Exciton Dynamics and Interfacial Engineering in
Semiconducting Nanomaterials: Role of Ionic

Liquids and Organic Hybrids
By

DEBABRATA CHAKRABORTY
CHEM11201804014

National Institute of Science Education and Research
Bhubaneswar, Odisha

A thesis submitted to the
Board of Studies in Chemical Sciences
In partial fulfilment of requirements
For the degree of

DOCTOR OF PHILOSOPHY

of
HOMI BHABHA NATIONAL INSTITUTE

December, 2025



Homi Bhabha National Institute

Recommendations of the Viva Voce Committee

As members of the Viva Voce Committee, we certify that we have read the dissertation
prepared by Mr. Debabrata Chakraborty entitled “Exciton Dynamics and Interfacial
Engineering in Semiconducting Nanomaierials: Role of Ionic Liquids and Organic Hybrids™
and recommend that it may be accepted as fulfilling the thesis requirement for the award of
Degree of Doctor of Philosophy.

Chairman ~ %:S;
P '
(Name: Prof. A ivasan) Date: DR 04 | 2‘-{,
Guide / Convener —
(Nah’c‘m%o%y Sarkar) Date:  OR|0Y| 201
Co-guide -

Examiner - wl Mu Date: A-PwL 08, 203¢
Member | — g’
(Name: Prof. S Nembenna) Date: 08:04- 2026

Member 2 ~ Ghargeom 8-
(Name: Prof. Bhargava B L) Date: 0&8.c4 2038

Member 3 - ,?\%é/! :
(Name: . Yatendra Singh Chaudhary) Date: 0% Y 36

Final approval and acceptance of this thesis is contingent upon the candidate’s submission of
the final thesis copies to HBNIL I/We hereby certify that I/we have read this thesis prepared
under my/our direction and recommend that it may be accepted as fulfilling the thesis
requirement.

_ &\‘Y J
Date : 08]0“‘”"2-6 Signature Signatu
Place: M LE R B ks kytnawine Co-guide (if any) Guide

Ty combwd



STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfilment of requirements for an advanced
degree at Homi Bhabha National Institute (HBNI) and is deposited in the library to be made
available to borrowers under rules of the HBNI. Brief quotations from this dissertation are
allowable without special permission, provided that accurate acknowledgement of source is
made. Requests for permission for extended quotation from or reproduction of this manuscript
in whole or in part may be granted by the Competent Authority of HBNI when in his or her
judgment the proposed use of the material is in the interests of scholarship. In all other

instances, however, permission must be obtained from the author.

Deloabrata Chakvibor %a

Debabrata Chakraborty



DECLARATION

I, hereby declare that the investigation presented in the thesis has been carried out by me. The
work is original and has not been submitted earlier as a whole or in part for a degree/diploma

at this or any other Institution / University.

Doloabrnta chakvabort i

Debabrata Chakraborty



LIST OF PUBLICATIONS

. # Chakraborty, D.; Preeyanka, N.; Akhuli, A.; Sarkar, M. Enhancing the Stability and
Photoluminescence Quantum Yield of CsPbX3 (X = Cl and Br) Perovskite Nanocrystals
by Treatment with Imidazolium-Based Ionic Liquids through Surface Modification. J.
Phys. Chem. C 2021, 125, 48, 26652-26660.

. # Chakraborty, D.; Akhuli, A.; Preeyanka, N.; Sarkar, M. Energy-Transfer-Induced
Enhanced Valley Splitting of Excitonic Emission of Inorganic CdTe@ZnS QDs in the
Presence of Organic J-Aggregates: A Spectroscopic Insight into the Efficient Exciton
(Inorganic)-Exciton (Organic) Coupling. J. Phys. Chem. C 2023, 127, 10, 5082—-5089.

. # Chakraborty, D.; Akhuli, A.; Sarkar, M. Ionic Liquid Engineered Defect-Driven

Green Emitting Zero-Dimensional CssPbBrs Microdisks. J. Phys. Chem. Lett. 2025, 16,
9646—9655.

. # Chakraborty, D.; Barik, S.; Sarkar, M. Probing Charge-Transfer Dynamics between

CdTe@ZnS Quantum Dots and Pyridintum-Based Ionic Liquids (Manuscript

Communicated).

. Akhuli, A.; Chakraborty, D.; Agarwal, A. K.; Sarkar, M. Probing the Interaction of

Bovine Serum Albumin with Copper Nanoclusters: Realization of Binding Pathway

Different from Protein Corona. Langmuir, 2021, 37, 1823-1837.

. Banerjee, S.; Chakraborty, D.; Preeyanka, N.; Sarkar, M. Understanding the

Interaction between Inorganic and Organic Excitonic Components of an Inorganic-

Organic Nanohybrid Associate. ChemNanoMat 2022, €202200117.

. Preeyanka, N.; Akhuli, A.; Dey, H.; Chakraborty, D. Rahaman, A.; Sarkar, M.

Realization of a Model-Free Pathway for Quantum Dot—Protein Interaction Beyond

Classical Protein Corona or Protein Complex. Langmuir 2022, 38, 34, 10704-10715.

. Akhuli, A.; Preeyanka, N.; Chakraborty, D.; Sarkar, M. Turn-Off Detection of

Reactive Oxidative Species and Turn-On Detection of Antioxidants Using Fluorescent

Copper Nanoclusters. ACS Appl. Nano Mater. 2022, 5, 4, 5826-5837.

. Akhuli, A.; Chakraborty, D.; Preeyanka, N. Dora, A. S.; Sarkar, M. Copper

Nanoclusters as an Effective Enzyme Inhibitor on the Activity Modulation of a-

Chymotrypsin. ACS Appl. Nano Mater. 2023, 6, 6, 4910-4924.



10. Akhuli, A.; Preeyanka, N.; Chakraborty, D.; Sarkar, M. Understanding the Mechanism
of Energy Transfer Process from Non-Plasmonic Fluorescence Bimetallic Nanoparticle
to Plasmonic Gold Nanoparticle. Phys. Chem. Chem. Phys. 2023, 25, 17470—17481.

11. Sethi, N. M.; Nayak, A.; Khator, K. R.; Preeyanka, N.; Chakraborty, D.; Senanayak,
S. P.; Sarkar, M. Chitosan Mediated FAPbBr3 Nanocrystal Thin-Films with High Color
Purity and Enhanced Hole Mobility. ChemNanoMat. 2024, ¢202400355.

12. Akhuli, A.; Mahanty, A.; Chakraborty, D.; Biswal, J. R.; Sarkar, M. Ligand-Mediated
Surface Restructuring of Copper Nanoclusters and Its Impact on the Reduction of 4-
Nitrophenol to 4-Aminophenol. J. Phys. Chem. C 2024, 128, 37, 15380—-15392.

13. Akhuli, A.; Mahanty, A.; Barik, S.; Mahapatra, A.; Chakraborty, D.; Sarkar, M.
Understanding the Resonance Energy Transfer between Fluorescent Bimetallic
Nanoparticles and Organic Dye molecules. ISRAPS Bulletin At: BARC Mumbai, India.
2024, 34, 1&2, page:24-34.

14. Ghosh, J.; Patra, C.; Chakraborty, D.; Koiri, D.; Pradhan, S. K.; Sarkar, M. Role of
Surface-Controlled Modulation of Copper Nanocluster—DNA Interaction and Its
Implication for Targeted Biological Applications. ACS Appl. Nano Mater. 2025, 8, 21,
11150-11165.

# List of publications pertaining to the thesis.

Deloakratn chakvabor %a

Debabrata Chakraborty



CONFERENCE/SYMPOSIUM

. Participate in FCS 2020 National Workshop on Fluorescence and Raman Spectroscopy,
organized by IIT Bombay, Mumbeai, India, 7th -12th, December 2020.

. Presented poster in International Conference on “Aggregation-Induced Emission-from
Fundamentals to Applications, Department of BITS Pilani, Goa Campus,16th-18th
December, 2022

. Presented poster in14th National Symposium on Radiation & Photochemistry (NSRP-

2021), organized by Indian Institute of Technology Gandhinagar, Gandhinagar, India via
virtual meet,25th -26th, June 2021.

. Presented poster in International Conference on Metal Halide Perovskites, HyPe 24,

organized by NISER Bhubaneswar, 19th-22nd December 2024.

Deloabrata chakeabor %a

Debabrata Chakraborty



Dedicated to.............

My Beloved Parents, Wife, and Son

Vi



ACKNOWLEDGEMENTS

1t is with profound gratitude that I express my sincere appreciation to my supervisor, Dr. Moloy
Sarkar, whose exceptional guidance, unwavering support, and inspiring mentorship have
shaped every phase of this thesis. His insightful advice, constant encouragement, and faith in
my abilities have been invaluable, not only in the successful completion of this work but also
in my personal and professional growth throughout this Ph.D. journey. I remain deeply
indebted to him.

I extend my heartfelt thanks to Prof. Hirendra Nath Ghosh (Director, NISER), Prof. Sudhakar
Panda (Former Director, NISER), and Prof. T. K. Chandrasekhar (Founder Director, NISER)
for their vision and tireless efforts in establishing state-of-the-art research facilities at NISER,
which significantly enriched my research experience. My sincere appreciation goes to Dr.
Pranay Swain, Dean of Academic Affairs, for his understanding, support, and timely assistance
in navigating various academic matters. 1 am equally grateful to my thesis committee
members—Prof. Alagar Srinivasan, Dr. Bhargava B. L, Dr. Sharanappa Nembenna, and Dr.
Yatendra Singh Chaudhary—for their valuable suggestions, constructive feedback, and
continuous encouragement during my doctoral research. I would also like to acknowledge my
course instructors—Dr. Upakara Samy Louderaj, Dr. A. Srinivasan, Dr. Himanshu Sekhar
Biswal, Dr. Bidraha Bag, and Dr. Sudip Barman—whose dedication to teaching provided me
with a strong academic foundation. My gratitude extends to the current Chairperson, Dr.
Chidambaram Gunanathan, and the former Chairpersons—Dr. Sharanappa Nembenna, Dr.
Himansu S. Biswal, and Dr. A. Srinivasan—of the School of Chemical Sciences (SCS) for their
leadership and support during the course of my research. I am thankful to all the esteemed
faculty members, scientific officers (Dr. Arun Kumar and Dr. Priyanka Pandey), and the ever-
helpful non-teaching staff of SCS for cultivating a warm, collaborative, and stimulating
academic environment.

My heartfelt gratitude also goes to NISER, Bhubaneswar, for providing world-class
infrastructure and resources that enabled the smooth progress of my research work. I gratefully
acknowledge the Council of Scientific and Industrial Research (CSIR) for their generous
financial support, without which this work would not have been possible.

I extend my warmest and most heartfelt thanks to all my former lab members, whose
presence transformed this journey into an experience filled with learning, joy, and cherished
memories. I am profoundly grateful to Dr. Muhaiminul Islam, and Dr. Lakkoji Satish for their
invaluable guidance, thoughtful suggestions, and constructive feedback, all of which played a
pivotal role in shaping the quality and direction of my research. My sincere appreciation goes
to Somnath da, whose personal kindness added immense value to my life at NISER. My Ph.D.
years would feel incomplete without acknowledging Preeyanka di, to whom [ owe countless
moments of intellectual clarity and emotional comfort. Our discussions—whether about
experimental techniques, data analysis, or fundamental research concepts—enriched my
understanding immensely. I am equally grateful to Manjari di for her steadfast support in both
my academic pursuits and personal life. I feel fortunate to have Sahadev Bhaina as both a
senior and a true friend. His constant encouragement, readiness to help, and companionship

Vil



through every difficult moment have left a lasting impression on me. The friendship I share with
Amit and Amita holds a special place in my life. Amit, like an elder brother, has been someone
with whom I could share every aspect of my life without hesitation. Amita’s kindness, warmth,
and ever-helpful nature have touched me deeply. The playful banter among us added a
refreshing and joyful rhythm to my days at NISER—moments I will always treasure. My
heartfelt thanks go to my wonderful juniors—Joyoti, Jyoti, Chinmayee, Sumit, Samarth, Yash,
Anup, Bibhudutta, Anirudh, Priyanka, and Priyaranjan—for filling the final stretch of my Ph.D.
with laughter, enthusiasm, and positivity. I will fondly remember the time spent with Aman,
Ramya, Dinesh, Aditya, Biswa, Aradhana, Nilesh, Rashmita, Subhakant, Yashaswini, and Aditi,
whose companionship added warmth and color to this journey.

I would also like to express my heartfelt thanks to Rakesh, whose help across various
academic tasks and personal situations proved invaluable.

My hostel days remain among the brightest chapters of my life, filled with fun,
camaraderie, and endless conversations. The countless parties, late-night discussions, and
memorable travels with the DAT’S group (Debu, Amit, Tanmoy, and Sahadev) have become
unforgettable stories [ will carry with me always. A special note of appreciation goes to our Hi
For Chai group—Rakesh, Himanshu, Swaraj, and Debabrata—for the never-ending
discussions that ranged across science, philosophy, life, and everything in between. This Ph.D.
journey has also been enriched by the meaningful connections I built with Sushanta, Nachiketa,
Pradeep, and Unmesh, whose presence added depth and warmth to my days at NISER. Finally,
I express my heartfelt gratitude to my dear friends Narayan, Madhai, Tubun, and Nityananda
for their unwavering support, kindness, and encouragement, personally.

Finally, I extend my deepest and most heartfelt gratitude to my family, whose
unconditional love and support have made this journey both peaceful and memorable. My
father and my mother have stood by every decision I made, offering strength, trust, and
encouragement at every step. Their unwavering belief in me has been a constant source of
motivation, and I remain forever grateful for the values and resilience they instilled in me.

I owe a special and profound thanks to my wife, Surobita, whose companionship has
been my greatest blessing throughout this Ph.D. journey. Her steady support—academically,
emotionally, and mentally—has carried me through the most challenging phases. From
discussing research problems together to sharing moments of doubt and joy, she has been both
a pillar of strength and a true partner in every sense. I am equally grateful to my little son,
Sourabrata, whose innocent smiles and presence brought joy, comfort, and balance into my life
during demanding times.

My journey would also be incomplete without acknowledging my beloved sisters—
Kakoli, Barnali, and Mitali—along with my nieces and nephews. Their affection,
encouragement, and constant prayers have always reminded me that I am surrounded by a
family that cares deeply about my happiness and success.

I extend my sincere gratitude to my father-in-law, mother-in-law, grandmother-in-law,
and brother-in-law for their constant support, encouragement, and blessings throughout my
research journey. Their presence has been a true source of strength and motivation.

Vil



Lastly, I wish to thank every single person I have met along the way. Each interaction—
no matter how small—has contributed in some way to shaping me into a better individual. For
all the kindness, inspiration, and lessons I received, [ am truly grateful.

With utmost reverence, I express my heartfelt gratitude to Lord Radha—Krishna. Their
divine grace, ever-flowing compassion, and spiritual guidance have sustained me through
every step of this journey, filling my heart with peace, clarity, and unwavering hope.

Deloakrrata chakeabor )fa

Debabrata



CONTENTS

Page
Thesis Synopsis XVI-
XXVI
List of Scheme XXVII
List of Figures XVIII-
XXXII
List of Charts XXX
List of Tables XXXIV
Glossary of Acronyms XXXV-
XXXVI
Chapter 1
Introduction
1.1. Introduction to Semiconducting Nanomaterials 2
1.2 Perovskite Nanocrystals 5
1.2.1 Synthesis of Lead halides Perovskite Nanocrystal 8
1.3 Quantum Dots 9
1.3.1 Synthesis of Quantum Dots 14
14 Challenges and Opportunities 15
1.5 Interfacial Modulation 16
1.5.1 Ionic Liquids 16
1.5.2 Organic Aggregates 18
1.5.21 Fabrication Methods 20




1.6 Inorganic-Organic Nanohybrid Assemblies 20
1.7 Photophysical Processes in Molecules/Materials 22
1.7.1 Photoinduced Energy and Charge Transfer 22
1.7.1.1 Energy Transfer 22
1.7.1.2 Electron and Hole Transfer 25
1.8 Scope and Objectives of the Thesis 27
1.8.1 Limitations of Current Nanomaterials 27
1.8.2 Rationale for Using Ionic Liquids (ILs) 27
1.8.3 Rationale for Using Organic J-Aggregates 28
1.8.4 Overall Motivation 28
1.9 Chapterwise Organization of the Thesis 28
1.10 References 30
Chapter 2

Materials, Experimental Techniques, and Methods

2.1 Materials 45
2.1.1 For CsPbBr3 Nanocrystal Synthesis and ILs Interaction 45
2.1.2 For Cs4PbBrs microdisks Synthesis 46
2.1.3 For CdTe@ZnS QDs Synthesis 46
2.14 For ILs Synthesis 46
2.2 Synthesis and Purification 46
2.2.1 Synthesis and Purification of CsPbX3 NCs 46
2.2.2 Synthesis and Purification of Cs4aPbBrs microdisks MDs 47
223 Synthesis of ILs 47
224 Synthesis and Purification of CdTe@ZnS QDs 47
2.3 Sample Preparation: 48

Xl



2.3.1 Preparation of CdTe@ZnS QDs_J-aggregate nanohybrid 48
2.3.2 Preparation of SEM Sample 48
233 Preparation of TEM Samples 48
24 Instrumentations 49
24.1 Instrument for Microscopic Characterization 49
24.2 Instrumentation Steady-State optical measurements 49
24.2.1 Absorption Spectroscopy 49
2.4.2.2 Fluorescence Spectroscopy 50
243 Instruments for Time-Resolved Study 50
2431 Fluorescence Lifetime Measurements 50
2.4.3.1.1 | Basic Principle of TCSPC 51
2.4.3.1.2 | Major Components of a TCSPC System 52
2.4.3.1.3 | Working Overview 53
2.4.3.2 Broadband Pump-Probe Femtosecond Transient Absorption | 54
Spectroscopy
2.4.3.2.1 | Components of the TAS Setup 55
2.4.3.2.2 | Origin of Transient Signals in a TA Spectrometer 57
2.4.3.2.3 | Types of TA Signals 58
2.4.3.2.4 | Data Analysis in Our Setup 59
2433 Time-Resolved Confocal Fluorescence Microscopy 60
2.4.3.3.1 | Fluorescence Correlation Spectroscopy (FCS) 61
2.4.3.3.2 | Fluorescence Lifetime Imaging (FLIM) 63
24.4 Nuclear Magnetic Resonance (NMR) spectroscopy 64
2.4.5 Dynamic Light Scattering 64

Wl




2.4.6 X-ray Diffraction (XRD) 64
2.5 Standard Error Limit 66
2.6 References 66
Chapter 3

Surface Modification of CsPbX3 (X = Cl and Br) Nanocrystals by Treatment with
Imidazolium-Based Ionic Liquids in Enhancing the Stability and Photoluminescence

Quantum Yield

3.1 Introduction 69
3.2 Results and Discussion 72
33 Conclusion 85
34 Appendix 86
3.5 References 93
Chapter 4

Ionic Liquid Engineered Defect-Driven Green Emitting Zero Dimensional CssPbBrs
Microdisks

4.1 Introduction 103
4.2 Results and Discussion 105
4.3 Conclusion 120
4.4 Appendix 121
4.5 References 127
Chapter 5

Energy Transfer Induced Enhanced Valley Splitting of Emission of Inorganic
CdTe@ZnS QDs in Presence of Organic J-Aggregates

5.1 Introduction 136
5.2 Results and Discussion 139
5.3 Conclusion 150
5.4 Appendix 151
5.5 References 164
Chapter 6

XMl




Charge-Transfer Dynamics between CdTe@ZnS Quantum Dots and Pyridinium-

Based Ionic Liquids

6.1 Introduction 172
6.2 Results and Discussion 176
6.3 Conclusion 188
6.4 Appendix 189
6.5 References 194
Thesis Summary and Future Perspective 201

XV



SYNOPSIS

Semiconducting nanomaterials have attracted significant attention owing to their tunable
excitonic properties and promise for next-generation optoelectronic and photonic devices.!”’
Among these, halide perovskite nanocrystals (PNCs) are particularly attractive because of their
high absorption coefficients, bright emission, and facile solution processability.®!° However,
their practical deployment remains limited by poor stability, and the presence of surface
defects.!'"!> In this thesis, imidazolium-based ionic liquids (ILs) are explored as versatile
interfacial modulators to overcome these limitations. Post-synthetic treatment of PNCs with
imidazolium ILs markedly enhances PLQY by effectively removing excess lead ions from their
surfaces while simultaneously improving both chemical and photostability, even at the single-
particle level. Additionally, imidazolium IL-assisted synthesis enables the controlled
preparation of phase-pure zero-dimensional CssPbBrs microdisks, with tunable morphology
and strong intrinsic green emission. Temperature-dependent photoluminescence studies have
further revealed high exciton-binding energy and strong exciton—phonon coupling, affirming
the intrinsic excitonic origin of emission in these IL-modulated systems. These findings have
clearly established the importance of imidazolium-based ILs for tailoring the stability and
optical response of perovskite nanomaterials.

In addition to perovskites, colloidal quantum dots (QDs) represent another important
class of semiconducting nanomaterials, known for their size-dependent emission, high
photostability, and wide-ranging applicability in optoelectronics, sensing, and bioimaging.!-!®
In this work, CdTe@ZnS quantum dots (QDs) have been investigated to explore exciton
dynamics and interfacial charge-transfer processes. A hybrid system of CdTe@ZnS QDs and

organic J-aggregates exhibit highly efficient Forster resonance energy transfer (FRET) and a
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remarkable valley splitting in QD emission even without external fields. This splitting, tunable
by FRET efficiency and chemical modification of the aggregates, introduces a new pathway
toward valleytronic applications. Furthermore, interactions of QDs with pyridinium-based ILs
have revealed distinct fluorescence quenching behavior of QDs in presence of ILs driven by
photoinduced electron transfer (PET). The quenching efficiency is found to be strongly
dependent on IL structure, viscosity, and interfacial interactions, offering valuable mechanistic
insight into charge-transfer processes at QDs—ILs interfaces.

Overall, this thesis demonstrates how imidazolium- and pyridinium-based ILs, along
with organic moieties, can act as powerful modulators of their properties for semiconducting
nanomaterials. By facilitating surface modification, control over morphology, improved
stability, and tunable excitonic or charge-transfer processes, such strategies are expected to
facilitate the design of long-lasting nanohybrids for optoelectronic and valleytronic
applications.

Organisation of thesis

The current thesis has been divided into six chapters. The contents of all the chapters

of the present thesis are briefly described below.

Chapter 1: Introduction

This chapter provides the background and motivation for the thesis. It introduces
semiconducting nanomaterials, with a focus on perovskite nanocrystals (PNCs) and quantum
dots (QDs), highlighting their unique excitonic properties. The photophysical properties of
these materials and their importance for various applications, including optoelectronic,
photonic, and energy-related devices, are discussed. Major challenges pertaining to these
materials, such as surface defects, instability, and limited control over interfacial charge and
exciton dynamics, are presented. The role of ionic liquids (ILs) and organic moieties as

interfacial modulators in overcoming these challenges is introduced. Additionally, some
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general synthetic approaches for preparing and modifying these nanomaterials are briefly
described. Finally, the objectives and scope of the thesis are outlined.

Chapter 2: Experimental Techniques and Methods

This chapter describes the experimental techniques, instrumentation, and methodologies
employed throughout the thesis. It includes a detailed overview of the synthesis methods used
for perovskite nanocrystals (PNCs) and CdTe@ZnS quantum dots (QDs), as well as
postsynthetic modifications using ionic liquids (ILs) and organic moieties. The characterization
techniques discussed include structural analysis tools such as transmission electron microscopy
(TEM), selected area electron diffraction (SAED), scanning electron microscopy (SEM), and
energy-dispersive X-ray spectroscopy (EDX), powder X-ray diffraction (PXRD), and
spectroscopic methods such as steady-state and time-resolved photoluminescence (PL),
fluorescence lifetime imaging microscopy (FLIM), infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS), and Transient Absorption Spectroscopy (TAS) for probing
ultrafast exciton and charge-transfer dynamics. The chapter also outlines procedures for
studying photophysical properties, charge transfer, and exciton dynamics, both at ensemble
and single-particle levels. FLIM and Fluorescence Correlation Spectroscopy (FCS) are
highlighted as key techniques for single-particle/single-molecule investigations, enabling
analysis of diffusion dynamics, emission fluctuations, and interfacial interactions of individual
nanomaterials. Finally, the rationale for selecting specific ionic liquids and organic modifiers,
along with their preparation and handling, is presented.

Chapter 3: Surface Modification of CsPbX3 (X = Cl and Br) Nanocrystals by Treatment
with Imidazolium-Based Ionic Liquids in Enhancing the Stability and Photoluminescence
Quantum Yield

This chapter focuses on the role of imidazolium-based ionic liquids (ILs) in enhancing the

stability and photophysical performance of perovskite nanocrystals (PNCs), which are
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otherwise limited by poor photoluminescence quantum yield (PLQY) and low chemical
stability (Figure 1).!'""'>!7 The study explores how postsynthetic treatment with ILs can
efficiently passivate surface defects, diminish nonradiative recombination, and remove excess
lead adatoms from the nanocrystal surface.

A combination of structural and spectroscopic tools has been employed to probe these
improvements. TEM and PXRD confirm the retention of crystalline integrity, while XPS
provides evidence for the removal of surface Pb adatoms upon IL treatment. Optical
investigations, including steady-state and time-resolved PL, reveal a substantial increase in
PLQY and extended exciton lifetimes, indicating suppressed trap-assisted recombination
pathways.

Furthermore, the effect of ionic liquid passivation is evident not only at the ensemble
level but also during single-particle measurements, where enhanced emission stability is
observed. The presence of ionic liquids improves the chemical robustness of PNCs,
maintaining their luminescence properties even under conditions where untreated PNCs
undergo rapid degradation.

Overall, this chapter demonstrates that ionic liquids can act as effective surface
modulators for perovskite nanocrystals, offering a dual advantage of defect passivation and
chemical stabilization. These findings highlight the potential of IL-assisted strategies for

advancing the practical deployment of PNCs in optoelectronic and photonic applications.
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Figure 1. (a) and (b) emission spectra of CsPbCl; and CsPbBr3 PNCs respectively with gradual
addition of EMIMBF;4 (c) Plot of relative fluorescence intensity versus time showing the
stability of CsPbBr; PNCs in presence of EMIMBF4, BMIMBF4, HMIMBF4, NaBF4, and
NaSCN.

Chapter 4: Ionic Liquid Engineered Defect-Driven Green Emitting Zero Dimensional
Cs4PbBrs Microdisks

This chapter presents the synthesis and photophysical investigation of zero-dimensional (0D)
cesium lead bromide (CssPbBrs) microdisks (MDs) using an ionic liquid (IL)-mediated
antisolvent precipitation method at room temperature. The motivation arises from the unique
excitonic properties of 0D perovskites and the challenges in obtaining phase-pure, defect-
controlled materials with tunable morphology and stable optical response.'®!?

The role of imidazolium-based ionic liquids in the synthesis of 0D MDs has been
systematically explored by varying alkyl chain length, cationic type, and IL concentration.
Such variations enable control over crystal morphology and surface environment, thereby
tailoring the optical properties of the resulting microdisks. Structural characterizations using
TEM, SAED, PXRD, and EDX have confirmed the formation of highly crystalline and phase-
pure Cs4PbBrs MDs, free from CsPbBr3 impurities.

Photophysical investigations, including steady-state PL, time-resolved PL,
temperature-dependent PL, and FLIM have also established the origin of strong intrinsic green
emission in Cs4PbBrs. The emission mechanism is attributed to defect-mediated midgap
recombination, supported by the observation of a large exciton-binding energy (~222 meV)
and strong exciton—phonon coupling. Importantly, FLIM studies reveal heterogeneity in PL
intensity and lifetime, which can be linked to spatial variations in trap-state distributions across
the MDs (Figure 2).

The results have demonstrated the effectiveness of ionic liquids as functional ligands

in directing crystal growth, improving optical stability, and tuning excitonic emission in 0D
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perovskites. This chapter highlights the potential of IL-assisted approaches for designing next-

generation perovskite-based materials with tailored morphology and photophysical properties.
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Figure 2: Fluorescence intensity and lifetime images (FLIM) of Cs4PbBrs MDs highlighting
spatial variation: (a) polyhedral particle, (b) spherical particles; (c, d) corresponding
fluorescence intensity and lifetime images of single polyhedral and spherical MDs respectively.

Chapter 5: Energy Transfer Induced Enhanced Valley Splitting of Emission of Inorganic

CdTe@ZnS QDs in Presence of Organic J-Aggregates

This chapter explores the design and photophysical behavior of inorganic—organic hybrid

nanomaterials comprising cadmium telluride/zinc sulfide (CdTe@ZnS) quantum dots (QDs)

and organic J-aggregates. The motivation lies in the prospect of engineering strong exciton—

exciton interactions for next-generation optoelectronic and valleytronic applications.
Nanohybrid materials QDs with J-aggregates results in highly efficient Forster

resonance energy transfer (FRET) from QDs (donors) to J-aggregates (acceptors) (Figure 3a
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and b). A unique and significant finding is the clear valley splitting of the QD emission band
during the FRET process, even in the absence of an external field. The energy separation
associated with valley splitting is shown to have a linear relationship with FRET efficiency
(Figure 3c), establishing a direct link between exciton coupling and energy transfer dynamics.

The coupling can be tuned by modifying the organic moieties of the J-aggregates,
offering chemical control over exciton interactions. This flexibility demonstrates the advantage
of hybrid systems, where organic components can act not only as energy acceptors but also as
regulators of inorganic exciton behavior.

Spectroscopic analyses, including steady-state and time-resolved PL, have been
employed to probe exciton transfer pathways and recombination dynamics. Together, these
measurements have provided a detailed understanding of interfacial exciton coupling and its
impact on emission properties of the nanohybrid systems.

Overall, this chapter highlights how QD-J-aggregate hybrids represent a promising
class of materials for manipulating valley physics and exciton—exciton interactions under
ambient conditions. The findings have established a new platform for tailoring excitonic
processes through nanoscale hybridization, with strong implications for the development of

valleytronic and optoelectronic devices.
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Figure 3: PL spectra of CdTe@ZnS QD with increasing concentration of S2165 dye (Aex =405
nm). (b) Change in ET efficiency from CdTe ZnS QDs to J-aggregate as a function of J-
aggregate(acceptor) concentration and (c) plot of energy separation between two emission

peaks versus ET efficiency.
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Chapter 6: Charge-Transfer Dynamics between CdTe@ZnS Quantum Dots and
Pyridinium-Based Ionic Liquids

This chapter investigates interfacial charge-transfer processes in hybrid systems comprising
cadmium telluride/zinc sulfide (CdTe@ZnS) quantum dots (QDs) and pyridinium-based ionic
liquids (ILs). The motivation stems from the facts that ionic liquids have unique ability to
stabilize charged species, provide tunable microenvironments, and can act as effective electron
acceptors, making them suitable candidates for regulating quantum dot photophysics.?’

In this work, systematic studies have been carried out using both monocationic
(CsPyrBr, CesPyrBr) and dicationic ([CsPyr:2]Br2) pyridinium-based ILs to explore how
structural variations in ILs influence electron-transfer dynamics. The QD-IL hybrids are
examined using steady-state and time-resolved PL to monitor fluorescence quenching and
charge-transfer efficiency. These measurements have revealed that interfacial electron transfer
strongly depends on the cationic structure, viscosity, and microenvironment of the IL, as well
as the nature of QD-IL interactions.

Advanced spectroscopic techniques, particularly Transient Absorption Spectroscopy
(TAS), have been employed to directly probe ultrafast excited-state dynamics (Figure 4). It is
well known that TAS measurements can efficiently capture charge-transfer events occurring at
femtosecond to nanosecond timescales, offering mechanistic insights into how electron-
transfer pathways evolve in different QD-IL environments. Scheme 1 illustrates the
photoinduced electron transfer (PET) process from CdTe@ZnS quantum dots (QDs) to
pyridinium-based ionic liquids (ILs). Upon photoexcitation, it has been observed that the QDs
generate excitons, where the excited electron can be transferred to the electron-accepting
pyridinium cation of the ILs. This interfacial process in turn results in fluorescence quenching
of the QDs and facilitates charge separation, the efficiency of which depends on the structural

features of the ILs.
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The results demonstrate that ionic liquid structure can be judiciously tuned to control
the extent and rate of electron transfer from quantum dots (Scheme 1). This chapter underscores
the importance of molecular-level interface engineering in QD—IL systems and highlights their

potential in designing functional hybrid nanomaterials for optoelectronic, sensing, and energy-

harvesting applications.
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Scheme 1: The schematic representation of photoinduced charge transfer dynamics from

CdTe@ZnS QDs to Pyridinium based ILs.
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Introduction




Abstract

This chapter introduces the fundamental concepts and materials central to this thesis. It focuses
on halide perovskite nanocrystals (PNCs), chalcogenide quantum dots (QDs), and organic
nano/microparticles such as J-aggregates. Their key photophysical properties, bandgap
tunability, exciton dynamics, emission characteristics, and surface-defect sensitivity have been
outlined along with the major challenges that limit their performance in optoelectronic and
energy-related applications. The potential of inorganic—organic hybrid assemblies has been
highlighted, in order to depict the fact that coupling between Wannier—-Mott excitons in
PNCs/QDs and Frenkel excitons in organic aggregates can yield emergent optical behavior and
improved light-harvesting efficiency. The role of ionic liquids (ILs) as interfacial modulators,
capable of passivating defects, stabilizing nanocrystals, and regulating energy or electron
transfer, has also been introduced. Fundamentals associated with some important photophysical
processes such as fluorescence, Forster and Dexter energy transfer, and photoinduced electron
transfer (PET) have been outlined to establish the mechanistic framework for the thesis.
Overall, this chapter provides the scientific basis, motivation, and objectives for the detailed

studies on exciton dynamics and interfacial engineering presented in the subsequent chapters.

1.1. Introduction to Semiconducting Nanomaterials

The rapid industrialization and exponential growth in global energy consumption have
intensified the demand for sustainable and renewable energy technologies (Figure 1.1).!
Traditional fossil fuels, while still dominant, pose severe environmental challenges due to
greenhouse gas emissions and finite reserves. Consequently, the transition toward a clean-

energy economy necessitates the development of advanced materials capable of efficiently
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harvesting, converting, and storing solar energy, which remains the most abundant and

inexhaustible natural resource.’
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Figure 1.1. Global primary energy consumption. !

Semiconducting materials occupy a central role in this global energy transition. The global
semiconductor market is growing steadily and is expected to expand even more rapidly in the
near future (Figure 1.2).2 Their unique capacity to absorb light and convert it into electrical or
chemical energy underpins the operation of solar cells, photodetectors, light-emitting diodes
(LEDs), photocatalysts, and other optoelectronic systems.>”> For example, high-efficiency solar
cells depend on semiconductors that generate excitons (electron—hole pairs) and facilitate their
rapid separation and transport to produce electrical current. Likewise, in LEDs, semiconductors

with tunable bandgaps are crucial for efficient light emission across the visible spectrum.>->
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Global Semiconductor Market
Size, By Component, 2025-2034 (USD Billion)
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Figure 1.2. Global semiconductor market.’

Although silicon-based semiconductors dominate commercial photovoltaic and electronic
technologies, they are expensive and require high-temperature, energy-intensive processing.®*
This cost limitation has prompted extensive research into alternative semiconducting materials
that are not only low-cost but also solution-processable, tunable, and compatible with flexible

device architectures.

In recent years, nanostructured semiconductors such as halide perovskite nanocrystals
(PNCs), quantum dots (QDs), and nanohybrid materials have emerged as next-generation
materials for renewable energy and light-harvesting applications.”!” These nanoscale systems
enable precise control over optical and electronic properties, offering unprecedented design
flexibility for solar-energy conversion, photon management, and photochemical
transformations.'?"'® Furthermore, their solution processability and compatibility with flexible
substrates enable scalable, low-cost, and energy-efficient device fabrication.!> However,
despite these advantages, challenges such as instability under ambient conditions, surface trap
states, and inefficient exciton or charge-transfer dynamics limit their widespread adoption.'®-%!

Addressing these issues requires a deeper understanding of the fundamental processes

governing exciton generation, recombination, and interfacial interactions. In order to
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understand these aspects of the materials, steady-state and time-resolved spectroscopic
investigations are often employed. Additionally, this has motivated the exploration of
specialized materials such as ionic liquids (ILs) and organic molecular assemblies as soft-
matter components capable of stabilizing semiconductor interfaces and modulating their

photophysical behavior.?*!

1.2. Perovskite Nanocrystals

The mineral now known as perovskite was first discovered in 1839 by Gustav Rose during his
examination of geological samples from the Ural Mountains in Russia. He named the mineral
in honor of the Russian mineralogist Lev Aleksevich von Perovski. Although the term
perovskite originally referred specifically to the oxide LaFeOs, it has since expanded to
encompass a broader class of materials with the general formula ABOs that share a common

crystal structure.*

In recent years, lead halide perovskite nanocrystals (LHPNCs) have emerged as a
particularly important subset of perovskite materials owing to their exceptional optoelectronic
characteristics, including tunable band gaps, high photoluminescence quantum yields (PLQY),
and low trap-state densities.**-*® Their general chemical formula, ABXs, analogous to the ABO»
oxide perovskites, consists of a monovalent cation (A = Cs*, MA", FA™), a divalent metal cation
(B = Pb*, Sn?"), and a halide anion (X = CI-, Br, I) (shown in Scheme 1.1). The crystal
structure, formed by corner-sharing [BXs]* octahedra arranged in a three-dimensional
framework or isolated in low-dimensional architectures, plays a crucial role in determining

their band structure, excitonic behavior, and overall optoelectronic performance.’**’
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Scheme 1.1. Schematic of cubic structure of lead halide perovskite nanocrystals.

Halide perovskites can be broadly categorized according to their structural dimensionality
(Scheme 1.2), which plays a decisive role in dictating their optical and electronic behavior. The
conventional three-dimensional (3D) perovskites, with the general formula ABXs, comprise
corner-sharing [BXs]*" octahedra arranged into an extended 3D network (Scheme 1.2). This
structural connectivity facilitates efficient charge transport, resulting in high carrier mobilities,
long diffusion lengths, and bandgap tunability through halide substitution.*'**>*” However,
these materials often exhibit limited stability under ambient conditions.*® For example,
reducing the dimensionality leads to the formation of two-dimensional (2D) or layered
perovskites, typically represented by (RNH3):BXa, in which inorganic octahedral sheets are
separated by bulky organic spacer cations (Scheme 1.2).>° Such layered architectures show
pronounced exciton confinement, improved environmental stability, and anisotropic charge-
transport characteristics.’! > Interestingly, further lowering the dimensionality, material yields
one-dimensional (1D) perovskites, composed of linear chains of corner- or edge-sharing
[BXs]* octahedra (Scheme 1.2). These systems display strongly localized excitonic states and

exhibit significant low-dimensional quantum confinement effects, often accompanied by
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intense photoluminescence.*’” At the extreme end of the dimensional spectrum lie zero-
dimensional (0D) perovskites, exemplified by materials with the formula A«BXs, where the
[BXs]* octahedra are fully isolated and electronically decoupled from one another (Scheme
1.2). Zero-dimensional perovskites are particularly noteworthy for their intense green
photoluminescence, attributed to highly localized excitons.’*>® The origin of this green
emission has been debated extensively.’*~’ Some studies argue that it arises intrinsically from
the OD perovskite lattice, while others suggest that trace CsPbBr: nanocrystal impurities or
defect-assisted radiative recombination are responsible.>’ Regardless of the exact origin, the
combination of high PLQY, sharp emission, and solution processability makes 0D perovskites
attractive for LEDs, display technologies, and photonic applications. Careful synthetic control
and surface passivation are essential to enhance emission efficiency and resolve the debate over

intrinsic versus extrinsic emission,>¢->%:¢0

Scheme 1.2. Schematic of halide perovskite nanocrystals illustrating dimensional classification

(0D, 1D, 2D, 3D).




Halide perovskites exhibit highly tunable photophysical properties, with bandgap modulation
primarily governed by the halide composition in the ABXs framework. Substitution of Br~ with
CI" in CsPbBrs typically induces a blue shift in the optical absorption and photoluminescence
spectra, while partial or full replacement of Br- with I~ results in a pronounced red shift.®!-?
This compositional flexibility enables continuous tuning of emission across the visible
spectrum without significantly altering the underlying crystal structure.®'** In addition to
bandgap tunability, halide perovskite nanocrystals possess several intrinsic photophysical
advantages, including exceptionally high absorption coefficients, which allow efficient
harvesting of incident photons over a broad spectral window.**-*>7 Three-dimensional (3D)
perovskites are characterized by long carrier diffusion lengths, promoting efficient charge
transport and separation, a property that has contributed to their rapid adoption in
optoelectronic devices such as solar cells and LEDs.?*-24263463 These materials also display
rapid radiative recombination rates, contributing to their high photoluminescence quantum
yields (PLQYs).>>=7 Importantly, halide perovskite nanocrystals typically contain shallow trap
states rather than the deep defect levels commonly found in chalcogenide quantum dots (e.g.,
CdSe, CdTe).®! The presence of shallow traps facilitates facile passivation and minimizes
nonradiative recombination losses, thereby enabling superior luminescence efficiency and
more favorable exciton dynamics®! Furthermore, size-dependent quantum confinement in
perovskite nanocrystals and microstructures provides an additional mechanism for fine-tuning
optical responses, enabling precise control of emission linewidth, energy, and carrier

dynamics.**

1.2.1. Synthesis of Lead halides Perovskite Nanocrystal

Halide perovskite nanocrystals (PNCs) can be prepared through a variety of synthetic strategies

that operate across both high-temperature and ambient-condition regimes. Among these, the




hot-injection approach is widely used, wherein a preformed Cs-oleate solution is swiftly
introduced into a heated mixture containing lead halide and coordinating ligands, producing
uniform and highly emissive nanocrystals.”!%**61-6¢2 In contrast, the ligand-assisted
reprecipitation (LARP) technique enables nanocrystal formation at room temperature by
driving rapid nucleation when precursor solutions in polar media are mixed with a nonpolar

antisolvent.®’

Several alternative low-energy methods, such as ultrasonication, which relies on
acoustic cavitation, and microwave irradiation, which provides fast volumetric heating, also
facilitate PNC formation.®® Additionally, mechanochemical (solid-state) synthesis offers a
solvent-free route, while microfluidic flow synthesis ensures precise mixing and excellent

reproducibility for scalable production.®® In this work, we have primarily employed the hot-

injection and LARP methods to prepare the desired perovskite nanocrystals.
1.3. Quantum Dots

Another class of semiconductor nanocrystals is quantum Dots. Quantum dots (QDs) have been
a central topic of research for decades. Their discovery dates back to the early 1980s, when
Louis E. Brus identified them in colloidal solutions and Alexei Ekimov reported similar size-
dependent effects in glass matrices.®’*® The term “quantum dot” was later introduced by Mark
Reed to describe these nanoscale semiconductor materials.®” Quantum dots are typically
composed of metal chalcogenides (such as Zn, Cd, Hg, or Pb compounds) and generally fall
within a size range of 2—10 nm. Semiconductors possess electrical conductivities intermediate
between conductors and insulators, with band gaps typically between 0.5 and 3 eV and low
intrinsic carrier concentrations in their bulk crystalline form. In contrast to their bulk
counterparts, QDs exhibit striking size-dependent optical and electronic characteristics because
70-71

of the quantum confinement of excitons generated upon thermal or photoexcitation.

Excitons (electron—hole) pairs play a crucial role in the photophysics of QDs. Their
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characteristic separation distance, known as the exciton Bohr radius (aB), is given by Equation

1.172
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where ¢ is the dielectric constant, h is the reduced Planck constant, e is the electron charge, and
m,and m,are the effective masses of the electron and hole, respectively. When a nanoparticle’s
size approaches or falls below the exciton Bohr radius, exciton motion becomes spatially
restricted, leading to quantum confinement.”®>”> This phenomenon results in discrete, quantized
energy levels. As the particle size decreases, the energy spacing increases and the band gap

widens (Scheme 1.3), in contrast to bulk semiconductors where the valence and conduction

bands are continuous.”®
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Scheme 1.3. Schematic illustration depicting how particle size influences energy levels and
bandgap in semiconductor materials.

Because of their discretized energy levels, QDs resemble individual atoms or small molecules,
although they also retain features typical of extended semiconductor materials. They are often

regarded as intermediates between molecular species and bulk crystals (Scheme 1.4).7° Unlike
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bulk semiconductors, which have a fixed band gap (Evuik), QDs exhibit a tunable band gap
(Eqp) dependent on particle size. Their optical behavior, broad absorption spectra with high

extinction coefficients and bright fluorescence, arises from their dense electronic states and

efficient radiative recombination processes.’”"”’
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Scheme 1.4. Schematic showing the differences in electronic energy levels between a
molecule, quantum dot, and bulk semiconductor; Eqp and Epuik correspond to the quantum dot

and bulk band gaps.

The size-dependent shift in band gap energy relative to bulk semiconductors can be described

by Equation 1.27178

E. —E n h2m? h2m? 1.786e2
QD ™ FBulk T TRz T 2m; R?

— 0.248Ep,, (1.2)

where R is the QD radius, the second and third terms correspond to electron and hole
confinement energies, the fourth term represents the Coulomb attraction between the electron

and hole, and E ;y is the exciton Rydberg energy. Although often negligible, this last term

becomes significant in semiconductors with low dielectric constants.”




Quantum dots are generally composed of cations from groups IIIA, IVA, and IIB
combined with anions from groups VA and VIA.8%8! Their elemental composition contributes
to exceptional resistance to photodegradation.®? Compared with conventional organic
fluorophores, QDs offer numerous advantages, including high surface-to-volume ratios, broad
absorption profiles, narrow and size-tunable emission bands, and outstanding photostability,
making them highly attractive for a range of optical and optoelectronic applications.®*** The
optical properties of QDs are strongly influenced by surface states and lattice defects, which
can create localized energy levels, called trap states, within the bandgap.®! To further elucidate
the origin and impact of these defect states, a schematic representation of the electronic
structure and trap-state formation in semiconductor nanocrystals is shown in Figure 1.5. In
conventional chalcogenide quantum dots, such as CdSe and CdTe, the valence band is
primarily derived from bonding states of chalcogenide orbitals, while the conduction band
originates from antibonding metal orbitals.’! Structural imperfections, including dangling
bonds, vacancies, and undercoordinated surface atoms, introduce localized energy levels
within the bandgap. These defect states can be broadly classified into shallow surface traps,
located near the band edges, and deep trap states positioned energetically far from both the
conduction and valence bands. Deep traps act as efficient nonradiative recombination centers,

significantly reducing photoluminescence quantum yield and carrier mobility.

In contrast, lead halide perovskite nanocrystals exhibit a fundamentally different
electronic structure, wherein the valence band maximum possesses antibonding character
arising from the interaction between Pb 6s and halide p orbitals, while the conduction band is
dominated by Pb 6p orbitals.®! As a result, most intrinsic defects, such as halide vacancies, tend
to introduce shallow states close to the band edges rather than deep mid-gap levels. This unique
defect-tolerant electronic structure minimizes trap-assisted nonradiative recombination and

enables high photoluminescence efficiency.®! Such distinctions in trap-state distribution




between chalcogenide quantum dots and perovskite nanocrystals play a crucial role in
governing their exciton dynamics and interfacial charge-transfer behavior, which are central to
the investigations presented in this thesis. Thus, while QDs are structurally stable but defect-
sensitive, PNCs are highly emissive yet prone to environmental degradation.®! To minimize
trap-assisted nonradiative losses, core—shell QDs have been developed, where a narrow-
bandgap core is coated by a wider-bandgap shell (e.g., CdTe@ZnS, PbSe@ZnS).”**° The shell
and protects the core from

effectively passivates surface defects, confines carriers,

photooxidation, leading to improved PL intensity and long-term stability.*>
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Scheme 1.5. Schematic illustration of the electronic structure and trap-state formation in (a)

perovskite nanocrystals and comparison with (b) conventional semiconductor systems.

Among the core-shell QDs, CdTe@ZnS QDs represent a well-studied Type I
heterostructure, where both electrons and holes are confined within the CdTe core while the
ZnS shell serves as a high-bandgap barrier.%¢%” This design leads to high PL quantum yield,
enhanced photostability, and reduced environmental sensitivity. Importantly, due to the strong

lattice mismatch between CdTe (a = 6.48 A) and ZnS (a = 5.41 A), careful control of shell

thickness is crucial to minimize interfacial strain and preserve emission efficiency®’
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CdTe@ZnS QDs are widely utilized in biolabeling, sensors, and light-harvesting devices,
demonstrating the power of surface engineering in tailoring optical response and chemical

stability.

Quantum dots (QDs) are widely used in various technologies owing to their distinctive
photophysical properties, such as strong absorption, size-tunable emission, long exciton
lifetimes, and high photostability.’** These features enable applications in QLEDs,
photocatalysis, solar cells, bioimaging, biosensing, and energy-transfer processes.!*!
Moreover, their ability to generate multiple excitons from a single photon, along with low
fabrication costs, positions QDs as promising candidates for next-generation photovoltaic

devices 13,15,25-26

1.3.1. Synthesis of Quantum Dots

Quantum dots are usually prepared using two main strategies: top-down and bottom-up

approaches.

» Top-Down Approach: In this method, bulk semiconductor materials are reduced to the
nanoscale using physical or lithographic techniques. Common examples include milling,
grinding, electron-beam lithography, ion or laser-beam lithography, and wet chemical
etching, all of which break down larger structures into nanocrystalline QDs.!*

» Bottom-Up Approach: This route builds nanomaterials from molecular precursors through
various wet-chemical or gas-phase processes. Wet-chemical methods include microemulsion,
hot-solution decomposition, sol-gel, electrochemical, hydrothermal, ultrasonic, and
microwave-assisted synthesis, where particles grow from atoms or molecules to nanoscale

dimensions. '




1.4. Challenges and Opportunities

Although halide perovskite nanocrystals (PNCs) and chalcogenide quantum dots (QDs) exhibit
excellent size-dependent optical properties and strong excitonic behavior, both systems possess
intrinsic limitations that restrict their standalone performance.%* Furthermore, PNCs, despite
their high photoluminescence quantum yield (PLQY), defect-tolerant electronic structure, and
tunable bandgap, remain highly unstable under ambient conditions. They undergo halide loss,
surface reconstruction, moisture-induced degradation, and ion migration, all of which reduce
PL intensity and long-term usability.®® QDs, in contrast, offer high structural robustness and
chemical durability, owing to their covalent lattice, but suffer from deep trap states, complex
surface chemistry, and nonradiative recombination pathways, which diminish exciton mobility
and charge-transfer efficiency.® Furthermore, both PNCs and QDs face surface-induced
recombination, inefficient exciton transport, and interfacial energy losses, limiting their

performance in optoelectronic or photonic applications.

Despite these challenges, both nanomaterials present significant opportunities. In the
case of PNCs, they allow rapid exciton formation, shallow trap states, and straightforward
bandgap tuning, making them ideal candidates for light-emitting devices by improving their
stability. Moreover, QDs provide broad spectral tunability, aqueous compatibility, and
suitability for donor—acceptor assemblies, enabling advanced photonic and energy-transfer
studies. These inherent advantages have motivated us to use the functional molecular additives
and interfacial modifiers that can stabilize the nanocrystals, passivate surface traps, and

modulate exciton dynamics.




1.5. Interfacial Modulation

While both halide perovskite nanocrystals (PNCs) and chalcogenide QDs have exhibited size-
tunable optical properties, exciton dynamics, and surface-sensitive photophysics, their full
potential in optoelectronic and energy applications has been realized only when interfacial
interactions have been carefully engineered.??? Integration with ionic liquids (ILs) or organic
molecular assemblies enables nano-hybrid architectures that combine the high luminescence
and defect-tolerance of PNCs with the stability and surface tunability of QDs.?>?¢ In these
hybrid systems, ILs serve as surface passivators, charge-transfer mediators, and interfacial
stabilizers, while organic J-aggregates or m-conjugated molecules facilitate strong excitonic
coupling and directional energy transfer.?’*° Such synergistic combinations provide a versatile
platform to study and control photoinduced charge and energy transfer, bridging the intrinsic
photophysics of nanocrystals with the functional capabilities of soft-matter components. This
sets the stage for the detailed exploration of IL- and organic-assisted exciton modulation in

semiconducting nano-hybrids, as discussed below.

1.5.1. Ionic Liquids

Ionic liquids (ILs) are salts composed entirely of ions that remain liquid below 100 °C. Their
negligible vapor pressure, high ionic conductivity, tunable viscosity, and wide electrochemical
window make them attractive not only as unconventional solvents but also as functional surface

modifiers in nanomaterial research.?>%°

Owing to their structural tunability, the
physicochemical properties of ILs can be precisely adjusted by selecting appropriate cation—
anion combinations, enabling tailored interactions with semiconductor surfaces and allowing
modulation of charge transport, exciton recombination, and interfacial energetics.

ILs can be broadly categorized into monocationic ionic liquids (MILs) and dicationic ionic

liquids (DILs). MILs consist of a single cation—anion pair, where the cation may be




imidazolium, pyridinium, ammonium, or phosphonium, and the anion can be chosen to tune
polarity, hydrophobicity, and coordinating ability. Imidazolium-based MILs have been
employed for PNC and QD surface passivation due to their capacity for n—m, cation—x, and
hydrogen-bonding interactions, whereas pyridinium-based ILs offer enhanced chemical
stability and can function as mild electron acceptors, subtly influencing charge-transfer
behavior.?**°! In contrast, DILs contain two cationic centers connected by a flexible or rigid
spacer, allowing multisite coordination to nanocrystal surfaces. This “di”cationic architecture
is expected to help in stronger interfacial binding, more effective suppression of trap states,
and improved thermal and structural stability, which together help to reduce ion migration and
exciton quenching in both PNCs and QDs.”*** A distinct subclass of ILs, known as surface-
active ionic liquids (SAILs), incorporates long alkyl chains that impart amphiphilic character.
These systems can self-assemble into micelles, bilayers, or ordered ion layers at nanocrystal
interfaces, thereby enabling colloidal stabilization, surface passivation, and controlled exciton
interactions.”

At the semiconductor—IL interface, IL ions can interact strongly with surface sites and
defects. Cations typically bind to electron-rich regions, such as halide vacancies on PNCs or
chalcogen vacancies on QDs, while anions can stabilize undercoordinated cationic centers,
such as Pb-adatom. This dual-passivation mechanism is expected to reduce trap-state density,
suppress nonradiative recombination pathways, and improve both photoluminescence and
charge-transport properties. In PNCs, ILs are also expected to inhibit halide migration and
moisture-induced degradation, resulting in improved environmental stability. Moreover, ILs
may provide templates for nanocrystal growth in a particular direction to form different shapes
and sizes of nanocrystals. It is also expected that in CdTe@ZnS QDs, ILs can help mitigate
deep trap states, thereby facilitating more efficient photoinduced charge separation and

electron-transfer processes.




1.5.2. Organic Aggregates

Organic nano- and microparticles, commonly termed organic aggregates, have emerged as a
growing class of functional materials with distinctive and attractive optical properties.
Compared with the long-established research on metal and semiconductor nanoparticles,
studies on organic aggregates are relatively new, yet they have revealed rich and
unconventional photophysical behavior.?’-*° These systems often display optical and electronic
responses that differ markedly from those of their individual molecular constituents or their
corresponding bulk phases.?’° The design and exploration of fluorescent organic
nano/microparticles have attracted considerable attention, as the vast chemical versatility of
organic molecules and the adaptability of synthetic routes provide exceptional opportunities
for tailoring their structures and properties.?’** Organic nanoparticles typically occupy a size
regime spanning from the nanometer to the micrometer range, often exceeding the dimensions
characteristic of many inorganic nanomaterials.?’" In these systems, the constituent molecules
organize into aggregates through a combination of weak, noncovalent interactions, including
van der Waals forces, hydrogen bonding, n—m stacking, electrostatic effects, and charge-
transfer interactions.”® The nature of these interactions is fundamentally different from those
dictating the formation of inorganic nanoparticles, providing unique opportunities to tune the
architecture and properties of the aggregates by controlling the underlying molecular self-

assembly processes.

Organic aggregates are commonly classified as H-aggregates and J-aggregates, and
their optical behavior is well explained by Kasha’s molecular exciton model.””*® As depicted
in Scheme 1.6, coupling between the transition dipole moments of closely packed dye
molecules splits the excited state into two levels. In J-aggregates, where molecules align in a

head-to-tail fashion, the lower-energy transition becomes optically allowed. Conversely, in H-
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aggregates, the dipoles align in a parallel configuration, making the higher-energy transition
allowed.””® As a result, J-aggregates typically display bathochromic (red) shifts, while H-
aggregates exhibit hypsochromic (blue) shifts in their absorption and emission spectra. Many
cyanine dyes are known to favor J-aggregation upon self-assembly.”!%! J-aggregates are
especially attractive for optoelectronic applications due to their strong absorption and emission,
narrow spectral features, very small Stokes shifts (often ~200 cm™ or less), and high

fluorescence quantum yields.”*1°!
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Scheme 1.6. Schematic illustration of the permitted electronic transitions in J- and H-
aggregates, where ‘m’ denotes the transition dipole moment integral (with allowed transitions
corresponding to m > 0).

Unlike semiconductor quantum dots, these size-dependent behaviors have not arisen from
conventional quantum confinement. Such effects were first reported by Nakanishi and co-

102-103 and have been explored extensively for pyrazoline

workers in perylene nanocrystalsr
derivatives by Yao and coworkers.!% Organic microcrystals have also demonstrated notable
nonlinear optical (NLO) responses, making them attractive for advanced photonic

applications.'%1% Moreover, J-aggregates have emerged as particularly significant. These self-

assembled m-conjugated dye systems, typically cyanine, squaraine, or perylene derivatives




have adopted a head-to-tail packing arrangement that has produced a sharp delocalized exciton
band with red-shifte.?’3%% This supramolecular organization has enabled coherent exciton
delocalization and efficient energy transfer across nanoscale distances, features highly
beneficial for hybrid optoelectronic applications.

Because of their unique optical properties, organic aggregates have found utility in a
broad range of technologies. Initially, they were used as photographic sensitizers'®” and in
fluorescent fibers,!*® but they have since become important in modern optoelectronic devices
such as organic light-emitting diodes (OLEDs), organic photovoltaic devices (OPVs), and
organic field-effect transistors (OFETs).!%-!1* Organic nanoparticles have also shown potential
in affordable light-harvesting materials for organic solar cells.!! 13
1.5.2.1. Fabrication Methods
The synthesis of organic nano- and microparticles has differed markedly from the conventional
methods used for inorganic or semiconductor nanomaterials. A variety of approaches has been
developed to produce organic aggregates of different sizes and morphologies. Common

5

techniques have included reprecipitation,'’> chemical reaction-based methods, thermal

116 and laser ablation.'!” Moreover, numerous one-

evaporation, microemulsion protocols,
dimensional (1D) organic structures—such as nanorods, nanotubes, and nanowires—have been
obtained through physical vapor deposition (PVD), templated routes, and self-assembly-driven

strategies.! 18120

1.6. Inorganic-Organic Nanohybrid Assemblies

In the earlier sections of this chapter, the important features of semiconductor nanomaterials,
particularly halide perovskite nanocrystals (PNCs) and chalcogenide quantum dots (QDs), and
organic nano/microparticles have been described independently. Although these inorganic and
organic materials have been utilized in a variety of optoelectronic, sensing, and light-harvesting

applications, each class has exhibited intrinsic limitations.®! Organic assemblies have offered




excellent structural tunability through synthetic modification, yet their high exciton binding
energies and tendency toward photobleaching have reduced their operational stability.”
10LI07.110 Ty contrast, inorganic nanocrystals have provided strong photochemical stability and
well-defined electronic structures, but their surface functionalization has often remained
challenging. These contrasting features have raised an important question: what type of
material system has been capable of combining facile functionalization, broad absorption,
tunable bandgap, long exciton diffusion lengths, and high stability, properties essential for
efficient optoelectronic operation?

Hybrid nanoscale systems composed of inorganic nanocrystals and organic aggregates
have emerged as a promising solution. By bringing together the robustness of the inorganic
component with the structural flexibility of the organic counterpart, such hybrids have been
expected to exhibit enhanced optical and electronic behavior. When strong coupling between
Wannier—Mott excitons in PNCs or QDs and Frenkel excitons in organic aggregates has
occurred, these assemblies have displayed photophysical responses distinct from either
constituent alone.???%?73% Ag a result, inorganic—organic nanohybrids have shown potential in
applications such as photodetectors, LEDs, display technologies, photocatalysis, quantum
information systems, and biosensing,?4-2628-30

Despite this promise, relatively few studies have focused on understanding how the
inorganic and organic excitonic components interact within a single hybrid structure. These
limitations have motivated efforts to design hybrids involving less toxic and more
environmentally friendly semiconductor nanomaterials, enabling the study of exciton
interactions while minimizing ecological impact. Such systems have provided valuable
platforms for probing the interplay between Wannier—Mott and Frenkel excitons and have
contributed to progress in fields ranging from photovoltaics and optoelectronics to sensing,

catalysis, nanomedicine, and molecular electronics.




1.7. Photophysical Processes in Molecules/Materials

Light-matter interactions, in particular, semiconductor materials, have long intrigued
spectroscopists, because photoexcitation has promoted electrons from the valence band to the
conduction band, creating electron—hole pairs that have undergone diverse radiative and
non-radiative recombination pathways. In general, after excitation, fluorophores have
experienced competing processes such as energy transfer, electron or hole transfer, proton
transfer, conformational rearrangements, and solvent relaxation, which have modulated
intrinsic deactivation and have led to fluorescence quenching or enhancement.'?! These
behaviors have been probed using both steady-state and time-resolved fluorescence methods,
including steady-state emission spectroscopy, time-correlated single-photon counting
(TCSPC), fluorescence correlation spectroscopy (FCS), fluorescence lifetime imaging
microscopy (FLIM), and transient absorption (TA)spectroscopy (detail provided in Chapter 2).
Within this thesis, particular attention has been devoted to energy-transfer processes,
electron-transfer pathways.

1.7.1. Photoinduced Energy and Charge Transfer

Photoinduced charge and energy transfer processes are crucial to the function of
semiconducting nanocrystals, ionic liquid interfaces, and organic excitonic assemblies. Upon
light absorption, nanocrystals generate Wannier—Mott excitons (electron—hole pairs) that can
either recombine radiatively or participate in charge/energy transfer to nearby acceptors.
Efficient control of these processes is essential for maximizing photoluminescence,
photocurrent generation, and photocatalytic efficiency.!?!

1.7.1.1. Energy Transfer

Electronic energy transfer (EET) describes the movement of electronic excitation from a donor
to an acceptor. Based on the distance between the interacting species and the nature of their

coupling, EET has been understood to occur primarily through two pathways: the short-range
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Dexter exchange mechanism and the long-range Forster resonance energy transfer (FRET)

mechanism (Scheme 1.7).!?! In both mechanisms, the donor loses its excitation nonradiatively

while the acceptor becomes electronically excited. The Dexter pathway is effective only when

the donor and acceptor are in very close proximity (on the order of 1-10 A), since it relies on

a direct electron exchange between the two species. Whereas FRET operates over much larger

separations (typically 10-100 A) and proceeds through long-range dipole-dipole coupling

between the transition dipoles of the donor and acceptor.'?! The overall efficiency of FRET is

dictated by several parameters, including the spectral overlap between the donor emission and

acceptor absorption profiles, the donor—acceptor distance, the orientation factor describing the

relative alignment of the transition dipoles, the refractive index of the surrounding medium,

and the intrinsic quantum yield of the donor.!?!

o~ Singlet-Singlet Dexter Energy Transfer
Jimup
H :..‘. .
[ W HH
p = mift t
1p. 1, 1p

Singlet-Singlet Forster Energy Transfer

4

1,

t

8 W T N

14.

Scheme 1.7. Schematic of singlet-singlet Dexter and Forster energy transfer.

a) Spectral Overlap Integral, J(})

The spectral overlap integral quantitatively describes the extent to which the donor’s emission

spectrum coincides with the acceptor’s absorption spectrum. A greater overlap enhances the

probability of resonance energy transfer.!?!
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Js> Fp(A) £a() A* d2
Iy Fp(d) da

JA) = (1.3)

where Fp(4) is the normalized donor emission spectrum and &4(4) is the molar extinction
coefficient of the acceptor.

b) Forster Distance, Ro
The Forster distance (Ro) is defined as the donor—acceptor separation at which the efficiency

of energy transfer is 50%. It is given by'?!:

Ry = 0.211 [k2 n~* qu](A)]% (1.4)
Where «* = orientation factor (commonly assumed to be 2/3 under dynamic averaging),
n= refractive index of the medium, ¢p = photoluminescence quantum yield of the donor.

¢) Quantum Yield of the Donor, ¢pp
The quantum yield of a fluorophore is generally determined relative to a reference standard
using'?!:

¢s = (G0 br (1.5)
where As and A4, represent the integrated emission areas, ns and 1, correspond to refractive
indices, ODs and OD; denote the optical densities of the sample and reference, respectively.
And ¢ is the quantum yield of the reference fluorophore.

d) FRET Efficiency

Using the parameters above, the efficiency of Forster energy transfer is expressed as:

_ _RS 16
"~ R§+R$, (1.6)

where Rp4 is the donor—acceptor separation. Owing to its strong distance dependence, FRET
is frequently employed as a spectroscopic ruler, especially in biological and nanoscale systems

where precise distance measurements are required.'?!
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1.7.1.2. Electron and Hole Transfer

The classical description of charge transfer was established by Marcus, who formulated a
theoretical framework in which the reactant and product states are represented by parabolic
free-energy surfaces (FESs) along a generalized reaction coordinate.!?! This coordinate
encompasses both intramolecular motions and solvent reorganization processes (Figure 1.6).

Within this model, the activation energy barrier for ET is given by:

0 2
AGT =S (1.7)

Where AG® = standard Gibbs free energy change of the reaction, A = total reorganization
energy.
a) Electron-Transfer (ET) Rate Constant

According to Marcus theory,!?! the ET rate constant is expressed as:

1 _ (A6°+1)?

\4TtAkgT €Xp [ 4AkgT ] (18)

where Vp4 denotes the electronic coupling matrix element. Weak coupling results in non-

ker =1 Vpa |2

adiabatic ET, whereas strong coupling yields an adiabatic process characterized by a single,
smoothly connected FES. The dependence of kzr on AG® gives rise to the well-known normal
and inverted regimes.

b) Photoinduced Electron Transfer (PET)
Photoinduced electron transfer (PET) is a fundamental process in numerous chemical,
biological, and optoelectronic systems.'?> Upon absorption of a photon, either the donor or the
acceptor may reach an excited state from which electron transfer occurs:
D+A+hv->D"+A->D*+ A" (1.9)
D+A+hv—>D+A" > D"+ A" (1.10)
Two principal pathways are involved:
» Oxidative PET, in which an electron is transferred from the LUMO of the excited

donor to the LUMO of an electron-deficient acceptor'?! (Shown in Scheme 1.8).




» Reductive PET, in which an electron is transferred from the HOMO of an electron-
rich donor to the HOMO of the excited fluorophore!?! (Shown in Scheme 1.8).
The thermodynamic feasibility of PET is governed by the redox potentials of the donor—

acceptor pair.

Oxidative Electron Transfer
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Scheme 1.8. Schematic of oxidative and reductive pathways involved in a photoinduced
electron-transfer (PET) process.
¢) Rehm—Weller Equation

The driving force for PET is estimated using the Rehm—Weller relationship: 2!

2

AGgr = E(D*/D) — E(A/A™) — AEgo — = (1.11)
Where E(D*/D) is the oxidation potential of the donor, E(A/A") is the reduction potential of the
acceptor, AEo = energy corresponding to the 0-0 transition of the fluorophore, & = dielectric
constant of the solvent, d is the donor-acceptor separation. A negative AGgr indicates a

thermodynamically favorable PET process.




1.8. Scope and Objectives of the Thesis

Semiconductor nanomaterials, especially halide perovskite nanocrystals (PNCs) and
chalcogenide quantum dots (QDs), have shown tremendous potential for next-generation
optoelectronic and energy-related technologies. However, their intrinsic limitations have
highlighted the need for advanced interfacial engineering. The motivation of this thesis arises
from the following considerations:
1.8.1. Limitations of Current Nanomaterials
» PNCs, although highly emissive and defect-tolerant, have suffered from poor
environmental stability, rapid halide loss, and strong sensitivity to moisture, oxygen,
and heat.
» Also, PNCs have contained surface defects, such as halide vacancies and
undercoordinated metal centers, which promote nonradiative recombination.
» Moreover, obtaining phase-pure zero-dimensional perovskites remains challenging, and
the fundamental origin of their fluorescence is still a subject of debate.
» QDs have exhibited excellent structural stability but have required precise surface
modification to reduce deep trap states and enable efficient exciton and charge transport.
» Both materials have lacked reliable interfacial control, limiting their performance in

long-term optoelectronic applications.

1.8.2. Rationale for Using Ionic Liquids (ILs)

» ILs have offered tunable cation—anion structures, allowing selective surface passivation
and defect suppression in PNCs and QDs.

» They have improved stability against moisture, oxygen, and light exposure.

» Depending on their electronic structure, ILs have facilitated exciton stabilization or

photoinduced electron transfer, enabling controlled charge-transfer pathways.
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1.8.3. Rationale for Using Organic J-Aggregates

» Organic J-aggregates have exhibited strong exciton delocalization, sharp and intense
spectral bands, and well-defined Frenkel excitons.

» When combined with QDs, they have enabled efficient Forster resonance energy
transfer (FRET) and unique modulation of QD emission, including valley splitting.

» These interactions have opened opportunities for designing hybrid excitonic

architectures with enhanced light-harvesting efficiency.
1.8.4. Overall Motivation

» There is a strong need to understand and engineer how ILs and organic aggregates
interact with semiconductor nanomaterials to tune exciton dynamics, improve stability,
and control energy/charge transfer.

» This thesis aims to provide fundamental insights into:

e [L-assisted stabilization and passivation of PNCs,
e [L-directed synthesis and defect control in 0D perovskites,
e Excitonic coupling and FRET in QD-J-aggregate hybrids, and
e Photoinduced electron transfer (PET) in QD-IL systems.
» Such understanding will support the development of stable, efficient, and
environmentally friendly hybrid nanomaterials for applications in LEDs,

photodetectors, solar cells, sensing, bioimaging, and emerging excitonic technologies.

1.9 Chapter-wise Organization of the Thesis

The thesis has been structured into six chapters, each addressing a specific scientific component
of exciton dynamics and interfacial engineering in semiconducting nanomaterials. A brief

overview of the chapters is provided below, following the outline presented in the synopsis.




Chapter lestablishes the conceptual foundation of the thesis. It introduces semiconducting
nanomaterials, focusing on halide perovskite nanocrystals (PNCs) and chalcogenide quantum
dots (QDs), and summarizes their excitonic properties, optoelectronic relevance, and
associated challenges such as instability, surface defects, and inefficient exciton/charge
transport. The role of ionic liquids (ILs) and organic assemblies as interfacial modifiers is
highlighted, and general synthetic concepts relevant to nanocrystal and aggregate preparation
are discussed. The chapter concludes with the motivation, scope, and objectives of the work.
Chapter 2 describes the instrumentation, characterization techniques, and synthetic methods
used throughout the thesis. It includes preparation of PNCs and CdTe@ZnS QDs, post-
synthetic IL treatments, formation of hybrid nanostructures, and procedures for optical and
structural characterization. Special emphasis is placed on transient absorption spectroscopy,
fluorescence lifetime imaging microscopy (FLIM), and fluorescence correlation spectroscopy
(FCS), which are essential for probing exciton dynamics at ensemble and single-particle levels.
Chapter 3 demonstrates how imidazolium-based ILs significantly improve the photophysical
properties and stability of CsPbXs (X = Cl, Br) PNCs. IL treatment effectively removes excess
surface Pb-adatoms, suppresses trap-assisted recombination, and enhances photoluminescence
quantum yield (PLQY). Structural analyses confirm the preservation of crystallinity, while
steady-state and time-resolved PL data reveal prolonged exciton lifetimes and improved
emission stability, validated even at the single-particle level.

Chapter 4 explores an IL-mediated antisolvent precipitation route to synthesize phase-pure,
highly crystalline CssPbBrs microdisks (MDs) at room temperature. By tuning IL structure and
concentration, the morphology, crystallinity, and optical response of the MDs are precisely
controlled. Photophysical investigations, including temperature-dependent PL and FLIM,
show strong intrinsic green emission arising from defect-mediated recombination, supported

by large exciton-binding energy and pronounced exciton—phonon coupling. Spatial variations
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in emission are correlated with heterogeneous trap-state distribution across individual
microdisks.

Chapter 5 investigates exciton—exciton coupling in hybrid assemblies composed of
CdTe@ZnS QDs and organic J-aggregates. Highly efficient FRET from QDs to J-aggregates
induces a clear and tunable valley splitting in the QD emission, achieved in the absence of
external magnetic or electric fields. The magnitude of splitting scales linearly with FRET
efficiency, establishing a direct linkage between exciton transfer and valley-selective emission.
The findings have established a new platform for tailoring excitonic processes through
nanoscale hybridization, with strong implications for the development of valleytronic and
optoelectronic devices.

Chapter 6 examines photoinduced electron-transfer processes in QD-IL hybrid systems using
pyridinium-based monocationic and dicationic ILs. Fluorescence quenching studies, combined
with time-resolved PL and transient absorption spectroscopy, reveal strong dependence of
electron-transfer efficiency on IL structure, viscosity, and interfacial microenvironment.
Ultrafast measurements capture charge separation events on femtosecond—nanosecond
timescales, providing mechanistic insight into how ILs regulate exciton dissociation and charge
transport in QD-based assemblies.

At the end of this chapter, the overall conclusion and future perspective of the thesis are also

provided.
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CHAPTER 2

Materials, Experimental Techniques, and Methods




Abstract

This chapter outlines the materials, synthesis protocols, and experimental techniques employed
throughout the thesis. It details the preparation and purification of CsPbXs nanocrystals,
CssPbBrs microdisks, CdTe@ZnS quantum dots, and various ionic liquids. Standardized
sample preparation methods for optical, microscopic, and spectroscopic studies are described.
The chapter further summarizes the instrumentation used, including UV—Vis and fluorescence
spectroscopy, TCSPC-based lifetime measurements, femtosecond transient absorption
spectroscopy, confocal fluorescence microscopy, NMR diffusion studies, DLS, and XRD.
Together, these methodologies provide a comprehensive framework for probing structural,

optical, and dynamical properties of the studied nanomaterial systems.

2.1. Materials

All chemicals employed for the synthesis, purification, and characterization of the compounds
discussed in this thesis were procured from reputed suppliers, including Sigma-Aldrich, TCI
Chemicals, Merck, Alfa Aesar, Finar, and NICE Chemicals. Detailed information on these
materials is provided below.

2.1.1. For CsPbBr3 Nanocrystal Synthesis and ILs Interaction Cs2CO;3 (99.9% Aldrich),
octadecene (ODE, 90%, Aldrich), oleic acid (OA, 90%, Aldrich), oleylamine (OLA, 70%,
Aldrich), trioctylamine (TOP, 97 % Aldrich), PbCl, (99.999%, Aldrich), PbBr2 (99.999%,
Aldrich), Pbly (99%, Aldrich), 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4,
99%, Aldrich), 1-ethyl-3-methylimidazolium acetate (EMIMOACc, 99%, Aldrich), 1-ethyl-3-
methylimidazolium methansulphonate (EMIMS, 99%, Aldrich), 1-butyl-3-methylimidazolium
tetrafluoroborate (BMIMBF4, 99%, Aldrich), 1-hexyl-3-methylimidazolium tetrafluoroborate

(HMIMBF4, 99%, Aldrich), and chloroform (99.8%, Aldrich, anhydrous).




2.1.2. For Cs4PbBrs microdisks Synthesis Lead bromide (PbBr2, >99%), cesium bromide
(CsBr, 99.999% trace metals basis) are purchased from Sigma-Aldrich. N, N-dimethyl
formamide (DMF) (Sigma-Aldrich), Toluene (Sigma-Aldrich).

2.1.3. For CdTe@ZnS QDs Synthesis Tellurium powder (Te, 99%), Cadmium chloride
dehydrates (CdCL2.2H20, 99%), Sodium borohydride (NaBH4, 97%), 3-mercapto propionic
acid (MPA, 98%), Zinc acetate dihydrate (Zn (OAc)2, 2H20 99%), sodium sulphide (Na,S,
98%), and absolute ethanol (analytical reagent were purchased from Sigma). Sodium hydroxide
(NaOH, 98%) was purchased from SciChem, and S2165 dye was purchased from FEW
chemicals.

2.1.4. For ILs Synthesis 1-methylimidazole, 1-bromohexadecane, 1-bromotetradecane, 1-
bromododecane, 1,12-dibromododecane, purchased from Sigma-Aldrich, Pyridine (Sigma), 1-
bromohexane, 1-bromopropane, 1,6-dibromohexane, acetonitrile (Finar), and diethyl ether
(Finar) were bought and redistilled before use.

2.2. Synthesis and Purification

2.2.1. Synthesis and Purification of CsPbX3 NCs The colloidal CsPbX; (X= Cl, Br, I) NCs
studied in this work were synthesized following the procedure reported by Protesescu et al.
with minor modifications. Cs2CO3 (0.10175 g), OA (0.3125 mL) and ODE (5 mL) were mixed
in a 50 mL double-necked round-bottom (RB) flask and kept at 120 °C in vacuum for 1 hour.
Later, the temperature was raised to 160 °C to get a clear solution of cesium oleate (Cs-oleate).
The Cs-oleate solution was kept at 100 °C under N, atmosphere before injection to avoid
precipitation. ODE (5 mL), PbX> (0.188 mmol), OA (0.5 mL), and OLA (0.5 mL) were loaded
in a 50 mL double-necked RB flask, and the mixture was heated under vacuum at 120°C for 1
hour. Further, the temperature was raised to 170 °C and kept for 20 minutes, followed by the
injection of Cs-oleate solution (0.4 mL). The reaction mixture was rapidly cooled in an ice-

water bath. The crude solution was centrifuged at 8000 rpm for 10 min. The supernatant




containing unreacted precursors was discarded, and the obtained precipitate was washed with
toluene and centrifuged at 3000 rpm for 5 min to remove trace amounts of unreacted species.

Purified PNCs were dispersed in distilled, anhydrous chloroform for further measurements.

2.2.2. Synthesis and Purification of Cs4PbBrs microdisks MDs were synthesized using an
anti-solvent precipitation method conducted at room temperature under ambient conditions.?
In a typical procedure, 0.1 mM each of PbBr. and CsBr were dissolved in 3 mL of
dimethylformamide (DMF). Subsequently, the desired amount of ionic liquids (ILs, 0.05-0.2
mM) was added to the solution, followed by sonication to ensure complete dissolution. The
resulting precursor solution was transferred to a 50 mL round-bottom flask, and 0.75 mL of
toluene was introduced under vigorous stirring. After 5—10 minutes, a color change to greenish-
yellow indicated the formation of MDs. The mixture was then centrifuged at 7000 rpm for 5

minutes, and the precipitate was washed multiple times with toluene to remove residual

impurities.

2.2.3. Synthesis of ILs 1-Bromohexadecane, 1-Bromotetradecane, 1-Bromododecane, were
mixed with 1-methyl imidazole separately in 1 : 1.2 molar ratio in acetonitrile and stirred under
heating at 80 °C for 72 hours to obtain CismimBr, Ci4mimBr, CiomimBr respectively. 1,12-
dibromododecane was mixed with 1-methyl imidazole separately in 1 :2.5 molar ratio in
acetonitrile and stirred under heating at 80 °C for 72 hours to obtain C12mimBr2.? The bromide
salt was washed repeatedly with diethyl ether to remove the unreacted solvents. The same

procedure is applied for the synthesis of pyridinium ILs synthesis.

2.2.4. Synthesis and Purification of CdTe@ZnS QDs The aqueous CdTe@ZnS QDs were
prepared by following the procedure of Wang et al*with minor modifications. Usually, CdCl -
2H,0 (0.0457 g, 0.2 mmol) and MPA (0.0433 g, 0.4 mmol) (i.e., Cd**/MPA ratio was of 1:2)

were taken in a 250 mL round-bottom flux, and 100mL Millipore water was added. The mixture




was stirred for 30 min at room temperature. To get the Cd*" precursor solution, the pH of the
mixture was adjusted to 9 with NaOH solution (1 M). To prepare the sodium hydrogen telluride
(NaHTe) as Te* precursors, NaBH4 (0.0567 g, 1.5 mmol) was used to react with Te powder
(0.0638 g, 0.5 mmol) (i.e, by a molar ratio of NaBH4/Te=3:1) in 20 mL of ultrapure water. The
Cd?" precursor solution was heated up to 100 °C by that time, 4 ml NaHTe solution was added
to it, then the mixture was cooled and refluxed at 90 °C. By varying the refluxing time, we
varied the size of the QDs. After that, to obtain CdTe@ZnS QDs 20 ml solution of Zn(OAc)>
(5 mM) and Na,S (5 mM) solution was added dropwise to the as-prepared CdTe QDs solution,
and refluxed for 2 h. The precipitates of CdTe@ZnS QDs could be gained by adding ethanol
to the CdTe@ZnS QDs solution and centrifugation. The precipitation was repeatedly washed
with ethanol to remove unwanted species like excess capping molecules and ions present in the

product. Finally, the products were dried in a vacuum oven at 60 °C for 10 h.

2.3. Sample Preparation:

2.3.1. Preparation of CdTe@ZnS QDs_J-aggregate nanohybrid The target inorganic-
organic nanohybrid compound is prepared insitu, where dye is gradually added to the QDs
solution to form a nanohybrid associate. The formation of the product is monitored by careful

observation of optical spectroscopy.

2.3.2. Preparation of SEM Samples For SEM imaging, the nanomaterial dispersion is first
diluted to a suitable concentration and sonicated to ensure a well-dispersed suspension. A small
volume of this suspension is then drop-cast onto a silicon wafer, dried under vacuum for

overnight before imaging.

2.3.3. Preparation of TEM Samples For TEM imaging, the nanomaterial dispersion is first
diluted to an appropriate concentration and subsequently sonicated to ensure uniform

distribution. A small aliquot of the solution is then drop-cast onto a 300-mesh copper grid. The




coated grid is allowed to dry under a lamp for 10—15 minutes and subsequently placed under

vacuum for 4-5 hours before imaging.
2.4. Instrumentations

2.4.1. Instrument for Microscopic Characterization The microscopic characterization was
done by scanning electron microscope (SEM) and transmission electron microscope (TEM).
The Zeiss Gemini 2 Scanning Electron Microscope has been used for FESEM measurement.
The TEM images of the NCs were determined using a JEM-F200 Multi-purpose Electron

Microscope (JEOL) at an accelerating voltage of 200 kV.

2.4.2. Instrumentation Steady-State optical measurements To investigate the optical
properties of the synthesized nanomaterials, steady-state absorption and fluorescence

techniques were primarily employed.

2.4.2.1. Absorption Spectroscopy UV—Vis absorption measurements were carried out using
a Cary 100 Bio UV—Vis spectrophotometer, which offers a wavelength resolution of 0.15 nm
and uses a xenon lamp as the excitation source. UV—-Vis spectroscopy provides insights into
the electronic energy levels of a material by analyzing the positions and intensities of its
absorption bands. This helps in identifying various chromophoric groups as well as
understanding their surrounding chemical environments. In addition, UV—Vis absorption
profiles can reveal ground-state interactions such as hydrogen bonding and solvent polarity
effects associated with the chromophoric species. The technique follows the Beer—Lambert
law, which states that the absorbance A, at a particular wavelength A is directly proportional
to the molar extinction coefficient ¢;, the concentration C, and the optical path length [.

Mathematically, it is expressed as:

Ay =log () = (I (2.1)




where I and I represent the intensities of the incident and transmitted light at a wavelength A,

respectively, and [ is the cuvette path length.

2.4.2.2 Fluorescence Spectroscopy Fluorescence spectroscopy is an extremely sensitive
optical method used to study photophysical and photochemical processes occurring in the
excited states of fluorophores. Even minor changes in the energy levels or interactions between
fluorophore molecules can alter the emission profile, including variations in spectral shape,
intensity, and peak position.>” These sensitivities make fluorescence spectroscopy a powerful
tool for probing the microenvironment around the emitting species. In this thesis, fluorescence
spectroscopy has been extensively utilized to investigate the photophysical behavior of all the
studied systems. For steady-state fluorescence measurement Cary Eclipse Fluorescence
Spectrophotometer (Agilent Technologies) has been used. Temperature-dependent PL

measurement was carried out using HORIBA Fluorolog QM fluorimeter.
2.4.3. Instruments for Time-Resolved Study

2.4.3.1. Fluorescence Lifetime Measurements Time-resolved fluorescence spectroscopy
provides valuable information about the kinetics of photophysical and photochemical
processes. When a fluorophore is excited by an ultrafast laser pulse, an initial excited-state

population ng is produced. The decay of this population follows>’

— 28 = (ky + k) () (22)

where n(t)is the number of excited molecules at time t, k,and k,, are radiative and

nonradiative decay rate constants, respectively.

The solution of the above equation gives an exponential decay””’

n(t) = noexp (=) 23)
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where 7 is the excited-state lifetime of the fluorophore. Since fluorescence intensity is directly
proportional to the excited-state population, the time-dependent emission intensity can be

written as>”’

I(t) = Ioexp (—2) (2.4)

where I(t) and I, fluorescence intensity at time t and intensity immediately after excitation

The fluorescence lifetime is related to the decay rates as>”’

=1 (2.5)

T kptkny

The fluorescence lifetime of a fluorophore is commonly determined using the time-correlated
single photon counting (TCSPC) technique. Because individual fluorophores remain in their
various excited states for varying durations, the detected photons exhibit a characteristic time
distribution, which manifests as the fluorescence decay profile of the sample. Consequently,
the lifetime measured by the TCSPC system represents the statistical average of the time that
the ensemble of fluorophore molecules spends in the excited state. Fluorescence lifetime
measurements presented in this thesis were carried out with Edinburgh LifeSpec II systems.

2.4.3.1.1 Basic Principle of TCSPC

Time-Correlated Single Photon Counting (TCSPC) detects individual photons emitted after
pulsed excitation and constructs a histogram of their arrival times. This histogram reflects the
probability distribution of excited-state decay. Because TCSPC is statistical in nature, high
repetition-rate excitation sources are required to accumulate sufficient photon counts. A
schematic representation of the working principle of TCSPC setup (in reverse mode) is shown
in Scheme 2.1. In reverse mode operation, commonly used at high repetition rates, the emission

photon generates the STOP signal, while the excitation reference generates the START signal.
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Scheme 2.1. Schematic diagram for the working principle of the TCSPC setup.

2.4.3.1.2. Major Components of a TCSPC System

a)

b)

d)

Pulsed Excitation Source: Diode lasers (e.g., 375, 405, 445 nm) are used for excitation.
The shortest measurable decay corresponds to the Instrument Response Function (IRF),
typically ~100 ps FWHM. The IRF is recorded under identical experimental conditions
for deconvolution during data analysis.

Constant Fraction Discriminator (CFD) The CFD enhances timing precision by
rejecting low-amplitude noise signals and ensuring accurate determination of photon
arrival times for both START and STOP pulses.

Time-to-Amplitude Converter (TAC) The TAC acts as the core timing unit. Upon
receiving a START signal, a timing capacitor charges linearly. When the STOP signal
arrives, charging stops and the resulting voltage is proportional to the time difference
between the two pulses. The TAC range (50 ns—400 ps) is selected based on the expected
fluorescence lifetime.

Multichannel Analyzer (MCA) The MCA sorts the TAC output pulses into discrete

time channels. It operates in Pulse Height Analysis (PHA) mode for decay curves and




Multichannel Scaling (MCS) mode for time-resolved emission spectra. Processed data
are transferred to a computer for fitting.

e) START and STOP Photomultiplier Tubes (PMTs) In reverse mode, excitation pulses
generate the START signal, while emitted photons generate STOP signals, minimizing

unnecessary TAC triggering at high repetition rates.

2.4.3.1.3. Working Overview Light from the pulsed excitation source is split into two paths:
one produces the START signal via the PMT, while the other excitation pulse excites the
sample. Fluorescence photons from the sample provide STOP pulses. The TAC converts the
time delay between START and STOP into a voltage signal, which is digitized by an analog-
to-digital converter (ADC) and accumulated in the MCA as a histogram. Repeated cycles
generate a complete decay profile. Data analysis, including deconvolution with the IRF and

lifetime fitting, has been performed using the Edinburgh F980 software package.

2.4.3.2. Broadband Pump-Probe Femtosecond Transient Absorption Spectroscopy

Photoinduced relaxation in molecules generally occurs through both radiative and non-
radiative pathways. Techniques such as time-correlated single-photon counting (TCSPC)
primarily provide information about radiative decay processes. However, to obtain a complete
picture of the excited-state relaxation, it is essential to investigate both radiative and non-
radiative channels. Transient absorption (TA) spectroscopy is particularly suitable for this
purpose, as it monitors changes in absorption following photoexcitation and therefore provides
insight into charge-carrier dynamics. Femtosecond transient absorption (TA) spectroscopy is a
widely used technique in modern photochemistry and photophysics. Ultrafast spectroscopy
employs extremely short laser pulses to monitor and manipulate the evolution of physical
processes in real time. Phenomena such as carrier—carrier scattering, carrier—phonon

interactions, charge-carrier relaxation, recombination, and charge separation occur on ultrafast
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timescales, and their lifetimes can be determined using time-resolved ultrafast spectroscopic

methods.

In a typical transient absorption experiment, an excitation or pump pulse promotes a
small fraction of atoms or molecules, generally between 0.1% and a few tens of percent,
depending on the material, into an electronically excited state. A second, relatively weak probe
pulse then passes through the sample after a controlled time delay (7) with respect to the pump.
The difference between the probe absorption in the presence and absence of the pump,
measured over a broad spectral range, reveals information about the structural and electronic
changes induced in the sample. By systematically varying the pump—probe delay (Shown in
Scheme 2.2) and recording the corresponding changes in absorbance, one can map out the

dynamical processes occurring within the material.

Variable delay
line

Scheme 2.2. Schematic diagram of basic pump-probe interaction in TAS

2.4.3.2.1. Components of the TAS Setup

In this work, the Astrella amplified laser system is used, which integrates an ultrafast oscillator,
regenerative amplifier, Q-switched pump laser, synchronization and delay units, and a

stretcher—compressor setup. A closed-loop water chiller (set at 20 °C) cools the Vitara,




Revolution, and amplifier modules to ensure stable long-term operation. Basic schematic of
TAS is shown in Scheme 2.3. where all the components have been discussed below-

a) Ti: Sapphire Oscillator The Ti: Sapphire (Ti-S) crystal is pumped by a 532 nm VITARA-

G diode-pumped solid-state (DPSS) laser operating in continuous wave mode. At high

pump intensities, the refractive index of Ti: Sapphire becomes intensity-dependent®!°

n=ny+n,l (2.6)
Since n: is positive, the medium behaves like a lens, focusing the beam toward its center.

b) Amplifier The femtosecond pulses from the oscillator are too weak for TA
experiments and must be amplified. To prevent optical damage during amplification, the
pulses are first stretched to ~100 ps (chirped pulse amplification) and then amplified.

¢) Multistage Amplification Amplification occurs in two stages: a regenerative
amplifier followed by a multipass amplifier. Both stages use Ti: Sapphire as the gain
medium.

d) Pulse Compressor After amplification, the pulses are compressed using a pair of
diffraction gratings that introduce negative dispersion, shortening the pulse to ~50 fs. The
high peak power of the compressed pulse enables nonlinear optical processes, such as
second harmonic generation and white-light continuum generation.

e) Second Harmonic Generation (400 nm Pump) Second harmonic  generation
(SHG) of the 800 nm beam is achieved using a B-barium borate (BBO) crystal. SHG arises

from the second-order nonlinear polarization®°

P =goyWE + goyPE? + --- 2.7
The second-order term generates light at twice the frequency (half the wavelength).
Efficient SHG requires phase matching, which is achieved in birefringent crystals such as

BBO. Optical Parametric Amplifier (OPA)




After amplification, the Astrella output is split into pump and probe beams. The pump is
directed into the OPA-NIRVIS two-stage optical parametric amplifier, which comprises pump-
delivery optics, a white-light continuum generator (WLG), and two pre-amplifier stages (PA1,
PA2). All translational and rotational stages are computer-controlled, allowing precise

wavelength tuning over a broad range (Scheme 2.3).

OPA operation is based on the nonlinear interaction of an intense pump photon (hw,)
with the crystal, producing signal (hos) and idler (hw;) photons from conservation of energy ®,

= s T ®; and the momentum conservation phase matching is k, = ks + ki

A white-light continuum is generated from the 800 nm pump and overlapped with a portion of
the pump pulse inside the nonlinear crystal for parametric amplification. After amplification,
signal, pump, and idler beams are separated geometrically, and the signal beam is recollimated
and passed to the second amplification stage. Moreover, wavelength tuning is achieved by
adjusting the delay stage and phase-matching angle. Additional mixers extend the tuning range,
enabling second- and fourth-harmonic generation using Type-I BBO crystals. In this work, a

LIGHT CONVERSION OPA with a tuning range of 260—2600 nm is used.

The output of the Astrella amplifier is split into pump and probe beams (90:10) using a
beam splitter. The probe beam enters the Helios Fire transient absorption spectrometer through
an adjustable pinhole. The optical layout of the Helios Fire setup is shown in Scheme 2.3. The
system includes a fast delay stage, a broadband probe generation unit, detection modules, and
a pump chopper. The probe continuum (350-1600 nm) is generated by focusing the 800 nm
pulse onto nonlinear crystals to produce white light (Figure 2.14). The crystal stage holds CaF-
(UV), Ti:Alz0s (visible), and an IR crystal for NIR generation, all computer-controlled for

selecting the probe region. Detection is performed through fiber-coupled spectrographs . Two
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detectors are used: a CMOS UV—Vis detector and an InGaAs NIR detector. Data acquisition is

handled by Helios Fire software and analysis by Surface Explorer.

T, Eas

/

=== Ti: Sapphire Ampl
Ti:AlLO, laser

b
fug

Scheme 2. 3. Basic schematic of TA Spectrometer
2.4.3.2.2. Origin of Transient Signals in a TA Spectrometer When light passes through any

absorbing material, its absorption follows the Beer—Lambert law

A=log(®) =e()clL 2.8)
Where ¢(A) is the molar absorption coefficient, ¢ is the concentration of the sample, and L is
the optical path length. In transient absorption spectroscopy, two laser pulses are used: one is a
Pump, and the other is a probe pulse. The pump pulse excites the sample to higher energy
states, and the probe pulse measures how the excited sample behaves at a certain time. The
probe pulse is detected both: without the pump, and with the pump at different time delays (At).
The difference in probe absorption gives the transient absorption signal (AA)3!!

AA = Ayim pump — Agiithout pump (2.9

The intensity of the probe pulse at delay time At can be written as®!!

I(4,At) = [,(1) 10"EAN@ADL (2.10)

Here, N(At) is the excited-state population at time At. So, the transient signal becomes®!!
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AA(At) = e(A) N(At) L (2.11)

And the decay of the excited-state population decreases exponentially according to the equation
N(At) = NyeAt/® (2.12)
where No is the initial population and 7 is the lifetime, then®!!

In [AA(A)] = In (eNoL) — = (2.13)

This shows that the change in AA with time directly gives the excited-state decay.

So the basic TA signal expression

Io
I1(At)

The absorbances with pump, Ayimpump = log( ),and without pump Ayithout pump =
log (170) So the transient absorption giving by the equation

I
AA = log (m) (2.14)

2.4.3.2.3. Types of TA Signals
Depending on the sign of AA, different signals appear shown in Scheme 2.4

» Negative Signal — Ground-State Bleach (GSB) / Stimulated Emission (SE)
AA < 0 when I(4,At) > I(A) This means the probe is less absorbed after pump excitation.
There are three reason behind the negative signal- (i) Pump empties the ground state (ii)Probe
experiences less absorption and (iii)Stimulated emission may also increase probe intensity.

» Positive Signal — Photoinduced or Excited-State Absorption (PIA/ESA)
Photoinduced or Excited-State Absorption (PIA/ESA) appears when AA>0, i.e. I(4,At) <

I(A) i.e., the probe is more absorbed due to excited-state transitions created by the pump.
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PIA/ESA

GSB SE

Scheme 2.4. Schematic of different types of signals produced in TAS

2.4.3.2.4. Data Analysis in Our Setup

The collected TA data were analysed using Surface Explorer (SX) software. The SX software
can display transient spectra and kinetics, generate 3D contour plots, correct artifacts
(background, scattering, chirp, time zero, etc.), and also perform SVD and global analysis. For
kinetic fitting, SX uses a sum of Gauss-convoluted exponential decay functions®!!

S(t) = e"(t)/t)" N 4= (C—to)/mi (2.15)
where, t, = IRF / (2 \In 2). IRF (50-100 fs) is the instrument response and sets the time
resolution and to is the pump—probe overlap point (time zero). A; and 7; are the amplitudes and
lifetimes of different decay components. By optimizing these parameters, the best fit for the
decay curve is obtained.

2.4.3.3. Time-Resolved Confocal Fluorescence Microscopy

Optical microscopes are essential tools for visualizing microscopic objects, and the clarity of
the observed images strongly depends on the instrument’s resolution. This resolution is
governed by factors such as the excitation wavelength and the numerical aperture of the
objective lens. By modifying the excitation source or altering the microscope configuration,

one can optimize the resolution for specific requirements.




Confocal Fluorescence Microscopy (CFM) offers distinct advantages, particularly its high
temporal resolution, which can reach the nanosecond scale. The use of multiple pinholes in the
detection pathway enables the collection of only in-focus light, thereby defining a precise
confocal volume. Scheme 2.5 illustrates the layout of a typical time-resolved confocal
microscope. In this thesis, all confocal fluorescence measurements were conducted using the
PicoQuant MicroTime 200 system. The excitation source was a picosecond pulsed diode laser
operating at 403 nm with an adjustable repetition rate between 1 and 80 MHz. The laser output
was delivered to the main optical unit through a polarization-maintaining single-mode fiber
and directed into an inverted microscope (Olympus IX71) via a dichroic mirror. A 60x water-
immersion objective (UPlanSApo, NA 1.2) was used for focusing.

Samples were mounted on coverslips, and their precise positioning was controlled with
a piezo scanning stage integrated into the microscope body. Manual coarse adjustments were
accomplished using micrometer screws, while software-controlled piezo movements enabled
accurate and repeatable XY scanning and Z-axis focusing. A CCD camera monitored the focal
point on the sample during alignment. The emitted fluorescence was collected by the same
objective, passed through the dichroic mirror, and focused onto a 50 pm pinhole to remove out-
of-focus light. The transmitted signal was then re-collimated and directed to single-photon
avalanche photodiodes (SPADs). Depending on the experiment, either single or multiple SPAD
detectors were employed. Data were processed using the PicoHarp 300 Time-Correlated Single
Photon Counting (TCSPC) module in time-tagged time-resolved (TTTR) mode through the
SymPhoTime software package.

This setup enabled time-resolved confocal fluorescence measurements, including
Fluorescence Correlation Spectroscopy (FCS) and Fluorescence Lifetime Imaging (FLIM),

which are described below.
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Scheme 2.5. Schematic of Time-resolved confocal fluorescence microscope setup.

2.4.3.3.1. Fluorescence Correlation Spectroscopy (FCS)
Fluorescence Correlation Spectroscopy is a non-invasive method that analyzes fluctuations in
fluorescence intensity to gain insight into dynamic processes occurring at the molecular level.
In a confocal setup, fluorophores diffusing through the confined excitation volume produce
time-dependent intensity variations. These fluctuations may result from events such as
molecular binding, translational or rotational diffusion, or other excited-state processes.
To detect these fluctuations effectively, the number of fluorescent species within the confocal
volume must be small; hence, measurements are typically performed at nanomolar
concentrations to achieve single-molecule sensitivity. The collected intensity traces are
mathematically correlated to generate autocorrelation curves. Because FCS relies on stochastic
diffusion events, the detected signals follow Poisson statistics.

Scheme 2.6 illustrates the diffusion of a fluorophore through the ellipsoidal confocal

volume.
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Cross-correlation of signals recorded from two detectors further improves temporal resolution
and enhances the signal-to-noise ratio in FCS experiments.
The autocorrelation function G (7) is defined as the time-averaged product of the fluorescence

intensity fluctuations §F (t)and 8F (t + 7), as shown in Equation®

SF(t) 8F(t+T))

G(x) =" e (2.16)
where 8F (t)and SF (¢ + T)are given by:

SF(t) = F(t) — (F()) (2.17)
SF(t+17) = F(t + 1) — (F(2)) (2.18)

For purely diffusive motion in three dimensions, the autocorrelation function takes the form

shown in Equation:
=1 Iy-1 T y-1/2
G(r) = > (1+ TD) (1+ KZTD) (2.19)

Here,
v N= average number of fluorophores in the confocal volume
v 1p= diffusion time

v K= (Z’—ZZ structural parameter of the confocal volume
xy

The diffusion coefficient D is obtained from:

2
D=2 (2.20)

4Tp

The hydrodynamic radius R of the fluorophore is then calculated using the Stokes—Einstein

relation®
__ kT
Ry, = p—s (2.21)
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Scheme2.6. Scheme illustrates the diffusion of a fluorophore through the ellipsoidal confocal
volume.
2.4.3.3.2. Fluorescence Lifetime Imaging (FLIM)

Using the TTTR mode of the confocal setup, fluorescence lifetime imaging can also be
performed without altering the optical configuration. By scanning the sample in two
dimensions with the piezo stage, spatially resolved photon arrival data are acquired alongside
TCSPC information. The fluorescence lifetime at each pixel is determined from the detected
photon distribution, enabling construction of a lifetime map.

FLIM provides valuable insight into spatial variations in the photophysical environment of
fluorophores. It directly connects structural or morphological features with fluorescence
intensity and lifetime, making it particularly useful for studying heterogeneous nanomaterial
systems.

2.4.4. Nuclear Magnetic Resonance (NMR) spectroscopy

All the NMR measurements were carried out on a 9.4 T Bruker Avance NMR spectrometer
with400.1 MHz Larmor frequencies for H'

The self-diffusion coefficient of imidazolium base cation has been determined using a pulse
field gradient (PFG) NMR technique. A stimulated echo bipolar pulse-gradient pulse (stebpgp)
sequence has been applied with a maximum gradient pulse strength of 50 G/cm. The echo

heights have been attained by varying the gradient pulse strength from 2 to 95% at 16 equal




intervals. The echo heights have been fitted using Stejskal-Tanner equation, which is given

below!'?

_ _é
S(g) = S(0)exp!~2Y*8*9*(4-%/5)l (2.22)
Where S(g) and S(0) are the echo height at the gradient strength g and 0, respectively. y and o
are the gyromagnetic ratio of the proton and gradient pulse length, respectively, while A is the

duration between the two gradient pulses.

2.4.5. Dynamic Light Scattering
Dynamic Light Scattering (DLS) is an analytical technique widely used to determine the size
distribution and zeta potential of nanomaterials. It provides important information about the
colloidal behavior of nanoparticles, which is essential for optimizing their use in areas such as
drug delivery, nanomedicine, and materials synthesis. By monitoring the time-dependent
fluctuations in scattered light, DLS helps characterize the dynamic properties of nanoparticles
and assess how they interact with different analytes. This understanding is critical for the
rational design and development of nanomaterial-based systems.
In this thesis, a Malvern Zetasizer instrument has been employed to measure the zeta potential
of nanomaterials both in the absence and presence of the analytes under investigation.
2.4.5. X-ray Diffraction (XRD)
X-rays are electromagnetic waves with wavelengths around 1 A, comparable to the spacing
between crystal lattice planes, making them suitable for studying crystal structures. When a
monochromatic X-ray beam strikes a crystal, it undergoes elastic scattering (shown in Scheme
2.7). Because electrons are unevenly distributed within the lattice, the scattered waves interfere
with one another.

W. L. Bragg provided a simple description of this diffraction process by assuming
elastic scattering from parallel lattice planes. Constructive interference, and thus observable

diffraction peaks, occurs when the Bragg condition is satisfied!>-!*
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2dsin 8 = ni (2.23)
Here, d is the interplanar spacing, A is the X-ray wavelength, and 6 is the incident angle.
Typically, only the first-order diffraction (n = 1) is considered.

The peak position in an XRD pattern gives structural information, while its width, measured
by the full width at half maximum (FWHM) reflects crystallite size and structural disorder. For

cubic crystals, the interplanar spacing djy,; relates to lattice parameter athrough!3-'4

dhrr = ﬁ (2.24)
Nanocrystals generally produce broader diffraction peaks due to their small size. The crystallite

size can be estimated using the Scherrer equation!3!#

X = KA
_Bcose

(2.25)

where x is the particle size, Kis the shape factor, and £ is the FWHM. Final structural
identification is achieved by comparing the experimental pattern with reference data from the

Joint Committee on Powder Diffraction Standards (JCPDS).
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Scheme 2.7. Schematic depiction of the Bragg condition. The incident X-ray beam strikes the
lattice plane at an angle 8, and the reflected beam emerges at the same angle, producing

constructive interference when the Bragg equation is satisfied.
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2.5. Standard Error Limit

Table 2.1. Standard error limits involved in the experimental results are

Experimental Parameter Error
Amax (abs./flu.) *1-2 nm
QY +2

Tt (> 1ns) +5%
The energy transfer rate +5%
Diffusion coefficient +5-10%
(through FCS)
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Abstract

Even though perovskite nanocrystals (PNCs) are quite attractive for optoelectronic
applications, issues such as low photoluminescence quantum yield (PLQY) and poor chemical
stability of PNCs still remain a formidable challenge that needs to be tackled. Since ionic
liquids (ILs) possess some interesting physicochemical properties, the present study is
undertaken to find out the suitability of ILs in obtaining stable and defect-free PNCs. To explore
this possibility, the interaction of ILs with PNCs has been investigated by both spectroscopy
and microscopy. Studies have demonstrated that a significant enhancement in the PLQY of
PNCs can be obtained after post-synthetic treatment of PNCs with chosen ILs. Analysis of
time-resolved fluorescence studies, XPS, and IR data has suggested that ILs help in removing
excess lead from the surface of PNCs. Interestingly, it has also been observed that the chemical
stability of PNCs can be increased considerably in the presence of ILs. More interestingly, the
investigations have further shown that IL-treated PNCs are stable even at the single particle
level. The outcomes essentially show that ILs can effectively be used in obtaining the chemical

and photo-stable PNCs having improved Photophysical properties.

3.1. Introduction

In recent times, all-inorganic lead halide perovskite (CsPbX3; X = Cl, Br, or I)
nanocrystals (PNCs) have attracted considerable attention from both academia and industry
owing to their striking optoelectronic properties like broad absorption, high photoluminescence
quantum yield (PLQY) with narrow band width.!"® Along with these interesting properties, they
also possess high defect tolerance capability and band gap tunability, which have opened up
applications for CsPbX3 NCs as bright emitters in the visible spectral region and as an efficient

photovoltaic system having high power conversion efficiency (PCE).”'* However, in case of




PNCs, it is also known that the optical properties of these systems are highly sensitive towards
the synthetic condition and its composition, which causes low photoluminescence quantum
yield (PLQY) in case of PNCs.!'>!” Very often defects are created during the synthetic
procedure and there by act as trap states for charge carriers (electrons and holes) and lower the
radiative decay of PNCs.?%22 The multiexponential photoluminescence decay kinetics of these

23-30 which might be due to their intrinsic nature®!”

materials are also a clear indication of defects,
33 or surface modifications.** Due to the high surface-to-volume ratio of PNCs, the major
contribution of the defects in PNCs comes from the surface.>>*® This issue lowers the PLQY
of PNCs, which causes a significant barrier in terms of their application in optoelectronic and
photovoltaic domains.

Previously, several attempts have been made to improve the PLQY of PNCs through
surface treatment by employing various methods that are based on chemical treatments.?>3742
These surface modifications have been done basically in two ways, one through pre-synthetic
treatment®’*® and the other through post-synthetic treatment.?>*°*> It has been observed that
the emission of CsPbClz NCs, which usually exhibit low PLQY, can be improved when the
halide precursor is changed during the hot-injection synthetic method.** Moreover, Several
groups have also shown an enhancement in PLQY of CsPbBr; NCs by simply treating Na/NH4
thiocyanate salts,”® lead bromide,*' tetrafluoroborate salts,”® didodecyldimethylammonium

3741 and didodecyldimethylammonium sulfide.*® Hence, it is very

bromide,* metal halides,
important to obtain defect-free PNCs through surface treatment using appropriate reagents. In

this context, ionic liquids (ILs), being a designer solvent, are expected to be an attractive

candidate to obtain PNCs having improved PLQY's and chemical stability.

ILs possess unique physicochemical properties such as low vapour pressure, high
viscosity, high thermal stability, good ionic conductivity, high electrochemical stability etc.**

4 which serves in different chemical, biological and industrial applications like photovoltaics,




catalysis, batteries, telescopes, separation of chemicals etc.**” Since ILs have been known as
a combination of cations and anions, and these combinations can be done by changing either
the cations or anions or both. Therefore, an IL with desired properties can be designed for a
particular application by employing proper cation-anion combinations.*’ It has been found that
efficiency and stability of the perovskite solar cell device can be improved by tuning the
crystallization kinetics of the perovskite active layer and providing high hydrophobicity
through ILs treatment.**->° Along with this, thermal and electrochemical stability and high ionic
conductivity of ILs have shown a tremendous effect on the photovoltaic performance of the
perovskite devices.*”! Moreover, recently, some ILs have been found to be suitable for surface
passivation on perovskite materials.’!>® These ILs have been incorporated in the perovskite
precursor, and this has helped to improve the PCE by reducing charge recombination.’* This
discussion have pointed out that even though ILs are found to be effective in PCE and SCE
(solar conversion efficiency) but such studies are very limited. Moreover, studies that are
carried out by focusing on improving PLQYs of PNCs by using ILs are elusive. More
importantly mechanism of interaction between PNCs and ILs is also not properly known.
Therefore, it will be interesting to look at the outcomes of the interaction of PNCs with ILs,
which eventually can be helpful in developing defect-free and stable perovskite NCs for

photonic devices and energy-related applications.

Keeping all the above facts in mind, the present work has been carried out to
understand the mechanism of interaction of PNCs that are stable and free from defects using
post-synthetic treatment of selected ILs. The current set of ILs (1-ethyl-3-methylimidazolium
tetrafluoroborate (EMIMBF,), 1-ethyl-3-methylimidazolium acetate (EMIMOAC), 1-ethyl-3-
methylimidazolium methanesulfonate (EMS), 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBF4), and I-hexyl-3-methylimidazolium tetrafluoroborate (HMIMBF4)) are

purposefully chosen keeping in mind the fact that these ILs can participate in interaction with
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Pb adatoms (due to the presence of BF, ,CH3;COO~and CH3S03  anions) and thereby, can help
in removing the defects, which is caused by the presence of Pb (0) nanoparticles and Pb
adatoms on the surface of PNCs.?’ Moreover, these sets of ILs are also known to form a
protective layer on PNCs.>!' Here, both steady state and time-resolved fluorescence
measurements of PNCs have been performed in the presence and absence of ILs. The molecular
structures of the above-mentioned ILs have been represented in Chart 3.1. Mechanism of
interaction between PNCs and ILs has been further investigated by IR, XPS and NMR
techniques. The outcomes of these studies show that the chemical and photostability of PNCs

in the presence of ILs can be improved both at the ensemble average and single molecular level

studies.
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Chart 3.1. Molecular structures of ILs

3.2. Results and Discussion

In the present work, we have synthesized colloidal PNCs through hot injection synthetic
method following a reported procedure with minor modifications* (see experimental section).
The synthesized CsPbX3 NCs have been characterized using microscopic techniques
(transmission electron microscopy-TEM), and their surface morphology has been shown in
Figure APX3.1. The TEM image in Figure APX3.1 shows that CsPbClz NCs have a regular
cubic morphology, with an average edge length of ~9.1 nm (size distribution of this

monodisperse solution has been shown in the inset of Figure APX3.1. The high-resolution




TEM (HR-TEM) images in Figure APX3.1 show a lattice spacing of 0.57 nm for the (100)
plane for CsPbCl3, and from selected area electron diffraction (SAED) (Figure APX3.1) it has
been found that there exist different types of lattice planes in CsPbClz NCs. Similarly, in the
case of CsPbBr3, the TEM image also shows a cubic morphology with an edge length of ~9.5
nm (Figure APX3.1) and lattice spacing of 0.58 nm for the (100) plane. However, upon
magnification, we have observed the poly-crystalline planes (Figure APX3.1), which indicated
the crystallinity of the NCs, and this has been further substantiated by the SAED image (Figure
APX3.1). The crystal structures of these materials have also been analysed with powder XRD
measurement, as shown in Figure APX3.2. Typically the diffraction planes of (100), (110),
(200), (211), (220) for CsPbCl; NCs, (100), (110), (111), (200), (211) for CsPbBr3; NCs and
(012), (021), (120), (022), (200) etc. for CsPbl3 NCs can be clearly observed, indicating that
CsPbCl; and CsPbBr3; NCs are in cubic phase and CsPbl3 NCs in orthorhombic phase.

In order to analyze the basic optoelectronic properties of synthesized NCs, steady-state
optical measurements have been performed. The UV-visible absorption and fluorescence
spectra of PNCs are shown in Figure APX3.3. It is to be noted that the band gap of this material
can be tuned by changing the halide anion.**> In the absorption spectral profiles for the
NCs, the peaks at 394 nm, 476 nm, and 660 nm correspond to the excitonic peak of CsPbCls,
CsPbBr3, and CsPbls NCs, respectively.**=° In case of PL measurements (Figure APX3.3), the
peaks for CsPbCls;, CsPbBr3, and CsPbl; NCs are observed at 406 nm, 503 nm, and 687 nm,
respectively. The significant red shift in the emission maxima on going from CsPbCls to CsPbl3
can be attributed to the lowering of the band gap due to a change in the halide ions of the
concerned materials. It implies that as the size of the halide ion increases, the energy band gap
decreases and thus the wavelength increases. We also note here that the full-width at half
maxima (FWHM) for the PNCs are estimated to be 14 nm, 20 nm, and 30 nm for CsPbCls,

CsPbBr3, and CsPbl;, respectively. The calculated PLQY's of as-synthesized CsPbCls, CsPbBr3,
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and CsPbl; NCs are found to be low and measured to be ~11%, ~22% and 40% respectively.
This low PLQY of PNC indicates the presence of defect states in these perovskite NCs.!>!? As
discussed earlier, ILs are expected to be helpful in enhancing the stability and PLQY of PNCs,
we have carried out post-synthetic treatment of PNCs with several ILs. During the
investigations, ILs have been chosen with various anions, keeping the cation (imidazolium)
fixed so that the effect of anions on the photophysics of the PNCs can be understood clearly.
In order to know the role of cation, if any, on the photophysics and stability of PNCs the alkyl
chain length of the imidazolium moieties are also varied. During the experiments, the solution
of ILs in chloroform has been directly added into various PNC solution. The mixtures are

stirred at 25°C and are analysed further through microscopy and spectroscopy.

C After treatment
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Figure 3.1. TEM image of CsPbBr3; PNCs (a) before and (b) after treatment of ILs. (c) Powder
X- ray diffraction patterns of CsPbBr3 PNCs before and after treatment of ILs (Inset of (a) and
(b) shows the HRTEM image of their respective samples).
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Figure 3.2. (a) Absorption and (b) emission spectra of CsPbCl; PNCs with gradual addition of
EMIMBF; (c) Absorption and (d) emission spectra of CsPbBr; PNCs with gradual addition of
EMIMBF; (e) Photographs of colloidal solutions of PNCs (blue-CsPbCls, green-CsPbBr3, and
red-CsPblz NCs solution) before and after treatment with ILs.

TEM micrograph of various PNCs are shown in Figure 3.1 and Figure APX3.1. As can be

seen from the figures, the size of the CsPbBr; NCs remains unchanged (Figure 3.1) before and
after the treatment of PNCs with ILs. Moreover, the HR-TEM image (inset of Figure 3.1) has
revealed no change in the lattice spacing (0.58 nm) for (100) plane of CsPbBr3; NCs before and
after the treatment with ILs. The PXRD peak positions of CsPbBr3 are also found to be the
same in the absence and presence of ILs. All these results have indicated that the microscopic
structure of the PNCs remains intact before and after the treatment with ILs. During optical
studies, upon gradual treatment of CsPbBr; NCs with EMIMBF, IL, no appreciable change can
be observed in the absorption spectrum (Figure 3.2), whereas, in the PL spectrum (Figure 3.2),
a ~4-fold enhancement in the PL intensity of the PNC in the presence of IL can be observed.
When similar IL treatment is carried out with CsPbCls NCs, no change in the absorption but

~8 times increase in the PL intensity of the said PNC after the treatment with EMIMBF4 is
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observed (Figure 3.2). However, no significant improvement in the PL intensity of CsPbls NCs
after treating it with the IL can be observed. These studies have demonstrated that when the
PNCs are treated with IL, no change in the shape, size, and crystal structure of PNCs takes
place, but the treatment helps in the considerable improvement in the PLQY for CsPbCl3 and
CsPbBr3; NCs. For example, the calculation reveals that after treating NCs with IMIMBF4IL,
an increment of PLQY from 20% to 90% for CsPbBr3 and from 11% to 88% for CsPbCl; has
been achieved (Table 3.1). The enhancement of PLQY indicates that the treatment of the
CsPbCl; and CsPbBr3; NCs with IL possibly facilitates in removal of the shallow emissive
energy levels (associated with the surface of NCs) from the said PNCs. 232329303740 The
observation also indicates that the lowering of PLQY for CsPbl; NCs may not be related to the
surface defects and thus IL has a negligible effect on its photophysics. The investigations have
been carried out further by employing several commonly used ILs having different anions so
as to find out whether other types of IL play any role in modulating the PLQY of PNCs (Table

3.1).

Table 3.1. PL peak and QY of the perovskite NCs before and after treatment

Materials Amax PLQY(%) Error
CsPbCl; 406 11 +2
CsPbCI;+EMIMBF4 406 88 +5
CsPbCl3+BMIMBF, 406 80 +1
CsPbCl3+tHMIMBF4 406 77 +2
CsPbCI;+EMIMOAC 406 78 +6
CsPbCI: +tEMIMMS 406 80 +6
CsPbBr3 503 22 +5




CsPbBr;+EMIMBF4 499 90 +5

CsPbBr;+BMIMBF4 499 82 5
CsPbBrs+HMIMBF4 499 75 +3
CsPbBr;+tEMIMOACc 499 78 13
CsPbBr;+tEMIMMS 499 80 12
CsPbl; 687 40 5

In order to know more about the photophysical response of synthesized PNCs, time resolved
fluorescence measurements have been performed in the absence and presence of different ILs.
Figure 3.3 shows the PL decay curves of CsPbBr; NCs in the absence and presence of
EMIMBF4. The corresponding decay parameters have been collected in Table 3.2. For other
systems, the PL decay curves have been represented in Figure APX3.4. It has been observed
that the PNCs generally possess multiexponential PL decay components, indicating the
presence of multiple radiative de-excitation pathways for the system.*=* We note that
multiexponential decay behaviour also indicates the involvement of defect/trap states during
the overall decay process.?>**** In the absence of ILs, CsPbCls and CsPbBr; NCs individually
possess a shorter (0.1 ns and 0.4 ns), intermediate (2.4 ns and 3.6 ns), and longer lifetime
component (17.6 ns and 9.9 ns), respectively.>>>>* The shorter component has been attributed
to the emission from surface trap state, the intermediate one has been attributed to the band
edge emission, and the longer decay component has been attributed to shallow trap states.?’
However, when we carefully look at the relative contribution of the individual lifetime
components (Table APX3.1) of concern PNCs in absence of ILs, one can find that the relative
contribution of the shorter PL decay component is more as compared to the other components,
which suggests that most of the charge carrier populates in their respective trap state and the

excitonic recombination predominantly happens from this energy state. When the synthesized




PNCs are treated with various ILs, the average lifetime of PNCs increases (Table APX3.1).
However, along with this, it is important to consider their individual PL decay components in
the absence and presence of ILs that are used in these studies so as to know the mechanistic
aspects of PNC-IL interaction. For example, in case of EMIMBF4, when added to the CsPbBr3
NCs solution, shows an increase in the average lifetime from 0.96 ns to 3.69 ns (Table APX3.1)
It can be clearly observed from Table APX3.1 that the shorter component which increased from
0.4 ns to 1.0 ns shows a decrease in the relative contribution from 0.85 to 0.34 is mainly caused
due to the surface state radiative recombination process. However, in case of the longer
component, the lifetime decreases from 17.5 ns to 12.9 ns with no change in the relative
contribution. This concomitantly arises due to the shallow trap mediated recombination
process. The increase and decrease of the shorter and the longer component of CsPbBr3 NCs in
the presence of EMIMBF, indicate that there is a gradual removal of surface states due to the
ground state interactions of the PNCs surface with EMIMBF4 (Table 3.2). Similar observation
has been found in case of acetate (CH3;COO0™) and methansulfonate (CH3S03; ) anion, the
shorter component corresponding to the surface trap state is found to increase with decrease in
their relative contribution (Table APX3.1). However, the longer component corresponding to
the shallow trap states show a decrease with not much change in the relative contribution in
presence of ILs (Table APX3.1). A similar trend has been found in case of CsPbClz NCs when
it is treated with various ILs (Table APX3.1). When we change alkyl chain length (ethyl, butyl,
and hexyl) of cation we have observed not much change in lifetime. It shows that alkyl chain
length does not have much effect in PLQY of PNCs. Additionally, it has also been observed
that average lifetime as well as lifetime component of CsPbl; NCs remain unchanged before
and after the treatment with ILs, which may be due to the presence of low surface defect and

high intrinsic defect states in CsPbl; NCs.
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Figure 3.3. PL decay curve of CsPbBr3 NCs before and after treatment with EMIMBF,.

Table 3.2. PL Decay Parameters of CsPbBr3 With addition of EMIMBF4

EMIMBF4 71 (o) ns T2 (a2) s 73 (03) NS Tay NS x2
OuM 039 (0.85)  3.55(0.14)  17.46(0.01) 096  1.05
28 uM 1.07 (0.34) 4.95 (0.65) 12.86 (0.01)  3.69 1.02

In order to understand the interaction mechanism between PNCs and ILs, we have thoroughly
analysed the data and eventually found an enhancement in the PLQY and stability (vide infra)
of the PNCs. As stated earlier, similar PXRD peak position, same lattice spacing, and similar
absorption spectra of the CsPbBr3 NCs in the absence and presence of ILs have revealed that
the crystallinity and size of the system are not affected in the presence of ILs. Therefore, the
enhancement of PLQY may be due to the surface modification.

In order to realize the surface chemistry of PNCs in the absence and presence of ILs
and to comprehend the reason behind the enhancement of PL, X-ray photoelectron
spectroscopy (XPS), infrared spectroscopy (IR), and energy dispersive X-ray (EDX)
measurements have also been performed. Before the IL treatment, analysis of the XPS data

(Figure 3.4a) for CsPbBr; NCs has revealed that the ratio of Br:Pb in the said NC is 3.1. We




note here that this observed Br:Pb ratio for PNC is relatively higher than the expected ratio
(Br:Pb = 3.0), This can be attributed to the presence of excess Br on the surface of the NCs.
Interestingly, after treatment of CsPbBr3 with [EMIM][BF4], the Br: Pb ratio is found to be
higher (3.3) than that for untreated CsPbBr3; which indicates that some amount of Pb has been
removed from the NCs surface after IL treatment.?*>%>7 Again when we deconvolute the XPS
spectra of Pb 4f of the untreated CsPbBr3 NCs, 4 peaks has been found as shown in Figure
3.4a. Peaks at 138.8 eV (4f7,) and 144.0 eV (4fs,,) with spin-orbit splitting 5.2 eV corresponding
to the Pb in +2 oxidation state. Along with Pb* peaks, two peaks at 136.6 eV and 142.2 eV has
been found, which correspond to 4f;, and 4fs» of Pb (0).2>°® Oron and coworkers>® and Samanta
and coworkers® have shown independently that during the synthesis of PNCs by the hot
injection method, formation of Pb-nanoparticle (Pb-NPs) and Pb (0)-adatoms is unavoidable.
They have also demonstrated that labile Pb-NPs and Pb (0)-adatoms are responsible for the
creation of trap states. Essentially, it implies that defects are caused primarily from Pb-rich
surface and their removal by certain ILs facilitates the improvement of PLQY of PNCs. The
removal of Pb is further confirmed by the EDX spectrum (Figure APX3.5). It is to be noted
that no signature of fluorine (i.e. ~685 e¢V) can be observed in XPS spectra (Figure APX3.6).
FTIR spectra of CsPbBr; in the absence and presence of [EMIM][BF4] are shown in Figure
3.4b. It can be observed that the CsPbBr; NCs (black color) shows no prominent peak and
[EMIM][BF4] (blue color) shows a small peak at 1080 cm™" respectively. However, in case of
(CsPbBr3+ [EMIM][BF4]) (red color), the 1080 cm™! peak is broadened which is attributed to
the broadening B-F stretching frequency due to the interaction between BF,; and Pb.?*%° A peak
appears at 1560 cm™! (for CsPbBr3; + [EMIM][BF4]) corresponding to C=0 stretching frequency
of the oleate moiety that dislodged due to the BF,; -Pb interaction.”> However, considering the
overall stability of the PNCs, packing of the PNCs through TEM micrograph (images) and

peak position of PL spectra of PNCs, before and after treatment with ILs, we may infer that




BF, can access only specific regions of PNCs surface from where the dislodging of some
amount of ligand takes place. Due to this, the NCs remain stable in the presence of the ILs**2°,
Therefore, we may now conjecture that the removal of Pb (0)-adatoms and Pb-NPs (which
creates trap states) from the CsPbBr3 surface eventually improves the PLQY of the CsPbBr3
NCs. Similar observations have been obtained (Figure APX3.7) in case of EMIMOACc and
EMS, where the broadening of 1646 cm-1 and 1054 cm-1 bands appears due to the C-O and S-
O stretching frequency of the acetate and methane sulfonate ion. From the above discussion
one can realize that there is ~ 8-fold enhancement of PLQY of CsPbCl; NCs by treating with
[EMIM][BF4] is due to the removal of surface defects after the treatment with ILs. The facts
that there is no improvement of PLQY for CsPbls even after the treatment with several ILs
shows that the intrinsic defects (due to structural distortion arising from larger iodine) are
prominent in these NCs which are also responsible for their low PLQY.?!* We would also like

to mention here that weak passivation by the ligand can’t be also complete ruled out for the

observed behavior.®!
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Figure 3.4. (a) XPS spectra of Pb 4f72 and 4172 of CsPbBr;3 before and after the treatment with
[EMIM][BF4].(b) Fourier transformed infrared spectroscopy (FTIR) transmission spectra of
[EMIM][BF4] in hexane, CsPbBr3 NCs before and after treatment with [EMIM][BF4].Region
of interest is (900 — 2000) cm™!. After treatment a broad peak around 1080 cm™ corresponds to
B-F stretching of BF,; bound to lead® and another peak arises at around 1560 cm™ corresponds

to the C=0 bond stretching of oleate.?




Stability of PNCs in common solvents is an important issue for their long-term use, and even

2925 it would be

though inorganic salts have been used to improve the PLQY of the PNCs,
interesting to check how ILs qualify for the same. For this purpose, the stability of the CsPbBr3
NCs, in the presence of inorganic salts (NaBF4, NaSCN) and ILs, has been examined separately
using fluorescence intensity values with respect to time. The relative fluorescence intensity
(F/F°, where F° and F are the PL intensity of PNCs at 0 time and successive time interval,
respectively) of CsPbBr; NCs in the presence of NaBF4 and [EMIM][BF4] have been
graphically represented in Figure 3.5a. It has been found that the F/F°of CsPbBrs; NCs
decreased in both NaBFs; and [EMIM][BF4], however, the decrease in presence of
[EMIM][BF4] (1 to 0.78) is found to be less than that in presence of NaBF4 (1 to 0.28) in 15
days. This suggests that in presence of [EMIM][BF4], the degradation process of CsPbBr3; NCs
is delayed. Similar results have been observed where NaSCN behaves as NaBF4 and BMIMBF4
and HMIMBF, behaves as EMIMBF,. This conclusion is further supported by the outcome of
pulse field gradient (PFG) NMR study. The experimental details for the PFG NMR study have
been provided in the electronic supplementary information. Through this technique, we
measure the translation diffusion coefficient (D) of the imidazolium moiety of [EMIM][BF4]
and ([EMIM][BF4] + CsPbBr; NCs) systems, which in turn gives an idea about the
hydrodynamic radius of the diffusive species.*® The diffusion coefficient have been found to
be 3.41x 1071 and 2.90x 107 1° m?/s (Table APX3.2) for the former and the latter system,
respectively. The lowering of D value of [EMIM][BF4] in the presence of CsPbBr; NCs
indicates a relatively slower motion for the latter than the former. This observation can be
rationalized by considering the interaction between the imidazolium moiety of the IL and
CsPbBr3; NCs. Additionally, we have also observed a decrease in the surface charges (from —

11.0 mV to —2.6 mV) of CsPbBr3 NCs in the presence of [EMIM][BF4] IL through zeta

potential measurements. The decrease in surface charges of PNCs in the presence of ILs also




suggests the interaction between the negatively charged CsPbBr; NCs and the positively

charged of imidazolium moiety.

Along with chemical stability, we have also investigated the photostability of the CsPbBr3
NCs before and after the treatment with EMIMBF4, by exposing the sample under continuous
irradiation of light. Figure 3.5b and Figure 3.5¢ show the plot of relative PL intensity (F /F°)
and relative PL lifetime (7/7°) with respect to time, respectively. Interestingly, it has been
found that F/F° of CsPbBr; NCs with time (20 hours) remain unchanged after treatment with
EMIMBF4, whereas the untreated sample has shown some decrease. This suggests that in the
presence of EMIMBF,, the photostability of CsPbBr; NCs is enhanced. Moreover, t/7° of
CsPbBr3; NCs in the presence of EMIMBF4 with time (20 hours) remain unaltered; on the other
hand, the untreated NCs have shown some decrease, which further establishes the
photostability of the materials. Furthermore, keeping in mind the applications of PNCs in LED,
fluorescence measurements of the CsPbBr3 NCs have also been carried out by preparing films
of CsPbBr3 NCs. The experiment is basically done to monitor the chemical and photo stability
of the said PNCs as a function of time. Figure APX3.8 (plot of F/F0O vs time), depicts that
EMIMBF4-treated CsPbBrs NCs films are both chemically and photo-stable under normal

atmospheric conditions as well as under continuous irradiation of light.
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Figure 3.5. (a) Plot of relative fluorescence intensity (F/Fo) versus time showing the stability
of CsPbBr; PNCs in presence of EMIMBF4, BMIMBF4, HMIMBF4, NaBF4, and NaSCN. (b)
Relative fluorescence intensity, (c) relative PL lifetime of CsPbBr3 NCs before and after the

treatment with EMIMBF 4, with time under the continuous irradiation of light of CsPbBr3; NCs.
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Apart from ensemble average measurements, we have also performed FCS study (at the
single-particle level) for an in-depth understanding of the mechanism of interaction between
CsPbBr; NCs and EMIMBF,. It is to be noted that FCS is a sensitive tool to monitor the
fluorescence fluctuations of the fluorophores at low concentration regime. In this technique,
we have performed translational diffusion studies of CsPbBr3 NCs, by evaluating the diffusion
coefficient of CsPbBr3 NCs before and after the treatment with EMIMBF4. In the present work,
we have monitored the translation diffusion time (7p) of CsPbBrs NCs before and after the
treatment with EMIMBF4. The detail procedure has been provided in Appendix and data has

been analysed using eqn 3.1.

G(1) =

1
| 3.1)
1) | 1) ()

The fluorescence diffusion curves of CsPbBr; NCs before and after the treatment with

EMIMBF4 has been shown in Figure 3.6. It has been observed that there is an increase in
diffusion time of CsPbBr; NCs after treatment with EMIMBF4. Additionally, we have also
found that the diffusion time of CsPbBr3; NCs remains unchanged with time (after 10 hours) as
shown in Table APX3.3. All this indicates that CsPbBr; NCs with EMIMBF; is quite stable
even at the single particle level in terms of both chemical stability and photostability. Thus, we
might conclude that [EMIM][BF4] can act as a protective layer onto the PNCs to suppress the
corrosion, aggregation, and subsequent precipitation as well as the removed Pb-adatoms from
the surface of PNCs (shown in Scheme 3.1).3” Hence, ILs can be useful as a solvent for long-

term use of PNCs in various applications.
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Figure 3.6. Normalized fitted Fluorescence correlation curves of the CsPbBr; NCs before and

after the treatment with EMIMBF4.
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Scheme 3.1. Schematic representation of surface passivation of ILs on the perovskite surface.

3.3. Conclusion

In summary, significant improvement in PLQY of CsPbX3 NCs in the solution phase are
achieved when PNCs are treated with some selected ILs. After the treatment of PNCs with ILs
the enhancement in the PLQY for CsPbCls and CsPbBr3; are estimated to be 8- and 4-fold,
respectively. The above studies have concluded that the fluorescence enhancement of PNCs is

not due to the structural changes (as evident from XRD and TEM) rather due to the surface
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modification of PNCs in a sense that the anionic part of ILs causes the removal of trap states
by removing excess of Pb from the surface of the PNCs. The interaction between the
imidazolium cation and PNCs is found to play an important role in providing higher stability
to PNCs. Photoirradiation on the sample CsPbBr3 NCs for a significant time have demonstrated
that NCs upon treatment with EMIMBF4 are photostable both in terms of intensity and decay
time. In case of CsPblz not much change in its PLQY after treatment with ILs could be observed
which is not due to surface defects, rather the intrinsic defects are more prominent in these NCs
that causes their low PLQY. Interestingly, material stability of PNCs in solution phase is found
to be relatively higher when the treatment is done with ILs as compared to situation where
treatment is done with NaBF4 and NaSCN. Essentially, the outcome of this study indicates that
EMIMBF4 can be employed for the fabrication of defect-free, chemically and photostable
CsPbX3 PNCs. Studies on FCS have shown that IL-treated PNCs can also be used for various

single-particle level studies.
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3.4 Appendix

Figure APX3.1. (a) TEM, (b) HRTEM and (c) SAED images of CsPbClz PNCs (d) TEM, (e)
HRTEM and (f) SAED images of CsPbBr3; NCs.
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Figure APX3.2. Powder X-ray diffraction patterns of (a) CsPbCl; (b) CsPbBr; and (c) CsPbl3

NCs.
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Figure APX3.3. UV—vis absorption (black line) and PL (red line) spectra of (a) the CsPbCls,
(b) CsPbBr3 and (¢) CsPbl; Perovskite NCs.
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Figure APX3.4. PL Decay curves of a-e) CsPbCI3 f-i) CsPbBr3 j) CsPbI3 in absence and

presence of selected ILs.
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mixture) solid after several washes and centrifugation of CsPbBr; NC solution after treatment
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Figure APX3.6. XPS survey spectra of CsPbBr; NCs before and after treatment. No peak for

F could be seen at around 685 eV after treatment.
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Figure APX3.8. Relative fluorescence intensity of CsPbBr; NCs film before and after the

treatment with EMIMBF4 with time (a) under normal atmospheric conditions and (b) under the

Time (hour)

continuous irradiation of light.

Table APX3.1. PL Decay Parameters of the PNCs in the presence and absence of various ILs

Time (hour)

Materials Ti(a1)ns  T2(02) ns 73 (03) NS Tav IS
CsPbCls

0.10 (0.94) 2.40 (0.06) 9.97 (0.01) 0.27
CsPbCI3+tEMIMBF4

0.56 (0.72) 2.47 (0.26) 8.04 (0.02) 1.20
CsPbCl3+BMIMBF4

0.50 (0.74) 2.50 (0.24) 8.01 (0.02) 1.11
CsPbCl;+tHMIMBF4

0.49 (0.75) 2.33(0.23) 6.89 (0.02) 1.04
CsPbCI3+EMIMOAC

0.37 (0.86) 2.16 (0.12) 6.58 (0.02) 0.69
CsPbCI3+tEMIMMS

0.38 (0.89) 2.44 (0.10) 8.11 (0.01) 0.65
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CsPbBr3;

0.39 (0.85) 3.55(0.14) 17.64 (0.01)  0.96
CsPbBr;+EMIMBF4

1.07 (0.34) 4.95 (0.65) 12.86 (0.01)  3.69
CsPbBr;+BMIMBF4

1.02 (0.44) 5.00 (0.49) 15.81 (0.06)  3.88
CsPbBr;+tHMIMBEF4

0.98 (0.60) 5.02 (0.31) 17.93 (0.06)  3.59
CsPbBr;+EMIMOACc

0.85(0.67) 5.11(0.29) 18.19 (0.09)  3.59
CsPbBr;+EMIMMS

0.99 (0.61) 4.61 (0.30) 16.68 (0.08) 3.4l
CsPbls 0.36 (0.5) 2.38(0.17) 17.76 (0.33)  6.35

Table APX3.2. Estimated Translational Diffusion Coefticient of [EMIM][BF4] in presence and

absence of CsPbBr3; NCs.
System Translation Diffusion Coefficient (D)
m?ss
[EMIM][BF4] 3.41x 10710
[EMIM][BF4] + CsPbBr3 NCs 2.90% 10~10

Table APX3.3. Translational diffusion time of CsPbBr3 NCs in absent and the presence

(recorded after 0 hour, 5 hour, 10 hour) of EMIMBF4.

System Time (hour) Diffusion time (tp) ps
CsPbBr; NCs 0 450

CsPbBr; NCs 5 445

CsPbBr; NCs 10 453

CsPbBr; NCs 0 588

+EMIMBF4

CsPbBr; NCs 5 581

+EMIMBF4

CsPbBr; NCs 10 583

+EMIMBF4
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CHAPTER 4

Abstract

Quantum-confined perovskites represent an emerging class of materials with great potential for
optoelectronic applications. Specifically, zero-dimensional (0D) perovskites have garnered
significant attention for their unique excitonic properties. However, achieving phase-pure, size-
tunable 0D perovskite materials and gaining a clear understanding of their photophysical
behavior remains challenging. Herein, we report a simple, room-temperature synthesis of
phase-pure Cs4PbBrs microdisks (MDs) via ionic liquid (IL)-mediated antisolvent precipitation
method. By varying the alkyl-chain length, type, and concentration of mono-/di- cationic ILs,
we have successfully modulated the morphology and optical characteristics of the resulting
MDs. Structural characterization through TEM, SAED, PXRD, and EDX confirms the
formation of highly crystalline, compositionally pure Cs4PbBrs MDs. Photoluminescence (PL)
and fluorescence lifetime imaging microscopy (FLIM) have revealed strong, intrinsic green
emission from the MDs, with no detectable contribution from CsPbBr3; impurities. Moreover,
FLIM studies indicate heterogeneity in PL intensity and lifetime, attributed to variations in
trap-state distributions across the MDs. Temperature-dependent PL measurements have further
substantiated an excitonic PL mechanism, exhibiting a high exciton-binding energy (~222
meV) and pronounced exciton—phonon coupling. These findings affirm that the green emission
originates from defect-mediated mid-gap recombination within Cs4sPbBrs, highlighting the
utility of ILs as effective ligands in tuning the morphology and optical response of 0D-

perovskites.
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4.1. Introduction

Low-dimensional perovskite materials have gained increasing attention in the fields of
optoelectronics, photovoltaics, and photodetection due to their superior structural stability and
unique optical and electronic characteristics.!”” Unlike their higher-dimensional counterparts,
these materials often exhibit enhanced photoluminescence (PL) in the solid state, making them
highly suitable for next-generation optoelectronic devices.!*® Structurally, these perovskites are
generally represented by the formula Cs,PbX>+, (n = 1-4), where variations in n correspond to
dimensional transitions from three-dimensional nanocubes (n = 1) to two-dimensional
nanoplatelets (n = 2), one-dimensional nanowires (n = 3), and ultimately to zero-dimensional
quantum dots (n = 4).313 Among these, zero-dimensional (0D) perovskite-type materials are
particularly fascinating, as they exhibit quantum confinement effects within isolated [PbXe]*

octahedra, despite their relatively larger particle sizes.!*1

However, synthesizing these 0D perovskites in a phase-pure form remains a non-trivial
challenge'!” In this context, ionic liquids (ILs), which are highly customizable in terms of ionic
structure and physicochemical properties, offer significant potential as growth-directing
ligands for 0D perovskite synthesis.!®?* Due to their modular ionic components, ILs allow
precise tuning of parameters such as polarity, solvation capacity, and viscosity.?!"?
Furthermore, the self-assembly behavior and nanoscale organization of ILs vary widely
depending on their molecular architecture, which enhances their suitability for use in functional
material design.'3-2%232% Particularly, dicationic ionic liquids (DILs), comprising two cationic
centers connected via a molecular spacer, offer improved thermal stability and stronger ionic
interactions, which can assist in guiding nanocrystal growth, stabilizing intermediates, and

directing crystallization pathways.?>"*
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All-inorganic cesium lead halide perovskites have shown tremendous promise for
optoelectronic technologies, owing to their favorable characteristics like broad absorption
spectra, sharp PL lines, tunable band gaps, high PL quantum yields, low trap-state densities,
and excellent charge transport.>*3> Among them, CsPbX3 (X = Cl, Br, I) is a leading candidate,
offering highly tunable photophysical characteristics.*® In CsPbX3, the electronic band edges
are primarily governed by the Pb** and halide ions, while the spatial arrangement of [PbXs]*
octahedra significantly influences the band gap.’®*® When these octahedra are completely
isolated from one another, the resulting structure is referred to as 0D perovskite, where excitons
are confined within individual octahedral units.!*!6 A well-known example is CssPbBrs, a
rhombohedral 0D perovskite in which each [PbBrs]* unit is separated by CsBr linkages.!* This
spatial confinement leads to significantly higher exciton binding energies (>170 meV)
compared to 3D CsPbX3 nanocrystals (~40 meV).!*!1%3% Despite increasing interest in 3D and
layered perovskites, 0D systems remain underexplored due to limited synthetic control and the
frequent formation of CsPbX3 as an impurity, which complicates phase identification and

characterization,'416-37-39

The luminescence behavior of Cs4PbBrs is still debated. Some studies report strong

14-16 while others find these nanocrystals to be non-

green emission in the range of 515-520 nm,
emissive in the visible region due to a large band gap (>3.2 eV).*’ Ligand-mediated
transformation from green-emitting CsPbBr; to non-fluorescent Cs4sPbBrs has also been
demonstrated.!”* Moreover, PL in CssPbBrs single crystals has been attributed to mid-gap
states induced by halide vacancies.*! The successful synthesis of highly luminescent CssPbBre
microdisks (MDs) using surfactant ligands by Samanta and coworkers** underscores the critical
role of surface chemistry in tuning optical properties. In this light, ionic liquids, particularly

those with long alkyl chains, offer exciting potential as designer surface ligands for achieving

precise control over phase purity, PL efficiency, and stability in 0D perovskite systems.
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Nevertheless, the full potential of ILs in this context remains largely untapped and calls for

further investigation.

In this work, we present a straightforward, room-temperature approach for synthesizing
phase-pure CssPbBrs MDs using an ionic liquid (IL)-mediated antisolvent precipitation
method. This strategy allows for control over MDs morphology and size by tuning the alkyl
chain length of mono-cationic ILs (MILs), adjusting their concentration, or incorporating
dicationic ILs (DILs).?>?* Recent reports suggest that the molecular organization of ILs is
strongly dependent on both alkyl chain length and the specific nature of the ionic
components.?>?° Accordingly, both MILs and DILs function as growth-directing agents,
guiding the morphology and optical features of the resulting 0D perovskites. Our findings show
that ILs can effectively act as ligands to obtain phase-pure, highly stable 0D CssPbBrs
materials. Single-particle PL intensity and lifetime imaging confirm that the observed green
emission is originated intrinsically from the MDs and not due to any fluorescent impurities.
The green PL is attributed to defect-mediated recombination within the MDs, supported by
temperature-dependent PL studies, which further reinforce an excitonic PL mechanism in these

0D structures.
4.2. Results and Discussion

Cs4PbBrs MDs are synthesized via a ligand-assisted reprecipitation (LARP) method,
where toluene is added as an anti-solvent to a vigorously stirred DMF solution containing CsBr
and PbBr; in a 1:1 molar ratio, along with ionic liquids (ILs) serving as surface ligands. It is to
be noted that the ILs serve as both surface-capping agents and directional growth templates
(refer to Experimental Section for details).!®2%42% Introducing toluene triggers the self-
assembly of ILs into micelle-like structured domains, thereby establishing a spatially confined

environment conducive to crystal nucleation and growth of the MDs through supersaturation.**-
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43 It has also been established that the volume of anti-solvent added significantly influences the
nucleation rate, particle size distribution, and optical features of the resulting MDs.*? In the
present investigation, a series of ionic liquids (ILs), namely [Ciomim]Br, [Ci4mim]Br,
[Ciemim]Br, and [Ci2(mim)2]Br2, are employed as surface ligands during the synthesis of
cesium lead bromide (Cs4PbBrs) MDs. The chemical structures of these ILs are illustrated in
Chart APX4.1. These ILs are deliberately selected due to the presence of alkyl side chains,
which are known to significantly influence the microscopic self-organization and phase
behavior of IL assemblies. The length of the alkyl chain directly affects the molecular packing,
steric hindrance, and interfacial interaction with the growing perovskite crystals. By exploiting
ILs with different alkyl chain lengths, the study seeks to understand their influence on guiding
the morphological development of the resulting microstructures.?**? In addition to the chain-
length variation, the concentration of each IL is systematically adjusted throughout the
synthesis. It is observed that each IL exhibits a specific optimal concentration window where
the formation of well-faceted, monodisperse, and structurally consistent disk-shaped
microcrystals 1s maximized. These findings highlight the critical role of both alkyl chain

architecture and IL dosage in tailoring perovskite MDs formation.

To analyze the structural and morphological features of the synthesized CssPbBrs MDs, a
combination of advanced characterization techniques is employed. Field emission scanning
electron microscopy (FESEM) and transmission electron microscopy (TEM) reveal that the
MDs possess an average lateral size of ~1 pm, as shown in Figure 4.1a and Figure APX4.1.
The corresponding thickness is estimated to be approximately 300 nm (Figure APX4.1).
Elemental mapping (Figure 4.1b) demonstrates a homogeneous distribution of Cs, Pb, and Br
throughout the MDs and also confirms the presence of surface-bound ionic liquids (ILs),
indicating effective capping. To further investigate this interaction, we have performed FTIR

measurements to establish the presence and binding mode of the ionic liquid as a surface
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capping ligand. As shown in Figures APX4.2a and APX4.2b, the characteristic C—N stretching
vibration of the imidazolium ring appears at ~1170 cm™ for the free MILs and DILs. However,
upon passivation with surface Pb** sites of CsaPbBre MDs, this band is found to shift to a lower
wavenumber by ~12 cm™ for MIL and ~20 cm™ for DIL (Figures APX4.2a and APX4.2b),
clearly indicating electron density withdrawal from the C—N bond and confirming the binding

interaction between the ionic liquid and the perovskite surface.

High-resolution TEM (HRTEM) imaging (Figure 4.1c) reveals distinct lattice fringes that
correspond to the (110) and (300) crystallographic planes, which dominate the in-plane and
side facets of the MDs, respectively. These observations are further established by the selected
area electron diffraction (SAED) pattern (Figure 4.1d), which displays well-defined diffraction
spots associated with the same planes, confirming the single-crystalline nature of the structures.
Energy-dispersive X-ray spectroscopy (EDX) analysis (Figure 4.1e) provides an elemental
composition close to Cs:Pb:Br = 4.4:1:6.9, which aligns well with the expected stoichiometry
of Cs4PbBrs. Additionally, powder X-ray diffraction (PXRD) measurements (Figure 4.1f)
verify that the MDs are composed solely of phase-pure rhombohedral Cs4PbBrs, with no
detectable traces of secondary phases like CsPbBr3. This observation is crucial, as the presence
of CsPbBr; within the rhombohedral Cs4PbBrs structure is often associated with the PL
exhibited by the material.!>*® The agreement between the SAED and PXRD results further

confirms the high crystallinity and purity of the synthesized MDs.
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Figure 4.1. (a) TEM image of the Cs4PbBrs MDs. (b) Elemental mapping confirms the uniform
distribution of N, Cs, Pb, and Br elements across the MDs (c) HRTEM image showing lattice
fringes of the (110) and (300) planes. (d) SAED pattern of a single MD indicating multiple
crystallographic planes. (e) EDX spectrum and elemental composition of Cs4PbBre. (f) Powder
X-ray diffraction patterns of CssPbBrs perovskite microstructure with different ILs and its

different concentrations.

The morphology of CssPbBrs MDs is found to be highly tunable by varying both the
concentration and the structural nature of the ionic liquids (ILs) used in the precursor solution.
FLIM images (Figure 4.2 and APX4.3) reveals that changes in IL concentration and chain
length lead to significant differences in shape and size of the resulting microstructures. At lower
IL concentrations (~0.05 mM), the ligands preferentially adsorb onto the (110) crystallographic
plane, effectively restricting growth along this direction while facilitating accelerated extension
perpendicular to it. This anisotropic growth results in the formation of large, spherical MDs
with average diameters around 3 um and comparatively thinner profiles, as shown in Figure
APX4.4. In contrast, increasing the IL concentration to approximately 0.1 mM modifies the
ligand-crystal interactions, promoting more uniform adsorption across multiple planes. This

shift favors the development of well-defined polyhedral structures with sharp edges (Figure
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4.2b). Interestingly, despite the isolated nature of PbBrs* octahedra within Cs4PbBrs, the Cs*
ions help establish connectivity among them, which supports the emergence of polyhedral
morphologies. This facet-controlled growth is further supported by high-resolution TEM
analysis (Figure 4.1c), which shows that the MDs are enclosed by (110) and (300) planes along
their in-plane and side-plane facets, respectively, consistent with their distinctive disk-like
shape. The observation suggests a strong binding affinity of ILs for the (110) plane, thereby
influencing growth direction and final morphology. At even higher IL concentrations
(approaching saturation), a mixed morphology is observed, where both polyhedral MDs and
micrometer-sized wires are simultaneously formed (Figure 4.2d). These wire-like structures
likely correspond to a secondary phase, CsPbyBrs, as supported by SEM image (Figure
APX4.5). Notably, similar microwire formation has previously been observed in related
systems by Samanta and coworkers.** The role of IL structure is equally significant. FESEM
images (Figure APX4.1, APX4.3 and APX4.4a) demonstrate that increasing the alkyl chain
length in monocationic ILs leads to thicker nanoplatelets. Furthermore, the use of dicationic
ionic liquids (DILs), even at lower concentrations (0.05 mM), results in the growth of well-
defined polyhedral Cs4PbBrs structures (Figure APX4.3), highlighting the templating ability of
these ligands. Crucially, all these morphological variations maintain the same chemical
composition, as confirmed by energy-dispersive X-ray (EDX) spectroscopy and elemental
mapping (Figures APX4.4b,c), which show a consistent Cs:Pb:Br ratio matching Cs4PbBrs.
The PXRD patterns (Figure 4.1f) of the spherical disks closely resemble those of the polyhedral
structures, indicating similar crystalline characteristics and confirming their single-phase
purity. Importantly, unlike many higher-dimensional perovskite structures, the IL-mediated
Cs4PbBrs MDs display remarkable ambient stability. They retain their shape and structure over
several months under normal environmental conditions, underscoring their potential for

practical applications.
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Figure 4.2. FESEM images showing the concentration-dependent morphological evolution of
Cs4PbBrs MDs synthesized using varying concentrations of [Cismim]Br ionic liquid: (a) 0.05
mM, (b) 0.1 mM, (¢) 0.15 mM, and (d) 0.20 mM.

The well characterized CssPbBrs microcrystals (MDs), as synthesized, exhibit striking green
PL, making them highly promising for optoelectronic applications. Their optical behavior is
comprehensively analyzed through steady-state ultraviolet-visible (UV-vis) absorption, PL,
and excitation spectroscopy, as presented in Figure 4.3a. The PL spectrum reveals a sharp and
intense PL peak centered at 515 nm (equivalent to 2.41 eV), with a narrow full width at half
maximum (FWHM) of only 22 nm, indicative of high color purity and minimal defect-related
broadening. The UV-vis absorption profile shows a distinct shoulder around 512 nm (2.42 eV),
which is attributed to band-edge or excitonic transitions, along with a strong absorption band
at 318 nm arising from higher-energy electronic transitions. Moreover, the extended
absorbance tail also possibly indicates the existence of trap states or mid-gap energy levels
within the material. Furthermore, the PL excitation spectrum demonstrates a well-defined peak

at 508 nm (2.44 eV), which closely aligns with the absorption shoulder, suggesting that the
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green emission originates from band-edge excitation processes. This spectral agreement

underscores the high optical quality and well-defined electronic structure of the CssPbBrs MDs.

The optical spectra of the as-synthesized CssPbBrs microcrystals (MDs) closely resemble
previous findings reported for CssPbBrs powders and nanocrystals (NCs), with only minor
deviations appearing in the short-wavelength region.!>!® These subtle variations are commonly
observed and are typically attributed to sample-dependent factors such as crystal size
distribution or morphology. Based on the UV-visible absorption spectra and PL excitation data,
the estimated optical band gap is approximately 2.43 eV. This value aligns well with the
observed PL peak at 515 nm, which is consistent with semiconductor materials possessing a
band gap near 2.4 eV.!'”* The PL quantum yield (Table APX4.1) of the MDs reaches up to
~50% under optimized conditions. However, the PL efficiency proves to be highly sensitive to
the synthetic environment, particularly the amount of antisolvent and the type of ionic liquid
(IL) employed. When excessive antisolvent is used, the precursor solution becomes
destabilized, resulting in uncontrolled formation of micelles and a broader size distribution of
MDs.** These factors contribute to a noticeable reduction in PLQY, emphasizing the
importance of finely tuned synthesis parameters. The PL characteristics of the MDs are also
influenced by the alkyl chain length of the ILs. As the chain length increases, the PL
progressively blue-shifts, from 525 nm to 515 nm (Figure 4.3b), accompanied by a
corresponding increase in PLQY. This trend suggests that longer alkyl chains provide enhanced
surface passivation or modify the local dielectric environment around the emissive centers.
Additionally, MDs capped with dialkylimidazolium (DIL) ILs exhibit a more pronounced blue
shift compared to those stabilized by monoalkylimidazolium (MIL), indicating stronger ligand-
crystal interactions in the DIL systems. A concentration-dependent effect of [Cismim]Br ILs
on PLQY is also evident. As shown in Figure 4.3c, the quantum yield increases with

[Cismim]Br ILs concentration up to an optimal point, beyond which further increases lead to a

111



decline in PLQY. This behavior likely arises from oversaturation effects or the introduction of
non-radiative recombination pathways due to excess surface-bound ILs. Moreover, the
precursor-to-antisolvent volume ratio significantly impacts the crystal quality; a 4:1 ratio yields
MDs with the most favorable structural and optical properties. The impact of morphology on
optical response is further evaluated by comparing spherical and polyhedral MDs. While both
forms exhibit comparable spectral profiles, the spherical MDs show a slight red shift (~3 nm)
in their absorption, excitation, and PL spectra (Figure APX4.6). Their PLQY also drops slightly
to ~30%, which can be attributed to their relatively larger particle size that may enhance non-
radiative decay. Nonetheless, these values remain notably high, especially in contrast to the
substantially reduced PLQY typically observed in thin-film forms of otherwise highly emissive

perovskite nanocrystals.*

The PL behavior of 0D Cs4PbBrs has been a topic of considerable debate in the literature. While
many studies report strong green emission from CssPbBrg, there remains uncertainty regarding
its true origin.!*1%374! Several researchers have proposed that the observed PL may arise not
from the Cs4PbBrs phase itself but from trace quantities of CsPbBr3 nanocrystals (NCs), which
are often difficult to detect via conventional powder X-ray diffraction (PXRD) techniques.*¢
47 Furthermore, the majority of prior investigations have relied on ensemble-level

measurements, complicating the identification of the actual emitting species.
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Figure 4.3. (a) Absorption, excitation (Aem=515 nm), and PL spectra (Aex=405 nm) of
Polyhedron Cs4PbBrs MDs (b) PL spectra of [Ciomim]Br, [Ci4mim]Br, [Cismim]Br, and
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[Ci2(mim)2]Br2 ILs mediated CssPbBrg MDs (C) PL spectra of CssPbBrs MDs for various

concentration of [Ciemim|Br ILs as ligand during synthesis

To address this ambiguity and inspired by observation reported by Samanta and coworkers,*?
we have employed both steady-state and time-resolved confocal fluorescence microscopy at
the single-particle level, focusing specifically on individual Cs«sPbBrs MDs (MDs).
Fluorescence lifetime imaging microscopy (FLIM), along with corresponding intensity maps
(Figure 4.4a-d, and APX4.7), reveals uniform PL across the surfaces of individual MDs. Such
homogeneity strongly suggests that the luminescence originates intrinsically from the MDs
rather than from localized defects or impurity phases. Had the PL stemmed from substantial
amounts of CsPbBr; impurities, their presence would likely have been identifiable through
PXRD or selected area electron diffraction (SAED). However, both techniques consistently
confirm the exclusive formation of phase-pure CssPbBrs,* further supporting the conclusion
that the observed PL is intrinsic to this phase. To reinforce this claim, we have performed halide
exchange experiments using Pbl. in DMF, a method well-known to induce rapid halide
exchange in CsPbBr3, but not in Cs4PbBre.!%**8 Upon addition of the iodide source, the green
PL of a CsPbBr3 sample immediately redshifts, indicating the formation of iodide-substituted
perovskites. In contrast, no spectral change is observed in the PL of the CssPbBredispersion,
even after iodide exposure (Figure APX4.8a). This stark contrast confirms the absence of
CsPbBr3 contamination in our CssPbBrs MD samples, as any such impurity would have

undergone halide exchange, resulting in a visible PL shift.

Further support for the intrinsic nature of the PL is provided by fluorescence imaging of
samples containing a known mixture of CssPbBrs MDs and non-emissive CsPb;Brs
microwires, produced under specific IL concentrations (Figure APX4.5). In these mixed
systems, only the MDs are visible in the FLIM images (Figure APX4.8b), whereas CsPb,Brs

microwires remain non-luminescent. If the PL had originated from dispersed CsPbBr3 NCs,
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both components would have been fluorescent due to equal distribution of the emissive

impurity, an outcome that is clearly not observed.

To assess phase stability and the possibility of phase transformation under halide-rich
conditions, we introduce a DMF solution of PbBr> to the MD dispersion. Field-emission
scanning electron microscopy (FESEM) and energy-dispersive X-ray spectroscopy (EDX)
(Figure APX4.9a-c) reveal that the MDs retain their original shape and dimensions, with
elemental analysis confirming their Cs4PbBrs stoichiometry. The bulk phase observed in the
background is identified as excess PbBr2. Notably, no signs of transformation into CsPbBr3,
upon addition of PbBr, with Cs4PbBrs MDs, are detected, either morphologically or

compositionally.

Moreover, PL measurements over time reveal only a slow and marginal decline in intensity
(Figure APX4.9d), which we attribute to polar solvent—induced defect formation, consistent
with previous reports.*? Importantly, no abrupt change in PL intensity or profile is observed,
which further argues against the presence of latent CsPbBr; undergoing conversion or
degradation. Taken together, the uniform PL pattern, absence of phase impurities in structural
analyses, stability against halide exchange, and selective fluorescence in mixed-phase systems
unambiguously demonstrate that the green PL of these CssPbBrs MDs is intrinsic. Unlike their
nanocrystal counterparts, which often suffer from low or absent PL, these MDs represent a

structurally stable and inherently luminescent form of Cs4PbBrs.
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Figure 4.4. Fluorescence intensity and lifetime images (FLIM) of CssPbBrs MDs highlighting
spatial variation: (a) polyhedral particle, (b) spherical particles; (¢, d) corresponding
fluorescence intensity and lifetime images of single polyhedral and spherical MDs respectively.

(e, ) PL decay curves from selected regions of the polyhedral (e) and spherical (f) MDs.
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Fluorescence lifetime imaging microscopy (FLIM), combined with confocal fluorescence
imaging, offers critical insights into the spatial dynamics of PL within individual Cs4PbBrs
MDs. As shown in Figure 4.4, the PL across the MDs is spatially non-uniform; central regions
exhibit notably stronger PL intensity and longer lifetimes compared to the outer edges. This
contrast implies a variation in local nonradiative recombination rates, which is likely driven by
an increased density of surface defects near the periphery.*? To quantitatively assess this
heterogeneity, we extract localized PL decay profiles from specific regions of the polyhedral
and spherical MDs (highlighted in Figure 4.4c¢, d, respectively). The decay curves conform well
to a biexponential model, and the fitted parameters are presented in Table 4.1. In both
polyhedral and spherical MDs, the inner regions (area-1, area-3) consistently show longer
average PL lifetimes than the corresponding edge regions (area-2, area-4). This trend remains
consistent across more than 10 individual MDs, with additional statistical details provided in
Table APX4.2 (Appendix). Interestingly, while the short-lived lifetime component (t2) remains
relatively constant across all sampled regions, the long-lived component (t3) exhibits
significant spatial variability. The amplitude coefficients (o2, as) further indicate a gradual
enhancement in nonradiative decay pathways associated with deep trap states as one moves
from the center toward the edges of the MDs. This suggests that nonradiative recombination
becomes increasingly dominant at the particle boundaries, likely due to a higher concentration
of surface-associated defects. These spatially resolved lifetime dynamics offer important clues
about the nature of the green emission observed in Cs4sPbBre MDs. Conventionally, the
Cs4PbBrs crystal structure, with its fully isolated PbBre* octahedra, is associated with a wide
band gap (=3.8 eV), which should preclude visible PL through direct band-to-band
transitions.*>*! However, the presence of green PL in our samples, alongside the absence of
any detectable CsPbBr; impurities, points toward a defect-mediated recombination

mechanism.#>4-33
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This hypothesis is further supported by the dual-lifetime behavior observed in our FLIM data.
The shorter lifetime component likely corresponds to the rapid recombination of excitons
confined within the bulk of the microcrystals, an assignment consistent with the strong exciton
binding energies reported for these materials.!”'®*! The longer component, on the other hand,
varies significantly across regions and is thus attributed to slower recombination via surface-
or interface-related trap states. The central regions of the MDs, where the PL is brightest and
the average lifetime longest, appear to be dominated by interior, shallower trap states. In
contrast, the edges exhibit shorter average lifetimes and reduced PL, pointing to a prevalence
of deep surface traps that facilitate faster nonradiative decay. These observations align well
with earlier studies on similar systems*? and reinforce the view that surface quality and defect
passivation mediated by ionic liquid ligands critically influence the PL characteristics of
Cs4PbBrs microstructures. It is to be noted that the present observation indicates that sub-band-
gap excitation leads to strong green emission via defect-assisted radiative recombination,

which is consistent with the literature reports*! -

attributing emissive mid-gap states to halogen
vacancies or similar structural defects in 0-D perovskites. In this context, we also note that
recent DFT studies on tin-based perovskites have also shown that iodine vacancies, which
generate shallow traps in CsSnlz, become deeper when the structure transforms to the zero-

dimensional Cs,Snls phase®*. By the same analogy, a similar mechanism is expected to occur

in the present Cs4PbBrg, where the 0-D structural motif could stabilize deeper mid-gap states.

Table 4.1. Photoluminescence decay parameters of various regions of different MDs.

Sample Region T2 (02) NS 73 (03) NS Tay NS?

Polyhedran MDs  area-1 2.45(0.25)  20.00(0.75)  15.61
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Polyhedran MDs  area-2 2.04(0.35) 18.07(0.65) 12.45
Spherical MDs area-3 2.70 (0.20) 19.00 (0.80) 15.74
Spherical MDs area-4 2.50 (0.35) 16.00 (0.65)  11.28

#Experimental error = +5%

In summary, our spatially resolved lifetime analysis clearly demonstrates that the green
emission in Cs4PbBrs MDs originates from intrinsic defect-related processes rather than band-
edge transitions or extrinsic phases. The biexponential decay behavior, coupled with spatial
variation in amplitude and lifetime, provides a coherent model in which both bulk and surface
trap states govern the recombination pathway, with surface traps playing a larger role in

nonradiative losses at the periphery of the MDs.

To gain deeper insight into the origin of PL in Cs4PbBrs MDs, temperature-dependent PL
spectra are recorded across the 90-300 K range (Figure 4.5a). The PL intensity demonstrates
clear thermal sensitivity: from 90 K to 200 K, the PL intensity gradually decreases, followed
by a more pronounced and monotonic decline between 200 K and 300 K. This evolution is

more evident in the integrated PL intensity plot (Figure 4.5b).

Such temperature-induced quenching allows for the estimation of the exciton binding energy

(E.), a fundamental parameter dictating radiative recombination in semiconductors. The

behavior is modeled using the Arrhenius equation:>>->°

Io
1+Ae—Ea/(kpT)

I(T) = 4.1)

where /(7T) is the PL intensity at temperature 7, lo is the extrapolated intensity at 0 K, k3 is the

Boltzmann constant, and 4 is a fitting constant. Using this model, the binding energy for
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Cs4PbBrs MDs is determined to be approximately 222 meV (Figure 4.5b), which significantly
exceeds that of CsPbBr; quantum dots (~40 meV), yet is comparable to values reported for
CH;NH3PbBr; quantum dots (~375 meV).>>>® This high binding energy underscores that PL
in Cs4PbBrs arises predominantly through excitonic recombination rather than free-carrier

transitions.

In parallel with PL quenching, a temperature-induced broadening of the PL band is
observed (Figure 4.5c). The full-width at half-maximum (FWHM) increases from 9 nm at 90
K to 22 nm at 300 K. This trend is attributed to exciton—phonon interactions, which become
more pronounced at elevated temperatures.>*>’ The temperature dependence of the FWHM is

modeled using the Bose—Einstein equation:>®>’

I(T) =Ty + oT + er—p 4.2)

—hwop/(kBT)_l

where 7(T) is the linewidth at temperature 7, /» accounts for inhomogeneous broadening, o
represents exciton—acoustic phonon coupling, and 7, and /wo, characterize exciton—optical
phonon interactions. The fitted parameters (Figure 4.5d) indicate that optical phonon coupling
dominates in Cs4PbBrs MDs. The extracted phonon energy (~42 meV) is consistent with the
vibrational mode observed in Raman spectra (~314 cm™; Figure 4.5¢), supporting strong
exciton—optical phonon coupling.’” Interestingly, the PL also exhibits a blue-shift with rising
temperature (Figure 4.5a), which has also been reported in other perovskite and semiconductor
systems such as CH3NH3PbX3 and PbS.%® This shift is likely a result of thermal redistribution
of excitons: at lower temperatures, excitons occupy lower-energy trap states; as the temperature
increases, phonon-mediated activation populates higher-energy states, resulting in a blue shift
of the PL.%-%° These findings collectively highlight the strong exciton localization and phonon

interactions governing the optical behavior of CssPbBrs MDs. The large exciton binding
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energy, PL broadening, and thermally induced spectral shift all indicate that excitonic

recombination plays a pivotal role in their photophysical properties.
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Figure 4.5. (a) Temperature-dependent PL spectra of CssPbBrg MDs. (b) Integrated PL
intensity, (c) plot of FWHM with temperature of Cs4PbBrs MDs, and (d) plot of FWHM with
1/T of Cs4PbBrs MDs (e) Raman spectrum of Cs4PbBrs MDs sample.

4.3. Conclusion

In summary, we have developed a simple, room-temperature ionic liquid (IL)-mediated
antisolvent precipitation method for synthesizing phase-pure CssPbBrs MDs with tunable
morphology. By adjusting the concentration and alkyl chain length of mono- and di-cationic
ILs, we have successfully directed the shape evolution of the MDs from spherical to well-
defined polyhedral structures. Comprehensive structural and elemental analyses, including
PXRD, TEM, SAED, and EDX, confirm the high phase purity and single-crystalline nature of
the synthesized MDs. Moreover, detailed photophysical investigations, including steady-state
and time-resolved confocal fluorescence microscopic study, have clearly demonstrated that the

green PL is originated intrinsically to the CssPbBrs MDs and not due to CsPbBr3 impurities.
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FLIM imaging studies at the single-particle level have revealed significant spatial
heterogeneity in PL intensity and lifetime, suggesting a crucial role of surface and interior
defect states in the recombination dynamics. The coexistence of short and long PL decay
components have supported two distinct recombination pathways, (i) exciton trapping in the
bulk and (ii) surface trap-mediated recombination. Moreover, temperature-dependent PL
studies have verified the excitonic origin of the PL, indicating a high exciton binding energy
(~222 meV) and strong exciton—phonon coupling, both characteristic features of 0D perovskite
systems. Additionally, the observed blue shift in the PL of 0D perovskite MDs with rising
temperature is attributed to phonon-assisted thermal activation of higher-energy excitonic
states. Interestingly, our findings have not only established the phase purity and intrinsic green
emission of CssPbBrs MDs but also provided deep insight into their excitonic recombination
dynamics. These results underscore the potential of IL-mediated synthetic design strategies in
tailoring the optical properties of low-dimensional perovskites for advanced optoelectronic

applications.

4.4. Appendix

~ N
N [Cpp(mim),][Br], Br

Chart APX4.1: Structure of MILs and DILs
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Figure APX4.1. FESEM image of polyhedron MDs showing thickness.
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Figure APX4.2. FTIR spectra of a) [Cismim]Br and [Cismim]Br IL mediated Cs4PbBrs MDs,

b) [Ci2(mim)2]Br2 and [Ci2(mim)2]Br mediated CssPbBrs MDs.
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Figure APX4.3. FESEM image of (a) [Ciomim]Br, (b) [Ci4mim]Br, (c) [Cismim]Br and (d)

[Ci2(mim)2]Brz ILs mediated of Cs4PbBrs perovskite MDs
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Figure APX4.4. (a) FESEM image of Spherical microdisks. (b) EDX spectrum confirms
Cs4PbBrs composition. (¢) Elemental mapping of constituent elements shows their even

distribution in the MDs.

Figure APX4.5. FESEM image of the microwires particles.
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Figure APX4.6. Absorption, excitation and emission spectra of spherical Cs4PbBrg MDs.

Figure APX4.7. FLIM images of (a) collective and (b, c) single Cs4PbBrs MDs.
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Figure APX4.8. (a) Digital image of PL (under UV light) of Cs4PbBrs and CsPbBr3 perovskite

sample after adding Pblx. (b) FLIM image of a mixture of microwire and MDs sample.
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Figure APX4.9. (a) FESEM image of PbBr> solution added sample of Cs4PbBre. (b) and (¢)

EDX spectra of different region as marked in panel a. (d) Change in emission spectrum (Aexc =

405 nm) with time of adding DMF solution of PbBr: to a toluene dispersion of Cs4sPbBrs MDs

Table APX4.1. PLQY of different IL mediated Cs4sPbBrs MDs

Materials AExcitation PLQY(%) Error
[Ci2mim]Br mediated Cs4PbBrs 405 30 +3
[C14mim]Br mediated Cs4PbBrs 405 40 +4
[Ciemim]Br mediated Cs4PbBrs 405 45 +4
[Ci2(mim)2]Br2 mediated Cs4PbBrs 405 50 +4

126



CHAPTER 4

Table APX4.2. Average lifetime components along with their mean deviations of centre and

edge areas on 10 individual MDs.

Sample Region T2 (02) NS 73 (03) NS
MDs Centre area 2.56+0.20(0.27+0.02)  20.72+0.93(0.73+0.03)
MDs Edge area 2.16£0.09(0.37+0.02)  17.27+0.87(0.63+0.02)
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Abstract

An inorganic-organic nanohybrid material comprising an inorganic exciton (CdTe@ZnS
Quantum Dots) and an organic exciton (J-aggregates) has been synthesized, and subsequently
investigations on exciton-exciton coupling between two components of the materials are
carried out by employing various spectroscopic techniques. Analysis of the data has revealed
very high Forster-type resonance energy transfer (FRET) from the donor QDs to acceptor J-
aggregates. Interestingly, a clear splitting of the QD emission band is observed during the FRET
event, indicating efficient coupling between inorganic and organic excitons. The observation
of valley splitting of QD emission by organic J-aggregates, even in the absence of an external
field is new and exciting. More interestingly, the investigations have also shown that the valley
splitting of the QD emission can be controlled by regulating the FRET process. In fact, a linear
relationship between the energy separation value of the valley splitting and FRET efficiency
between QD and J-aggregate is obtained. Moreover, in the present hybrid system, the presence
of organic moiety becomes advantageous in a sense that the valley splitting can also be
controlled easily through chemical modification of the organic moiety. The outcome of the
present investigation essentially demonstrated that the present nanohybrid system can be

considered as a potential candidate for the fabrication of valleytronic materials.

5.1. Introduction

Materials combining semiconductor quantum dots (QDs) and J-aggregates are expected to have
tremendous potential in terms of producing a new excitonic material where the coupled
excitations can be found to be very different than those of the optical excitations of the
individual components.!"'? Interestingly, these hybrid associates can also open up possibilities

of fabricating new photon processing materials at the nanometer length scale whose optical and

136



electronic properties would require the long-range transport of electrons and holes.!'"!*

Efficient coupling between the excitonic components can give rise to exciting processes such
as photoluminance (PL) valley splitting, Rabi splitting, etc., which can have significant
implications in the field of valleytronics.'>! While it is known that molecular aggregates can
be coupled coherently with inorganic photonics/excitonic materials, a very limited amount of
information is available on how they talk to each other in a nanohybrid assembly, and more
importantly, how to control the coupling that happens between the interacting components of

the concerned materials.

Strong coupling usually happens involving two systems, where one needs to be strongly
confined and another needs to possess a strong transition dipole moment.??¢ The strength of
such coupling can be given as g = pe[Evac/o¢ pe/N'V, where g is the coupling strength, Evac is the
vacuum field, and V is the mode volume.?>* In recent times, strongly coupled nanoscale
assembly in which coupling between local surface plasmon resonance (LSPR) with excitons,
excitons with photons, etc.?>?»?72% have attracted considerable attention from academia and
industry owing to their potential applications in the field of artificial light harvesting, threshold-
less lasing, sensing, quantum information processing, optical computing, etc.>>-3? In fact, it has
been recently proposed that strong coupling between two suitable interacting systems, such as
exciton-exciton, exciton-plasmon, exciton—photon and photon-plasmon, can produce future-
generation materials for various optoelectronic applications.??** Strong coupling has also been
demonstrated in the hybrid nanosystems comprising of plasmonic nanoparticles and cyanine
dye J-aggregates.'® Interestingly, it has been demonstrated that strong coupling can also lead to
an interesting process known as valley splitting, where the observed emission band gets split
into two distinct emission bands due to the lifting of the degeneracy of the existing two
excitonic states of the emitting species (QDs).!>* The valley splitting phenomenon has been

observed in the plasmonic absorption band of nanomaterials in presence of inorganic exciton
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Y537 and also in presence of 2D transition metal

(QDs)*3¢, organic exciton (aggregates
dichalcogenide.*®3° Very recently, Omata and co-worker have shown that strong exciton-
exciton coupling between PbSe QDs can lead to valley splitting of QD emission and they have
also shown that interdot distance can control the extent of valley splitting.** From the above
discussions, one can realize that the information available on strong coupling phenomena is
not large rather very limited. More importantly, no information is available in the literature
where the organic exciton (Frankel) is shown to participate in the valley splitting of the
inorganic excitonic (Wannier-Mott) emission band. Hence, it would be a worthwhile objective
to develop these inorganic-organic nanohybrid materials, parallelly understanding the

fundamentals behind their mechanism of interaction, and possibly control the coupling process

by acquiring knowledge about their interaction mechanism.

Keeping the above facts in mind, a nanohybrid material by comprising colloidal
CdTe@ZnS QD as inorganic part and J-aggregate of S2165 cyanine dye molecules (molecular
structure shown in Chart APX5.1) as organic part has been developed. It is expected that these
inorganic-organic nanohybrid materials can show strong coupling due to the presence of strong

confinement of QDs and the strong dipole moment provided by organic J-aggregates.*”-10-1241-

4346 and organic cyanine dye-based

“Moreover, CdTe@ZnS QD is chosen as inorganic exciton
J-aggregate as organic exciton due to their favourable optical properties. #7!%124 Analysis of
spectroscopic data has revealed efficient electronic energy transfer (EET) from QD to J-
aggregate. More interestingly, the splitting of emission spectra of the QD with the gradual
addition of J-aggregate, indicating the presence of efficient exciton-exciton interaction between
inorganic (Wannier-Mott) exciton and organic (Frenkel) exciton, has been observed. It has also
been observed that with an increase in EET efficiency, valley splitting also gets enhanced

without applying any apparent external field. To the best of our knowledge, this work provides

the first evidence of valley splitting of inorganic QD by organic J-aggregates.
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5.2. Results and Discussion

Prior to the photophysical investigation on the inorganic-organic hybrid system, the individual
components of the nanohybrid material, QDs and J-aggregate, have been studied. The
CdTe@ZnS QD has been characterized through EDAX (Figure APXS5.1), and its size is found
to be 4.7 nm from the HRTEM image, and the interplanar distance is found to be 0.356 nm
(shown in Figure APX5.2a and APX5.2b), which matches with the literature value of 111
crystal lattice plane of CdTe@ZnS QDs*®. From the PXRD data (shown in Figure APX5.2¢),
it is also found that CdTe@ZnS QDs have with zinc blende crystalline-like structure. The
steady-state absorption and emission spectra of the synthesized QD are shown in Figure 5.1a.
It can be observed that the absorption spectra of QD show a broad band with a characteristic
absorbance peak at ~560 nm, whereas the emission spectra of QD show a relatively narrower
band having a peak centered at 585 nm. It has been shown earlier that for this QD, the number
of surface defect states are reduced during the formation of ZnS shell around the CdTe core,

and because of this, the PL intensity of QD gets increased.**’

In the present study, S2165 dye is purposefully chosen as an organic precursor for J-
aggregate formation as it easily forms aggregates in the presence of salt. S2165 dye in its
molecular form exhibits broad absorption with peaks at 546 nm and 583 nm (Figure
5.1b).471242 1t is to be noted that upon addition of KCI, cyanine dye molecules spontaneously
form aggregates with the characteristic narrow and red-shifted absorption band (Figure 5.1b).*!-
42 As per molecular exciton theory, aggregates of cyanine dye molecules are well-known to
form charge-neutral molecular excitations or Frenkel excitons.*”!%1242 According to Frenkel’s
excitons theory the electronic excitation in the self-assembled aggregates is not confined to the
monomeric unit rather it is coherently delocalized over several monomers through excitation

wave.*? Figure 5.1b demonstrates the absorption spectra of the QD, dye, J-aggregate, and

139



QD-J aggregate. The number of dye molecules across which the exciton is delocalized can be

estimated by eq (5.1),*4!

N, =15 x (AA—";)2 (5.1)

where, AM and AJ are the hwhh (half-width at half height) of the absorption peak of the
monomer and J-aggregate, respectively, as calculated from the deconvolution spectra shown in
Figure APX5.3. The lower bound of average number of dye molecules (N¢) that form J-
aggregate is estimated to be ~19, and the exciton domain length of the J-aggregate of S2165 is
calculated to be 28.5 nm.>! In the current study, the spectral shift (AE) between monomer and
aggregate is found to be 198.7 meV. The extent of exciton coupling energy (Jex) of the aggregate

is found to be 97.06 meV by using the following eq (5.2),

(AE)? . AE
Jex ="p -t (52)

where, AE = spectral shift between the monomer and aggregated dye, and En = energy of main
monomer transition = 2.1325 eV. Please note that the estimated Jex value is 3.8 times higher
than room temperature thermal energy (25.7 meV), which suggests that the interaction between
molecular electronic transitions is very strong even at room temperature.

With the addition of dye solution into QD, the appearance of a new narrow red-shifted
absorption band (A755°=639 nm), indicating the formation of J-aggregate, can be seen (Figure
5.1b). We also note here that when a similar concentration of dye is prepared alone (without
QDs), no J-band formation can be seen, indicating the role of QD-surface on the J-aggregate
formation. The fact that both J-aggregate and QD are in interaction is evident with the blue
shift of the J-band of the hybrid (solid green line in Figure 5.1b) as compared to the J-band of
only dye aggregate (blue dotted line in Figure 5.1b). From (-potential measurements, the
lowering of negative zeta potential value from -32.4 mV to -12.5 mV for QDs and nanohybrid

respectively, indicates electrostatic interaction between anionic QD surface and cationic dye
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aggregate (see Appendix for detailed discussion, Figure APX5.4, Table APXS5.1). Furthermore,
association free energy change (AG) of the nanohybrid systems as estimated from van’t Hoff
equation (eq APX5.4, APX5.5), is also found to be negative, which further supports the fact
that the association of J-aggregate over QD is thermodynamically feasible>? (see Appendix for
detailed discussion, Figure APX5.5, Table APX5.2). Moreover, from the TEM micrograph, it
can be seen that the J-aggregated molecules are surrounded by the QD surface, and the
estimated size of the J-aggregate is found to be ~20nm. (shown in Figure APX5.6). From Figure
APXS5.7, one can observe that the emission spectrum of S2165 dye J-aggregate (A714*=650 nm)
is narrow and red-shifted as compared to that of dye monomer. On the other hand, QD alone
exhibits a broad absorbance and a relatively narrower emission band (Ag}*=585 nm) (Figure
5.1a). Further, we have also found a significant overlap between the emission spectrum of QD
and absorption spectrum of J-aggregate (Figure 5.1c), which implies the electronic states of
QD (donor) and J-aggregate (acceptor) components in the nanohybrid associates are
electronically coupled, and thus allow them to act as an efficient FRET pair (shown in Scheme
5.1). The overlap integral (J(A)) value between donor emission and acceptor absorbance, and
Forster distance (Ro) of the corresponding FRET pair system are estimated to be 1.23 10> M-

'em'nm* and ~47 A, respectively (Shown in Table APX5.3).
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Figure 5.1. (a) Normalized absorption (black) and emission (red) spectra of QD. (b) Absorption
spectra of QD (black), dye molecule (red), dye J-aggregate (blue dash), and QD/dye aggregate
hybrid system (green). (c) Spectral overlap between the emission spectrum of QD (red) and
absorption spectrum of S2165 dye aggregate (black). (d) Steady-state PL spectra of QD and
QD J-aggregate nanohybrid (red) at 405 nm excitation.

The study of the interaction between QD and J-aggregate of S2165 dye has been carried out by
monitoring the change in donor’s emission in the absence and presence of acceptor.*>>> The PL
spectra of QD and QD_J-aggregate (Figure 5.1d) show emission maxima (A7) at 585 nm
and 650 nm, respectively. Interestingly, in the presence of acceptor (J-aggregate), the PL
intensity of the donor (QD) is observed to be quenched with simultaneous enhancement in the
PL intensity of the acceptor. This observation clearly suggested ET from QD to J-aggregate for

the present nanohybrid system.*’” We note here that similar observations have also been

reported by other researchers *’ to explain the ET process from QD to J-aggregate.
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Additionally, we have performed a controlled experiment to confirm that the PL quenching of
the donor with concomitant increase in the PL intensity of acceptor is due to ET and not due to
any other reason (see Appendix for detailed discussions). Studies have also demonstrated that
ET from QD to J-aggregate is due to dipole-dipole interaction (Forster type).*!%* Emission
spectra of QD with gradual addition of dye and its corresponding change in PL intensity has
been shown in Figure 5.2. From Figure 5.2, the ET efficiency of the donor in the presence of
the acceptor is estimated to be as high as 90% (see Appendix for calculation). Further, we have
also estimated the ET efficiency of QD in the presence of S2165 dye aggregate at inter valley
splitting emission maxima wavelength i.e., 560 nm and 605 nm. The corresponding ET
efficiency is found to be 81% and 78%, which is in good agreement with the overlap integral

values (7 X 10** M'em'nm* and 5 x 10** M-'cm™'nm*) shown in Figure APX5.8 and Table

APX5.3 in the Appendix.

0 uM S2165 dye

A

700

550 600 650
Wavelength (nm)

Figure 5.2. PL spectra of CdTe@ZnS QD with increasing concentration of S2165 dye (Aex =
405 nm).

Such a high ET efficiency value indicates the efficient coupling of the energy levels of donor
and acceptor systems. We would also like to mention here that the ET from QD to monomer

dye is ignored due to the presence of an insignificant amount of monomer dye at higher

concentrations.'%!? Interestingly, when the emission spectra of QDs with progressive addition
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of dye are examined, a distinct and prominent splitting of the QD emission band have been
observed. This is an exciting observation in a sense that the emission band of QDs usually
decreases during the ET process with no change in the shape in terms of splitting. This is
referred as valley splitting. This observation is noteworthy since there is no evidence in

literature that J-aggregate participates in the valley splitting of QD emission band.

ooooooooooo
ooooooooooo
-----------

Electrostatic
interaction

Scheme 5.1. Schematic representation of the interaction of CdTe@ZnS QDs with J-aggregate.

To obtain a deeper insight into the emission valley splitting of the QD in the presence
of J-aggregate, we have separately plotted the emission spectra of QDs with increasing
concentrations of dye (Figure 5.3a). Interestingly, it can be seen from Figure 5.3a that the
emission spectra of CdTe@ZnS QD get split with the gradual addition of dye. One can also
find from the said plot that the PL valley splitting of the QDs is gradually increased with the
increasing concentration of dye aggregate (OuM to 40 uM). For example, the magnitude of the
valley splitting (i.e., energy separation between the two bands) is increased from 55 meV to
150 meV with the gradual addition of dye. To understand the mechanism of splitting of the
emission band of the QD in the nanocomposite, which might undergo through homo-FRET or
hetero-FRET, we have performed a concentration-dependent experiment with CdTe@ZnS QD

(shown in Figure APX5.9). With the increase in the concentration of QD in the absence of J-
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aggregate, we observed no splitting of the emission band of the QDs. So we can rule out the
possibility of valley splitting due to homo-FRET and conclude that hetero-FRET is responsible
for the valley splitting of QD’s emission band. It is to be noted that we have also observed the
increase in FRET efficiency from QD to J-aggregate as the concentration of J-aggregate is
increased (Figure 5.3b). Therefore, to find out the correlation between the FRET efficiency and
valley splitting, we have plotted the energy separation value of the valley splitting against
FRET efficiency (Figure 5.3c). From Figure 5.3c, a linear relation has been found between
FRET efficiency and the energy separation value of the valley splitting. This observation is a
clear indication of the fact that the electronic coupling that leads to FRET is also closely related
to the enhanced valley splitting of QDs emission band. It is relevant to mention here that
recently, Omata and co-worker*’ have shown that the electronic coupling leading to FRET may
enhance the valley splitting. This observation is very interesting in a sense that the valley
splitting can be tuned by simply controlling the FRET process from QD to J-aggregate without
applying any external field. In order to understand the variation of the emission bands of the
QD in detail, the PL spectra of QDs are deconvoluted satisfactorily by fitting with two Gaussian
bands (Figures 5.4a,b, c, and d), which indicate the existence of multiple emitting states. Since
the present QD has a unimodal distribution in size (Figure APX5.2a and APXS5.2b), the two
emission bands are certainly not caused due to the presence of two coexisting groups of QDs

with different diameters.*°

It is known that Cd-chalcogenides crystallize in the zinc blende structure.’ The valence band
maxima and conduction band minima of Cd-chalcogenides are both situated at the I'-point in
the Brillouin zone.>* Since there are four I' -points per face-centered cubic Brillouin zone, '’ the
fundamental bandgap becomes eight-fold degenerate (considering spin degeneracy).!>* This
eight-fold fundamental bandgap, in turn, yields a 64-fold degenerate lowest exciton state (1Sn

—18S.).1540 This degeneracy can partially be lifted by a number of effects, such as intra-band
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coupling, inter-valley couplings, and electron-hole exchange, etc. !>>* These effects are
primarily responsible for creating a fine exciton structure.!® The electron-hole exchange may
also lead to an intricate exciton fine structure consisting of several bright and dark states.'> In
case of CdTe@ZnS QD’s emission in the presence of J-aggregate, the two emission peaks can
be ascribed to two bright exciton fine structure states in the 64-manifold 1Sh —1S. state of the
QDs.!> Though the coexistence of emission from two different states without thermalization
in organic molecules is a common (viz., singlet and triplet states) thing®>>® but is unusual for
semiconductor NCs at low exciton densities. Nevertheless, Donega and co-workers have shown
that the two coexisting emission transitions of PbSe/CdSe NCs are attributed to the existence
of two exciton emitting states with different degrees of spatial localization.!> Therefore, two
emitting states of CdTe@ZnS QDs should be ascribed to the fine—structure excitonic states
originating from a partial lifting of the 64-fold degeneracy of the 1Sh—1Se exciton by exciton-

exciton efficient coupling.
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Figure 5.3. (a) CdTe ZnS QDs PL spectra with gradual addition of j-aggregated dye (b) change
in ET efficiency as a function of dye (acceptor) concentration and (c) plot of energy separation

between two emission peaks versus ET efficiency.
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Figure 5.4. Deconvoluation of PL spectra of CdTe@ZnS QDs (a) without addition of dye
aggregate, (b) at low concentration of dye aggregate, (c) at moderate concentration and (d) at

high concentration of dye aggregate.

To realize the PL quenching mechanism overtly, time-resolved PL measurements have
also been performed. The PL decay curves for QD in the absence and presence of acceptor
(S2165 aggregate) are shown in Figure 5.5, and the corresponding decay parameters are
provided in Table APX5.4. In the presence of dye aggregate, the average PL lifetime of
CdTe@ZnS QD has been remarkably quenched from 18.2 ns to 0.6 ns, which again indicates
the RET process from QD (donor) to J-aggregate (acceptor) in the nanohybrid associate.>!’
Moreover, the ultrafast PL decay plot (inset of Figure 5.5) and its corresponding decay
parameters (Table APX5.5) clearly indicate RET from QD to J-aggregate system. From the

time-resolved PL measurement, the ET efficiency is found to be 97% which is in good

agreement with the result obtained from steady-state measurements (see Appendix for detailed
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discussion). However, when we monitored inter-valley splitting of emission maxima
wavelength, the observation is different. At 560 nm, the fluorescence lifetime of QD in the
absence and presence of acceptor is found to be 18.23 ns and 5.3 ns, while at 605 nm it is found
to be 19.94 ns and 7.44 ns, respectively. (Figure APX5.10) The ET efficiency (from lifetime
measurement) at 560 nm and 605 nm is found to be 71% and 63% respectively. (Table APX5.6)
Although the ET efficiency from steady-state and time-resolved fluorescence measurements
are similar, but when monitored at different wavelengths (560 nm and 605 nm), there is a
difference. This difference might be due to the heterogeneity of the system. At both
wavelengths, a linear relationship between ET efficiency and valley splitting energy separation

is maintained (Figure APX5.11).
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Figure 5.5. Time-resolved PL decay curves of CdTe@ZnS QD alone and in the presence of J-
aggregate (monitored at 585 nm) at Aexe= 405 nm (inset shows ultra-fast PL decay).

In addition, the fluorescence correlation spectroscopy (FCS) technique has also been employed
for a better understanding of the mechanism of CdTe@ZnS QD:::S2165 dye interaction at the
single molecular level.® Figure 5.6 shows the normalized FCS curves for QD in the absence
and presence of J-aggregates. Their corresponding diffusion time is estimated to be 150 ps and

950 ps, respectively. The increased diffusion time of QD in the presence of J-aggregate clearly
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indicates the binding interaction between QD and the J-aggregate system. We have also
estimated the hydrodynamic radius of the QD as well as the nanohybrid system, which is found
to be ~4 nm and ~22 nm, respectively. Moreover, a 90% FRET efficiency is also observed
during FRET-FLIM measurement (Figure APX5.12a and Figure APX5.12b), indicating the

utility of these nanoscale materials in real-time applications.
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Figure 5.6. Normalized FCS curve of QD alone (black) and in presence of dye aggregate (red).
Interestingly, all the above studies have indicated that efficient exciton (inorganic)-exciton
(organic) coupling between QD and J-aggregate is responsible for valley splitting. More
interestingly, the electronic coupling between QD and J-aggregate, which leads to FRET, can
also lead to increase in the intervalley coupling, implying that FRET can be an effective tool
for controlling the valley splitting. It is to be noted that there is no evidence in literatures where
J-aggregate is found to participate in the valley splitting of QD emission band. Involvement of
the J-aggregate in the aforementioned process is highly fascinating since it will enable further
tailoring of the FRET process and, consequently, valley splitting by performing chemical
modification of cyanine dye. Such FRET induced valley splitting, in absence of any external
field, also suggests that this inorganic-organic nanohybrid system can serve as a potential

candidate for valleytronic material.!*-%!
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5.3. Conclusion

In conclusion, the CdTe@ZnS J-aggregate nanohybrid associate has been fabricated to
investigate strong exciton-exciton interaction between both components. These nanohybrids
are formed by the electrostatically driven and thermodynamically favorable process. The initial
investigation reveals an efficient FRET between QD (donor) and J-aggregate (acceptor).
However, a more careful analysis of the data reveals that apart from usual quenching of donor
emission, prominent valley splitting of QD’s emission can also be seen. This observation
indicates efficient electronic coupling between QD and J-aggregate. Interestingly, further
investigation reveals that the energy separation value of the valley splitting of QD’s emission
is linearly related to the FRET efficiency between QD and J-aggregate. Therefore, the study
has also categorically demonstrated that the FRET process can effectively be used in
controlling the extent of valley splitting process. The observation of valley splitting of QD
emission in presence of J-aggregate without the application of external field is new and
exciting. Essentially, the outcome of the current study has suggested that the present
nanohybrid system has the potential to be used as a suitable nanoscale system for the fabrication

of valleytronic materials.

5.4 Appendix

Chart APXS5.1. Molecular structure of S2165 dye.
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Figure APXS.1. EDS elemental mapping of CdTe@ZnS QD (a) image and (b) overlay
elemental mapping of Cd, Te, Zn, and S elements and right corner atom% of elements. (c) area

EDS spectrum of CdTe@ZnS QD.

The presence of Cadmium, Telerium, Zinc, and Sulphur in CdTe@ZnS QD is confirmed
through FESEM-EDS elemental mapping (shown in Figure APX5.1) and area EDAX spectrum
of (shown in Figure APX5.1). From PXRD data, we have found crystal plane (111), (220), and

(311) (Shown in Figure APX5.2¢) well matched with literature report.*’
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Figure APXS5.2. a) TEM image and Inset HRTEM image b) size distribution of TEM of
CdTe@ZnS QDs and ¢) XRD of CdTe@ZnS QDs.
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Figure APXS.3. Absorption spectra of QD-J aggregate which is deconvoluted by multiple fit

analysis.
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The FWHM values corresponding to the absorption spectra of monomer dye and J-aggregate
are estimated to be 36 nm and 10 nm respectively. The FWHM of the J-band is obtained by

deconvoluting the absorbance spectrum of J-aggregate (shown in Figure APX5.3).4%-°

5.4.1. (-Potential Measurements

For the synthesis of CdTe@ZnS QD we have used 3-mercapto propionic acid and sodium
sulphide as capping agents.*” Owing to the presence of negatively charged group in the capping
agents, it is expected that the surface charge of the QD should be negative. The surface charge
of QD, dye aggregate, and the QD/dye aggregate hybrid system have been determined with the
help of {-potential measurements. The relevant plots are provided in Figure APX5.4, and the
C-potential values are tabulated in Table APXS.1. (-potential value confirms that the
CdTe@ZnS QD are negatively charged with of -32.4 mV. Moreover, the negative charge on
CdTe@ZnS QD decreases from -32.4 mV to -12.5 mV in presence of (positive) dye aggregate.
This decrease in the negative {-potential value in presence S2165 dye aggregate surely provides
evidence in favor of electrostatic interactions between the oppositely charged moieties QD and
J-aggregate, which is consistent with some previously mentioned literature reports.>> This
investigation have suggested that the hybrid structure is formed mainly due of strong
electrostatic attraction between QD and dye aggregate which also facilitate efficient FRET

process between them.>?
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Figure APXS5.4. Zeta potential graphs for the (a) CdTe@ZnS QDs, (b) CdTe@ZnS QDs+
S2165 dye, and (c) hybrid system of CdTe@ZnS QDs+ S2165 dye aggregate.

Table APXS.1. Zeta potential of CdTe@ZnS QD with and without dye and dye aggregate.

Sample Zeta Potential ( mV)
CdTe@ZnS QDs -32.4
CdTe@ZnS QDs + Dye -20.8
CdTe@ZnS QDs + Dye Aggregate -12.5

From the SV equation is given by,
2 =1+ Ky[Q] (APX5.1)

where Fy and F are the PL intensities of CdTe@ZnS QD (donor) alone and in the presence of

dye (quencher) respectively. Kg, and [Q] are the SV constant and quencher concentration
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respectively. Ky is estimated to be 1.29 x 105 M-1. The linearity of Stern-Volmer plot in the
Figure APX5.5 suggests the possibility of pure static or dynamic quenching. However, the
decrease in slope of versus [Q] plot with increase in temperature Fo /F indicates that static

quenching prevails during the quenching event.
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Figure APXS.5. (a) The Stern—Volmer plot of relative fluorescence intensity vs. quencher
concentration. (b) Plot of FO/(FO — F) versus 1/[Q] at various temperatures. (c) van’t Hoff plot
(In Ka vs. 1000//T) corresponding to the quenching event.

Table APXS5.2. Stern-Volmer quenching constant and thermodynamic parameters for the

interaction between CdTe@ZnS QD and S2165 dye at various temperatures

T (K) K, (10° L mol ™) R? AH (kJ mol')  AS (J mol' K')  AG (kJ mol ™)
293 2.393 0.998 -30.19
298 2.337 0.997 -5.49 +84.30 -30.61
303 2.260 0.999 -31.03
308 2.141 0.998 -31.45

Experimental error = +5%

5.4.2. Thermodynamic parameter calculation In order to find the thermodynamic

parameters, we need the association constant (K,) for which a modified Stern— Volmer equation

(APX5.2)

Fpb _ 1 1
Fo-F  fakalQl | Ta (APX5.2)

where f, is the fraction of accessible fluorescence, K is the association constant, and Fo and F
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are the fluorescence intensity in the absence and presence of a quencher. Therefore, the
association constant (Ka) is utilized in determining the relevant thermodynamic parameters

with the help of van’t Hoff equations APX5.3 and APXS5.4.

AH | AS
In(K,) = — promis e (APX5.3)
AG = AH —TAS (APX5.4)

Where, AH,R, T, AS and AG are the enthalpy change, molar gas constant, temperature in
Kelvin, the entropy change, and the free energy change ,respectively for the association process
of S2165 dye on the QD surface. The van’t Hoff plot is provided in Figure APX5.5. From the
slope and intercept of the plot, the values of AH and AS can be calculated respectively. The
negative value of AH (from Table APX5.2) suggests that CdTe@ZnS QD:::S2165 dye
interaction is exothermic process,. In contrast, positive value of AS indicates that during this
process there occurs increase in the value of entropy of the system. It can be seen that negative
enthalpy along with positive entropy change for similar association processes occurs due to
electrostatic interaction between the components.*’ Moreover, the negative free energy change
for the present association process (Table APX5.2) is conclusive evidence that the present

nanohybrid associate formation is spontaneous (thermodynamically favorable).
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Figure APX5.6. TEM image of CdTe@ZnS QD-J-aggregate nanocomposite.
5.4.3. Secondary inner filter correction To take accounts for reabsorption we have performed

secondary inner filter correction with the help of equation APX5.5.%

_ 10~Ds Xls (10Ds XAls/2 _ 10~ Ds x Als/z)

F,
o 4= (APX5.5)
F 2.303 XDs X Als

Where F and Fy are the observed and corrected fluorescence intensity of donor, Ds, Als, and Is
are the optical density of the acceptor at the donor’s emission maxima, emitted light beam
width and distances from the point inside the cell at which luminescence is observed to the exit
cell wall respectively. The efficiency of ET process after reabsorption is estimated to be ~90%.
We also note that, all the dye molecule may not form J-aggregate, hence there is also a
possibility of ET from QD to dye monomer but the ET efficiency has been found to be low and

can be ignored.

5.4.4. Controlled Experiment

For that, emission spectrum of aqueous solution of QD (donor) is recorded with gradual
addition of dye (acceptor) with increasing concentration of dye aggregate. Again in another

parallel experiment same amount of dye is added gradually to salt solution without the donor
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and emission of the aggregate is recorded. Upon comparing the emission spectra of acceptor in
both cases, a clear increase of emission for J-aggregate in presence of QD can be seen
confirming the FRET process between the inorganic and the organic components. Next we
have subtracted the later from the former to get the corrected PL intensity of the solution
containing nanohybrid associate. From this corrected PL intensity we have calculated PL
quenching of donor along with increase in efficiency of ET associated with this process as a

function of increasing acceptor concentration.
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Figure APXS5.7. Emission spectra of S2165 dye and it’s J-aggregate.

= Absorbance of Dye Agg
1.04—PL Peak 1
= PL Peak 2 -
=
- 0.8 b \E«
>

[t
5 =
< .6+ &
= 3]
2 £
2 0.4- =
. o~
’5 =5
7z 0.2 =
Z

450 500 550 600 650
Wavelength (nm)

Figure APXS.8. Spectral overlap between the emission spectrum of QD (red for 560nm peak
and blue for 605nm peak) and absorption spectrum of S2165 dye aggregate (black).
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Table APXS.3. FRET parameters of CdTe@ZnS QD_S2165 J-aggregate nanohybrid associate.

Sample J(V) R, E Rpa ker
(M'em™'nm®) (A) (%) (A) s

QD+S0041 aggregate 1.23 x101° 47.0 90 334 4.19x108

(overall)

QD+S0041 aggregate 7%x10M 43.0 82 33.3 2.68x108

(by mitoring left side

peak

QD+S0041 aggregate 5x10™ 40.8 78 33 1.60x108

(by mitoring right side

peak

Table APX5.4. PL decay parameters of CdTe@ZnS QD alone and in presence of S2165 dye

aggregate
Sample T1(ns) ar  T2(ns) 02  Tav (nS)?
CdTe@ZnS QD 9.4 0.54 28.6 0.46 18.2
(at 585 nm)
CdTe@ZnS QD+S0041 0.5 0.97 2.8 0.03 0.6
aggregate (at 585 nm)

? Experimental error = +5
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Table APXS.5. Ultra-fast PL decay parameters of CdTe@ZnS QD alone and in presence of
S2165 dye aggregate.

Sample T1(ps) ar 12 (ps) o 13(ps) 03 Tav
(ps)*

CdTe@ZnS QD 5.4 0.20 852 0.27 18200 0.53 9670

(at 585 nm)

CdTe@ZnS QD+S0041 2.5 0.20 12.0 0.20 1084 0.60 6533

aggregate (at 585 nm)

“Experimental error = +8%
5.4.5. ET efficiency calculation by PL lifetime

Using eqation APX5.6, E =1 — TTD—A , where 7, and 74 are the lifetime of donor alone and in
D

presence of acceptor respectively ET efficiency has been calculated. ET efficiency is found to

be as high as 97%.

5.4.6. Controlled experiment to rule out the possibility of valley splitting due to homo-
FRET: In order to rule out the possibility of valley splitting due to homo-FRET in CdTe@ZnS

and J-aggregate, we have performed a concentration-dependent experiment with CdTe@ZnS

QD.
__/ \—-__
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Figure APXS5.9. PL Spectra of CdTe@ZnS QDs with increasing concentration of the same QD.
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With the increase in the concentration of QD in the absence of J-aggregate, we observed no
splitting of the emission band of the QDs (Figure APX5.9). So we can safely conclude that

valley splitting due to homo-FRET is not possible in our system.

CdTe@Zn$S (a) . (I:;I:e@ZnS (b)
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Figure APXS5.10. Time-resolved PL decay curves of CdTe@ZnS QD alone and in the presence
of J-aggregate monitored at (a) Aem = 560nm and (b) Aem = 605nm with Aexe= 405 nm.

Table APXS.6. PL decay parameters of CdTe@ZnS QD alone and in the presence of S2165
dye aggregate at Aem = 560 nm and Aem = 605 nm with Aexe= 405 nm and their ET efficiency.

Sample Tns) B wlns) B ws(ns)  Ps Taylns) ET
efficiency

CdTe@ZnS at  -- -- 9.38 0.54 28.64 0.46 1823  --

Aermn=560nm

CdTe@ZnS 0.28 0.76 5.8 0.08 29.00 0.16 5.30 71

+J-agg at

Aern=560nm

CdTe@ZnS at  -- - 593 032 26.6 0.68 19.94 -

Aer=605nm

CdTe@ZnS+J- 0.42 0.57 5.48 0.18 25.8 0.24 7.44 63

agg at

Aoy =605nm

Experimental error= £5%

We have calculated the ET efficiency at both the emission wavelengths (560nm and

605nm). Using eq E =1 — Fpﬂ (where, Fp and Ftp, PL intensity donor alone and in the
D

presence of acceptor), we have estimated the ET efficiency at 560 nm and 605 nm to be 81%

and 78% respectively (shown in Figure APX5.11a and APX5.11¢). We have also performed ET

161



efficiency versus valley splitting energy separation plot emission at 560nm peak and 605nm

peak, both show a linear relation between ET efficiency and valley splitting energy separation

(shown in Figure APX5.11b and APX5.11d).
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Figure APXS5.11. Change in ET efficiency as a function of dye (acceptor) concentration (a)

and (c¢) for 560nm peak and 605nm peak respectively. Plot of energy separation between two

emission peaks versus ET efficiency (b), (d) for 560nm peak and 605nm peak respectively.
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Figure APXS5.12. (a) FRET-FLIM image of QD in presence of J-aggregate (b) plot of

occurrence of events against FRET.
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CHAPTER 6

Abstract

This study investigates the photoinduced charge-transfer dynamics between CdTe@ZnS
quantum dots (QDs) and a series of pyridinium-based ionic liquids (ILs)-CsPyBr, CsPyBr, and
[CsPy2]Br2, which are chosen for their strong electron-accepting characteristics. Steady-state
photoluminescence measurements reveal pronounced quenching of QD emission upon
interaction with the ILs, while the absence of spectral overlap between QD emission and IL
absorption bands excludes energy-transfer processes. Stern-Volmer analysis demonstrates
contributions from both static and dynamic quenching pathways, with the dicationic IL
([CeéPy2]Br2) exhibiting the highest quenching efficiency. Time-resolved PL measurements
further confirm substantial reductions in QD lifetimes, indicating efficient electron transfer
from QDs to the IL acceptors. Ultrafast transient absorption spectroscopy provides direct
evidence of accelerated carrier extraction and faster bleach recovery in the QD-IL hybrid
systems, validating the proposed photo-induced charge-transfer mechanism. Collectively, these
findings establish pyridinium-based ILs as effective electron acceptors capable of modulating
exciton dynamics in CdTe@ZnS QDs. The insights gained from this work offer a fundamental
understanding of interfacial electron transfer in QD—IL hybrids and provide valuable guidance
for designing advanced optoelectronic and energy-conversion materials combining both QDs

and ILs.

6.1. Introduction

In recent years, quantum dots (QDs) and room-temperature ionic liquids (ILs) have come up
as two standout families of advanced functional materials, each with distinct characteristics yet

highly complementary in many research and application domains.!"!> Though QDs and ILs
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differ fundamentally, QDs being tiny semiconductor nanocrystals (usually under ~10 nm)
whose optical and electronic traits depend on their size and ILs being primarily organic salts
that remain liquid near ambient temperature have found growing use across fields like

optoelectronics, energy systems, nanotechnology, and sustainable chemistry. !¢

Quantum dots (QDs) are nanoscale semiconductor crystals whose properties are dictated by
quantum confinement, when their dimensions shrink to below the material’s exciton Bohr
radius, discrete energy levels emerge and the optical bandgap increases as size decreases.! !
This results in size-tunable absorption and emission, enabling fine control over their optical
response. Upon photoexcitation, QDs emit light whose wavelength depends on particle size.!”
19 In comparison to traditional organic fluorophores, quantum dots provide broad spectral
absorption, sharp and bright emission bands, high molar extinction coefficients, strong
photostability and thermal resilience, and extended fluorescence lifetimes.!” These
characteristics make QDs particularly suitable for applications in bioimaging, light-emitting
devices, and photodetectors.?!> Many QDs also exhibit multiple exciton generation (MEG), a
process in which absorption of a single high-energy photon yields more than one electron-hole
pair.?*?> This effect has been shown to have the potential to exceed the Shockley—Queisser
limit in photovoltaic cells by generating additional photocurrent from high-energy photons.?
27 Finally, ongoing improvements in synthesis, such as scalable colloidal routes, surface
passivation strategies, and core-shell architectures, have significantly improved QD colloidal
stability and manufacturability. These advancements have helped reduce costs and broaden the
practical deployment of QDs in solar energy conversion, high-performance displays, and
chemical sensors.?®? It is important to note that excited quantum dots (QDs) readily donate

electrons in photoinduced electron transfer (PET) processes, causing fluorescence quenching

in the presence of effective electron acceptors.
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In parallel, room-temperature ionic liquids (ILs), typically salts made from bulky, asymmetric
organic cations (e.g., imidazolium, pyridinium, ammonium) paired with diverse organic or
inorganic anions, have transformed solvent chemistry due to their exceptional physicochemical
characteristics.!!"!> These include almost zero vapor pressure, excellent thermal and chemical
robustness, wide electrochemical windows, high ionic conductivity, and easily tunable
polarity."!"!* Their favorable properties make ILs high-performance electrolytes in energy
conversion and storage systems, such as lithium-ion batteries, supercapacitors, fuel cells, and
actuators, providing low volatility, electrochemical inertness, and enhanced ionic mobility.'®2°
Moreover, by rationally designing their cationic and anionic constituents, ILs can be tailored
to function as electron acceptors, enabling controlled interfacial charge-transfer processes that
are advantageous for electrochemical sensors, electrocatalysis, and electrodeposition.'!"!? In
organic synthesis, electron-accepting ILs act as efficient catalytic media, stabilizing reactive
intermediates and improving selectivity within recyclable and environmentally benign solvent
systems.’!3? In energy storage devices, they facilitate stable solid—electrolyte interphase
formation and enhance energy density, while in photovoltaic systems, particularly dye-
sensitized and perovskite solar cells, ILs promote efficient charge transport, defect passivation,
and improved film morphology.*> Moreover, their strong affinity toward CO. enables ILs to
capture and activate CO2 molecules, making them promising candidates for electrochemical
CO: reduction and carbon recycling.’** The present study is motivated by the need to
understand how such unique solvation and interfacial dynamics of ionic liquids influence
electron-transfer behavior, which is essential for optimizing their functionality as electrolytes

and active media in next-generation energy technologies.

The integration of quantum dots (QDs) with room-temperature ionic liquids (ILs) is
continuously attracting considerable attention, particularly in quantum dot-sensitized solar

cells (QDSCs).** Conventional electrolytes used in these devices such as sulfide/polysulfide
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or ferri/ferrocyanide in aqueous media suffer from volatility and leakage issues that
compromise long-term stability.*’ Replacing them with IL-based electrolytes can address such
drawbacks and boost device durability. ILs have the ability to stabilize charged species and
facilitate electron transfer reactions, positioning them as promising acceptors in PET
processes.!!"!? For instance, customized imidazolium ILs have been shown to stabilize CdTe
nanocrystals in both polar and nonpolar environments, forming well-dispersed QD-IL
composites ideal for hybrid functional systems.!" Understanding the quenching mechanisms
within these hybrids is pivotal for optimizing optoelectronic devices and fluorescence sensors.
Key factors include the IL’s cation—anion pair, its viscosity, and the nature of interactions at the
QD-IL interface, all of which govern electron-transfer efficiency and the degree of
fluorescence suppression. Moreover, the specific IL composition and its microstructural
environment affect charge separation and recombination dynamics. While Pyridinium-based
ILs have been identified as promising electron-accepting species, especially when paired with
organic dye donors,'? Yet systematic electron transfer studies involving QDs as electron donors
and ILs as acceptors are rare. Likewise, the comparative influence of mono- versus dicationic

ILs structures on charge-transfer kinetics in QD—IL hybrids is elusive.

Keeping the above facts in mind, in this study, we have examined fluorescence quenching
mediated by electron transfer in QD—-IL hybrid systems. For this purpose, we have employed
CdTe@ZnS quantum dots as electron donors and task-specific pyridinium-based ionic liquids,
namely, CsPyBr, CsPyBr, and [CsPy2]|Br2 (molecular structure shown in Chart 6.1), as electron
acceptors. These hybrid materials have been systematically characterized, and by conducting
time-resolved measurements and Stern—Volmer analysis, we aim to dissect how interfacial
charge transfer pathways influence emission behavior. Moreover, transient absorption
Spectroscopic (TAS) analyses have confirmed that charge transfer from the CdTe@ZnS QDs

to the IL acceptors, revealing interfacial electron-transfer dynamics. Our findings have
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elucidated how molecular design and interface engineering influence quenching behavior and
have provided practical insights for the design of next-generation optoelectronic hybrid

materials.
6.2. Result and discussion

The CdTe@ZnS quantum dots (QDs) were thoroughly characterized to gain a comprehensive
understanding of their structural and optical features. Elemental composition analysis have
been performed using energy-dispersive X-ray analysis (EDAX) (Figure APX6.1), which
confirmed the presence of cadmium (Cd), tellurium (Te), zinc (Zn), and sulfur (S) elements in
the expected stoichiometric ratio. This result verified the successful formation of the core—shell
CdTe@ZnS heterostructure. High-resolution transmission electron microscopy (HRTEM)
images have revealed that the QDs are nearly spherical and uniformly dispersed, with an
average particle size of approximately 4.4 nm (Figure APX6.2). The lattice-resolved image has
also displayed distinct lattice fringes with an interplanar spacing of about 0.356 nm, which can
be assigned to the (111) crystallographic plane of CdTe@ZnS. This observation is consistent
with previously reported values for CdTe-based QDs, confirming the crystalline quality of the
synthesized nanoparticles.*! Furthermore, Powder X-ray diffraction (PXRD) analysis (Figure
APX6.2) provided additional evidence of the crystalline phase of the material. From PXRD
data, we have found crystal plane (111), (220), and (311) (Shown in Figure APX6.2¢) well
matched with literature report.*! The diffraction peaks correspond well with those of the zinc
blende (cubic) crystal structure, suggesting that the CdTe@ZnS QDs maintain a well-defined
crystalline framework. The optical properties of the CdTe@ZnS QDs have been investigated
using steady-state absorption and photoluminescence (PL) spectroscopy (Figure 6.1). The
absorption spectrum has demonstrated a broad band with a distinct excitonic feature around

515 nm, characteristic of the quantum confinement effect in nanocrystalline semiconductors
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(Figure 6.1). The photoluminescence spectrum has exhibited a relatively narrow and symmetric
emission band centered at approximately 560 nm (Figure 6.1). The observed redshift between
the absorption edge and the emission maximum is attributed to the Stokes shift, which is typical
of quantum-confined systems and arises from exciton relaxation to lower-energy states before
radiative recombination. The ZnS overlayer can be attributed to efficient surface passivation,
which improves the PLQY.*** Additionally, the ZnS shell provides chemical and

photostability, effectively protecting the CdTe core from environmental degradation.***
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Figure 6.1. Normalized absorption (black) and emission (red) spectra of CdTe@ ZnS QD.

In the present study, the pyridinium-based ionic liquids CsPyBr, CsPyBr, and [CsPy2]Br: have
been deliberately chosen as electron acceptors, as this class of ionic liquids has been recognized
as an efficient family of electron-accepting species.!? It is important to note that no spectral
overlap has been observed between the QD emission and the absorption bands of these ILs,
which has ruled out the possibility of an electronic energy-transfer (EET) pathway in the
current system. To probe the interaction between the QDs and the pyridinium-based ILs, the
fluorescence response of the QDs has been measured independently both in the absence of ILs

and in the presence of each IL—C;PyBr, CsPyBr, and [CsPy:]Br.. The interaction has been
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further examined by monitoring the changes in the donor (QD) emission upon addition of the
acceptor (ILs). The PL spectra of the QDs in the presence and absence of the ILs are shown in
Figure 6.2(a-c). Interestingly, upon introducing the ILs, the PL intensity of the QDs has been
quenched, indicating the occurrence of charge transfer can happen from the QDs to the ILs.
Similar charge-transfer-mediated quenching involving pyridinium-based ILs has been reported
previously.'? Moreover, the quenching efficiency of the dicationic IL, [CsPy2]Brz, is found to
be considerably higher than that of the monocationic ILs, CsPyBr and CsPyBr. The emission
spectra collected with sequential additions of each IL and the corresponding decrease in QD
fluorescence intensity have been presented in Figure 6.2a-c. Interestingly, upon introducing the
ILs, the PL intensity of the QDs has been quenched, indicating the occurrence of energy/charge
transfer can happen from the QDs to the ILs. It is important to note that no spectral overlap
(shown in Figure APX6.3) has been observed between the QD emission and the absorption
bands of these ILs, which has ruled out the possibility of an electronic energy-transfer (EET)
pathway in the current system. Therefore, the charge transfer is the only possibility in this case.
Similar charge-transfer-mediated quenching involving pyridinium-based ILs has been reported
previously.!? It is be noted that upon addition of the acceptor, the donor emission undergoes a
slight red shift. TEM micrographs (Figure APX6.4) reveal no discernible change in the size of
the QDs before and after the addition of all three ILs, indicating that the observed red shift does
not originate from structural modifications. Instead, this spectral shift is most likely attributed
to the charge-transfer interactions between the nanocrystals (NCs) and the acceptor moiety.**
% Based on the data shown in Figure 6.2d-f, the charge-transfer efficiencies for CsPyBr,
CePyBr, and [CsPy2]Br. have been estimated to be approximately 66%, 64%, and 84%,
respectively. Furthermore, the steady-state PL quenching data have been analysed using Stern—
Volmer (SV) plots (Fo/F vs. [Q]) for the QDs in the presence of each of the three ionic liquids,

as shown in Figure 6.2. Interestingly, the upward curvature observed in the Stern—Volmer (SV)
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plots (Fo/F vs. [Q]) (Shown in Figure 6.2d-f) for all IL systems has suggested that both static
and dynamic quenching pathways can contribute to the overall quenching mechanism in the
present system. The static quenching constants (Ks) values are estimated to be ~1.11 x 104,
~1.00 x 10% and ~4.14 x 10* M for QD-CsPyBr, QD-CsPyBr, and QD-[CsPy:]Br2
respectively, at 298 K, whereas the corresponding dynamic quenching constants (Kp) values
are found to be ~2.67 x 10, ~2.60 x 10? and ~7.14 x 10°> M, respectively. Moreover, the
negative {-potential of the CdTe@ZnS QDs (Figure APX6.5 and Table APX6.1) indicates the
presence of negatively charged mercaptopropionic acid (MPA) ligands on the QD surface. This
negative surface potential is expected to promote electrostatic interactions with the cationic
pyridinium moieties of the ILs, facilitating their association with the QDs and leading to
electrostatically driven photoluminescence (PL) quenching. Upon the addition of ILs, the
magnitude of the negative (-potential decreases, with a more pronounced reduction observed
in the presence of the dicationic ILs, as shown in Figure APX6.5 and Table APX6.1. This
observation further supports that the interaction between the QDs and ILs is predominantly
electrostatically driven. The fact that photo-induced electron transfer (PET) process can be
driven by electrostatic interaction the donor and the acceptor moieties has also been reported
by Pillai and co-workers earleir.*’ A schematic representation of the said event is depicted in
Scheme 6.1. Furthermore, fluorescence correlation spectroscopy (FCS) has been employed to
investigate the QD-CsPyBr, QD-CsPyBr, and QD—[CsPy:]Br: interactions at the single-
molecule level. As shown in Figure APX6.6, the normalized FCS curves exhibit an increase in
diffusion time from ~170 ps for pristine QDs to ~650, 620, and 870 us for the respective QD—
pyridinium-based IL systems, confirming binding interactions between the QDs and ionic

liquids.
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Figure 6.2. (a—c) Emission spectra of the CdTe@ZnS QDs recorded with successive additions
of CsPyBr, C¢PyBr, and Cs(Py)2Brz. (d—f) Corresponding Stern—Volmer plots illustrating the
fluorescence quenching behaviour of the CdTe@ZnS QDs in the presence of increasing

concentrations of C3PyBr, C¢PyBr, and Ce(Py)2Br ILs.
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Scheme 6.1. The schematic representation of photoinduced charge transfer dynamics from

CdTe@ZnS QDs to Pyridinium-based ILs.

179



To gain deeper insight into the PL quenching mechanism, time-resolved PL (TRPL)
measurements have been carried out. The PL decay profiles of the QDs in the absence and
presence of the ILs are presented in Figure 6.3, and the corresponding decay parameters are
summarized in Table APX6.2. In the presence of CsPyBr, CsPyBr, and Cs(Py):Br2, the average
PL lifetime of the CdTe@ZnS QDs has been significantly reduced. For example, the average
PL lifetime for the pristine QDs decreases from 10.63 ns to 6.31 ns, 6.50 ns, and 3.34 ns for
QDs in the presence of CsPyBr, CsPyBr, and Cs(Py):Br, respectively, as depicted in Table
APX6.2.This substantial decrease in the PL lifetime further supports the occurrence of charge
transfer from the QDs (donor) to the ILs within the nanohybrid assemblies.!?> Moreover, from
the TRPL data, the charge-transfer efficiencies for the QD-IL systems have been estimated to
be 43%, 42%, and 70% in the presence of CsPyBr, CsPyBr, and Cs(Py)2Br, respectively. These
values are in good agreement with those obtained from the steady-state fluorescence
measurements, where contributions from both static and dynamic quenching processes have

been identified in the QD-ILs nanohybrid systems.

Additionally, the linear Stern—Volmer plots (to/t vs. [Q]) with positive slopes (Figure
6.3) for all three QD-ILs systems have confirmed the involvement of dynamic quenching
pathways in the overall quenching process. Furthermore, the dicationic ILs (Cs(Py):Br2) has
exhibited a considerably higher quenching efficiency compared to the monocationic ILs,
CsPyBr and CsPyBr, consistent with its stronger electron-accepting capability. The dynamic
bimolecular quenching rate constants (kq) for the QD-C3PyBr, QD-C6PyBr, and QD-
[CePy2]Br2 systems are estimated to be 2.5 x 10", 2.4 x 10", and 6.7 x 10" M s,
respectively. Furthermore, the dicationic ILs C6(Py)2Br2 have exhibited a considerably higher
quenching efficiency compared to the monocationic ILs, of C3PyBr and CsPyBr, consistent
with their stronger electron-accepting capability. The above results further reveal that the PET

process between QD and ILs is largely insensitive to the alkyl chain length of the ionic liquids,
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while being predominantly governed by the pyridinium moiety, highlighting the crucial role of
ionic liquid molecular architecture in the PET process. It is pertinent to mention that the
simultaneous occurrence of static and dynamic photoluminescence (PL) quenching in core—
shell quantum dot systems has also been reported for quantum dot—organic dye assemblies,
where the photoinduced electron transfer (PET) process is driven by electrostatic interactions
between the donor and acceptor moieties.*’” Therefore, the present interpretation of the

quenching mechanism is consistent with previously reported observations.
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Figure 6.3. (a—) Fluorescence decay profiles of the CdTe@ZnS QDs recorded with successive
additions of C3PyBr, CsPyBr, and Ce(Py)2Br2. (d—f) Corresponds plots of 7,/7 versus of
concentrations of C3PyBr, CsPyBr, and Cs(Py)2Br> ILs.

Results from both steady-state and time-resolved measurements have indicated that electron
transfer from the QDs to the pyridinium-based ILs has played a key role in the quenching of
QD emission. Under normal conditions, the photoluminescence decay of isolated QDs,
primarily governed by exciton recombination, has typically occurred on the nanosecond

timescale. However, in the presence of these ionic liquids, the decay has shifted to the
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femtosecond regime, revealing an ultrafast quenching channel that has become active due to

the QD-IL interaction.

To interpret this behaviour, the energetic alignment of the conduction and valence bands
of the QDs with the LUMO and HOMO levels of the pyridinium-based ILs has been
considered. Moreover, the observation of negative free-energy changes, obtained by using
Rehm-Weller equation*®1.11, have clearly suggested that the light-induced electron transfer
from the QDs to all three systems is energetically accessible and thermodynamically

favourable.

To obtain direct mechanistic insight into the ultrafast charge-carrier dynamics
governing the interaction between CdTe@ZnS quantum dots (QDs) and ionic liquids, ultrafast
transient absorption (TA) spectroscopy has been employed as a decisive probe. This technique
has enabled real-time tracking of carrier relaxation and interfacial electron-transfer processes
on femtosecond to nanosecond time scales.*~° TA measurements have been performed for
pristine CdTe@ZnS QDs and for QDs in the presence of pyridinium-based ionic liquids under
identical experimental conditions. Following excitation at 2.95 eV (420 nm), transient
absorption spectra of pristine CdTe@ZnS QDs were recorded across the 440-700 nm spectral
window at various pump-probe delay times, as shown in Figure 6.4a. The TA spectra of pristine
CdTe@ZnS QDs exhibit a pronounced ground-state bleach centered at 516 nm, corresponding
to the band-edge excitonic transition and in excellent agreement with the steady-state
absorption maximum (Figure 6.1).>! Upon introduction of the ionic liquids, the overall spectral
signatures remain qualitatively similar, confirming preservation of the QD electronic structure;
however, a marked reduction in bleach intensity has been observed for all QD-IL hybrids
(Figure 6.4c-d). Notably, the bleach amplitude decreases (Figure 6.4d) most significantly in the
presence of the dicationic ionic liquid [CePy2]Br2, reaching approximately half of that observed

for pristine QDs, while the monocationic ILs induce comparatively smaller reductions. Because
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both pump fluence and optical density have been carefully maintained constant, the diminished
bleach intensity unambiguously indicates efficient photoinduced hot electron transfer from the

QDs to the ionic liquids rather than changes in excitation density or absorption. 33

Further compelling evidence for this interfacial electron-transfer process has been
obtained from the TA kinetic traces monitored at the bleach maximum (Figure 6.5). It is to be
noted here that carrier dynamics of the pristine CdTe@ZnS QDs have been previously studied
by several researchers using TAS.>-* The kinetics of pristine have been characterized by an
initial sub-picosecond rise associated with hot-carrier relaxation to the band-edge states,
followed by multicomponent bleach recovery reflecting carrier trapping, detrapping, and
recombination processes (Table 6.1). For example, in pristine QD, the rise time 1, = 250 fs
(Table 6.1) corresponds to hot-carrier relaxation from higher excitonic states to the band
edge.’*>* The subsequent bleach recovery is fitted in time constants of 1 =1.10 ps (—38.8%),
and 12 =18.5 ps (-31.7%) and 13 =>1 ns (—29.5%) (Table 6.1). The shortest decay component
(1) is attributed to the shallow trapping of band-edge charge carriers at defect states,>>*
whereas the intermediate decay component (t2) corresponds to deep trap states. The longest
decay component (ts) is associated with charge recombination processes.’*>* Similar
multicomponent relaxation dynamics have been reported in related quantum dot systems by
Samanta and co-workers and Ghosh and co-workers.**>* A similar mechanistic interpretation
has been used to rationalize the PET kinetics of quantum dots in the presence of organic and
inorganic analytes. As can be seen from Figure 6.5a, the presence of ionic liquids dramatically
modifies these dynamics. It is to be noted that the excitation at 420 nm initially promotes
carriers to high-energy states well above the conduction band minimum. The subsequent
relaxation of these non-thermalized electrons toward the band edge, leading to the formation
of cold carriers, is predominantly observed as the growth of the bleach signal. Consequently,

the ~250 fs rise time represents the intraband relaxation (thermalization) of hot electrons. The
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photoinduced bleach is inherently majorly contributed by electrons rather than by holes due to
the substantially lower electron effective mass (mn/me = 4) and the higher degeneracy of the
valence band in CdTe.’* In the presence of all three ILs, the growth time is found to be
significantly reduced, even lower than the temporal resolution of our femtosecond setup
(<0.1ps), which confirms the ultrafast hot electron transfer from the QDs to ILs. Notably, the
band edge bleach intensity (Figure 6.5b) of the QDs is reduced to half and three-fourth in the
presence of DILs and both MILs, respectively, which indicates ~50% of the hot electrons are
transferred from the QDs to DILs, whereas ~25% transfer is observed for MILs. Under these
conditions, bleach formation is no longer dominated by electron cooling but is instead governed
by the relaxation dynamics of hot holes, providing compelling evidence for efficient hot-
electron extraction by the ionic liquids before complete band-edge thermalization.™
Concomitantly, the bleach recovery accelerates substantially in the presence of ILs, providing
direct spectroscopic evidence for rapid band edge electron transfer from the QDs to the ionic
liquids. In this regime, the temporal evolution of the bleach primarily reflects the dynamics of
hole trapping and the subsequent recombination. Because the presence of an electron acceptor
rapidly removes electrons from the QDs, exciton dissociation is enhanced, and the recovery of
the bleach is no longer governed by electron dynamics. It is pertinent to mention here that
efficient light-induced electron-transfer processes from core-shell quantum dots to organic and

inorganic acceptor are well documented in the literature.*’->3-5

184



CHAPTER 6

| AA(mOD)

=y
o

500

Wavelength (nm)

550 600

5 (c)

it L2

500 fs
—1 ps
2 PS
-5 ps
w20 ps
100 ps
2ns

500

Figure 6.4. Transient absorption spectra of CdTe@ZnS QDs in (a) absence ILs and in presence
of (b) CsPyBr, (c) C¢PyBr, and (d)[CsPy2]Br: ILs plotted at different pump-probe delay times

550 600
Wavelength (nm)

after the photoexcitation of 420 nm.

CdTe@ZnS

CdTe@ZnS+ [C,Pyr]Br
CdTe@Zn5+ [CiPyr]Br
CdTe@ZnS8+ [C4(Pyr),]Br,

2
Delay Time (ps)

Figure 6.5. (a) Normalized TA kinetics of CdTe@ZnS QDs in the absence and presence of
various pyridinium-based ILs probed at 516 nm after the photoexcitation of 420 nm. (b)
Comparative kinetics for CdTe@ZnS QDs in the absence and presence of CsPyBr, C¢PyBr, and

1000 2000

[CePy2]Br: at their bleach maxima (516 nm).

AA(mOD)

500 550 600
Wavelength (nm)

° d

J @

24

0-
-2. —500 fs

—1 ps

= —2 PS
-64 ——5ps

500

550 600

Wavelength (nm)

CdTe@ZnS

CdTe@ZnS+ [C,Pyr]Br
CdTe@ZnS+ [C,Pyr]Br
CdTe@ZnS+ [C¢(Pyr),]Br,

o 1 2 3

100 200 300 400 500

Delay Time (ps)

185



Table 6.1. Kinetic Fitting Parameters for the Probe Monitored at the Bleach Position (516 nm).

System Tg(ps) t1(ps) a1 T2(ps) 02 3 a3
al
QDs 0.25 1.07 18.50 >1 ns
(100%) (-39%) (-31%) (-30%)
QDs-CsPyBr <0.1 1.40 23.00 >1 ns
(100%) (-53.4%) (-37.6%) (-19%)
QDs-CsPyBr <0.1 1.73 25.00 >1 ns
(100%) (-54.5%) (-27.1%) (-18.4%)
QDs-[CesPy2]Br2 <0.1 0.10 1.10 19.3 ps
(100%) (-26%) (-55%) (-19%)

Among the studied systems, the fastest bleach recovery has been observed for the [CsPy2]Br2-
treated QDs, clearly demonstrating that the dicationic ionic liquid possesses the highest
electron-accepting capability. This trend correlates strongly with the molecular architecture and
enhanced electron affinity of the dicationic IL and is fully consistent with the results obtained
from steady-state and time-resolved photoluminescence measurements. The more favorable
thermodynamic driving force for electron transfer in the dicationic system further rationalizes
the observed acceleration in carrier extraction dynamics. Based on these observations, a
coherent picture of the photoinduced charge-transfer mechanism has emerged. Upon
photoexcitation, electrons in CdTe@ZnS QDs are promoted to high-energy conduction-band
states. In the absence of ionic liquids, these carriers relax to the band edge and recombine
radiatively, giving rise to photoluminescence. In the presence of pyridinium-based ionic
liquids, however, an energetically favorable interfacial pathway becomes operative, enabling
ultrafast transfer of conduction-band electrons from the QDs to the LUMO levels of the ionic
liquids. This efficient electron extraction suppresses radiative recombination, leading to
pronounced quenching of both photoluminescence intensity and lifetime. The efficiency of this

process is dictated by the electron-accepting strength of the ionic liquids, with the dicationic
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[CePy2]Br> enabling the most efficient charge extraction. A schematic illustration of the
photoinduced charge-transfer mechanism is presented in Scheme 6.1. Hence, these ultrafast
spectroscopic results constitute the most direct and compelling evidence for the role of
pyridinium-based ionic liquids as efficient photoinduced electron acceptors from CdTe@ZnS
QDs. The TA measurements firmly establish interfacial electron transfer as the dominant
quenching mechanism and highlight molecular design of ionic liquids as a powerful strategy

for controlling carrier dynamics at QD interfaces.

6.3. Conclusion

In this study, we have systematically investigated the charge-transfer dynamics between
CdTe@ZnS quantum dots and a series of pyridinium-based ionic liquids—CsPyBr, CsPyBr,
and [CsPy2]|Br2, which are chosen for their strong electron-accepting capabilities. Steady-state
photoluminescence measurements have revealed pronounced quenching of QD emission upon
the addition of these ILs, while the absence of spectral overlap between the donor emission and
IL absorption bands has confirmed that the quenching event does not proceed through an
energy-transfer mechanism. Instead, the observed decrease in emission intensity, along with
Stern—Volmer behavior, has indicated that both static and dynamic quenching processes
contribute to the interaction, with the dicationic IL consistently demonstrating the highest
quenching efficiency. Time-resolved PL studies have further substantiated these observations
by showing a significant shortening of the QD lifetimes in the presence of the ILs, consistent
with effective electron transfer from the QDs to the ionic acceptors. The trend in charge-transfer
efficiencies (highest for [CsPy:]Br2) correlates well with the molecular structure and electron-
accepting strength of the ILs. Complementary ultrafast transient absorption measurements have
provided direct evidence of accelerated carrier extraction and faster bleach recovery dynamics

in the IL-treated QDs, further confirming the significant role of the interfacial electron transfer
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process in governing the quenching mechanism. Overall, the combined steady-state, time-
resolved, and ultrafast spectroscopic analyses have established that pyridinium-based ILs
efficiently modulate exciton recombination in CdTe@ZnS QDs through rapid electron-transfer
pathways. The enhanced charge-accepting ability of the dicationic IL underscores the
importance of molecular design in tuning interfacial interactions. These insights not only
deepen our understanding of QD-IL electronic coupling but also provide valuable guidelines
for designing next-generation hybrid materials for optoelectronic and energy-conversion

applications.

5.4 Appendix

[Cs(Py)IBr
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Chart APX6.1. Molecular structure of [C3(Py)]Br, [Cs(Py)]Br, and [Cs(Py)2]Br2 ILs.
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Figure APX6.6. FCS spectra of CdTe@ZnS QDs in the absence and presence of ILs.

Table APX6.1. Zeta potential of CdTe@ZnS QDs in absence of ILs and in the presence of

CsPyBr, CsPyBr, and [CePy2]Br: ILs.

Sample Zeta Potential (mV)
CdTe@ZnS QDs -31.3

CdTe@ZnS QDs in the presence of CsPyBr -19.3

CdTe@ZnS QDs in the presence of CsPyBr -17.1

CdTe@ZnS QDs in the presence of [CsPy2]|Br -9.0

Table APX6.2. PL decay parameters of CdTe@ZnS QD alone and in presence of ILs.

Sample T1(ns) ar T2 (ns) o2 T3 (ns) 03  Tav (ns)?
CdTe@ZnS QD 0.63 0.33 6.70 032 2385 035 10.63
QDs+CsPyBr 0.65 0.39 526 037 17.23 024 6.31
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QDs+CePyBr 0.56 0.42 527 0.32 17.63  0.26 6.50

QDs+[CsPy2]Br2 0.47 0.62 413 027 1727 0.11 3.34

Experimental error = +8%
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Thesis Summary and Future Perspective

This thesis investigates how interfacial engineering—through ionic liquids (ILs) and organic
J-aggregates—can modulate exciton dynamics, enhance stability, and control energy/charge-
transfer processes in halide perovskite nanocrystals (PNCs) and chalcogenide quantum dots
(QDs). Although these nanomaterials exhibit tunable optical properties and strong excitonic
behaviour, their performance is often constrained by surface traps, structural instability, and
inefficient exciton transport. The work presented here addresses these challenges through the

systematic design of hybrid systems.

The first section demonstrates that imidazolium-based ILs significantly improve the
photophysical properties of CsPbXs PNCs by suppressing trap-assisted recombination,
removing surface Pb-adatoms, and enhancing resistance to moisture and continuous irradiation.
These treatments yield higher photoluminescence (PL) intensity and prolonged exciton
lifetimes, confirmed at ensemble and single-particle levels. Subsequently, an IL-directed
antisolvent precipitation strategy is developed to synthesize phase-pure CssPbBrs microdisks
at room temperature. The IL not only governs crystal morphology but also enables strong green
emission with large exciton-binding energy and pronounced exciton—phonon coupling. Spatial

PL mapping reveals heterogeneous trap distributions across individual microstructures.

The hybrid studies explore excitonic coupling and charge-transfer phenomena. In CdTe@ZnS
QD-J-aggregate assemblies, highly efficient Forster resonance energy transfer (FRET)
produces tunable valley splitting in QD emission without external fields, introducing a new
approach to exciton manipulation through nanoscale hybridization. The final section examines
photoinduced electron transfer (PET) in QD-IL systems using pyridinium-based mono- and

dicationic ILs. Ultrafast transient absorption and time-resolved PL reveal IL-structure-
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dependent charge separation on femtosecond—nanosecond timescales, offering mechanistic

insight into how ILs regulate exciton dissociation and interfacial electronic coupling.

Overall, this thesis provides a unified understanding of how ILs and organic aggregates serve
as effective interfacial modulators, enabling improved stability, controlled exciton transfer, and

emergent optical functionalities in semiconductor nanostructures.
Future Perspective

Future work may focus on the molecular design of ILs with tailored binding motifs to achieve
stronger defect suppression, enhanced charge mobility, and long-term stability in nanocrystals.
The IL-mediated synthesis of zero-dimensional perovskites can be expanded to scalable or
greener routes, aiding the ongoing investigation into the intrinsic origin of their emission. The
discovery of FRET-induced valley splitting opens pathways toward hybrid excitonic and
valleytronic platforms, potentially applicable in polarization-controlled photonic devices.
Additionally, ILs with tunable polarity, viscosity, or embedded redox functionalities could be
engineered to guide directional charge transfer for improved photovoltaic or photocatalytic
performance. Translating these hybrid nanomaterials into device architectures—such as LEDs,
photodetectors, and light-harvesting systems—remains a promising avenue to bridge

fundamental photophysics with functional technologies.
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