533 nm for
different powers: (a) 9.7, (b) 81, (c) 324, (d) 552 and (e) 648 wJ/cm? normalized at the
maximum bleach (minimum AA™).
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Figure S7. (left panel) Lifetime density maps of FA/MA film up to 1.5 ns at different
powers: (a) 9.7, (b) 81, (c) 178, (d) 324 and (e) 648 pJ/cm?. (right panel) lifetime
density maps of Cs/[FA/MA film up to 1.5 ns at different powers: (a) 9.7, (b) 81, (c)
324, (d) 552 and () 648 pl/cm?.
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ABSTRACT: Schiff bases represent an essential class in organic B o
chemistry with antitumor, antiviral, antifungal, and antibacterial
activities. The synthesis of Schiff bases requires the presence of an o\
organic base as a catalyst such as piperidine. Base-free synthesis of
organic compounds using a heterogeneous catalyst has recently
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attracted more interest due to the facile procedure, high yield, and Tio, Ethanol

reusability of the used catalyst. Herein, we present a comparative study L |85 02k

to synthesize new Schiff bases containing indole moieties using N & N-Ar

piperidine as an organic base catalyst and Au@TiO, as a heterogeneous Y 0000 450 500 550 600 650
catalyst. In both methods, the products were isolated in high yields and cl Wavelength (nm) O

fully characterized using different spectral analysis techniques. The ar= ,§OOCH3 g@co% é/j § O
3b 3c

catalyst was reusable four times, and the activity was slightly decreased. -
The presence of Au increases the number of acidic sites of TiO,,

resulting in C=0O polarization. Yields of the prepared Schiff bases in the presence of Au@TiO, and piperidine were comparable.
However, Au@TiO, is an easily separable and recyclable catalyst, which would facilitate the synthesis of organic compounds without
applying any hazardous materials. Furthermore, the luminescence behavior of the synthesized Schiff bases exhibited spectral shape
dependence on the substituent group. Interestingly, the compounds also displayed deep-blue fluorescence with Commission
Internationale de I'Eclairage (CIE) coordinates of y < 0.1. Thus, these materials may contribute to decreasing the energy

N\/
3f

consumption of the emitting devices.

1. INTRODUCTION

Schiff bases, synthesized through the condensation reactions
between primary amines with ketones or aldehydes under
optimized conditions, are widely used as antitumor, antiviral,
antifungal, and antibacterial active substances.' ™ For instance,
Schiff bases derived from indole-3-carboxaldehyde showed
antimicrobial and antitumor activities.”~” They are commonly
used for stabilizing metal cations, resulting in enhancing their
catalytic, industrial, and biological applications.””'" The
synthesis of these bases can be performed in the presence of
homogeneous or heterogeneous catalysts. Homogeneous
catalysts, such as organic bases, inorganic bases, and Lewis
acids, are not recoverable and require careful disposal to avoid
environmental hazards. Therefore, the use of recoverable
catalysts acquired much interest.

Recently, the use of heterogeneous catalysts received
attention in the organic synthesis field due to their high
efficiency and ease of recovery.''”"> The use of these
recoverable heterogeneous catalysts reduces the environmental
risks that can arise from the use of nonrecoverable
homogeneous catalysts without a significant reduction in the
yield of synthesized compounds.'® In the presence of UV light,

© 2022 The Authors. Published by
American Chemical Society

WACS Publications

FeCu@N-doped carbon is an efficient catalyst that can be
applied for converting amines with alcohols into Schiff bases.'”
Also, bifunctionalized cobalt/zinc-incorporated mesoporous
silica nanoparticles were used for synthesis of Schiff bases from
aryl amine and benzyl alcohol, and the reaction was performed
at 120 °C for 3 h in the presence of airflow."® The mixture of
P,0; and Al,O; was used to catalyze the synthesis of Schiff
bases from the carbonyl compounds and primary amines in the
absence of a solvent.'” Co nanoparticles embedded in
mesoporous nitrogen-doped carbon were found effective in
converting nitro groups into amino groups followed by
coupling with carbonyl compounds in the presence of formic
acid at 190 °C.*

On the other hand, Schiff bases are perfect candidates for
photovoltaic solar cell, sensor, and organic light-emitting diode

Received: November 23, 2021
Accepted: February 17, 2022
Published: March 16, 2022

https://doi.org/10.1021/acsomega.1c06636
ACS Omega 2022, 7, 10178—-10186


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahmed+I.+A.+Soliman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mostafa+Sayed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahmoud+M.+Elshanawany"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Osama+Younis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mostafa+Ahmed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adel+M.+Kamal+El-Dean"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adel+M.+Kamal+El-Dean"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aboel-Magd+A.+Abdel-Wahab"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Josef+Wachtveitl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Markus+Braun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pedram+Fatehi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahmoud+S.+Tolba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahmoud+S.+Tolba"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c06636&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06636?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06636?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06636?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06636?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06636?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/12?ref=pdf
https://pubs.acs.org/toc/acsodf/7/12?ref=pdf
https://pubs.acs.org/toc/acsodf/7/12?ref=pdf
https://pubs.acs.org/toc/acsodf/7/12?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c06636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

(OLED) applications; they can emit in a specific range.”"*

Recently, we have reported some simple Schiff bases as
luminescent coatings with white luminescence from a single
chromophore.”> Moreover, studying the excited state and its
correlation with the molecular structure or molecular
aggregation can help us to specify the optical properties of
the organic materials.”*™*” Some indole derivatives and other
heterocyclic compounds have been designed and showed
aggregation-induced emission properties.””*°~*> Thus, Schiff
bases with indole moieties may have some interesting optical
properties. However, limited studies have exclusively examined
such materials.

In this work, Au@TiO, was utilized as a base-free catalyst in
the synthesis of six new Schiff bases derived from indole, and
the product yields were compared with the yields obtained
from the use of piperidine. The developed catalyst was
characterized by X-ray diffraction analysis (XRD), infrared
spectroscopy (IR), X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), and energy-
dispersive X-ray spectroscopy (EDX). The synthesized Schiff
bases were characterized by different spectral analyses such as
IR, '"H NMR, *C NMR, mass spectrometry, UV—Vis
absorption, PL, and TCSPC. The recovery and reusability of
the catalyst were investigated for four cycles. Also, the
photophysical properties of the synthesized Schiff bases were
studied.

2. RESULTS AND DISCUSSION

2.1. Catalyst Characterization. For the hydrothermal
development of Au@TiO,, TiO, and the Au precursor
(HAuCl,-3H,0) were heated in a Teflon autoclave at 180
°C in the presence of ethanol. Figure la shows the XRD
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Figure 1. XRD patterns of (a) TiO, and Au@TiO, and (b) Au@
TiO, after subtracting TiO, patterns.

patterns of TiO, (P25) before and after Au loading.
Characteristic diffraction peaks located at 27.3, 35.9, 41.1,
54.9, 56.5, 68.9, and 70.0° are indexed to (110), (101), (111),
(211), (220), (301), and (112) crystallographic planes for
rutile TiO,, respectively.ss_36 Peaks at 25.1, 37.6, 47.8, 53.7,
62.7, 75.0, and 82.5° were equivalent to the planes (101),
(004), (200), (105), (204), (215), and (303), respectively,
indicating the tetragonal structure of anatase TiO,.*”*"*”*

Additional XRD peaks at 44.2, 64.4, and 77.3° were observed,
which are indexed to the (200), (220), and (311) crystallo-
graphic planes of Au, respectively.”” When the XRD spectra of
TiO, were subtracted from the spectra of Au@TiO, as
illustrated in Figure 1b, the overlap between these spectra was
deconvoluted, resulting in new peaks at 38.0 and 81.5°, which
are indexed to the crystallographic planes (111) and (222) of
Au, respectively.””*" From the XRD data, the loading of Au on
TiO, was successfully achieved without observing changes in
the phases of TiO,. At the same time, the deposited Au
nanoparticles had a face-centered cubic (fcc) structure.’”*

Figure Sla,b shows the TEM images of TiO,(p2S), where
the size of TiO, particles was <30 nm. Figure S1c illustrates the
selected area electron diffraction (SAED) patterns, which
indicates the polycrystallinity of TiO, (P25) due to the
presence of both anatase and rutile TiO, nanoparticles. Figure
S1d shows the high-resolution (HR)-TEM data that the
interlayer distance between the lattice fringes was 0.34 nm,
which is close to the d-spacing of the (101) plane in anatase
TiO,. After deposition of Au (1%) on TiO,, Au nanoparticles
with a size of <10 nm were observed, as shown in Figure 2a,b.
The polycrystallinity of the developed Au@TiO, is concluded
from the SEAD image (Figure 2c), where the estimated d-
spacing values indicate the presence of anatase TiO,, rutile
TiO,, and Au nanoparticles. The HR-TEM image (Figure 2d)
illustrates the lattice fringes with a d-spacing of 0.22 nm,
corresponding to the (111) plane of the Au fcc structure.***
Figure S2a shows the EDX spectrum of Au(1%)@TiO,, which
indicates the presence of Au with a percentage of 1.2%. The
TEM image of Au(5%)@TiO, is illustrated in Figure S2b.
These results indicated that the grafting of Au@TiO, through
the hydrothermal method was successfully performed, and the
size of Au was <10 nm. EDX mapping of Au(1%)@TiO,
(Figure S3) illustrates the dispersion of Au nanoparticles on
TiO,. From these results, TiO, worked as a support, where the
Au ions were dispersed. The FTIR spectrum of Au@TiO,
(Figure S4) shows absorption bands at 1345—1625 and 3342
cm™ !, which are ascribed to Ti-OH and the absorbed water,
respectively.***® Also, the absorption bands at 400—700 cm ™!
were ascribed to TiO,. ™% Figure S5 shows the chemical
compositions of the Au(1%)@TiO, composite investigated by
XPS. In the Ti2p spectrum (Figure SSa), two peaks were
observed at 464.5 and 459.0 eV, which are attributed to
Ti2p'/? and Ti2p¥?, respectively.” The XPS Ols spectrum
(Figure SSb) shows a peak at 529.9, which is attributed to
titanium oxide.”” Figure SSc shows the Audf spectrum, where
two peaks are shown at 83.5 and 87.3 eV, which are attributed
to Au(0)4f/* and Au(0)4f"2 nanoparticles, respectively. From
the abovementioned results, the hydrothermal treatment
induced the reduction of the dispersed Au ions into Au(0)
nanoparticles without changing the morphology and crystal-
linity of TiO,.***

2.2. Synthesis of Schiff Bases. As shown in Scheme 1, the
starting material 3-chloro-1H-indole-2-carbaldehyde (1) was
prepared according to the previously published procedure,
which then was allowed to react with different aromatic amines
represented in 4-anisdine, 4-aminoacetophenone, 1-naphthyl
amine, and 6-aminonaphthalene-2-sulfonic acid in the presence
of piperidine as a homogeneous catalyst. The reaction mixture
was refluxed for > 4 h, and the used solvent was ethanol. All
products (3a—3d) were isolated in high yields (85—90%).
Besides, heterocyclic amines including 6-methoxy-2-amino-
benzothiazole and N-ethyl-9-aminocarbazole have been
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Figure 2. (3, b) TEM, (c) SAED pattern, and (d) HR-TEM images of Au(1%)@TiO,.

Scheme 1. Substrate Scope for Amines”

o cl
Piperidine
N o EtOH N N-Ar
H H
1 2a 3af

cl cl
Ol
D D NH N
NH NOOC% NH NOCOC%
3a 3b

90% yield, 5 h

88% yleld, 4 h

85% yield, 5 h

90% yleld, 4 h

.

90% vyield, 5 h

Q%J

92% yleld, 4 h

“Unless noted otherwise, the reaction of 1 (6 mmol) and 2a (1 equiv) was carried out with piperidine (S drops) in EtOH at 90 °C for the

mentioned time.

tolerated in this transformation, which efficiently delivered the
products (3e, 3f) in high yields (90—92%). The six new Schiff
bases were successfully characterized using different spectral
analysis techniques. The IR spectra (Figure 3) exhibited new
bands around 1620 cm™, characteristic for the CH=N group.
Also, the absorption band at 1661 cm™, which was attributed
to the stretching absorption bands of the C=O group in the
starting aldehyde 1 as previously reported, disappeared,
indicating the occurrence of condensation between the C=
O group of aldehyde and NH, groups of amines.”’ Moreover,
the 1H-NMR analysis revealed new signals in the region 8—9
ppm corresponding to the CH=N protons for all products.
Based on the abovementioned advantages of heterogeneous
catalysis in organic synthesis, the base-free alternative way was
used to synthesize the six Schiff bases in Scheme 1. To the best
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of our knowledge, the use of Au@TiO, as a catalyst for the
synthesis of these Schiff bases has not been reported before. To
begin this study, aniline 2 was used as the model amine
substrate for the reaction with 3-chloro-1H-indole-2-carbalde-
hyde (1) and EtOH as a solvent. No products were detected in
the absence of catalysts even if the reaction temperature was
increased to 65 °C (Table 1). Adding TiO, only delivered
product (3) in traces with 10% yield when the reaction
continued for 1 h in ethanol (entry 2). To our delight, the
Schiff base product was obtained in 60% yield using the Ag@
TiO, catalyst in ethanol when the reaction was conducted for 1
h (entry 3), which suggests that the Ag particles have a
considerable effect on the polarization of the carbonyl group,
which in turn favors the condensation reaction.’”*> The
Au(5%)@TiO, and Au(1%)@TiO, catalysts interestingly
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Figure 3. IR spectra of the synthesized Schiff bases.

Table 1. Reaction Optimization”

Cl Cl
S Nz Catalyst (%) 4
T e (e
N N o Solvent NF TN N‘@
H H
T°C
1 2 t (min) 3
t yield
entry catalyst load (%) solvent T (°C) (h) (%)
1 EtOH 65 1
2 TiO, 10 EtOH 65 1 10
3 Ag(5%)@TiO, 10 EtOH 65 1 60
4 Au(S%)@TiO, 10 EtOH 65 1 7
s Au(1%)@TiO, 10 EtOH 65 170
6  Au(1%)@TiO, 10 EtOH 65 275
7 Au(1%)@TiO, 10 EtOH 65 38
8  Au(1%)@TiO, 10 H,0 65 330
9 Au(1%)@TiO, 10 CH,Cl, 65 3 traces
10 Au(1%)@TiO, 10 CH,CN 65 328
11 Au(1%)@TiO, 0.5 EtOH 65 3 traces
12 Au(1%)@TiO, S EtOH 65 3 30
13 Au(1%)@TiO, 20 EtOH 65 3 8s
14 piperidine S drops  EtOH 65 3 S0
15 piperidine S drops  EtOH reflux N 85

“Unless noted otherwise, the reactions of 1 (3 mmol) and aniline (1
equiv) were carried out with Au@TiO, in 10 mL of solvent and at 65
°C for the mentioned time (t) in hours.

delivered the Schiff base product in 72% and 70% yield (entries
4 and §), respectively. Carrying out the reaction for a longer
time boosted the reaction yield, where the product was isolated
in 75% and 85% yield after 2 and 3 h, respectively (entries 6
and 7). Moreover, the examination of other solvents illustrated
that EtOH allowed the reaction to give the highest yield, while
the reaction gave only a 30% yield in H,O (entry 8). Trace
amounts of Schiff bases were synthesized in the presence of
CH,Cl, and CH;CN as solvents (entries 9 and 10,
respectively). Furthermore, the catalyst load was also
investigated, where the amount of Au catalyst has a
considerable effect on the product yield. We found that
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lowering the loading of the catalyst to 0.5 and 5% led to a
diminished yield (entries 11 and 12). However, increasing the
catalyst load to 20% did not significantly increase the reaction
yield (entry 13). Keeping all reaction conditions unchanged
and using piperidine as a homogeneous catalyst instead of
Au@TiO, led to the formation of 3 in 50% yield (entry 14).
Using piperidine as an organic catalyst under reflux in ethanol
for S h delivered the product in 85% yield (entry 15). These
findings indicated that the optimized procedures for the
synthesis of Schiff bases performed the reaction in ethanol at
65 °C in the presence of Au(1%)@TiO, with a load of 10%.

The substrate scope for the Schiff base formation was
explored (Table 2) using the optimized procedures. Aryl

Table 2. Substrate Scope for Amines”

Cl Cl
CE\gj + ArNH, AU@TIOz %
N o EtOH N N-Ar
1 2 3a-f
entry product t (h) yield (%)
1 3a 3 85
2 3b 4 80
3 3c 3 88
4 3d 3 85
S 3e 2 20
6 3f 2 90

“Unless noted otherwise, the reactions of 1 (3 mmol) and 2 (1 equiv)
were carried out with a 10% load of Au(1%)@TiO, in EtOH at 65 °C
for 3 h.

substituents, including electronically rich or poor ones, have
been efliciently tolerated in this transformation to afford Schiff
base products in high yields. Aromatic amines with the
electron-donating group p-anisidine gave the corresponding
Schiff base product 3a in a very good yield (85%). Aromatic
amines containing an electron-withdrawing group (4-amino-
acetophenone) provided the Schiff base product 3b only
without detecting the chalcone byproduct, and the reaction
needed a longer time to complete. Furthermore, the scope of
substrates containing more substituted arenes with a
naphthalene ring has been successfully examined, and the
desired products 3c and 3d were synthesized in high yields (88
and 85%, respectively). Finally, the substrate of heterocyclic
amine was also tolerated in this transformation to give the
Schiff bases in high yields. Both 3e and 3f Schiff bases obtained
from benzothiazole and carbazole substrates were isolated in
90% yield.

Comparing the results obtained by the two methods, it is
obvious that the base-free method is a promising alternative
route and gave a comparable yield with the conventional
method using an organic base (such as piperidine). This
strategy is beneficial for the synthesis of different kinds of
Schiff bases and may be extended to include the design of new
reactions that need organic bases such as Knoevenagel
condensation or aldol condensation.

The catalyst was easily separated by dissolving the
synthesized Schiff bases, followed by filtration, washing, and
drying at 80 °C for 3 h. The catalyst was effective for
synthesizing compound 3 for four cycles without a significant
decrease in the separated yield as shown in Figure 4a.
Comparing the applied conditions during the use of Au(1%)@
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Figure 4. (a) Reuse of Au(1%)@TiO, in the synthesis of 3 compared
to the use of piperidine as a base. (b) Plausible synthetic routes of
Schiff bases on Au(1%)@TiO,.

TiO, to those during the use of base illustrates the mild
conditions during the use of Au@TiO, with effective catalytic
activity and recyclable usage. Also, the Schiff base can be
synthesized in water (Table 1), which is considered a green
approach. Figure 4b illustrates the plausible mechanistic routes
of Schiff’s bases on Au@TiO,, where the presence of Au(0) in
the catalyst would presumably facilitate the coordination with
the oxygen of the carbonyl groups of indole-aldehyde or amino
groups of amines.””*° TiO, is considered a weak acid support,
and the deposition of Au(0) would enhance the reactivity
toward Schiff base synthesis by increasing the number of Lewis
acid and Bronsted acid sites. The CHO groups would be
polarized due to the presence of acidic sites. Subsequently,
amino groups of amines nucleophilically attacked the polarized
CHO groups, resulting in the formation of N—C bonds. Then,
rearrangements occurred to form OH, which would be
elaborated from the compounds with the H atom as H,O to
give Schiff bases.”>*° Also, the amino groups have an affinity
to bond with Au atoms through the donation—backdonation
mechanism, which might facilitate their reaction with formyl
groups.””* No changes were observed in the FTIR spectrum

of recycled Au@TiO, (Figure S6), which could refer to the
stability and reusability of Au@TiO, after the synthesis of
Schiff bases. The characteristic diffraction peaks of Au NPs and
TiO, (anatase and rutile) were observed in the XRD spectrum
of the recycled Au@TiO, (Figure S7). No changes in the XPS
Au 4f, Ti 2p, and O 1s spectra of the recycled Au(1%)@TiO,
catalyst were observed as illustrated in Figure S8. Also, the XPS
N 1s spectra of the as-prepared and the recycled Au(1%)@
TiO, are shown in Figure S9, where nitrogen did not exist on
the catalyst. Namely, the recycled catalyst after regeneration
was clean without contaminating it with the Schiff base. The
content of Au(0) in the catalyst decreased to 70% after
recycling, which could describe a slight decrease in the
reactivity of the catalyst.

2.3. Photophysical Behavior. The photophysical behav-
ior of the selected Schiff bases has been studied in the solution
state using DMSO as a solvent. The UV—Vis absorption
spectra of the solutions (1 X 1077 mol L™" for 3b, 1 X 107°
mol L™ for 3a, 3¢, and 3f) are displayed in Figure Sa. Due to
the weak absorption of 3b, its spectrum is presented separately
as an inset of Figure Sa. The studied compounds showed
absorption bands in the region of 290—440 nm with peaks at
Amax around 365 nm for 3a and 3¢, 315 nm for 3b, and 395 nm
for 3f. These absorption peaks can be ascribed to the 7 — #*
transitions. The peaks at 280—320 nm have resulted from the 7
— m* transitions of the aromatic core. The bands at the range
of 300—360 nm involve # — #* transitions of the C=N
groups. The longer wavelength absorptions reflect the
extended conjugation in the whole molecule. On the other
hand, these materials are transparent in the region of 450—700
nm. The different absorption spectra of these Schiff bases
suggest different ground states of their solutions due to having
different substituents.

Furthermore, the emission spectra of the studied com-
pounds have been measured as illustrated in Figure Sb. It has
been reported that inserting electron-donating or electron-
withdrawing groups into Schiff bases can decrease or increase
the energy gap (E ap) between the lowest unoccupied
molecular orbital (LUMO) and the highest occupied
molecular orbital (HOMO) to cause a red or blue shift,
respectively.”” However, there is no significant change in A,
of the emission spectra for 3a and 3b (about 415 nm for both)
with the electron-donating (methoxy) and -withdrawing
(acetyl) groups, respectively. Eg,, of the gaseous state could
be different from that of the solution or solid states because
some interactions disturb the electronic distribution around
the molecule and subsequently change the E,,. Therefore, we
speculate that attaching these groups to the phenyl ring does
not affect Eg,, of these Schiff bases due to the interaction of
these polar molecules with the solvent molecules (DMSO). On
the other hand, replacing the phenyl ring of 3a and 3b with
naphthyl and carbazolyl rings in 3c and 3f red-shifted the
emission A, to 430 and 450 nm, respectively. This result
implies the ability of the substituent groups to increase Eyopo
in the order carbazolyl > naphthyl > phenyl. The emission
colors were determined quantitatively using a Commission
Internationale de I'Eclairage (CIE) chromaticity diagram,
Figure Sc. CIE of 3a showed light-blue emission with
coordinates of (0.17, 0.15), while 3b, 3c, and 3f gave deep-
blue emission with coordinates of (0.16, 0.09), (0.16, 0.07),
and (0.15, 0.09), respectively. Blue light-emitting dyes are basic
for realizing the full-color display in OLEDs.”
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Figure 5. Photophysical behavior of DMSO solutions of 3a, 3b, 3¢, and 3f at room temperature: (a) UV—vis absorption spectra (1 X 107" mol L™
for 3b and 1 X 10~ mol L™ for 3a, 3¢, and 3f). (b) Emission spectra with excitation at 320 nm (1 X 107" mol L™"). (c) CIE chromaticity diagram
of the emission colors. (d) Photoluminescence decay profiles with excitation at 320 nm.

Additionally, the smaller the CIE coordinates of the blue
light, the less the power consumption of OLEDs, where it has
been reported that deeper blue emitters are predicted to boost
white OLED performance due to the fact that power
consumption diminishes as blue saturation increases.’'~**
The photoluminescence lifetime of the examined compounds
was also estimated in the solution state. Figure 5d displays the
logarithmic graph of the emission decay curve. Despite having
different spectral shapes owing to the different molecular
structures, the studied Schiff bases showed similar biexponen-
tial decay profiles with emission lifetimes on the order of
nanoseconds. Thus, the emission of the materials can be
assigned as fluorescence emitted from singlet excited states.
This fluorescence was also confirmed from the close A, of
both the absorption and emission spectra given in Figure Sa,b.
The compounds displayed similar decay profiles because their
luminescent centers are comparable. The detailed parameters
with the corresponding relative amplitudes (4;) are summar-
ized in Table SI.

3. CONCLUSIONS

In this report, new Schiff bases have been synthesized for the
first time on the Au@TiO, heterogeneous catalyst under mild
conditions. The optimal procedures for accomplishing the
synthesis of Schiff bases were mixing the aldehydes and amines
in ethanol as a solvent at 65 °C for 3 h in the presence of
Au(1%)@TiO,. In water, the isolated yield of Schiff base was
30%, which is considered a green approach for synthesizing
Schiff bases. The catalyst was easily recycled from the reaction
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mixture and showed reusability for four cycles without a
significant decrease in the isolated yield. Additionally, the
synthesized Schiff bases demonstrated some interesting
luminescence behaviors, such as the dependence of the
spectral shape on the substituent group and the emission of
deep-blue fluorescence with CIE coordinates of y <0.1.
Therefore, these dyes may help design new OLEDs with
reduced energy consumption.

4. EXPERIMENTAL SECTION

4.1. Synthesis of Au@TiO,. In total, 1 g of TiO, (P25,
Degussa, 20 nm) was transferred into a Teflon container.
Then, 20 mL of water and 20 mL of ethanol were mixed and
transferred into the Teflon container. The Teflon container
was sonicated for 20 min, and subsequently, the appropriate
amount of HAuCl,-3H,0 (BDH, 1% w/v) was added into the
Teflon container and sonicated for an additional 20 min. The
Teflon container closed well in a stainless-steel autoclave and
was heated at 180 °C for 12 h. Then, Au@TiO, was separated
through centrifuging at 4000 rpm, washed using deionized
water three times, and dried at 80 °C for 8 h. The amount of
HAuCl,-3H,0 was calculated to prepare Au(1%)@TiO, and
Au(5%)@TiO,.

4.2, Synthesis of Schiff Bases. 4.2.1. Base-Catalyzed
Synthesis of the Schiff Bases. All the Schiff base derivatives
were synthesized by refluxing an ethanolic solution of 3-chloro-
1H-indole-2-carbaldehyde (1) (6 mmol, 0.5 gm) and the
corresponding aromatic or heterocyclic amine (6 mmol) in 1:1
stoichiometric ratio for the mentioned time in the presence of
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piperidine catalyst (five drops).””°”>" The solid precipitate
formed after cooling the reaction mixture was filtered off, dried,
and recrystallized from ethanol to afford the desired pure
compounds.

4.2.2. Base-Free Synthesis of the Schiff Bases. In a typical
reaction procedure, 3-chloro-1H-indole-2-carbaldehyde 1 (0.5
gm, 3 mmol), aniline (0.28 gm, 3 mmol), ethanol (15 mL) as
the solvent, and catalyst (50 mg) were added into a SO mL
reaction vessel. The resulting mixture was stirred at 65 °C in an
oil bath for 3 h. After confirming the reaction completion using
TLC, ethyl acetate was added to the reaction mixture, and the
catalyst was filtered. The solvent was evaporated at reduced
pressure using a rotary evaporator to give the desired product.

4.3. Characterization Instruments and Photophysical
Measurements. Structural analysis was studied using a
Philips 1700 version diffractometer X-ray powder diffractom-
eter (XRD) equipped with Cu Ka radiation. A transmission
electron microscope (TEM, JEOL, JEM-2100F, Japan) was
used for investigating the morphologies and crystallinity of the
developed catalyst, where an accelerating voltage of 200 kV
was applied. XPS spectra of samples were collected using a
Kratos AXIS Supra, Japan, with the monochromatic AL anode
(1486.6 V). CasaXPS software was utilized for data analysis.
All melting points were measured on a Fisher-John apparatus.
IR spectra were registered on a Pye-Unicam Sp-100
spectrophotometer utilizing the KBr wafer method. NMR
analyses were performed on Bruker BioSpin GmbH (*H: 500
MHz, BC: 125 MHz) spectrometers using tetramethylsilane
(TMS) as an internal standard and DMSO-d; as a solvent.
Analytical TLC was completed on silica gel plates (Fluka
70643-SOEA, Sigma-Aldrich, Germany) utilizing UV light.
Absorption spectra were recorded with a SPECORD S600
UV/Vis spectrophotometer (Analytik Jena, Jena, Germany).
PL spectra were collected using an FP-8500 spectrofluor-
ometer (Jasco, Grof-Umstadt, Germany). The excitation
wavelength was 320 nm with a bandwidth of 5 nm. The
PMT voltage was set to 580 V. All measurements were
performed in ambient air and at room temperature. The
sample solution was excited using a pulsed LED PLS320 at 320
nm (Fluo Time 100, PicoQuant, FWHM ~800 ps). For all
samples, a long-pass filter at 390 nm was inserted routinely to
block stray light of the excitation source.
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Figure S1. (a,b) TEM images, c) SAED patterns, and d) HR-TEM of TiO, (P25).
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Figure S3. Morphology and EDX-mapping titanium, oxygen, and gold of Au(1%)@TiO,.
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Figure S4. FTIR spectra of the as-prepared Au(1%)@TiO,.
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Figure S5. XPS (a) Ti2p, (b) Ols and (c) Au4f spectra of the as-prepared Au(1%)@TiO..
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Figure S6. FTIR spectra of the recycled Au@TiO,.
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Figure S7. XRD spectra of the as-prepared and the recycled Au(1%)@TiO,.
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Figure S8. XPS (a) Ti2p, (b) Ols and (c) Au4f spectra of the recycled Au(1%)@TiO,.
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Figure S9. XPS of N1s of the as-prepared and the recycled Au(1%)@TiO,.

General data:

All melting points were measured on a Fisher-John apparatus. IR spectra were registered on a
Pye-Unicam Sp-100 spectrophotometer utilizing the KBr wafer method. NMR analyses were
performed at Bruker BioSpin GmbH (1H: 500 MHz, 13C: 125 MHz) spectrometers utilizing
tetramethylsilane (TMS) as an internal standard DMSO-d6 as a solvent. Analytical TLC was

completed on silica gel plates (Fluka 70643-50EA. SIGMA-ALDRICH, Germany) utilizing UV
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light. Mass spectra were recorded on a Thermo LTQ Orbitrap XL (ESI+) or a P-SIMS-Gly of
Brucker Daltonics Inc (EI+). All used chemicals were purchased from SIGMA and used without
further purification. Compound 1 was prepared according to the reported procedure!.

Analytical Data for the Products:

(£)-1-(3-chloro-1 H-indol-2-yl)- V-(4-methoxyphenyl)methanimine (3a)

Cl Yellow crystals, m.p. 220-222 °C. IR (KBr pellets, cm™") u:
N/

N

H

3406, 3013, 2952, 2927, 2832, 1611. 'H NMR (500 MHz,

DMSO) & 2.99 (s, 3H), 7.59 (d, /= 8.0 Hz, 1H), 7.50 (d, /= 8.3 Hz, 1H), 7.41 — 7.36 (m, 2H),

7.32 (ddd, /=8.2,7.0, 1.1 Hz, 1H), 7.16 (ddd, /= 8.0, 7.1, 0.9 Hz, 1H), 7.06 — 6.97 (m, 2H), 8.65

(s, IH), 11.98 (s, 1H). 13C NMR (126 MHz, DMSO) & 158.71, 145.87, 144.26, 136.58, 131.34,

125.86, 125.47, 122.95, 121.04, 118.61, 115.07, 113.22, 110.03, 55.80. Ms [EI*] Calculated for

Ci16Hi13CIN,O 284.07, Found 284.1.

(E)-1-(4-(((3-chloro-1H-indol-2-yl)methylene)amino)phenyl)ethan-1-one (3b)

Yellow crystals, m.p. 175-176 °C. IR (KBr pellets, cm™") u: 3290,

Cl
N 2842, 1654, 1618. '"H NMR (500 MHz, DMSO) & 12.15 (s, 1H), 8.66

H

(s, 1H), 8.06 — 8.01 (m, 1H), 7.62 (d, /= 8.1 Hz, 1H), 7.51 (d, /= 8.3 Hz, 1H), 7.46 — 7.41 (m,
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1H), 7.36 (ddd, J= 8.3, 7.0, 1.1 Hz, 1H), 7.18 (ddd, /= 8.0, 7.0, 0.9 Hz, 1H), 2.60 (s, 1H). '*C
NMR (126 MHz, DMSO) © 197.43, 155.62, 149.80, 136.95, 134.89, 130.81, 130.23, 126.58,
125.35, 121.68, 121.31, 118.96, 113.39, 111.89, 27.14.

(£)-1-(3-chloro-1 A-indol-2-yl)- N-(naphthalen-1-yl)methanimine (3c)

Cl
©\/\g_//N
Y
H

(s, 1H), 8.52 (dd, /=5.5,3.1 Hz, 1H), 7.96 (dd, /=5.5, 2.8 Hz, 1H), 7.84 (d, /= 8.1 Hz, 1H), 7.69

Brown crystals, m.p. 148-150 °C. IR (KBr pellets, cm!) u: 34009,

3058, 1622, 1611. 'H NMR (500 MHz, DMSO) & 12.18 (s, 1H), 8.77

~7.51 (m, 5H), 7.38 (d, /= 5.1 Hz, 2H), 7.20 (t, /= 7.4 Hz, 1H). 13C NMR (126 MHz, DMSO) &

148.21, 148.15, 136.82, 134.12, 131.29, 129.13, 128.13, 127.03, 126.88, 126.62, 126.32, 125.48,

124.28, 121.25, 118.89, 113.48, 113.33, 110.87. Ms [EI*] Calculated for C;oH;3CIN, 304.07,

Found 304.02.

(E)-6-(((3-chloro-1H-indol-2-yl)methylene)amino)naphthalene-2-sulfonic acid (3d)

Yellow crystals, m.p. 270-272 °C. IR (KBr pellets, cm!) v:

Cl
"~
@E\g_// SOaH 3267, 3124, 3036, 2966, 2935, 2841, 2592, 1626, 1600. 'H
N
H

NMR (500 MHz, DMSO) & 12.14 (s, 1H), 8.81 (s, 1H), 8.11 —

7.92 (m, 2H), 7.87 — 7.74 (m, 2H), 7.62 (dd, J = 8.0, 2.9 Hz, 2H), 7.53 (d, J = 8.3 Hz, 1H), 7.35

(dd, J= 8.0, 7.3 Hz, 1H), 7.19 (dd, J = 7.8, 7.2 Hz, 2H). 13C NMR (126 MHz, DMSO) & 149.66,
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148.57, 145.52, 136.81, 134.06, 131.29, 131.16, 130.27, 128.12, 126.28, 125.44, 124.97, 124.51,
122.13,121.21, 118.82, 118.24, 113.36, 111.09.

(E)-1-(3-chloro-1H-indol-2-yl)-N-(5-methoxybenzo|[d]thiazol-2-yl)methanimine (3e)

N Orange crystals, m.p. 210-212 °C. IR (KBr pellets, cm™!)
S

@E%JN{\ND\ | v:3287,3060,2976,2931, 2843, 1618. 'H NMR (500 MHz,
O
N

H DMSO) § 12.38 (s, 1H), 9.13 (s, 1H), 8.15 (d, J = 8.4 Hz,

1H), 8.15 (d, J = 8.4 Hz, 1H), 7.99 (dd, J = 8.4, 4.1 Hz, 1H), 7.87 (d, J = 8.9 Hz, 1H), 7.65 (dd, J
=5.6,3.0 Hz, 1H), 7.41 (ddd, J=8.2, 6.9, 1.1 Hz, 1H), 7.13 (dd, J= 8.9, 2.6 Hz, 1H), 3.85 (s, 3H).
13C NMR (126 MHz, DMSO) § 169.12, 162.92, 157.75, 155.69, 151.47, 137.88, 136.23, 129.97,

127.70, 125.46, 123.83, 121.73, 119.31, 116.40, 113.59, 105.55, 56.13.

(E)-1-(3-chloro-1H-indol-2-yl)-N-(9-ethyl-9H-carbazol-3-yl)methanimine (3f)

i Yellow crystals, m.p. 130-132 °C. IR (KBr pellets, cm™") v:
Cl 3294, 3059, 2971, 1625, 1605. '"H NMR (500 MHz, DMSO) 6

AN Q S~
TN 12.03 (s, 1H), 8.86 (s, 1H), 8.27 (dd, J = 10.1, 4.7 Hz, 2H),

7.68 — 7.58 (m, 4H), 7.56 — 7.45 (m, 2H), 7.33 (t, J = 7.6 Hz,
1H), 7.20 (dt, J = 23.4, 7.4 Hz, 2H), 4.46 (q, J = 7.1 Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H). 3C NMR
(126 MHz, DMSO) & 145.35, 143.28, 140.65, 139.06, 136.57, 131.67, 126.54, 125.76, 125.57,
123.38, 122.86, 121.28, 121.11, 121.03, 119.33, 118.57, 113.22, 112.80, 110.09, 109.79, 109.68,

37.60, 14.21.

Table S1. Photoluminescence (PL) Decay Time Coefficients of all samples.
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3a 1.2 (0.85) 5.44 (0.15)

3b 0.58 (0.90) 3.2(0.10)
3¢ 1.9 (0.12) 14.3 (0.88)
3f 1.5 (0.81) 14.5 (0.19)

1 is the fitted time coefficients and Ai is the corresponding amplitudes of each component.
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Figure S10. 1H-NMR Spectrum of Compound 3a.
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Figure S12. Mass Spectrum of Compound 3a.
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Figure S13. 1H-NMR spectrum of compound 3b.
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Figure S14. 13C-NMR Spectrum of Compound 3b.
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Figure S15. IH-NMR Spectrum of Compound 3c.
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Figure S16. lH-NMR Spectrum of Compound 3c.
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Figure S17. Mass Spectrum of Compound 3c.
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Figure S18. IH-NMR Spectrum of Compound 3d.
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Figure S19. 13C-NMR Spectrum of Compound 3d.

097«

304~

1.5

6.5 5.5 4.5 3.5 2.5
f1 (ppm)

Figure S20. 1H-NMR Spectrum of Compound 3e.
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Figure S21. 13C-NMR Spectrum of Compound 3e.
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Figure S22. 1H-NMR Spectrum of Compound 3f.
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Figure S23. 13C-NMR Spectrum of Compound 3f.
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Abbreviations

PSK perovskite

2D two-dimensional

3D three-dimensional

LD low-dimensional

PCE power conversion efficiency
PV photovoltaic

FA formamidinium

MA methylammonium

Cs cesium

BA benzyl ammonium

NMA naphthyl-methyl ammonium
PMA pyrene-methyl ammonium
DMF dimethylformamide
DMSO dimethyl sulfoxide

VB valence band

CB conduction band

LUMO lowest unoccupied molecular
orbital

HOMO highest occupied criterion
molecular orbital

PLQY photoluminescence quantum yield
FRET Forster resonance energy transfer
GaAs gallium arsenide

LASER light amplification by stimulated
emission of radiation

BBO B-Barium borate

IR infrared

ISC intersystem crossing

IC internal conversion

IVR intramolecular vibrational relaxation
DFG difference frequency generation
KTP potassium titanyl phosphate
LBO lithium triborate

KDP potassium dihydrogen phosphate
PD Ti:Sa titanium-doped sapphire crystal
photodiode

PMT photomultiplier tube

LED light emitting diode

Nd:YAG neodymium-doped yttrium
SCG supercontinuum generation
SPM self-phase modulation

SHG second harmonic generation
NLO non-linear optics

OD optical density

UV ultraviolet

Vis visible

Abs Absorption

PL photoluminescence

TCSPC time-correlated single photon
counting

TAS transient absorption spectroscopy
fs femtosecond

ps picosecond
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ESA excited state absorption

GSB ground-state bleach

SE stimulated emission

IRF instrumental response

DAS decay-associated spectrum function

LDM lifetime density map
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GLA global lifetime analysis

BGR bandgap renormalization
NMR nuclear magnetic resonance
SEM scanning electron microscope
XRD X-ray diffraction

DOl digital object identifier
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