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Synopsis 
 

This thesis focuses on the design and development of multifunctional luminogens with efficient 

triplet harvesting aiming to enhance their performance in optoelectronic and sensory devices. 

It addresses many notable challenges like- aggregation-caused quenching (ACQ) in organic 

solid-state emitters and explores how systematic molecular modifications can overcome ACQ 

and enable efficient luminescence. Key aspects of the thesis include the molecular design of 

materials and the impact of structural variations on photophysical behavior, particularly 

thermally activated delayed fluorescence (TADF) and room temperature phosphorescence 

(RTP) efficiency. The thesis also investigates the factors influencing TADF efficiency in 

organic molecular aggregates, contributing to the development of high-performance OLED 

devices. Additionally, notable contributions have been made by utilizing hyperfluorescence 

processes to achieve pure and efficient yellow emission. Overall, the thesis contributes to 

advancing multifunctional luminogens, offering valuable insights for their application in 

optoelectronics, bioimaging, and related fields. 

 

Chapter 1. Introduction to thermally activated delayed fluorescence (TADF), 

room temperature phosphorescence (RTP), and other related pathways for 

efficient solid-state emission: Fundamentals and applications 

The principles governing light emission in organic solid-state emitters are significantly 

influenced by their mode of aggregation. Strong π-π stacking interactions typically result in 

quenched emission in the solid state, a phenomenon commonly referred to as aggregation-

caused quenching (ACQ). In contrast, aggregation-induced emission (AIE) produces the 

opposite effect, enabling materials to emit light in the solid state. This chapter explores the 

crucial structure-property relationships and underlying mechanisms of these phenomena. 

Beyond achieving strong solid-state emission, another critical consideration is the efficiency 

of these emitters when implemented in real-world OLED applications. In this regard, efficient 

utilization of both singlet and triplet excitons, termed triplet harvesting, is of paramount 

importance. Thermally activated delayed fluorescence (TADF), which addresses these 

efficiency challenges, is a key focus. A comprehensive analysis of TADF mechanisms and the 

factors influencing them is provided. Additionally, other effective triplet harvesting 

approaches, such as room-temperature phosphorescence (RTP) and TADF-sensitized 

hyperfluorescence, are also discussed in detail. 



Chapter 2. Emergence of Aggregation Induced Emission (AIE), Room-

Temperature Phosphorescence (RTP), and Multistimuli Response from a Single 

Organic Luminogen by Directed Structural Modification  

This research focuses on developing novel multifunctional metal-free organic luminogens with 

Aggregation Induced Emission (AIE), Room-Temperature Phosphorescence (RTP), and 

mechanochromic behavior through systematic molecular engineering. Starting with TPANDI 

(Fig. 1), initially non-emissive due to strong π−π stacking among its planar naphthalene diimide 

units in aggregated states, modifications to the acceptor core in TPANMI and TPAPMI disrupt 

π−π stacking, transforming their behavior from Aggregation Caused Quenching (ACQ) to AIE. 

While TPANMI and TPAPMI exhibit AIE and RTP properties, they lack mechanochromic 

activity. To achieve simultaneous AIE, RTP, and mechanochromism, structural refinements 

introduced a cyano-ethylene group and a benzene linker in TPACNPMI (Fig. 1). This 

modification induced mechanochromic behavior alongside AIE and RTP properties. The study 

highlights the transformative capability of systematic structural engineering in converting 

molecules from ACQ to multifunctional luminogens. and was published in the Journal of 

Physical Chemistry B, J. Phys. Chem. B 2021, 125, 46, 12832–12846. 

 

 

Chapter 3. Engineering TADF, Mechanochromism, and Second Harmonic Up-

conversion Properties in Regioisomeric Substitution Space 

In this research, the applicant focuses on investigating the trifecta of Thermally Activated 

Delayed Fluorescence (TADF), Second Harmonic Generation (SHG), and mechanochromic 

luminescence (MCL) across three regio-isomers based on donor–acceptor structures. Through 

rigorous experimentation, it sis shown that the TADF properties can be finely adjusted from 

the ortho to the para isomer. Specifically, the ortho-isomer, DPAOCN, exhibits the slowest 

reverse intersystem crossing (RISC) rate (∼102–104 s−1), whereas the para-isomer, DPAPCN, 

displays the highest TADF efficiency with an RISC rate approaching ∼106 s−1. These variations 



in TADF efficiency primarily arise from differences in energy splitting (ΔEST) values and the 

extent of spin–orbit coupling (SOC) between the lowest singlet and triplet states. Additionally, 

the crystal structures of these isomers differ significantly: the ortho-isomer adopts a non-

centrosymmetric and chiral P212121 space group, whereas the other two crystallize in the 

centrosymmetric P21/C space group. Remarkably, the non-centrosymmetric packing of the 

ortho-isomer leads to exceptional mechanochromic luminescence properties, emitting green, 

yellow, and orange light, alongside impressive SHG characteristics with a χ(2) value of 0.19 

pmV−1 at 1220 nm and a Laser-Induced Damage Threshold (LIDT) of 13.27 GW cm−2. 

Furthermore, the electroluminescence potential of all three isomers through converted LED 

(cLED) device fabrication is explored. Moreover, these isomers demonstrate significant two-

photon absorption activity in both solution and crystal states and are successfully utilized in 

two-photon confocal cell imaging. This region-isomeric fine-tuning approach of TADF 

efficiency adopted by the applicant was considered to be greatly contributing to the TADF 

community for designing highly efficient TADF emitters and was published in the journal- 

Chemical Science, Chem. Sci., 2023,14, 13832-13841. 

 

 

Chapter 4. Navigating the ∆EST Factor by Excited State Potential Energy Surface 

Analysis in Aggregation Induced Delayed Fluorescence Emitters 

This study presents three donor-acceptor-based luminogens—TN, TA, and TP—exhibiting 

aggregation-induced delayed fluorescence (AIDF) properties. A combination of solvent-phase 

analysis and QM/MM-based calculations highlights a significant reduction in ∆EST values in 

the aggregated state, which is key to their AIDF behavior. These luminogens, characterized by 

a strong charge-transfer nature, effectively enhance singlet exciton diffusion length, enabling 

efficient photocurrent generation. Furthermore, their remarkable two-photon absorption 

capabilities underscore their potential for applications such as anti-Stokes shifted 

photoluminescence (ASPL) and two-photon cell imaging. Just accepted in Chemical 

Communications (https://doi.org/10.1039/D4CC05113K). 



 

Chapter 5. Donor Unit Engineering and Structural Dynamics for Enhanced 

TADF Performance in Organic Molecular Aggregates 

 

This study delves into the key factors enhancing the thermally activated delayed fluorescence 

(TADF) efficiencies of molecular aggregates, emphasizing the importance of energy gaps, 

spin-orbit coupling, and structural reorganization in the excited state. By synthesizing and 

analyzing a novel series of TADF emitters, it is demonstrated that the donor unit—such as 

phenoxazine, carbazole, and their derivatives—plays a pivotal role in influencing reverse 

intersystem crossing (RISC) rates, TADF lifetimes, and emission characteristics. Among these, 

phenoxazine-based emitters exhibit the highest TADF efficiency with rapid RISC rates (~10⁶ 

cm⁻¹), while carbazole-based emitters show slower rates (~10³-10⁴ cm⁻¹), longer TADF 

lifetimes, and diverse emission colors. Interestingly, the incorporation of carbazole-based 

emitters with mechanochromic luminescence (MCL) properties highlights their potential as 

multifunctional luminogens without compromising TADF performance. The fabrication of 

OLED devices with external quantum efficiencies exceeding 20% demonstrates the practical 

utility of these materials in advanced optoelectronic applications. This work provides critical 

insights into the design of efficient TADF emitters and establishes a foundation for developing 

high-performance, solution-processable materials for next-generation organic electronic 

devices, enabling advancements in light-emitting and sensing technologies. 
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Chapter-1 

 

  

Introduction to 

thermally activated 
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1.1 Introduction to aggregation-induced emission or AIE: 

 

The concept of "aggregate" is commonly defined as a collection or ensemble of elements 

forming a whole. The Oxford Dictionary characterizes it as "a whole formed by combining 

several separate elements," while Wikipedia describes it as "a collection of items that are 

gathered together to form a total quantity." This definition is evident in various contexts, such 

as concrete in construction, which exemplifies the idea of an aggregate material. In scientific 

discourse, aggregates often refer to clusters of molecules or particles. This notion becomes 

particularly relevant in photophysical studies, where aggregation can influence luminescence 

properties significantly. One notable photophysical phenomenon linked to molecular 

aggregation is concentration quenching (CQ). As described in the literature, CQ refers to the 

reduction in emission intensity as the concentration of a luminophore increases. This effect, 

extensively documented by Birks in studies on aromatic molecules, often arises from the 

aggregation of luminophores, leading to non-radiative processes that suppress fluorescence 

(Figure 1). For instance, fluorescein exhibits a marked CQ effect; its fluorescence diminishes 

in mixed solvent systems as aggregation increases, ultimately resulting in complete quenching 

under specific conditions. This behavior results from π–π stacking interactions that generate 

non-emissive species like excimers. While CQ presents a significant challenge in applications 

requiring high emission efficiency, the opposite photophysical event, aggregation-induced 

emission (AIE),1–10 has garnered attention for its potential benefits (Figure 1). Unlike CQ, AIE 

describes systems where aggregation enhances luminescence. Molecules exhibiting AIE, often 

referred to as AIEgens, remain weakly emissive in dilute solutions but emit strongly upon 

aggregation in anti-solvents or solid states. A classic example is hexaphenylsilole (HPS),11 

which shows negligible fluorescence as a monomer but becomes strongly emissive in poor 

solvent mixtures due to aggregation (Figure 1). The AIE effect has broad implications for 

developing advanced materials. By leveraging the luminescence properties of aggregates, 

researchers can design new optoelectronic materials, chemical sensors, and biomedical 

probes.4,10,12–15 This approach contrasts with efforts to mitigate CQ, which typically involve 

modifying molecular structures to prevent aggregation but often lead to trade-offs in 

performance. In contrast, AIE exploits aggregation as a beneficial phenomenon, paving the 

way for innovative applications in solid-state luminescent materials (Figure 1). Research into 

AIE continues to uncover insights into the mechanisms governing luminescence in the 

aggregate state. This has facilitated the development of molecular engineering strategies 
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centered on restricting intramolecular motions, a key factor in AIE behavior. By understanding 

and harnessing these mechanisms, AIE research holds the promise of advancing luminescence 

technologies that were previously constrained by CQ effects. 

1.2 Mechanistic Analysis of AIE Phenomena 

Understanding the mechanisms that drive aggregation-induced emission (AIE) is crucial for 

enhancing our knowledge of luminescence processes and for guiding the development of new 

AIE materials. Several mechanisms have been proposed to explain the phenomenon of 

Aggregation-Induced Emission (AIE); e.g. the restriction of intramolecular rotation (RIR),16 J-

aggregate formation (JAF), twisted intramolecular charge transfer (TICT),17 and excited-state 

intramolecular proton transfer (ESIPT).18–20 This section synthesizes insights from different 

studies to provide a comprehensive view of the emission processes in AIE systems, focusing 

on the structural and morphological factors that influence their luminescent properties. 

 

Figure 1: (a) Aggregation caused quenching (ACQ) phenomena of perylene and aggregation 

induced emission (AIE) phenomena of HPS, (b) technological applications of AIEgens in 

various fields. Figure (b) has been reproduced with permission from ref. 11 (Chem. Rev. 2015, 

115 (21), 11718–11940). 
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1.2.1 Restriction of Intramolecular Rotation (RIR) 

A fundamental principle in physics is that motion, whether molecular or macroscopic, requires 

energy. At the molecular level, such motions include rotations and vibrations. One of the most 

well-documented mechanisms for AIE is the restriction of intramolecular rotation (RIR). In 

 

Figure 2: (a) Understanding of AIE phenomenon by a restricted access to conical intersection 

(RACI) approach, (b) mechanism of AIE in TPE and THBA, (c) restriction of intermolecular 

vibration (RIV) mechanism for different AIE gens. Figure (b) has been reproduced with 

permission from ref. 11 (Chem. Rev. 2015, 115 (21), 11718–11940). Figure (c) has been 

reproduced with permission from ref. 21 (Adv. Mater. 2014, 26 (31), 5429–5479).  

 

molecules such as hexaphenylsilole (HPS) and tetraphenylethene (TPE) (Figure 2), AIE arises 

from the rotational freedom of peripheral phenyl rings around a central core. These rotations 

act as non-radiative relaxation pathways in dilute solutions, leading to minimal luminescence. 

However, in aggregated states, physical constraints restrict these intramolecular motions, 

thereby suppressing non-radiative decay and enabling radiative transitions. This shift results in 

enhanced fluorescence. Experimental investigations with HPS,16 for example, have 

demonstrated that luminescence intensity increases under conditions that hinder rotational 
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freedom—such as higher solvent viscosity, lower temperatures, and elevated pressure. 

Similarly, introducing bulky substituents or cross-linking structural units can enhance emission 

by limiting internal rotations. Theoretical models and simulations further corroborate the RIR 

mechanism,22,23 showing that low-frequency intramolecular motions are effectively restricted 

in aggregated states, supporting the notion that such motion restrictions underlie the AIE 

behavior in many molecular rotor systems. 

1.2.2 Restriction of Intramolecular Vibrations (RIV) 

Advancements in the study of Aggregation-Induced Emission (AIE) have led to the discovery 

of novel AIEgens, whose luminescence mechanisms extend beyond the traditional Restriction 

of Intramolecular Rotations (RIR) framework. One notable example is tetra(2-hydroxyphenyl) 

benzobisoxazole (THBA) (Figure 2),24,25 which exhibits AIE behavior despite the absence of 

rotatable moieties. The phenyl rings of THBA are locked by ethylene bridges, eliminating the 

possibility of rotational freedom. However, THBA remains non-emissive in solution and 

highly luminescent upon aggregation (Figure 2). This observation suggests that rotational 

motions alone do not account for its photophysical properties. To explain this phenomenon, 

the Restriction of Intramolecular Vibrations (RIV) mechanism has been proposed. Vibrational 

modes, similar to rotational ones, can act as non-radiative decay pathways for exciton energy. 

Computational studies employing quantum mechanics/molecular mechanics (QM/MM) 

methods provide compelling evidence for this hypothesis.26 For isolated THBA, six vibrational 

modes with significant reorganization energies (>200 cm⁻¹) are identified, cumulatively 

dissipating 5679 cm⁻¹ of excited-state energy. Upon aggregation, the number of such modes 

decreases to three, with a total energy dissipation of approximately 4016 cm⁻¹. This reduction, 

combined with diminished vibrational activity, facilitates radiative decay, thereby enhancing 

luminescence. Other AIEgen systems have corroborated the RIV phenomenon as well. For 

example, dibenzocyclooctatetraene-based AIEgens exhibit pronounced luminescence in the 

crystalline state, despite their structural flexibility in solution. In solution, dynamic 

conformational changes—such as ring inversions of the cyclooctatetraene (COT) core—leads 

to large non-radiative deactivation.27 In crystals, however, these motions are restricted by 

intermolecular steric interactions, promoting aggregate emission. Structural non-planarity in 

these AIEgens prevents π-π stacking, further reinforcing their luminescence. Another system, 

composed of a COT core linked to naphthaleneimide groups, illustrates how cooling enhances 

AIE. The suppression of COT ring vibrations at low temperatures leads to increased emission 

intensity, highlighting the critical role of RIV in controlling luminescent behavior. 
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Additionally, non-COT systems such as 1,4-phenyl-di(p-ethenyl-N-methylpyridinium) 

ditosylate (DMDPS) demonstrate AIE activity via RIV (Figure 3). In this system, vibrational 

motions of its Λ-shaped core are implicated in exciton energy dissipation, which is mitigated 

in aggregated states.28 These findings collectively establish the RIV mechanism as a 

complementary framework to RIR, broadening the understanding of AIE. The restriction of 

vibrational modes further explains the basic mechanism of AIEgens and opens new avenues 

for designing materials with customized luminescent properties. 

1.2.3 Restriction of Intramolecular Motions (RIM) 

The luminescence mechanism of Aggregation-Induced Emission (AIE) has been progressively 

expanded beyond the individual concepts of Restriction of Intramolecular Rotations (RIR) and 

 

Figure 3: (a) Molecular structure and AIE studies of DMDPS in binary mixtures. The inset 

shows the comparison of PL intensities and the PL emission in the solid state. (b) luminogens 

whose AIE nature is ascribed to the restriction of intramolecular motions (RIM). Figures (a), 

(b) & (c) have been reproduced with permission from ref. 11 (Chem. Rev. 2015, 115 (21), 

11718–11940). 

 

Vibrations (RIV) to encompass a broader framework known as the Restriction of 

Intramolecular Motions (RIM). This unified mechanism posits that both rotational and 

vibrational motions contribute to non-radiative energy dissipation in isolated molecules, while 

their suppression in the aggregated state enhances radiative decay, thereby inducing AIE. 
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Several AIEgens exemplify the RIM mechanism by combining vibrational cores with rotatable 

peripheral units. Phenothiazine derivative 1,29 for instance, adopts a butterfly-like molecular 

architecture, as revealed by density functional theory (DFT) calculations (Figure 3). In this 

solution, the rotational motions of the benzothiadiazole and phenyl rings, along with the 

vibrational modes of the phenothiazine core, dissipate excited-state energy non-radiatively. 

Upon aggregation, these intramolecular motions are restricted, activating luminescence. 

Similarly, the tetracyanoanthraquinodimethane-based AIEgen 230 shows non-emissive 

behavior in dilute solutions but exhibits yellow fluorescence in higher water fractions. Its 

anthraquinodimethane core adopts a boat-like configuration, enabling flapping vibrations and 

phenyl ring rotations to consume exciton energy (Figure 3). Aggregation restricts these 

motions, with intermolecular C−H···N hydrogen bonds further stabilizing the structure and 

enhancing emission. When this core is extended to form pentacenequinodimethane (3),31 the 

AIE effect persists. In solution, flapping motions of the bent core, phenyl rotations, and cyano 

vibrations dominate, leading to non-radiative decay (Figure 3). Aggregation induces 

nanoaggregate formation, as confirmed by scanning electron microscopy (SEM), which 

constrains these motions, allowing radiative decay to prevail. Interestingly, hydrocarbon-based 

AIEgens, such as 4,32 lacking cyano groups, still demonstrate AIE behavior. Its significantly 

bent pentacenequinodimethane framework, combined with the twisted conformation of its 

phenyl rings, effectively facilitates exciton energy dissipation via vibrational and rotational 

dynamics, even in monomeric phase (Figure 3). In the crystal state, even without hydrogen 

bonding, structural rigidification via aggregation facilitates bright blue emission. RIM extends 

beyond small molecules to macrocyclic AIEgens. For instance, oxacalixarene (5),33 containing 

tetraphenylethylene (TPE) units (Figure 3), exhibits gradual luminescence enhancement as the 

extent of aggregation increases. In solution, phenyl and diphenylmethane rotors dissipate 

energy through non-radiative decay. However, aggregate formation restricts these motions, 

turning on emission. 

Similarly, imidazolium macrocycle 634 and calixthiaphyrin 735 showcase Aggregation-

Enhanced Emission (AEE) through RIM. In solution, the vibrational and rotational motions of 

their constituent units dominate exciton relaxation pathways. However, as aggregation occurs, 

these intramolecular motions are suppressed, leading to enhanced fluorescence. Even systems 

with reduced phenyl content, such as calixbenzophyrin (8),36 demonstrate AEE upon 

aggregation (Figure 3). The RIM mechanism combines the photophysical fundamentals of RIR 

and RIV, highlighting their synergistic role in AIE. It provides a comprehensive framework for 
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understanding the non-radiative decay processes in isolated AIEgens and how aggregation 

redirects exciton relaxation through radiative channels. This unified perspective broadens the 

scope for designing novel AIE materials with diverse structural features and optimized 

photophysical properties. 

1.3 Thermally Activated Delayed Fluorescence (TADF) and Its Implications for 

Revolutionizing the Field of OLEDs. 

Organic light-emitting diodes (OLEDs) (Figure 4) have demonstrated significant utility owing 

to their highly efficient electroluminescence, lightweight nature, mechanical flexibility, 

potential for solution processing, and cost-effective manufacturing.37–46 Devices fabricated 

through vacuum processing have already entered the market, serving applications in full-color 

flat-panel displays and solid-state lighting. In OLEDs, light emission occurs through the 

recombination of charges injected from electrodes, leading to the generation of singlet and 

triplet excitons in a 25%:75% ratio, assuming equal recombination efficiency and neglecting 

spin-statistics-altering processes.44 To enhance OLED efficiency, it is crucial to utilize triplet 

excitons, typically "dark states" in organic systems. Phosphorescent OLEDs, incorporating 

heavy metals such as iridium or platinum, achieve near 100% internal quantum efficiency 

(IQE) through strong spin-orbit coupling (SOC).44 However, the reliance on rare and costly 

elements increases fabrication costs, and challenges like developing stable, deep-blue 

phosphors remain unresolved (Figure 4). While processes like triplet-triplet annihilation 

(TTA)47 and exciton-polaron interaction (EPI)48 offer partial solutions, their bimolecular nature 

complicates device control. In this regard, thermally activated delayed fluorescence (TADF) 

leverages unimolecular reverse intersystem crossing (RISC) to harness triplet excitons fully 

(Figure 4).49–60 Effective TADF design involves reducing the energy gap (ΔEST) between 

singlet and triplet states by separating the highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO). The factors that influence RISC rates are 

discussed briefly below- 

1.3.1 Singlet and triplet excited states:  

The foundational molecular design strategy for thermally activated delayed fluorescence 

(TADF) materials is predicated on minimizing the energy gap (ΔEST) between the first singlet 

(S₁) and triplet (T₁) excited states. This principle is based on ensuring that both S₁ and T₁ states 

arise primarily from a charge-transfer transition between the donor-localized highest occupied 

molecular orbital (HOMO) and acceptor-localized lowest unoccupied molecular orbital 

(LUMO). Under this configuration, the electron exchange energy (KHL) approaches zero, 
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Figure 4: (a) Different generations of OLEDs along with their emission mechanisms (blue=S1 

state, red=T1 state, and green S0 state). (b) Different layers of an OLED. 

 

leading to a minimal ΔEST.51 The S₁ and T₁ state energies are described by equations 

incorporating the one-electron energy values of the HOMO and LUMO, Coulomb repulsion 

energy (JHL), and electron exchange energy (KHL)- 

 𝐸𝑆1
= ℎ𝐻 + ℎ𝐿  +  𝐽𝐻𝐿 + 𝐾𝐻𝐿                                                                                                 (1) 

 𝐸𝑇1
= ℎ𝐻 + ℎ𝐿  +  𝐽𝐻𝐿 − 𝐾𝐻𝐿                                                                                                 (2) 

∆𝐸𝑆𝑇 = 2𝐾𝐻𝐿                                                                                                                          (3) 

𝐽𝐻𝐿 =  ∬ 𝑑𝑟1 𝑑𝑟2 𝐻(𝑟1) 𝐻(𝑟1)
1

𝑟12
 𝐿(𝑟2) 𝐿(𝑟2)                                                                       (4) 

𝐾𝐻𝐿 =  ∬ 𝑑𝑟1 𝑑𝑟2 𝐻(𝑟1) 𝐿( 𝑟1)
1

𝑟12
 𝐻(𝑟2) 𝐿(𝑟2)                                                                     (5) 

(Here, ℎ𝐻 [ℎ𝐿] denotes the one-electron energy of the HOMO (H) [LUMO (L)] orbital, while 

JHL is the Coulomb repulsion energy between electron 1 residing on HOMO and electron 2 

residing on LUMO, and 𝐾𝐻𝐿 denotes the corresponding electron exchange energy. To sum up, 

the integral 𝐾𝐻𝐿  between frontier molecular orbitals (FMOs) is required to be as small as 

possible, indicating that a very small overlap, even close to zero, between the highest occupied 
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molecular orbital (HOMO) and lowest unoccupied molecular orbital(LUMO) is necessary to 

induce a strong RISC process). Notably, while KHL stabilizes the T₁ state, it destabilizes the S₁ 

state, causing the triplet state to exhibit localized excitation (LE) characteristics and the singlet 

state to adopt a charge-transfer (CT) nature.51 Advanced computational techniques, such as 

natural transition orbitals (NTOs), are critical for accurately describing the electronic structure 

of extended π-conjugated systems with strong CT characteristics. For example, in the TADF 

emitter PXZ-TRZ, the spatial separation between electron and hole NTOs, facilitated by a 

nearly orthogonal molecular geometry, yields a very small ΔEST (~0.06 eV), enhancing reverse 

intersystem crossing (RISC). Conversely, in ACRFLCN, the T₁ state is more localized due to 

the substantial overlap of NTOs, resulting in a larger ΔEST (~0.24 eV). This behavior 

underscores the influence of molecular structure on the spatial overlap of wave functions and, 

consequently, the efficiency of TADF mechanisms.51 Understanding these parameters is 

crucial for designing TADF emitters with optimized performance for organic light-emitting 

diode (OLED) applications. 

1.3.2 Spin-orbit coupling:  

The efficiency of the thermally activated reverse intersystem crossing (RISC) process, which 

enables the transition from the T₁ to S₁ states, can be analyzed using the Marcus electron-

transfer theory. Within its Marcus-Levich-Jortner formulation, the RISC rate depends on the 

spin-orbit coupling (SOC) matrix element ⟨S₁|ĤSO|T₁⟩, the Marcus reorganization energy (λₘ)  

associated with low-frequency vibrations, and the effective energy (ℏωeff) of high-frequency 

intramolecular vibrational modes. 

𝑘RISC =
2𝜋

ħ
|⟨S1|𝐻̂SO|TI⟩ |2 1

√4𝜋𝜆M𝑘B𝑇
∑  ∞

𝑛=0 e−𝑠 𝑆𝑛

𝑛!

exp [−
(Δ𝐸ST+𝜆M+𝑛ħ𝜔eff)2

4𝜆M𝑘B𝑇
]

                                                                        (6) 

 

This expression parallels the framework used to model charge transport in organic 

semiconductors, but with SOC replacing electronic coupling. Importantly, the SOC magnitude 

is crucial in determining RISC rates. For instance, second-generation OLED emitters such as 

iridium-tris-phenylpyridine exhibit SOC values of approximately 150 cm⁻¹, whereas purely 

organic TADF materials typically have much weaker SOC values, often ≤1 cm⁻¹. Despite these 

lower values, even a modest enhancement in SOC can exponentially increase the RISC rate. In 

twisted charge-transfer (CT) TADF emitters, the S₁ and T₁ states often exhibit significant CT 

characteristics, resulting in a small ΔEST but minimal SOC due to the formal cancellation of  
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Figure 5: (a) Molecular structures of PXZ-TRZ and ACRFLCN, CT based TADF emitters. (b) 

Natural transition orbital (NTO) analysis along with spin-orbit coupling values in between S1, 

T1 & T2 states of PXZ-TRZ & ACRFLCN. Figure (a) has been reproduced with permission 

from ref. 52 (Acc. Chem. Res. 2018, 51 (9), 2215–2224). Figure (b) has been reproduced with 

permission from ref. 51 (J. Am. Chem. Soc. 2017, 139 (11), 4042–4051). 

 

spin-orbit coupling between states with identical spatial orbital occupations. This phenomenon 

arises because the SOC operator requires a change in orbital angular momentum to compensate 

for changes in spin angular momentum. For example, in the molecule ACRFLCN, the SOC 

between the predominantly CT S₁ and T₁ states is minimal (~0.01 cm⁻¹). However, when there 

is a disparity in the electronic character of these states, as in PXZ-TRZ, where T₁ is a local 

excitation (LE) state and S₁ is a CT state, SOC can increase substantially (up to 1.54 cm⁻¹) 

(Figure 5). Furthermore, the introduction of heavy atoms such as bromine, exploiting the 
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heavy-atom effect, can enhance SOC between excited states. This enhancement supports both 

reverse ISC (T₁/T₂ to S₁) and forward ISC (S₁ to T₁/T₂), the latter of which can be detrimental 

to fluorescence quantum yield if it dominates over radiative decay. Thus, optimizing SOC 

requires balancing fluorescence and ISC rates to ensure efficient RISC without compromising 

overall emission efficiency. These findings emphasize the importance of tailoring the excited-

state properties and molecular design to maximize TADF performance.51 

1.3.3 Effects of molecular vibrations:  

To understand the combined effects of spin-orbit coupling (SOC) and the singlet-triplet energy 

gap (ΔEST) on reverse intersystem crossing (RISC) rates, the T₁ → S₁ transition has been 

evaluated using Marcus-Levich-Jortner theory. The RISC rate, modeled using Equation 6, 

demonstrates that when ΔEST is below 0.1 eV, the process is significantly rapid, exceeding 105 

s-1 which aligns well with empirical observations of smart thermally activated delayed 

fluorescence (TADF) emitters such as PXZ-TRZ. This rate meets the temporal requirements 

for display technologies. However, for ΔEST values equal to or greater than 0.3 eV, RISC rates 

decline sharply to below 103 s-1 indicating limited triplet harvesting efficiency. Interestingly, 

some molecules, such as DTC-DBT, exhibit efficient TADF behavior despite having ΔEST ≥ 

0.3 eV. This efficiency can be attributed to dynamic effects, particularly molecular vibrations. 

In DTC-DBT rotational modes involving carbazole groups, with frequencies below 20 cm⁻¹, 

lead to near-degeneracy of the S₁/S₂ and T₁/T₂ states, enhancing SOC between S1 & T2 states 

(⟨S₁|ĤSO|T₂⟩) and vibronic coupling between T1 & T2 states (Figure 6).52 This phenomenon 

opens a new T₂ → S₁ conversion channel, enabling efficient RISC in such materials even with 

higher static ΔEST values. Quantum dynamics simulations have further supported the 

importance of vibronic interactions in RISC processes. Studies reveal that vibronic couplings 

between local excitation (LE) and charge-transfer (CT) triplet states, as in donor-acceptor-

donor (D-A-D) systems, significantly increase RISC rates. These findings suggest that RISC 

efficiency depends not only on the direct S₁-T₁ energy gap but also on intermediate state 

contributions (e.g., T₂). In this regard, it is important to note that molecular vibrations also 

modulate SOC dynamically. Out-of-plane deformations enhance interactions between ¹ππ* and 

³ππ* states, favoring intersystem crossing (ISC). For instance, twisting angles in conjugated 

polymers have been shown to amplify SOC between singlet and triplet states. Additionally, 

studies on psoralen and other organic systems demonstrate the role of linear vibronic couplings 

in augmenting SOC, reinforcing the significance of molecular geometry and vibrations in ISC 

and RISC processes. Beyond traditional RISC, alternative mechanisms have been proposed to 
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Figure 6: (a) Molecular structure of DTC-DBT. (b) Illustration of the displacement vectors of 

low-frequency normal modes in DTC-DBT. (c) Potential energy surface (PES) of excited S1, 

S2, T1 & T2 states in DTC-DBT. Figures (a), (b) & (c) have been reproduced with permission 

from ref. 52 (Acc. Chem. Res. 2018, 51 (9), 2215–2224). 

 

explain efficient triplet-to-singlet conversion in organic emitters. For instance, some systems 

utilize a wide energy separation between T₂ and T₁ to slow T₂ → T₁ internal conversion, 

facilitating T₂ → S₂ transitions. Others exploit interactions between triplet excitons and 

neighboring charge carriers (polarons) to generate singlet excitons, thereby surpassing the 

internal quantum efficiency limits of fluorescent organic light-emitting diodes (OLEDs). These 

findings underscore the necessity of considering vibronic and spin-vibronic couplings for a 

comprehensive understanding of RISC dynamics. Advanced theoretical frameworks, such as 

second-order perturbation theory, offer insights into these processes, enabling the design of 

next-generation OLED materials with optimized triplet-to-singlet conversion efficiencies.61 

1.3.4 Advancements in Organic TADF Emitters and Impact on OLED Performance:  

In organic light-emitting diodes (OLEDs), the most important parameter that defines its 

credibility is the external quantum efficiency (EQE) value. The EQE62 is expressed as 

EQE= ΦPL×γ×EUE×ɳOUT                                                                                                       (7) 
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Figure 7: (a) TADF emitters reported by Adachi and co-workers in 2012. (b) EQE vs current 

density plots of the TADF emitters. Figures (a) & (b) have been reproduced with permission 

from ref. 63 (Nature 2012, 492 (7428), 234–238). 

 

In this context, ΦPL represents the photoluminescence quantum yield (PLQY), γ denotes the 

charge balance factor, and EUE refers to the exciton utilization efficiency. Together, these three 

parameters determine the internal quantum efficiency (IQE). Meanwhile, ηout corresponds to 

the light outcoupling efficiency, typically constrained to 20%–30% in multilayer OLEDs. 

Consequently, achieving exceptionally high external quantum efficiencies (EQEs) necessitates 

careful optimization of both IQE and ηout simultaneously. In 2012, for the first time, Adachi 

and coworkers introduced a series of efficient thermally activated delayed fluorescence 

(TADF) emitters, utilizing benzene substituted with cyano groups as electron-withdrawing 

groups (EWGs) and highly twisted neighboring carbazole units as electron-donating groups 

(EDGs).63 By varying the number of carbazole units and their substitution patterns on the 

benzene core, the photoluminescence (PL) properties of these TADF molecules were tuned 

across a range from sky blue (473 nm) to orange (577 nm), achieving photoluminescence 

quantum yields (PLQYs) between 26.1% and 74.3%. These molecules exhibited distinct 

nanosecond-scale prompt decay components along with microsecond-scale delayed decay 

components. The corresponding organic light-emitting diodes (OLEDs) demonstrated 

remarkable performance, with external quantum efficiencies (EQEs) of 19.3 ± 1.5% for the 

green emitter 2,4,5,6-tetra(9H-carbazol-9-yl) isophthalonitrile (4CzIPN) 11.2 ± 1.0% for the – 
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Figure 8: (a) Design strategy of conventional TADF emitters and shamrock-shaped design 

along with the molecular stryctures of BO-3DMAC & BO-3DPAC. (b) External quantum 

efficiencies (EQE) vs luminance curves for BO-3DMAC & BO-3DPAC. 

orange emitter 2,3,5,6-tetrakis(3,6-diphenyl-9H-carbazol-9-yl) terephthalonitrile (4CzTPN-

Ph), and 8.0 ± 1.0% for the sky-blue emitter 4,5-di(9H-carbazol-9-yl) phthalonitrile (2CzPN) 

(Figure 7).63 This work marked the first successful demonstration of the small-molecule TADF 

concept in OLEDs, enabling the effective harvesting of all excitons during the 

electroluminescence process i.e. internal quantum efficiency (IQE), ηint.~100%. In addition to 

internal quantum efficiency (IQE), the light outcoupling efficiency ηout remains a significant 

challenge in advancing TADF-based OLEDs with higher external quantum efficiencies 

(EQEs). To address these performance bottlenecks, various strategies have been proposed to 

enhance ηout in the last few years, among which increasing the horizontal dipole ratios Ɵ// of 

emitters is a promising and cost-effective approach.64 Theoretically, optimizing Ɵ// could 

improve ηout from the typical range of 20–30% to approximately 45% by employing high 

molecular weight emitters with rod- or dish-like molecular geometries. In this regard, donor- 
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acceptor (D3-A) molecules with shamrock-shaped geometries have emerged as an innovative 

design paradigm. For instance, Adachi et al. developed a shamrock-shaped emitter, mBDPA 

TOAT, in 2021, achieving a maximum EQE (EQEmax) of 17.3% with narrow red emission.65 

Similarly, in 2022, Zysman-Colman and colleagues reported the molecule 3Cz-DiKTa, which 

exhibited an EQEmax of 24.4%.66 They further improved the design, introducing two new 

molecules with EQEmax values exceeding 30%.67 Notably, TADF molecules with shamrock-

shaped structures often exhibit beneficial properties such as aggregation-induced emission 

(AIE), reduced efficiency roll-off, and narrow emission bands when appropriate donor and 

acceptor groups are incorporated (Figure 8). Building on this concept, in 2023, Chi and co-

workers proposed a design strategy utilizing an oxygen-bridged boron (BO) acceptor core with 

intrinsic planarity and three substitution sites.68 The BO unit, serving as the electron acceptor, 

is characterized by its high rigidity and wide planarity, ensuring suppressed intramolecular 

motion and elevated Ɵ//. Their planar structure in multiple directions and increased molecular 

weight resulted in Ɵ// values of 70–94%. These rigid and shamrock-shaped donor-acceptor 

structures endow BO-3DMAC and BO-3DPAC with strong TADF characteristics, achieving 

photoluminescence quantum yields (PLQYs) of 86.5% and 99.6%, respectively. Sky-blue 

TADF-OLEDs based on BO-3DMAC and BO-3DPAC were fabricated using a host-guest 

doping technique, delivering EQEmax values of 28.3% and 38.7%, respectively (Figure 8).68 

These results highlight the effectiveness of the shamrock-shaped molecular design in achieving 

high-performance OLEDs. 

1.4 Other ways of triplet harvesting using organic emitters: 

1.4.1 Hyperfluorescent emitters: 

The development of third-generation organic light-emitting diodes (OLEDs) has been 

significantly advanced by the introduction of thermally activated delayed fluorescence (TADF) 

emitters. TADF emitters achieve near-unity internal quantum efficiency (IQE), making them 

highly promising candidates for cost-effective and sustainable OLED applications. However, 

the inherent broad emission spectra of TADF materials compromise the color purity of the 

devices, while the prolonged lifetimes of excitons contribute to degradation mechanisms that 

ultimately reduce external quantum efficiency (EQE) and device stability.69 In response to 

these challenges, hyperfluorescent (HF) emitters have emerged as a potential solution, often 

referred to as the fourth generation of OLEDs. HF systems combine the unique properties of 

TADF and 
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Figure 9: Mechanism of TADF sensitized hyperfluorescence emission from a terminal singlet 

emitter with narrow-band emission. 

 

fluorescent emitters, creating a synergistic emission mechanism. The key principle involves 

Förster resonance energy transfer (FRET), where the triplet excitons generated by the TADF 

donor are transferred to a fluorescent acceptor, resulting in efficient singlet emission (Figure 

9).69–77 This hybrid approach achieves significantly higher photon yields—up to four times 

greater than conventional fluorescent emitters under identical excitation conditions. Moreover, 

HF emitters exhibit narrow-band and intense emissions, addressing the limitations of TADF 

materials in terms of color purity and stability. The exploration of HF emitters continues to 

gain momentum, driven by their potential to deliver OLEDs with superior optical and 

operational performance. Recent advancements have focused on elucidating the molecular 

design principles, optimizing the photophysical properties, and integrating HF emitters into 

device architectures. These developments underscore the transformative potential of HF 

technology in the evolution of high-performance OLEDs.  

1.4.2 Spectral overlap for energy transfer process:  

Spectral overlap refers to the extent of coincidence between the absorption spectrum of a 

fluorescent emitter (acting as the FRET acceptor) and the emission spectrum of a charge 

transport material, often referred to as the TADF assistant host (acting as the FRET donor). 

This overlap is a critical parameter influencing energy transfer efficiency in HF-based organic 

light-emitting diodes (OLEDs). When the emission spectrum of the assistant host, aligns with 

the absorption spectrum of the final fluorescent dopant, energy transfer is facilitated through 

the FRET process. This non-radiative process allows the TADF assistant host to transfer energy 
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to the fluorescent dopant, significantly enhancing the overall efficiency of the system. The 

efficiency of this energy transfer is determined by the Förster radius (Rf), which represents the 

distance at which energy transfer efficiency is 50%.78 

 𝑅0
6 =

9000ΦF𝜅2

128𝜋5𝑛4 𝐽F                                                                           (8) 

Here, ɳ is the refractive index of the medium, ΦF denotes the prompt quantum yield of the 

TADF assistant host, k2 denotes the dipole orientation factor and JF signifies the overlap 

integral of the donor's emission spectrum and the acceptor's absorption spectrum and is given 

by equation no. (9)- 

𝐽F = ∫ 𝐹D(𝜆)𝜀A(𝜆)𝜆4d𝜆                            (9) 

(where FD(λ) signifies the normalized emission spectrum of the TADF emitter and εA(λ) holds 

for the molar extinction coefficient of the fluorescent emitter, respectively). A higher overlap 

integral JF increases the Förster radius and, consequently, the energy transfer efficiency, which 

is essential for optimizing the performance of hyperfluorescent (HF) OLEDs. Adachi et al. 

(2014) demonstrated the utility of the FRET mechanism in HF-OLEDs, where TADF assistant 

hosts efficiently transferred energy to narrowband fluorescent dopants embedded in a host 

matrix. This approach improved color purity and device stability. The success of this method 

hinges on the narrow full-width at half-maximum (FWHM) emission of the final dopant and 

the high radiative decay rate of the TADF assistant host, which enables rapid and complete 

energy transfer. Additionally, recent studies have proposed complementary strategies that 

integrate FRET with triplet-to-singlet transitions to maximize exciton utilization. Lindner et al. 

introduced a rational design combining these mechanisms to achieve external quantum 

efficiencies (EQEs) up to 27% with narrow FWHM emission.78 Similarly, Penfold et al. 

employed quantum chemical and dynamical simulations to investigate HF processes, 

identifying critical parameters for optimizing FRET rates and enhancing triplet harvesting.79 

To achieve efficient HF systems, precise control over the molecular design and spatial 

arrangement of TADF sensitizers and fluorescent emitters is necessary. Key considerations 

include a short excited-state lifetime for TADF sensitizers, high absorption coefficients of final 

emitters, and strong spectral overlap between donor and acceptor molecules. These factors 

collectively ensure rapid energy transfer, high color purity, and improved device stability in 

HF-OLEDs. Consequently, advanced material synthesis, device optimization, and simulation 

techniques remain pivotal in the pursuit of highly efficient and stable OLED technologies. 
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1.4.3 Room temperature phosphorescent (RTP) emitters: 

Room temperature phosphorescence (RTP), historically dominated by metal-containing 

compounds excels in RTP due to their strong spin-orbit coupling (SOC), which facilitates 

intersystem crossing (ISC) and stabilizes long-lived phosphorescent excited states.80–90 

However, the use of purely organic molecules for RTP is increasingly explored. These benefits 

stem from the absence of heavy metals such as ruthenium, osmium, iridium, rhodium, and 

platinum, which are conventionally used in organometallic phosphorescent systems. Early 

studies on organic RTP date back to 1978, when Bilen et al. observed unusual room-

temperature afterglow emissions in crystalline solids of organic compounds such as carbazole, 

dibenzothiophene, and triphenylene. Recent advancements have revitalized interest in organic 

RTP due to their potential applications, including anti-counterfeiting, temperature sensing, and 

bioimaging. The occurrence of RTP in organic materials is often more frequent than previously 

assumed, particularly in the solid state. Advances in understanding aggregation-induced 

emission (AIE) and crystallization-induced emission (CIE) have revealed the pivotal role of 

molecular aggregation and crystal packing in enabling RTP.91 AIE, as discussed in the previous 

sections demonstrates that molecular aggregation in solids suppresses non-radiative decay 

pathways such as rotations and vibrations, which dominate in solution. This restriction of 

intramolecular motion enables efficient radiative decay, yielding fluorescence or 

phosphorescence.92 In the context of CIE, crystallization can lock molecular motions and foster 

specific intermolecular interactions, such as C–H···π, C–H···O, C–H···X (X = halogen atom), 

and hydrogen bonding. These interactions minimize non-radiative decay and protect triplet 

excitons from quenching by oxygen. However, the impact of crystal packing extends beyond 

rigidification, as certain molecular arrangements enable enhanced RTP through intermolecular 

electronic interactions.92 Crystallization-induced phosphorescence (CIP) represents a 

specialized subset of CIE, where crystal packing suppresses molecular vibrations and 

conformational rearrangements to prolong triplet exciton lifetimes. Such packing can stabilize 

triplet states, leading to room-temperature ultralong phosphorescence (RTUP).91,93–101 RTUP 

exhibits exceptionally long lifetimes (up to seconds), reminiscent of inorganic phosphors, and 

is facilitated by triplet exciton trapping in specific molecular organizations, such as H-

aggregates (Figure 10). Recent studies have emphasized the tunability of organic RTP through 

molecular design and co-crystallization strategies. In two-component co-crystals, for instance, 

halogen atoms in one molecule act as heavy atoms to enhance SOC, leading to efficient ISC. 

These findings underscore the intricate relationship between molecular structure, packing, and 



 

 
A19 

 

 

Figure 10: (a) Schematic representation of the formation of H-aggregates by transition dipole 

moment (TDM) analysis. (b) Schematic representation of ultralong phosphorescence from a 

stabilized triplet state through H-aggregate formation. (c) Photophysical features of green 

ultralong phosphorescence through H-aggregate formation. Figures (a), (b), & (c) have been 

reproduced with permission from ref. 82 (J. Mater. Chem. C 2018, 6 (17), 4603–4626). 

 

emissive properties, paving the way for the design of next-generation RTP materials with 

tailored properties for diverse applications.  Ongoing research aims to refine the understanding 

of organic RTP mechanisms, leveraging advanced spectroscopic techniques and computational 

tools like Time-Dependent Density Functional Theory (TDDFT). These approaches are critical 

for elucidating the interplay between molecular dynamics, packing, and electronic transitions, 

ultimately guiding the rational development of high-performance organic phosphorescent 

materials. 
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1.5 Motivation of the Thesis: 

Multifunctional luminogens represent a cornerstone in the advancement of next-generation 

optoelectronic and sensory devices, offering a plethora of applications ranging from light-

emitting diodes to bioimaging and security technologies. This thesis is motivated by the need 

to design and understand innovative luminescent materials that integrate multiple 

functionalities such as Aggregation-Induced Emission (AIE), Room-Temperature 

Phosphorescence (RTP), mechanochromic luminescence (MCL), and Thermally Activated 

Delayed Fluorescence (TADF). By addressing the challenges of molecular design, structural 

tuning, and mechanistic insight, this thesis aims to contribute to the broader field of 

luminescent materials science.  The second chapter aims at the transformative potential of 

multifunctional luminogens. Traditional luminogens often suffer from aggregation-caused 

quenching (ACQ), limiting their efficiency in solid states—a crucial requirement for 

optoelectronics applications. Systematic molecular engineering, therefore, offers a pathway to 

overcome ACQ and unlock multifunctionality. The design and synthesis of materials that 

simultaneously exhibit AIE, RTP, and MCL properties—such as triphenylamine (TPA) 

derivatives—demonstrate the feasibility of integrating these functionalities through targeted 

structural modifications. This approach is not only scientifically intriguing but also 

technologically significant, enabling the realization of "all-in-one" smart emitters for diverse 

applications. Furthermore, this thesis is driven by the quest to unravel the interplay between 

molecular structure and photophysical properties (third chapter). By leveraging regio-isomeric 

variations in donor-acceptor systems, it becomes possible to fine-tune properties like TADF 

efficiency, mechanochromism, and second harmonic generation (SHG). These findings 

underscore the critical role of structural asymmetry, packing, and molecular dynamics in 

dictating the photophysical behavior of luminogens. The demonstration of regio-isomeric 

tuning to achieve high TADF efficiency and mechanochromic behavior exemplifies the 

potential of rational molecular design in creating advanced luminescent materials. The fourth 

and fifth chapters deal with the fundamentals and applications of TADF emitters with enhanced 

exciton up-conversion in aggregated/solid state. The understanding of the factors boosting the 

TADF efficiency in the solid state is fundamentally a topic of high importance for solid-state 

photonics research. In the fourth chapter, we showcase the importance of the S1-T1 energy gap 

in activating solid-state delayed fluorescence by a detailed potential energy surface (PES) 

analysis. Herein, for the first time, the long-lived singlet excitons have been utilized for 

photocurrent generation in the micro-ampere (μA) region. In the fifth chapter, we have 
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showcased, through combined theoretical and experimental studies, that a lower structural 

reorganization in the aggregated state compared to the gas/solution state is responsible for 

enhanced delayed fluorescence efficiency in the aggregated/solid state, along with the lowest 

singlet-triplet energy gap or the spin-orbit coupling value. We have also successfully 

fabricated. The fabrication of green and orange solution-processable organic light-emitting 

diode (OLED) devices with a high external quantum efficiency (EQEmax> 20%) further 

emphasizes the practical implications of this research.Moreover, we have used our broad-band 

AIE-DF emitters and narrow-band yellow fluorescent emitters to achieve optically pure yellow 

and red emission with high efficiency through the hyperfluorescence process. We have 

thoroughly assessed the FRET time scale to comment on the energetics of hyperfluorescence, 

which will be very beneficial for designing high-performance HF devices in the future. In 

summary, this thesis is motivated by the interdisciplinary challenge of designing and 

understanding multifunctional luminogens with AIE, RTP, TADF, and MCL properties. 

Through systematic structural modification, mechanistic exploration, and device integration, 

this thesis seeks to advance the scientific and technological boundaries of luminescent 

materials, contributing to their application in optoelectronics, bioimaging, and beyond.  
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2.1 Motivation:  

Multi-functional organic luminogens exhibiting simultaneous aggregation-induced emission 

(AIE), room temperature phosphorescence (RTP), and mechanochromism have recently 

attracted considerable attention owing to their potential applications in optoelectronics and bio-

imaging. However, a comprehensive correlation among these three distinguished properties is 

yet to be unveiled, which will help to decipher defined methodologies to design future 

generation multi-functional organic materials. Herein, we have demonstrated a route to obtain 

a multi-functional organic luminogen, starting from an ACQphore (TPANDI) by simple 

structural engineering. We have shown that a slight reduction in the length of the planar 

acceptor moieties can effectively inhibit the undesirable π-π stacking interaction between 

molecules in the condensed state, and thereby, cause an ACQ to AIE type transformation from 

TPANDI to TPANMI and TPAPMI. Both TPANMI and TPAPMI exhibit RTP properties 

(even in ambient conditions) due to presence of a reasonably low singlet-triplet energy gap 

(∆EST). In our study, these two luminogens were found to be mechano-inactive. Interestingly, 

an insertion of the cyano-ethylene group and benzene linker in between the triphenylamine and 

phthalimide moieties introduced another luminogen TPACNPMI, that can simultaneously 

exhibit AIE, RTP and mechanochromic properties. 

2.2 Introduction: 

Solid State luminescence is a burgeoning field of fundamental and applied research. Especially, 

organic emitters that exhibit reversibility between distinct luminescence colors or multi-stimuli 

responsive behavior (e.g. mechanochromism, thermochromism and vapochromism) have 

gathered considerable attention owing to their potential applications in optoelectronic devices, 

sensors, probes, security and storage devices.1–8 However, most of the organic emitters suffer 

a notorious aggregation caused quenching (ACQ) effect in the solid state, which truncates their 

scope of various applications as a proficient light emitting candidate.9 In 2001, Tang and co-

workers paved the way towards the avoidance of this undesirable event.10 A new photophysical 

term was coined as aggregation induced emission (AIE) and aggregation induced emission 

enhancement (AIEE) in this context. These two intriguing phenomena can transform non-

emissive or weakly emissive aggregates of organic luminogens into highly emissive ensembles 

in higher content of anti-solvent or in the solid state by inhibiting the π-π co-facial stacking of 

adjacent aromatic ring.9 Consequently, it led towards the revelation of a new horizon for 
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organic luminogens to be utilized in real world applications such as, organic light emitting 

diodes (OLEDs), light emitting liquid crystals, optical waveguide emitters and in several bio-

medical as well as bio-sensing applications.11–20 

Recently, amalgamation of several photophysical processes with the AIE and 

mechanochromism has augmented the field of solid-state luminescence, and has emerged as a 

primary methodology to develop multifunctional “all in one” type future generation 

luminogens20,21. One of the most capable accelerators for the development of this particular 

field is the triplet state engineering, which involves phenomena, like thermally activated 

delayed fluorescence (TADF) and room temperature phosphorescence (RTP). In particular, 

RTP has drawn considerable attention owing to its potential application in the development of 

highly efficient, environmentally friendly, heavy-metal free and cost-effective luminescent 

materials for optoelectronic devices as well as for biological applications.22–24 Generally, 

phosphorescence occurs via a spin-forbidden process, which involves an intersystem crossing 

from the lowest singlet (S1) to the lowest triplet state (T1) followed by a radiative transition 

from the T1 state to the ground S0 state. The intersystem crossing is facilitated by spin-orbit 

coupling, which is more prevalent in the case of heavy metal containing moieties. Therefore, 

for metal-free organic luminogens, spin-forbidden transitions remain inadequate, and non-

radiative decay through intermolecular collisions and molecular motion becomes predominant. 

Researchers came up with several notions to increase the rate of intersystem crossing by 

promoting spin-orbit coupling in organic emitters and a subsequent increment in the rate of 

radiative relaxation from T1 to S0. Bolton et al. reported a turn-on phosphorescence in the 

crystal state of 2,5-dihexyloxy-4-bromobenzaldehyde; where, the authors revealed a C-Br∙∙

∙O=C type halogen bonding to be responsible for this type of turn-on phosphorescence in 

crystals.25 Later, Shi et al. also demonstrated a Br∙∙∙Br type halogen bonding in crystal phase 

which expedites RTP in a series of di-bromo benzene derivatives with alkyl group.26 Several 

prodigious works on the development of multifunctional luminogens has also been reported, 

where RTP and mechanochromic properties coexist in a single organic molecule. For instance, 

Prof. Tang’s group reported three-mono or di-bromo substituted benzophenone derivatives, 

which exhibited simultaneous RTP and mechanochromic properties.27 Crystallization of these 

luminogens induced the phosphorescence emission to occur through structural rigidification, 

and those crystals were found to exhibit a blue shifted emission upon grinding. Prof. Xue et al. 

reported a carbazole based luminogen exhibiting persistent RTP with a lifetime of ~540 ms.28 

Moreover, a phosphorescence to fluorescence emission switching was observed upon 
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mechanical stimulus, which was caused by molecular planarization and enhanced π-π 

interaction under grinding. Prof. Chi and co-workers reported that the original micro-crystals 

of both the SHB2T and SDB2T (constituted by sulfone as acceptor and di-benzo thiophene as 

donor) exhibit white light emission with blue-violet fluorescence and yellow phosphorescence 

along with mechanochromic properties. Here, the microcrystals of SDB2T showed a red-shift 

of the fluorescence emission from 392 nm to 414 nm and an enfeebled yellow phosphorescence 

upon mechanical grinding, thus manifesting a white-to-blue emission tuning.29 

Despite conducting considerable research works in this field, several structure-property 

correlations are yet to be unraveled, which is consequential in developing facile and well-

defined methodologies in the field of multifunctional organic luminogens. In this regard, the 

establishment of a comprehensive interrelation among AIE, mechanochromism, and RTP can 

provide adequate transparency to the structure-property relationships of these luminophores, 

which will also help to decipher several photophysical processes, and eventually lead to the 

advancement of multifunctional organic materials. Here in this article, we have designed and 

synthesized four organic luminogens. Starting from a molecule with ACQ properties, we have 

demonstrated that a simple structural modification can effectively modulate the packing 

fashion in the condensed state, and can bring about an ACQ to AIE type transformation. 

Moreover, the presence of closely spaced singlet and triplet energy states in all these AIE active 

luminogens, can facilitate the intersystem crossing (ISC) process, and consequently it leads 

towards room-temperature phosphorescence behavior. Finally, it was observed that an 

introduction of a cyano-ethylene group along with a benzene linker between the donor and 

acceptor could bring about easy and distinct mechanochromic behavior in the final molecule. 

Thus, starting from a molecule with ACQ nature, upon minimal and systematic modification 

of molecular structure, a multi-functional luminogen with AIE, RTP along with easy and 

distinct mechanochromic properties was obtained. 

2.3 Design strategy:  

In order to implement our desired target, we have considered the following points during the 

design of our organic luminogens: presence of (a) donor-acceptor (D-A) type framework in 

each luminogen, (b) a twisted and flexible donor moiety, (c) a planar acceptor core, the length 

of which can be reduced to decrease the extent of the π…π interaction in the subsequent 

molecules, and thereby to achieve ACQ to AIE type transformation, and (d) multiple sites to 

facilitate several non-covalent interactions, which can lead to the emergence of RTP as well as 
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mechanochromic behavior. Most importantly, (e) the donor and acceptor moieties have been 

chosen in such a way that they contain atoms with non-bonding electrons, which can favor the 

(n, π*) transition leading to an increased rate of intersystem crossing between several excited 

singlet and triplet states, and thereby facilitates RTP process.30 Assessing the aforementioned 

aspects, initially, we have designed three luminogens, namely, TPANDI, TPANMI, TPAPMI 

with triphenylamine as donor and naphthalene diimide, naphthalene monoimide, phthalimide 

as electron deficient acceptors, respectively (Scheme 1). Triphenylamine (TPA), owing to its 

propeller-shaped structure, can inhibit the undesirable π-π stacking in the aggregated state, 

which can be useful as an efficient building block for the AIE luminogens. Also, the twisted 

skeleton and higher degree of flexibility of TPA moiety can expedite the multi-stimuli 

responsive behavior in TPA-based luminogens.31,32 On the contrary, all the acceptors are 

structurally planar and can behave as excellent electron acceptors because of their electron-

deficient nature. Moreover, the presence of carbonyl oxygen along with the nitrogen atoms 

present in the acceptor molecule can promote the production of triplet excitons through (n, π*) 

transition. In the fourth luminogen, namely, TPACNPMI, we have inserted an additional 

cyano-ethylene group along with a benzene linker between the donor TPA and acceptor 

phthalimide moiety (Scheme 1). The presence of carbonyl oxygen and the incorporation of the 

cyano-ethylene group can make several strong and short contacts with the neighbouring 

aromatic hydrogen atoms leading to the increase in its degree of responsiveness under 

mechanical stimulus. 

 

Scheme 1: Structures of the designed organic luminogens. 
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2.4 Brief synthesis procedure and characterization data: 

Herein, we adopted two different synthetic schemes to synthesize our designed luminogens.  

(a) The first synthetic route involves nitration of triphenylamine using NaNO3 and glacial 

acetic acid in chloroform, followed by its reduction from nitro to an amine using NH2NH2.H2O 

and Pd/C catalyst in ethanol at reflux condition, and finally, the condensation reaction was 

done with 1,4,5,8-napthalenetetracarboxylic dianhydride, 1,8-naphthalic anhydride, and 

phthalic anhydride to produce TPANDI, TPANMI, and TPAPMI, respectively (Scheme S1, 

details in section A1 of Appendix). 

(b) TPACNPMI was synthesized using a different synthetic route (Scheme S2). Initially, 

mono-formylation of triphenylamine was carried out using POCl3 and DMF, followed by a 

condensation reaction with 4-nitrophenyl acetonitrile in piperidine/ethanol solution, and then a 

reduction of the nitro functionality to amine was done using SnCl2 in ethanol solvent. Finally, 

a condensation reaction was performed with phthalic anhydride in glacial acetic acid at reflux 

conditions to synthesize the final compound, i.e., TPACNPMI (details in section A2 in 

Appendix). 

All the starting materials and final compounds were characterized using 1H, 13C NMR 

spectroscopy and HRMS studies (section A3 in Appendix). Single crystal diffracted molecular 

structure has been provided as an additional characterization proof (section A4 in Appendix). 

Good quality single crystals of TPANDI were grown from a 1:1 mixture of DCM and methanol 

by slow evaporation method within 2-3 days; whereas for all other luminogens, crystals were 

obtained from the reaction mixture. Here is the characterization data for all the compounds: 

 

4-nitro-N,N-diphenylaniline (a) 

 

1H NMR (400 MHz, CDCl3): δ 8.10 – 8.02 (m, 2H), 7.43 – 7.36 (m, 4H), 7.28 – 7.19 (m, 6H), 

6.97 – 6.92 (m, 2H). 
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13C NMR (100 MHz, CDCl3): δ 153.56, 145.71, 140.19, 130.01, 129.43, 126.60, 125.82, 

125.55, 123.67, 123.30, 118.19. 

HRMS (ESI TOF): m/z calcd. For C18H15N2O2 [M+H]+ 291.1133 found 291.1125. 

 

N1,N1-diphenylbenzene-1,4-diamine (b) 

 

 

1H NMR (400 MHz, CDCl3): δ 7.27 – 7.17 (m, 4H), 7.12 – 7.02 (m, 4H), 7.01 – 6.89 (m, 4H), 

6.68 – 6.62 (m, 2H), 3.42 (bs, 2H, NH2). 

13C NMR (100 MHz, CDCl3): δ 148.37, 142.97, 139.13, 129.33, 129.10, 127.92, 124.29, 

122.66, 121.60, 116.37. 

HRMS (ESI TOF): m/z calcd. For C18H16N2 [M]+ 260.1313 found 260.1316. 

 

4-(diphenylamino)benzaldehyde (c) 

 

1H NMR (400 MHz, CDCl3): δ 9.81 (s, 1H), 7.76 – 7.62 (m, 2H), 7.34 (dd, J = 10.4, 5.4 Hz, 

4H), 7.22 – 7.12 (m, 6H), 7.01 (t, J = 8.9 Hz, 2H). 

13C NMR (100 MHz, CDCl3): δ 190.56, 153.45, 146.23, 131.41, 129.83, 129.29, 129.16, 

126.41, 125.21, 124.24, 119.42. 
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HRMS (ESI TOF): m/z calcd. For C19H16NO [M+H]+ 274.1232 found 274.1233. 

 

(Z)-3-(4-(diphenylamino)phenyl)-2-(4-nitrophenyl)acrylonitrile (d) 

 

1H NMR (400 MHz, CDCl3): δ 8.26 (t, J = 5.6 Hz, 2H), 7.80 (dt, J = 11.4, 5.7 Hz, 4H), 7.56 

(s, 1H), 7.38 – 7.31 (m, 4H), 7.18 (dd, J = 11.9, 5.4 Hz, 6H), 7.04 (d, J = 8.9 Hz, 2H). 

13C NMR (100 MHz, CDCl3): δ 151.15, 147.32, 146.21, 144.84, 141.53, 131.56, 129.80, 

126.20, 125.19, 125.09, 124.40, 120.09, 118.19, 104.70. 

HRMS (ESI TOF): m/z calcd. For C27H19N3O2 [M]+ 417.1477 found 417.1472. 

 

(Z)-2-(4-aminophenyl)-3-(4-(diphenylamino)phenyl)acrylonitrile (e) 

 

1H NMR (400 MHz, CDCl3): δ 7.72 (d, J = 8.7 Hz, 1H), 7.45 (d, J = 8.5 Hz, 1H), 7.33 – 7.26 

(m, 5H), 7.23 – 7.17 (m, 1H), 7.15 (d, J = 7.8 Hz, 2H), 7.07 (dt, J = 11.0, 7.7 Hz, 6H), 6.82 (d, 

J = 8.7 Hz, 1H), 6.71 (d, J = 8.5 Hz, 1H), 6.62 (t, J = 8.1 Hz, 1H), 3.84 (bs, 2H, NH2). 

13C NMR (100 MHz, CDCl3): δ 149.35, 147.11, 146.90, 138.30, 130.24, 129.57, 127.29, 

127.02, 125.54, 125.26, 124.14, 121.46, 115.23, 108.24. 

HRMS (ESI TOF): m/z calcd. For C27H21N3 [M]+ 387.1735 found 387.1736. 
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2,7-bis(4-(diphenylamino)phenyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-

tetraone (TPANDI) (1) 

 

1H NMR (400 MHz, CDCl3): δ 8.85 (s, 4H), 7.31 (t, J = 7.4 Hz, 8H), 7.21 (d, J = 8.0 Hz, 

12H), 7.16 (d, J = 8.4 Hz, 4H), 7.08 (t, J = 6.9 Hz, 4H). 

13C NMR (100 MHz, CDCl3): δ 163.26, 148.53, 147.37, 131.54, 129.53, 129.05, 127.59, 

127.22, 127.13, 125.31, 123.74, 122.84. 

MALDI (TOF): m/z calcd. For C50H32N4O4 [M]+ 752.2424 found 752.1351. 

 

2-(4-(diphenylamino)phenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (TPANMI) (2) 

 

1H NMR (400 MHz, CDCl3): δ 8.68 (dd, J = 7.3, 1.0 Hz, 2H), 8.29 (dd, J = 8.3, 0.9 Hz, 2H), 

7.87 – 7.78 (m, 2H), 7.36 – 7.27 (m, 4H), 7.27 – 7.14 (m, 8H), 7.12 – 7.04 (m, 2H). 

13C NMR (100 MHz, CDCl3): δ 164.67, 148.07, 147.62, 134.35, 131.86, 131.73, 129.47, 

129.33, 128.99, 128.64, 127.18, 125.09, 123.45, 123.38, 123.03. 

HRMS (ESI TOF): m/z calcd. For C30H21N2O2 [M+H]+ 441.1603 found 441.1595. 

 

2-(4-(diphenylamino)phenyl)isoindoline-1,3-dione (TPAPMI) (3) 
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1H NMR (400 MHz, CDCl3): δ 7.97 – 7.91 (m, 2H), 7.81 – 7.74 (m, 2H), 7.30 – 7.23 (m, 6H), 

7.17 – 7.10 (m, 6H), 7.08 – 7.01 (m, 2H). 

13C NMR (100 MHz, CDCl3): δ 167.63, 147.69, 147.46, 134.42, 131.89, 129.47, 127.37, 

125.24, 125.00, 123.77, 123.51, 123.11. 

HRMS (ESI TOF): m/z calcd. For C26H19N2O2 [M+H]+ 391.1447 found 391.1446. 

 

(Z)-2-(4-(1,3-dioxoisoindolin-2-yl)phenyl)-3-(4-(diphenylamino)phenyl)acrylonitrile 

(TPACNPMI) (4) 

 

1H NMR (400 MHz, CDCl3): δ 8.01 – 7.94 (m, 2H), 7.85 – 7.75 (m, 6H), 7.58 – 7.52 (m, 2H), 

7.47 (s, 1H), 7.37 – 7.28 (m, 4H), 7.21 – 7.10 (m, 6H), 7.09 – 7.03 (m, 2H).   

13C NMR (100 MHz, CDCl3): δ 167.17, 167.06, 150.28, 149.82, 146.62, 146.54, 144.50, 

142.50, 134.79, 134.68, 131.90, 131.75, 131.67, 131.37, 130.92, 129.71, 129.68, 129.64, 

126.88, 126.41, 126.23, 125.86, 125.67, 124.57, 124.51, 123.97, 120.86, 120.39, 118.62, 

109.49, 106.70. 

HRMS (ESI TOF): m/z calcd. For C35H24N3O2 [M+H]+ 518.1868 found 518.1860. 

 

2.5 Instrumentation: 

1H NMR (at 400 MHz) and 13C NMR (at 100 MHz) characterizations of each synthesized 

compound were performed using JEOL ECS-400 and Bruker Ascend TM 400 spectrometer 
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using deuterated chloroform (CDCl3) as solvent (having residual chloroform) and 

tetramethylsilane (TMS) as the internal standard. Chemical shift (δ) values were measured in 

ppm downfield from CDCl3 (δ = 7.26 ppm) for 1H NMR and relative to central CDCl3 

resonance (δ = 77.16 ppm) for 13C NMR. High resolution mass spectra (HRMS) for all the 

compounds were recorded using ESI TOF in Water’s SYNAPT G2 mass spectrometer. 

MALDI-TOF mass spectrum of TPANDI was collected in 4800 plus MALDI-TOF analyzer. 

Single-crystal diffraction analysis data were collected at 100K with a BRUKER KAPPA APEX 

II CCD Duo diffractometer (operated at 1500 W power: 50 kV, 30 mA) using graphite 

monochromatic Mo Kα radiation (λ = 0.71073 Å) and Cu Kα radiation (λ = 1.54178 Å). The 

structures were solved by direct methods and refined by least-squares against F2 utilizing the 

software packages SHELXL-97.33,34 More information on crystal structures can also be 

obtained from the Cambridge Crystallographic Data Centre under CCDC deposition number. 

Dynamic Light Scattering (DLS) experiment was performed using Nano ZS-90 apparatus with 

633 nm red laser (900 angle) from Malvern instruments. Atomic force microscopy (AFM) 

imaging experiment was carried out using Keysight 5500 AFM instrument (Agilent 

Technologies) under tapping mode using silicon nitride tip. Field Emission Scanning 

Microscopy (FESEM) imaging experiment was performed using the ZEISS instrument by 

drop-casting the THF/water or dioxane/water binary mixture on silicon wafers. Powder XRD 

experiments were carried out using BRUKER D8 advance X-ray diffractometer with Cu-Kα 

radiation source. Steady state absorption spectra were recorded on Shimadzu, UV-2600 UV 

spectrophotometer. Steady state emission spectra of all the AIE experiments, solution based 

emission measurements and mechanochromic emission study of TPACNPMI were carried out 

using Fluoromax-4 spectrofluorometer (Horiba Jobin Yvon). All other solid state emission 

spectra, phosphorescence emission spectra in the ‘Room Temperature Phosphorescence (RTP)’ 

section and mechanochromic emission study of the other two luminogens (TPANMI and 

TPAPMI) were performed using Edinburgh FLS980 instruments. Microsecond flash lamp (of 

1.5-2.5 µs band width) was used during phosphorescence decay collection and 

phosphorescence spectra measurement. 800 nm mode-locked Ti-sapphire laser (Mai-Tai, 

Spectra Physics) excitation source was focused on the sample for the two-photon absorption 

experiment. Two-photon cell imaging was performed using multiphoton microscope (Leica, 

Germany) at 63X oil immersion objective. 

2.6 Experimental section: 

Fabrication of nano-aggregates and other details in AIE study 
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Different fractions of distilled water (bad solvent) were added dropwise in a solution of 

THF/1,4 dioxane containing 30 µm of luminogen under vigorous stirring and was used for 

performing the AIE experiment. In case of TPANMI and TPAPMI, to avoid scattering 

originated due to aggregate formation, a 400 nm long pass filter is used during PL spectra 

recording. Although, no scattering was observed in lower water content, but just to make an 

appropriate and justified PL intensity comparison, we have used the filter in each fraction of 

water content. Furthermore, fabricated nano-aggregates were then characterized using DLS, 

FESEM and AFM studies. 

Density Functional Theory (DFT) calculation 

Quantum chemical calculations were performed using Gaussian 09 program35 using ‘PARAM 

Brahma Facility’ under the National Supercomputing Mission, Government of India at IISER 

Pune. Initially geometry optimization of all the luminogens were carried out in gas phase and 

the nature of the stationary point (minima on the PE surface) was confirmed by frequency 

analysis36,37 and the spatial distribution of HOMOs and LUMOs were obtained at the B3LYP/6-

311++G (d, p) level. Furthermore, TD-DFT calculations were carried out to get the energy 

information of several excited singlet and triplet states on equal no. of singlet and triplet states 

(td (50-50, n-states=15)) by B3LYP functional. Based on the results obtained from TD-DFT 

calculations, we computed the electron density difference map (EDDM) for first bright 

transition (lowest energy state with maximum oscillator strength) using Gauss-Sum software38. 

Spin orbit coupling matrix element calculation  

Spin orbit coupling matrix between different excited singlet and triplet states were calculated 

using the zeroth-order regular approximation (ZORA) to the Dirac equation. In this 

approximation, the SOC operator, 𝐻̂𝑆𝑂𝐶 , is described as eq. 139 

𝐻̂𝑆𝑂𝐶 = 
𝑐2

(2𝑐2−𝑣)2 𝜎 ∙ (∇𝑣 × 𝑝)                                   (1) 

Where 𝑐, 𝑣, σ and 𝑝 signify speed of light, Kohn-Sham potential, Pauli spin-matrix vector and 

linear momentum operator respectively. The first-order perturbation is applied on scalar 

relativistic orbitals after the self-consistent field (SCF) and TD-DFT calculations to obtain SOC 

effects. B3LYP functional coupling with 6-311++G (d, p) are used to calculate SOC values. 

All such calculations are done using PySOC package.40 
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Cell culture and drug treatments  

MCF7 cells were obtained from the European Collection of Cell Cultures (ECACC). The cells 

were maintained in 100 mm dishes (Eppendorf or Corning) and were grown in high-glucose 

Dulbecco’s Modified Eagle Medium (DMEM; Lonza) containing 10% heat-inactivated FBS 

(Invitrogen) and 100 units/mL penicillin-streptomycin (Invitrogen) and incubated at 37°C 

humidified 5% CO2 incubators (Eppendorf or Thermo Scientific).  

For multiphoton imaging experiments, 5X 104 MCF7 cells were seeded on coverslip and 

incubated at 37oC with 5% CO2 for 18hrs. Cells were treated with 10 µM of compound 

TPACNPMI and incubated for 24 hrs. Post treatment, cells were washed with 1X PBS twice 

and fixed with 4% paraformaldehyde for 20 minutes in dark. After fixation, cells were again 

washed with PBS and mounted onto slides. The cells were imaged in multiphoton microscope 

(Leica, Germany) at 63X oil immersion objective.   

For the MTT assay, 0.5 X 104 MCF7 cells were seeded in each well of a 96 well plate and 

incubated at 37oC with 5% CO2 for 18 hours post seeding. Cells were treated with different 

concentrations of compound. 24 hrs post treatment, drug containing media was removed and, 

0.5 mg/ml thiazolyl blue tetrazolium (MTT) containing DMEM was added to the cells and 

incubated at 37ºC after covering with aluminum foil. 4 hours post MTT addition, MTT-DMEM 

medium mixture was aspirated from the wells and 100 µl of DMSO was added to dissolve the 

purple MTT-formazan crystals. The absorbance was recorded at 570nm using the multimode 

Varioskan Flash plate reader (Thermo Scientific, USA). 
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2.7 Results and Discussion: 

2.7.1 Charge transfer analysis: 

 
Figure 1: HOMO and LUMO molecular orbitals of (a) TPANDI, (b) TPANMI, (c) TPAPMI, 

and (d) TPACNPMI with their associated energy values.  

To validate the viability of our molecular design, theoretical calculations were conducted using 

the DFT method at the B3LYP/6-311++G (d, p) level. The DFT-optimized molecular structures 

of the designed luminogens along with the highest occupied molecular orbitals (HOMOs) and 

lowest unoccupied molecular orbitals (LUMOs) with corresponding energy levels are shown 

in Figure 1. In all the cases, the HOMOs and LUMOs are spatially separated and reside 

exclusively on the donor and acceptor (NDI, NMI, PMI) moieties, respectively. Thus, there 

will be a substantial intramolecular charge transfer (ICT) from the electron rich donor to the 

electron deficient acceptor part upon photo-excitation. We also calculated the electron density 

difference map (EDDM) for the first bright transition (transition having considerable oscillator 

strength, obtained from time-dependent DFT calculation) to visualize the movement of charge 

during that particular transition. Notably, for charge transfer luminogens, these kinds of EDDM 

plots are usually accompanied by two different colors. Here, the cyan color signifies the region 

where the charge is being accumulated, and the yellow color indicates the region from where 

the electronic charges are being depleted during an electronic transition (Figure 2). 

Interestingly, for the first bright transition, it was observed that the charges are getting depleted 

from the electron rich TPA part (in TPACNPMI, it extends further till the cyano-ethylene and 

benzene linker part) and are getting accumulated in the electron-deficient NDI (for TPANDI), 

NMI (for TPANMI) and PMI (for TPAPMI and TPACNPMI) regions (Figure 2), which again 

validates the charge transfer nature of our luminogens. 
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Figure 2: Iso-surfaces of electron density difference map (EDDM) of (a) TPANDI (for 

transition to S4 state), (b) TPANMI (for transition to S2 state), (c) TPAPMI (for transition to S2 

state) and (d) TPACNPMI (for transition to S2 state). The first bright transition (except 

TPANMI, in which the transition being considered (S2) is energetically very close to the first 

bright transition (S3)) is considered based on the outcome of TD-DFT calculations. 

2.7.2 Optical properties and aggregation-induced emission (AIE) study 

In the solution phase, TPANDI, TPANMI, and TPAPMI show absorption bands with 

vibrational structures in the range of 325-400 nm, 300-370 nm, and 300-370 nm, respectively, 

which can be attributed to the π-π* electronic transitions (Figure A1 in Appendix). The 

emission spectra of TPANDI manifest two overlapped emission bands in THF, a band with 

vibrational feature peaked at ~404 nm and another broad emission band with maxima at > 460 

nm, which are attributed to relaxation from the locally excited state (LE) and charge transfer 

(CT) states, respectively. The recognition of these emission bands has been further justified by 

collecting the emission spectra in the solvents of different polarities (Figure A2 in Appendix). 

In non-polar solvent like toluene, the intensity of the red-shifted CT band is reasonably weak 

compared to the emission band generated due to decay from LE state. Intensity of the red 

shifted band increases with raising the solvent polarity, and gradually achieves highest intensity 

in THF and acetonitrile. The relative difference between the intensities of LE and CT peaks 
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gradually diminishes with increasing the solvent polarity. Interestingly, upon further increase 

in the solvent polarity (in DMSO), the intensity of the red-shifted emission band is significantly 

reduced (Figure A2 in Appendix) due to substantial stabilization of the CT state. TPANDI-

like dual emissive features (from LE and CT state) were also observed in case of TPANMI and 

TPAPMI. For TPANMI, the LE and CT peaks were located at ~ 390 nm and ~ 600 nm, 

respectively, in 1,4-dioxane (Figure A2 in Appendix). Similarly, for TPAPMI, the emission 

maxima corresponding to LE and CT states were found to be centered at ~ 380 nm and ~ 600 

nm, respectively, in the same solvent (Figure A2 in Appendix). For both these molecules, the 

CT band undergoes a gradual downturn in terms of emission intensity accompanied by a 

significant red-shift with an increase in solvent polarity (from toluene to acetonitrile) (Figure 

A2 in Appendix). Unlike the previous luminogens, TPACNPMI exhibits two well-separated 

absorption bands, one in the UV region (centered at ~ 295 nm) and another in the visible region 

(centered at ~ 400 nm) in all organic solvents (Figure A1 in Appendix). The absorption band 

in the UV region can be attributed to the π-π* electronic transition, and the absorption band in 

the visible region can be accredited to the CT transition from the donor (TPA) to the acceptor 

(phthalimide) moiety. Interestingly, the emission spectra of TPACNPMI manifest a single 

emission peak, which is typically distinct from the emission features of the other three 

luminogens (Figure A2 in Appendix). In non-polar solvents like n-hexane, the emission band 

is composed of vibrational structures, which get broadened with a significant red shift when 

the polarity of the solvent is increased. Thus, the FWHM of the emission band also increases 

from 55 nm (in n-hexane) to 103 nm (in acetonitrile) (Figure A2 in Appendix). Although the 

relative contributions of LE and CT states in the broad emission band are indeterminate from 

the solvent-dependent studies, nevertheless the higher FWHM with dissipating vibrational 

features strongly suggests an increased CT character in the emissive excited state.  

Solid state luminescence properties are mostly dictated by the emission behavior of luminogens 

in the aggregated state. Since the molecules are insoluble in water, increasing the aqueous 

proportion in a binary solvent system constituted of water/THF or 1,4-dioxane, would result in 

the formation of nano-aggregates. Hence, the optical properties of all the molecules were 

studied in organic solvent (THF or 1,4-dioxane)/water binary mixtures (Figure 3). In the case 

of TPANDI, the emission intensities of LE and CT bands get drastically reduced with an 

increasing aqueous proportion in a dilute solution (30 µM) of THF and the luminogen becomes 

almost non-emissive at very high water content (Figure A4 in Appendix), which clearly 

depicts TPANDI to be an ACQphore.  Surprisingly, the emissive behavior of nano-aggregates 
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resulting from TPANMI, TPAPMI and TPACNPMI is significantly different compared to that 

 

Figure 3: Emission spectra of (a) TPANMI and (b) TPAPMI in dioxane/water binary mixture. 

Emission spectra of (c) TPACNPMI in THF/water binary mixture. Emission intensity (of red-

shifted emission peak) vs. water content (%) plot for (d) TPANMI, (e) TPAPMI, (f) 

TPACNPMI along with cuvette images (ex 365 nm) at the lowest and highest water content. 

Emission spectra of TPANMI (a, d) and TPAPMI (b, e) were collected by exciting at 335 nm 

and 347 nm, respectively. Emission spectra of TPACNPMI (c, f) were collected by exciting at 

respective absorption maximum (Figure A5 in Appendix). 

of TPANDI. For both TPANMI and TPAPMI (Figure 3), the CT band (at ~ 602 nm for 

TPANMI and at ~ 604 nm for TPAPMI) gets depleted at lower water contents (fraction of 

water, fw = 20% and 40%) in dioxane/water system. However, as the water content is gradually 

increased further to 60% (for TPANMI) and 70% (for TPAPMI), the particular peak rises up 

with a moderate blue-shift of ~ 50 nm. The initial depletion in the intensity at lower water 

content is due to adequate stabilization of the CT state owing to higher polarity of water and 

represents the solvatochromic behavior of the molecules. The uprise of the blue-shifted CT 

peak can be attributed to the formation of nano-aggregates induced by the immediate 

hydrophobic environment formed at relatively higher water content. Interestingly, as the water 

content was increased further up to ≥90%, intensity of the CT peak was increased ~ 6 fold 

compared to the intensity obtained in bulk 1,4-dioxane (Figure 3). This particular finding can 

be regarded as a consequence of the aggregation induced emission (AIE) effect. For 

TPACNPMI, upon increasing the water content initially up to 60%, the emission peak exhibits 

a continuous red shift from 515 nm to 538 nm, along with a declining intensity, which suggests 

that the solvatochromic nature of the molecule dominates in lower water contents (Figure 3). 
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However, when the water fraction slightly increases to 70%, a sudden enhancement takes place 

with a blue-shift of ~ 30 nm. Interestingly, beyond fw= 70%, the emission is further enhanced 

with a red-shift up to 535 nm at 90% of water content (Figure 3). All these features suggest an 

aggregation-induced emission (AIE) behavior of TPACNPMI. Furthermore, the formation of 

nano-aggregates at higher water content for all these AIEgens was confirmed by DLS, AFM, 

and SEM studies (Figure 4, Figure A6 in Appendix). 

 

Figure 4: AFM images of aggregates formed by (a) TPANMI, (d) TPAPMI and (g) 

TPACNPMI. AFM images (3D height) of aggregates formed by (b) TPANMI, (e) TPAPMI 

and (h) TPACNPMI. FESEM images of aggregates formed by (c) TPANMI, (f) TPAPMI and 

(i) TPACNPMI. 

The disparity in the emissive behavior of TPANDI and the other three luminogens in the 

aggregated state may emerge from the diverse spatial arrangements of the respective molecules 

in the solid state. In order to visualize the relative orientation of the molecules in the condensed 

state, single crystal X-ray diffraction (SCXRD) studies were carried out. Aggregation caused 

quenching (ACQ) usually occurs due to an effective π⋯π stacking interaction between adjacent 

organic monomers. SCXRD analysis of TPANDI crystal illustrates that two neighboring planar 

NDI core moieties lie above one another (co-facial type) at a very close distance of ~ 3.3Å 

(Figure 5a, Figure A7 in Appendix) with a subtle displacement, which falls in the range of 
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an effective π⋯π stacking interaction (from 3.3Å- 3.8Å).41 The presence of two bulky .

 

Figure 5: (a) π-π stacking interaction between two acceptor cores in TPANDI. Space-filling 

model of TPANDI from (b) side-view and (c) top-view. Arrangement of two neighboring 

molecules of (d) TPANMI and (g) TPAPMI in the crystalline state. Space-filling model of 

TPANMI from (e) side view, (f) top view. Space filling model of TPAPMI from (h) side view, 

(i) top view. 

triphenylamine moieties at two terminal ends often restricts the co-facial stacking of 

molecules.42 Nevertheless, in case of TPANDI, the TPA moiety fails to inhibit the π⋯π 

stacking between two NDI moieties due to the higher length of the planar core, which 

ultimately results in emission quenching in the aggregated state. On the other hand, TPANMI 

and TPAPMI display an entirely different packing arrangement in the crystalline state. SCXRD 

analysis shows that, TPANMI molecules are arranged in a brick-layer stacking mode and 

TPAPMI adopts a herringbone packing mode in the crystalline state (Figure A7 in Appendix). 

The dihedral angle between the phenyl ring of TPA group adjacent to the acceptor moiety 

appears as one of the crucial factors in this regard. In TPANMI, the phenyl ring is attached to 

the planar NMI acceptor core with a large dihedral angle of 71.85° (Figure 15a); whereas, in 

case of TPAPMI, the dihedral angle between the phenyl ring and the PMI group is only 43.03° 
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(Figure 15b). Such prominent change in dihedral angle may be attributed to differential sizes 

 

Figure 6: Diagonal distance (in Å) of two planar acceptor moieties in (a) TPANMI and (c) 

TPAPMI. Perpendicular distance (in Å) of the planes passing through the acceptor moieties of 

(b) TPANMI and (d) TPAPMI. Images have been processed by Mercury 3.7 software. 

of the acceptor moieties. Interestingly, for both the cases, space-filling model illustrates that 

the planar acceptor moieties are displaced in such a way that the NMI and PMI acceptor cores 

are lying above the donor-TPA moiety (Figure 5), which significantly reduces the π⋯π overlap 

between neighboring molecules. Notably, a shortened length of the planar acceptor moieties in 

TPANMI and TPAPMI, strengthen the impact of bulky triphenylamine. As a result, the 

diagonal and the perpendicular distance of two planar acceptor moieties were found to be 

increased (Figure 6), which results in the less effective π⋯π stacking. We believe that the 

synergistic effects of such shortened planar acceptor moieties and an emergence of profound 

impact of bulky triphenylamine moiety together dictate their AIE behavior. Moreover, in 

TPACNPMI, two neighboring luminogens orient themselves in a head-to-tail fashion (Figure 

A7 in Appendix). Here, the terminal phthalimide moiety lies closer to the triphenylamine 

moiety of the neighboring luminogen in a slipped orientation. In this case, the presence of 

multiple rotatable single bonds increases the possibilities of several non-radiative decay 

pathways, which may affect the emission efficiency in bulk solvent; however, in the aggregated 

state due to restricted intramolecular rotation (RIR) and restricted intramolecular vibration 
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(RIV) such non-radiative decay pathways may be ceased, leading to the emergence of its AIE 

properties 

2.7.3 Room temperature phosphorescence (RTP) study 

Energy gap between the lowest singlet and the lowest triplet state of a donor-acceptor based 

luminogen is largely dependent on the nature of donor and acceptor moieties forming the 

molecular framework. A strong electron-rich donor and a strong electron-deficient acceptor 

can lead to a well-separated highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO), which eventually can lead to a less ∆EST.
43 We have 

already shown that the HOMO resides on the donor moiety (triphenylamine, TPA) and the 

LUMO lies on the respective acceptor moiety in all the four luminogens, and at the same time 

they maintain a large twisting angle between donor-acceptor. Such systems often provide a 

very less singlet-triplet energy gap or ∆EST, which can increase the rate of intersystem crossing 

or ISC. Moreover, all these luminogens contain atoms with non-bonding electrons, which are 

very useful for populating triplet state through intersystem crossing (ISC).44,45 TPANMI in its 

crystalline phase (at room temperature), exhibits a broad spectrum with the emission maxima 

located at ~ 625 nm (Figure 7) and a tri-exponential decay feature comprising of ~ 2 ns, ~ 7 ns 

and ~ 32 ns lifetime components (Figure A8 in Appendix) which clearly indicates the excited 

state decay to be a fluorescence emission. However, a red shifted emission band having 

maxima at ~750 nm was obtained upon collecting the emission profile at 100 µs lamp triggered 

delay (Figure 7). Interestingly, a tri-exponential emission transient having lifetime components 

of ~ 1 ms, ~ 4 ms and ~ 12 ms was obtained (Figure 7) upon collecting the emission decay at 

~750 nm, which suggests the room temperature phosphorescence (RTP) behavior of TPANMI. 

Similarly, in the case of TPAPMI (at room temperature), the fluorescence decay at ~ 617 nm 

was found to be tri-exponential in nature, having components of ~ 0.7 ns, ~ 3 ns, and ~ 13 ns 

(Figure A8 in Appendix). When the emission profile was collected at 100 µs lamp triggered 

delay, the phosphorescence spectrum was generated with an emission maximum centered at 

~750 nm. The emission decay profile (collected at 750 nm) manifested tri-exponential behavior 

with components of ~ 433 µs, ~ 1.5 ms and ~ 7 ms (Figure 7). Unlike the previous cases 

(TPANMI and TPAPMI), the crystals of TPACNPMI exhibit two different emission peaks at 

~ 535 nm and ~ 635 nm, respectively (Figure 7). The emission transient at ~ 635 nm shows a 

tri-exponential behavior with components of ~ 1 ns, ~ 5 ns, and ~ 12 ns (Figure A8 in 

Appendix). Whereas, the decay profile corresponding to the emission peak at ~535 nm was 

found to be relatively shorter in terms of lifetime, having a bi-exponential nature with 
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components of ~ 0.6 ns and ~ 3.3 ns (Figure A8 in Appendix). In this case also, upon 

collecting the emission at 100 µs lamp triggered delay, a red-shifted phosphorescence spectrum 

was obtained with emission maximum situated at ~ 715 nm (Figure 7). Upon collecting the 

phosphorescence decay at ~ 715 nm, a tri-exponential decay profile was found with 

components of ~ 1 ms, ~ 4.5 ms, and ~ 39 ms (Figure 7). 

To investigate the mechanism of the observed room temperature phosphorescence from the 

AIE active luminogens, time-dependent density functional theory (TD-DFT) calculations were 

performed for both the singlet and triplet states. Here, it is pertinent to mention that an effective 

intersystem crossing is required for the phosphorescence emission channels to be activated, 

and the energy gap between the lowest singlet and lowest triplet states (∆EST) can play a critical 

role in this regard, as the extent of an efficacious ISC process is inversely proportional to the 

∆EST value. Interestingly, both the TPANMI and TPAPMI possess a reasonably small ∆EST 

value of 0.003 eV and 0.056 eV (Figure 8), respectively. Although in TPACNPMI, ∆EST is 

higher (0.534 eV) compared to other two luminogens, but due to presence of another triplet 

state T2 having considerably lower energy gap (0.04 eV) with the S1 state (Figure 8), the 

intersystem crossing process is also facilitated here. Notably, all the above discussions are 

 

Figure 7: Emission spectra and phosphorescence spectra of (a) TPANMI, (b) TPAPMI and (c) 

TPACNPMI. Phosphorescence decay profile for (d) TPANMI (collected at 750 nm), (e) 

TPAPMI (collected at 750 nm) and (f) TPACNPMI (collected at 715 nm) collected using 100 

µs lamp triggered delay. 
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based on the assumption that the ISC process is occurring through the lowest singlet, i.e., the 

S1 state, even though it can be excited to higher singlet states. In another possible scenario, the 

ISC process also can take place via excited singlet states other than S1. For example, in 

TPANMI, the S2-S1 gap is calculated to be 1.50 eV, and such a high energy gap can lead to a 

slow IC process, thus, increasing the probability of ISC involving higher excited singlet state, 

S2.
46 Although, in this case, the first bright excited singlet state is S3 (oscillator strength, f = 

0.3205) but it possesses a reasonably lower energy gap of 0.03 eV with the S2 state; therefore, 

the excitons can quickly relax to the S2 state through IC. As the S2-S1 energy gap is high, the 

ISC process can even take place via S2 state (Figure 9). Notably, here the S2 state is 

energetically very close (within ±0.3 eV) to numerous triplet states (T5-T15), and some of those 

states are having a high spin-orbit coupling matrix element (ξ) values (as high as 8.109) with 

the S2 state (Figure 9), which facilitates the ISC process from the S2 state. In TPAPMI, the 

energy gap between S1 and S2 is 0.98 eV, and the first bright state is S2 (oscillator strength, f = 

0.2155). As S2 and S1 share a large energy gap; thus, the ISC process can even occur from S2 

state to several triplet states (T3-T7) having considerable ξ values (Figure 9). On the contrary, 

in TPACNPMI, the S2-S1 energy gap is comparatively lower (0.34 eV); which eventually leads 

to a faster IC, and the ISC process is more likely to take place via the S1 state.46 All these 

theoretical studies suggest favorable and efficient ISC processes for all the three luminogens, 

and thereby lead to the emergence of efficient phosphorescence emission. 

 

Figure 8: Energy level diagrams of TPANMI, TPAPMI and TPACNPMI for both singlet and 

triplet states (ξ indicates spin-orbit coupling matrix element). 
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Short intermolecular contacts provide a constrained environment, which restricts the motion of 

several bond vibrations with higher energy (C-H stretching may possess energy of ~ 0.37 eV 

in aromatic molecules), thereby reducing the extent of non-radiative deactivation.35,47 Thus, 

non-covalent interactions play an important role to dictate the room temperature 

phosphorescence (RTP) characteristics of luminogens.  

To gain a better insight, crystal structures of TPANMI, TPAPMI and TPACNPMI were 

analyzed. All these AIE active luminogens have several non-covalent interactions with 

reasonably short distances in their crystalline phase, such as, C-H⋯π (2.7-2.8Å), C-H⋯O 

(2.69Å) in case of TPANMI, and similarly, C-H⋯π (2.8Å), C-H⋯O (2.63Å) in case of 

TPAPMI (Figure 10). Interestingly, due to the incorporation of an additional cyano-ethylene 

group in TPACNPMI, additional C-H⋯N (2.68Å) interactions were observed along with C-

H⋯π (2.8Å) and C-H⋯O (2.65Å) interactions (Figure 10). In order to quantitatively evaluate 

each type of non-covalent interactions, Hirshfeld surface analysis was performed (Section A4 

in Appendix). The specific contributions of several non-covalent interactions were calculated 

and summarized in Figure 11. It was observed that, van der Waals (H⋯H) interactions occupy 

 

Figure 9: Energy level diagrams of TPANMI and TPAPMI for both the singlet and triplet 

states in case of a slow internal conversion (IC) rate (ξ indicates spin-orbit coupling matrix 

element). 

a significant portion (Figure 11, Figure A9 in Appendix); even though the enthalpy of 

stabilization of such interactions are reasonably poor (~ 0.4-4 kJ/mol). Significant contributions 

of C-H⋯π (~ 10.3 kJ/mol)48 and C-H⋯O interactions (usually~ 41-104 kJ/mol)49 account for 
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higher enthalpy of stabilization leading to the formation of firmly packed molecular networks. 

Additionally, the percentage of C-H⋯N interactions (5.2%) were found to be increased in 

TPACNPMI due to the presence of additional cyano-ethylene moiety (Figure 11, Figure A9 

in Appendix). Notably, the contribution of the π⋯π (C⋯C) interactions are relatively smaller 

compared to other interactions in all these three AIE luminogens. However, maximum 

contributions of π…π interactions (5.6 %) were found in the case of TPANDI (Figure A10 in 

Appendix), which is accountable for its ACQ properties, as we discussed in the earlier section. 

2.7.4 Temperature dependent emission properties 

AIE luminogens exhibiting emission-switch upon decreasing the temperature have potential 

scope of applications in the fabrication of low-temperature thermal sensors.50 Most of the 

common organic luminogens exhibit enhanced emission at cryogenic temperatures due to 

suppression in non-radiative decay pathways at lower temperatures; but only a few of them can 

switch their emission color and can exhibit low-temperature thermochromic properties. In 

 

Figure 10: Presence of several short contact non-covalent interactions in the crystals of (a) 

TPANMI, (b) TPAPMI and (c) TPACNPMI. 

order to investigate the cryogenic emissive behavior, low-temperature photoluminescence 

studies were carried out for all the AIE active luminogens. It was observed that, TPANMI and 

TPAPMI exhibited a gradually enhanced emission in the crystalline phase, upon lowering the 

temperature from room temperature (295 K) to 25 K, without any considerable emission switch 

(Figure 12). Surprisingly, a totally opposite scenario appears in the case of TPACNPMI. As 

already mentioned earlier, at room temperature (295 K), the orange-emissive crystals of 
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TPACNPMI have two emission peaks at ~ 535 nm and ~ 635 nm. Upon decreasing the 

 

Figure 11: Histogram summarizing the contribution of different non-covalent interactions 

obtained from 2-D fingerprint plots in Hirshfeld Surface analysis. 

temperature, both the peaks became gradually enhanced due to sequential decrease in the 

number of non-radiative decay channels. However, the extent of increment for the ~ 535 nm 

peak was higher compared to that of ~ 635 nm peak upon decreasing the temperature (Figure 

12). As a result, a distinct emission color switching from orange to greenish-yellow was 

observed at cryogenic temperatures, suggesting the presence of low-temperature 

thermochromic property in TPACNPMI. 
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Figure 12: Temperature-dependent photoluminescence spectra of (a) TPANMI, (b) TPAPMI 

and (c) TPACNPMI. Enhanced emission of (d) TPANMI, (e) TPAPMI in the crystalline phase 

under UV lamp (365 nm) at room temperature (RT, 295 K) and at 77 K. Emission switch of (f) 

TPACNPMI in the crystalline state under UV lamp (365 nm) at RT (295 K) and at 77 K.  

2.7.5 Mechanochromic study 

Solid state emissive properties of TPANMI, TPAPMI and TPACNPMI should largely depend 

upon their molecular arrangements in crystalline phase owing to flexible nature of the 

molecules and the presence of several non-covalent interactions. Perturbing a particular 

arrangement by applying external mechanical stimuli and heat may lead to distinct alteration 

in photoluminescence properties and excited state processes in the bulk crystal. TPANMI 

crystals exhibit a broad emission spectrum with an emission maxima lying at ~ 625 nm. Even 

after vigorous grinding with a mortar and pestle (by maximum manual force) only a slight blue 

shift along with a ~ 15 nm reduction of FWHM was observed (Figure 14). In the case of 

TPAPMI also, no apparent luminescence color change was observed upon grinding the orange 
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Figure 13: (a) Crystals of TPANMI and TPAPMI under different extents of mechanical 

stimuli. (b) Crystals of TPACNPMI upon different extents of mechanical stimuli and in the 

melted condition. All the images have been collected by exciting with a 365 nm UV lamp. 

emitting crystals (Figure 13), with the emission maxima situated at ~612 nm (Figure 14). 

However, the emissive behavior of TPACNPMI was found to be quite different. The micro-

crystals of TPACNPMI exhibits orange emission with an emission maximum locating at ~ 615 

nm. Interestingly, upon smashing the crystals by applying a moderate manual force with mortar 

and pestle, a ~ 45 nm blue shift (Figure 14) in the emission maxima was observed with a 

luminescence color switching from orange to yellowish orange (emission maxima at ~ 570 

nm). It further experienced a blue shift of ~ 30 nm upon heavy grinding (Figure 14) and 

exhibited a greenish-yellow emission (maximum at ~ 540 nm) (Figure 13). Interestingly, upon 

melting the compound (TPACNPMI), a green emissive melt was obtained with the emission 

maxima situated at ~ 527 nm (Figure 14), suggesting a meltochromic behavior of the 

luminogen. As TPACNPMI is responsive towards both pressure and temperature, it can be 

designated as a representative ‘stimuli-responsive’ luminogen; whereas, such distinct 

luminescence color change was absent in other two luminogens, and therefore, they (TPANMI 

and TPAPMI) can be treated as ‘stimuli-inactive’ luminogens. Such easy and prompt tri-color 

emission tuning properties of TPACNPMI with occurrence of orange, yellowish orange and 

greenish yellow emission are still rare in the family of stimuli-responsive luminogens. 
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Figure 14: Emission spectra of crystals under different extents of mechanical stimuli in (a) 

TPANMI (b) TPAPMI. Emission spectra of (c) TPACNPMI crystals under different extents of 

mechanical stimuli and melting and (d) its reversibility from a heavily ground state to pristine 

state upon heating. 

Majorly, three factors are responsible for a luminogen to exhibit mechanochromic activity, i.e., 

flexibility, a twisted donor-acceptor based structure and presence of multiple non-covalent 

interactions.8 For CT type luminogens in crystalline phase, mechanical grinding may lead to 

alteration in dihedral angle between the donor and the acceptor moieties due to the presence of 

sufficient flexibility and twisting characteristics in their molecular skeleton. This alteration in 

the dihedral angle can eventually lead to a modulation in the extent of orbital overlap between 

the donor and the acceptor moieties, and may give rise to a considerable shift in emission band. 

Notably, in all our designed luminogens, presence of propeller shaped triphenylamine provides 

enough flexibility and twisting.  

 

Figure 15: Twisting angles of the phenyl groups of triphenylamine moiety with the planar 

acceptor core in (a) TPANMI and (b) TPAPMI. 
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Figure 16: Twisting angles of the terminal phenyl groups of triphenylamine moiety with the 

nearly planar middle part in TPACNPMI. In each case, two planes have been drawn, one 

containing the terminal phenyl ring under consideration and the other containing the junctional 

phenyl group of triphenylamine moiety, the cyano-ethylene group and the benzene linker.   

In TPANMI, the three phenyl groups of donor TPA make dihedral angles of 71.85° (Ɵ1), 68.98° 

(Ɵ2) and 58° (Ɵ3), respectively, with the planar acceptor NMI which shows a twisted nature of 

the donor moiety (Figure 15a). In TPAPMI, similar twisted behavior is observed with a 

relatively smaller dihedral angles (Ɵ1 = 43°, Ɵ2 = 54.13° and Ɵ3 = 43°) due to a smaller size of 

phthalimide acceptor core (Figure 15b). In TPACNPMI also, the junctional phenyl group of 

TPA (adjacent to the cyano-ethylene moiety) makes large dihedral angles with the other two 

terminal phenyl groups (Ɵ2 = 86.77° and Ɵ3 = 57°) (Figure 16). Moreover, the junctional 

phenyl group of TPA moiety lies almost planar with the plane containing cyano-ethylene group 

and benzene linker with a quite small angle of 1.9° (Figure A11 in Appendix).  Notably, this 

type of planar conformation might lead to an electronic structure having larger overlap between 

donor and acceptor orbitals generating a more stabilized CT state with red-shifted emission. 

However, upon mechanical grinding, a blue shifted emission of TPACNPMI is observed, 

suggesting formation of a more twisted configuration where the extent of overlap between 

donor-acceptor orbitals is relatively lesser.51 Moreover, the benzene linker in TPACNPMI 

provides an additional dihedral angle (69.59°) with the terminal planar phthalimide moiety 

(Figure A12 in Appendix); presence of such additional dihedral angles is responsible for 

gaining extra flexibility and can be beneficial for deriving mechanochromic properties. 

Therefore, the incorporation of cyano-ethylene group along with the benzene linker can 

contribute additional flexibility in the molecular skeleton, and further, the presence of a planar 

central part opens up the possibilities of forming a twisted conformation under mechanical 

grinding, which together lead to the observed mechanochromism in TPACNPMI. Another 
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factor that can bring about mechanochromic activity in a luminogen is the presence of several 

non-covalent interactions. Generally, a greater contribution of C-H⋯π interaction along with a 

meagre π⋯π interaction (a higher ratio of C-H⋯π to π⋯π interaction) are highly desirable due 

to a higher enthalpy of stabilization of C-H⋯π interaction (~ 10.3 kJ/mol).8 Higher extent of 

π⋯π interaction can lead to a higher chance of planarity and exciton-phonon coupling in the 

bulk crystal,52 which often give rise to a quenched emission with a less emission contrast, and 

these are detrimental for observing mechanochromism. Notably, among all these luminogens, 

TPACNPMI crystal has a maximum contribution of C-H⋯π interaction (38.60%) and a 

minimum contribution of π⋯π interaction (only 2.70%) (Figure 11), giving rise to a maximum 

ratio of C-H⋯π interaction to π⋯π interaction, i.e., 14.29, which in case of TPANMI and 

TPAPMI are 9.70 and 6.19, respectively. Furthermore, in TPACNPMI, an additional C-N⋯H 

interaction contribution of 5.20% is obtained due to the presence of cyano-ethylene moiety 

(Figure 11). All these factors are combinedly believed to be responsible for the observed 

mechano-active behavior of TPACNPMI.  

The foremost importance of any mechanochromic luminogen is its ability of reversing back to 

its original pristine state. Intriguingly, under the naked eye it was observed that the heavily 

ground powder of TPACNPMI (with greenish yellow emission emerging at ~ 540 nm) 

transformed to the initial pristine state (with yellowish orange emission located at ~ 570 nm) 

under thermal annealing with a diminished emission intensity (Figure 14d). After recovery, 

the measured emission spectra exactly match the emission profile of the pristine powder, which 

further validates our claim.  

PXRD experiment was also carried out to get insight into the details of the observed 

mechanochromic behavior.  Crystals of TPACNPMI exhibit sharp and intense reflection peaks 

suggesting a well-ordered microcrystalline structure (Figure A13 in Appendix). With slight 

grinding of those crystals, a decrease in the intensity of those peaks along with the 

disappearance of some reflection peaks was observed (Figure A11 in Appendix). Notably, 

further heavy grinding leads to the emergence of a diffused or broad halo band (with the 

reduced intensity of reflection peaks) (Figure A11 in Appendix), which suggests a modulation 

of crystallinity in TPACNPMI and its transformation to an amorphous state. Similarly, in 

TPANMI and TPAPMI, the crystals exhibited sharp and intense reflection peaks indicative of 

the crystallinity of those compounds; but upon mechanical grinding, the diffraction peaks 

attenuate or even disappear with the appearance of a broad halo (Figure A11 in Appendix), 

indicating towards a amorphous nature of the ground powder. Although, TPANMI and 
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TPAPMI did not exhibit a distinct emission shift upon mechanical grinding, which indicates 

such phase transition leads to the formation of a state, which is energetically very similar to 

that of the crystalline state and is responsible for its mechano-inactive behavior. 

2.8 Applications: 

2.8.1 Photoluminescence thermometer:  

 

Figure 17: Distinct emission switch of TPACNPMI in glass-freezing mixture (methanol : 

ethanol = 4 : 1) upon cooling from room temperature (295 K) to cryogenic temperature (77 

K). 

Conventional thermometers cannot be used in marine research, underground research, tunnels, 

automobile and aircraft industries.53,54 Thus, photoluminescence-based thermometers have 

recently drawn considerable attention due to their prompt response and good spatial 

resolution.53,55 Among all of our designed luminogens, TPACNPMI seems to be a promising 

candidate for luminescence-based thermometer, as it exhibits a well-distinct emission 

switching from greenish yellow to cyan-green emission upon cooling the solution containing 

TPACNPMI in glass forming alcoholic mixture (methanol and ethanol are taken in 4:1 ratio) 

from 295 K to 77 K (Figure 17). However, the other two luminogens (TPANMI and TPAPMI) 

are not useful in this regard, as they are non-emissive both in RT (295 K) and at 77 K due to 

higher stabilization of the CT state in such a polar medium. 

2.8.2 Two-photon cell imaging: 
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Figure 18: (a) A laser beam of 800 nm focused on a solution of TPANMI in 5% DMSO/water 

(10 μM) and no fluorescence was observed. (b) A laser beam of 800 nm focused on a solution 

of TPAPMI in 5% DMSO/water (10 μM) and no fluorescence was observed. (c) A laser beam 

of 800 nm focused on a solution of TPACNNMI in 5% DMSO/water (10 μM) and a clear green 

fluorescence was observed. 

Two-photon cell imaging has emerged as a powerful tool and has unmatched advantages over 

the conventional one-photon imaging due to minimal photo-damaging, capability of deep tissue 

penetration and excellent resolution.56–58 In this context, aggregation induced emissive organic 

luminogens (AIEgens) have emerged as an excellent class of compounds for two-photon bio-

imaging owing to their high emissivity in the aggregated state and minimum photo-bleaching 

effect.59 Among all of our AIE active luminogens, intriguingly, TPACNPMI exhibits two-

photon absorption properties (two photon absorption cross-section was found to be ~ 510 GM 

at 845 nm excitation wavelength, see section A7 in Appendix for details) (Figure 18). Thus, 

we have performed two-photon imaging experiments using TPACNPMI. From the two-photon 

image, it is evident that our luminogen is well capable of lighting up cells, largely the cytoplasm 

part (Figure 19). In order to look into the cytotoxic behavior of our luminogen, MTT viability 

assay of MCF7 cells was carried out. No significant decrease in viability was observed in 

samples incubated with up to 15 µM TPACNPMI (Figure A14 in Appendix), which indicates 

that TPACNPMI does not exhibit toxic effect towards the cell upto that concentration. 
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Figure 19: Two-photon microscopy image (excitation wavelength = 800 nm, collection 

window is from 550 nm to 620 nm) of MCF-7 cells:  top row- without the treatment of dye and 

bottom row -with treatment of 10 µM TPACNPMI. (a and d) differential interference contrast 

(DIC) images, (b) cells without dye treatment, (e) cells treated with dye (TPACNPMI) and (c 

and f) DIC image merged with dye image. 

2.9 Conclusion: 

In summary, this research article focuses on designing novel multi-functional luminogens 

exhibiting simultaneous AIE, RTP and mechanochromic behavior by systematic molecular 

engineering. This journey starts from an ACQ phore, TPANDI. The longer and larger acceptor 

core in TPANDI makes it non-emissive in the aggregated state due to an effective π-π stacking 

interaction in between planar naphthalene diimide moieties. Interestingly, a simple structural 

change in acceptor core from naphthalene diimide to naphthalene monoimide and phthalimide 

can effectively inhibit the π-π stacking interaction in the condensed state, and can bring about 

ACQ to AIE type transformation in TPANMI and TPAPMI. Moreover, the presence of closely 

spaced singlet and triplet states in all these AIE active luminogens can facilitate the intersystem 

crossing (ISC) process, and consequently bring about room-temperature phosphorescence 

phenomenon. Although these two luminogens exhibit simultaneous AIE and RTP properties, 

they are mechanically inactive, and therefore, it requires further structural engineering to obtain 

simultaneous AIE, RTP and mechanochromism. Finally, it has been demonstrated that an 

introduction of a cyano-ethylene group along with a benzene linker in between the donor 

triphenylamine and acceptor phthalimide moieties can bring about easy and distinct 
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mechanochromic behavior (along with AIE and RTP properties) in the final molecule i.e. 

TPACNPMI. Thus, starting from a molecule with ACQ nature, upon minimal and systematic 

modification of molecular structure, a multi-functional luminogen with AIE, RTP along with 

easy and distinct mechanochromic properties were obtained. 
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2.10 Appendix 

Section A1) Detailed synthetic procedure of (1) TPANDI, (2) TPANMI and (3) TPAPMI: 

 

 

Scheme S1: Synthetic route for the synthesis of (1) TPANDI, (2) TPANMI and (3) TPAPMI. 
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The synthetic route of TPANDI, TPANMI and TPAPMI along with all the intermediate steps 

are outlined in Scheme S1. The final products are obtained in three steps, which are discussed 

here. 

Synthesis of (a) TPANO2: TPANO2 and TPANH2 were synthesized according to the reported 

procedure.60 Commercially available triphenylamine (~500 mg, ~2 mmol) was taken in a reflux 

equipment. A mixture of glacial acetic acid (18 ml) and chloroform (6 ml) was added to the 

RB flask and stirred well. Finally, NaNO3 (171.6 mg, 2.02 mmol) was added to the reaction 

mixture and stirred at 900 C for 2 hours. After 2 hours, the reaction was over and it was verified 

by TLC. Then the RB flask was cooled to room temperature. The reaction mixture was diluted 

with 50 ml of water and the organic layer was extracted with 50 ml of dichloromethane (DCM). 

The organic layer was further washed with 5% aqueous NaHCO3 (to remove the unreacted 

acid), brine solution (~50 ml) and collected with filtration through anhydrous Na2SO4 to 

remove water. Solvent was removed from the organic layer under reduced pressure and a crude 

oily compound was obtained. Finally, the compound was obtained as orange crystals from a 

1:1 ethanol & water mixture and characterized by 1H NMR, 13C NMR, HRMS mass 

spectrometry.  

Synthesis of (b) TPANH2: In a reflux equipment, (a) TPANO2 (~600 mg, ~2 mmol) was 

dissolved in 20 ml anhydrous ethanol. After that, 10% Pd/C (~29.7 mg) was added to the 

reaction mixture as a catalyst. The reaction mixture was heated to reflux temperature and stirred 

for 15 minutes. After that, hydrazine monohydrate (12.4 ml) was added dropwise to the hot 

solution. Finally, it was refluxed for 2 more hours. The progress of the reaction was clearly 

visible by the change of the colour of reaction mixture from yellow to colourless. After 2 hours, 

the hot reaction mixture was filtered over celite pad washing several times with DCM. The 
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filtrate was collected and dried over anhydrous Na2SO4 to remove moisture. It was finally 

concentrated under reduced pressure and nice light pink crystals were obtained from a mixture 

of ethanol and water and characterized by 1H NMR, 13C NMR, HRMS mass spectrometry.  

Synthesis of (1) TPANDI: TPANDI was synthesized according to a reported procedure.61 In 

a 50 ml round-bottom flask fitted with an argon inlet, a Dean-Stark trap, and a reflux condenser, 

naphthalenetetracarboxylic dianhydride (NTDA) (~268 mg, ~1mmol), (b) TPANH2 (~520 mg, 

2mmol) and 2 ml of isoquinoline were dissolved in ~18 ml of m-cresol. The reaction was 

refluxed to 2000C for 24 hours. Some amount of m-cresol was distilled off during the course 

of the reaction. After 24 hours, the RB flask was cooled to 1000C. The reaction mixture then 

poured into methanol and kept undisturbed for 10-15 mins. Purple precipitate was observed 

inside the mixture. The precipitate was collected by filtration and washed several times with 

methanol. Unreacted NTDA was removed by washing the precipitation several times with 10% 

NaOH. Finally, it was dried under high vacuum for at least one hour. Purple coloured 

compound was obtained and characterised by 1H NMR, 13C NMR and MALDI-TOF mass 

spectrometry. 

Synthesis of (2) TPANMI: TPANMI was synthesized according to a reported procedure.61 

0.26 gm (1mmol) (b) TPA-NH2 along with 0.21 gm (1.06 mmol) of 1,8-naphthalic anhydride 

were dissolved in 20 ml of m-cresol in a 50 ml RB flask. The mixture was vigorously stirred 

for 15 minutes and after that a few drops of isoquinoline were added. The reaction mixture was 

then stirred for 18 hours at 180°C. After 18 hours, the solution was allowed to cool for 10-15 

minutes at room temperature and then poured slowly with stirring into 150 ml of methanol in 

a conical flask. The conical was kept untouched for next one hour and reddish orange crystals 

were obtained as the desired product. The crystals were then dried well under high vacuum and 

characterized by 1H NMR, 13C NMR, HRMS and single crystal X-ray diffraction. 
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Synthesis of (3) TPAPMI: 0.26 gm (1mmol) (b) TPA-NH2 along with 0.15 gm (1 mmol) of 

phthalic anhydride were dissolved in 20 ml of m-cresol in a 50 ml RB flask. The mixture was 

vigorously stirred for 15 minutes and after that 2 ml of acetic anhydride and 1 ml of pyridine 

were added to the mixture. The reaction mixture was then stirred at 135°C for 18 hours. After 

that the solution was allowed to cool for another 15 minutes at room temperature and then 

poured slowly into 150 ml of methanol in a conical flask. The conical was kept aside for next 

2-3 days and yellowish crystals were obtained as the desired product. The crystals then dried 

well under high vacuum and were characterized by 1H NMR, 13C NMR, HRMS and single 

crystal X-ray diffraction. 
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Section A2) Detailed synthetic procedure of (4) TPACNPMI: 

 

Scheme S2: Synthetic route for the synthesis of (4) TPACNPMI. 

 

The synthetic route of TPACNPMI along with all the intermediate steps are outlined in Scheme 

S2. The final product is obtained in four steps, which are discussed here. We followed reported 

procedures for the synthesis of (c) TPACHO, (d) TPACNNO2 and (e) TPACNNH2.
62 
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Synthesis of (c) TPACHO: In a one-necked flask, triphenylamine (4 gm, 16 mmol, 1 equiv.) 

was dissolved in dry DMF (17.8 ml) and the solution was cooled at 0°C with continuous stirring 

under argon atmosphere. After that, phosphoryl chloride (7.6 ml, 82 mmol, 5.13 equiv.) was 

slowly added to the reaction mixture and stirred for another 30 minutes at 0°C. The reaction 

mixture was then allowed to cool to room temperature and stirred for 1 hour, then for another 

2 hours at 45°C under argon atmosphere. After completing this, the reaction mixture was poured 

into ice water and neutralized by slow addition of aq. NaOH solution. The residue was then 

dried and recrystallized with alcohol to give the desired compound and characterized by 1H 

NMR, 13C NMR, HRMS mass spectrometry. The compound was used in the next step without 

further purification.  

Synthesis of (d) TPACNNO2: In a 100 ml RB flask, TPACHO (0.273 gm, 1 mmol), 4-

nitrophenylacetonitrile (0.194 gm, 1.2 mmol) were dissolved in 30 ml ethanol with refluxing. 

After that 1 ml of piperidine was added to the reaction mixture with appearance of red colour. 

The reaction was then continued for another 2 hours. The solution was then filtered and washed 

several times with ethanol. Finally, red coloured compound was obtained and characterized by 

1H NMR, 13C NMR, HRMS mass spectrometry. 

Synthesis of (e) TPACNNH2:  In a 100 ml RB flask, 0.147 gm of TPACNNO2 (0.35 mmol) 

and stannous chloride (0.393 gm, 1.75 mmol) were dissolved in 30 ml of ethanol. Then, the 

reaction mixture was refluxed for 6 hours. After that a newly formed green fluorescent spot 

was observed on TLC plate without any existence of starting nitro product.  The solution was 

then cooled and its pH was adjusted to 8.0 with saturated sodium bicarbonate. The product was 

extracted with DCM and purified further by SiO2 flash column chromatography (pet ether and 

ethyl acetate solvent system). Finally, characterization was done using 1H NMR, 13C NMR and 

HRMS mass spectrometry studies.  
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Synthesis of (4) TPACNPMI: In a 50 ml RB flask, 774.98 mg (2 mmol) of the starting amine 

i.e. (e) TPACNNH2 and 296.04 mg (2 mmol) of phthalic anhydride were dissolved in 20 ml of 

glacial acetic acid. The mixture was refluxed for 15 minutes, after that 40 mg of CuI was added 

and the reaction mixture was refluxed for another 24 hours. The completion of the reaction was 

confirmed by TLC, which also indicates a total conversion of the starting amine functionality. 

The solution was then cooled and divided into two parts- one half portion was kept aside for 

crystallisation and saturated aqueous NaHCO3 solution was added drop wise to the other half 

for neutralisation. After the neutralisation being completed, the organic layer was collected 

with ethyl acetate and washed further with water and brine solution and collected with filtration 

through anhydrous Na2SO4 to remove excess water. The compound was further purified by 

SiO2 flash column chromatography (pet ether and ethyl acetate solvent system), dried under 

high vacuum and characterized by 1H NMR, 13C NMR and HRMS mass spectrometry studies. 

Nice orange crystals were obtained from the other part (kept for crystallisation); collected, 

dried in high vacuum characterized by 1H NMR, 13C NMR and HRMS mass spectrometry and 

single crystal X-ray diffraction studies. 
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Section A3: Characterization Figures 

1H NMR data of (1) TPANDI 

 

13C NMR data of (1) TPANDI 
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MALDI (TOF) data of (1) TPANDI 

 

1H NMR data of (2) TPANMI 
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13C NMR data of (2) TPANMI 

 

HRMS data of (2) TPANMI  
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1H NMR data of (3) TPAPMI 

 

13C NMR data of (3) TPAPMI 
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HRMS data of (3) TPAPMI 

 

1H NMR data of (4) TPACNPMI
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13C NMR data of (4) TPACNPMI 

 

 

HRMS data of (4) TPACNPMI 
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1H NMR data of (a) TPANO2 

 

13C NMR data of (a) TPANO2 
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HRMS data of (a) TPANO2 

 

 

1H NMR data of (b) TPANH2 

 



 

 
B50 

 

 

13C NMR data of (b) TPANH2 

 

 

HRMS data of (b) TPANH2 
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1H NMR data of (c) TPACHO 

 

13C NMR data of (c) TPACHO 

 

 



 

 
B52 

 

HRMS data of (c) TPACHO 

 

1H NMR data of (d) TPACNNO2 
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13C NMR data of (d) TPACNNO2 

 

 

HRMS data of (d) TPACNNO2 
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1H NMR data of (e) TPACNNH2 

 

 

13C NMR data of (e) TPACNNH2 
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HRMS data of (e) TPACNNH2 
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Section A4: Crystallographic Data 

TPANDI: 

Crystal data and structure refinement for TPANDI. 

Identification code TPANDI 

CCDC 2106243 

Empirical formula C60H60N60O60Cl360 

Formula weight               2547.21 

Temperature/K 100(2) 

Crystal system monoclinic 

Space group Pc 

a/Å 18.3596(14) 

b/Å 14.4215(12) 

c/Å 23.4992(17) 

α/° 90 
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β/° 105.753(4) 

γ/° 90 

Volume/Å3 5988.3(8) 

Z 2 

ρcalcg/cm3 1.413 

μ/mm‑1 1.919 

F(000) 2642.0 

  Radiation CuKα (λ = 1.54178) 2Θ range for data collection/° 5 to 157.064 

Index ranges -23 ≤ h ≤ 23, -18 ≤ k ≤ 17, -29 ≤ l ≤ 24 

Reflections collected 59802 

Independent reflections 25788 [Rint = 

0.1170, Rsigma=0.1215] 

Data/restraints/parameters 25788/2/1664 

Goodness-of-fit on F2 0.912 

Final R indexes [I>=2σ (I)]    R1 =  

0.0867, wR2 = 0.2233  

Final R indexes [all data]       R1 = 

0.1354, wR2 = 0.2659  

Largest diff. peak/hole / e Å-3 0.79/-

0.79 

Flack parameter 0.478(16) 
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TPANMI: 

 

Crystal data and structure refinement for TPANMI. 

Identification code TPANMI 

CCDC 2106244 

Empirical formula C30H20N2O2 

Formula weight 440.48 

Temperature/K 100(2) 

Crystal system monoclinic 

Space group P21/c 

a/Å 13.17(4) 

b/Å 9.67(2) 

c/Å 17.61(4) 

α/° 90 

β/° 104.68(8) 

γ/° 90 

Volume/Å3 2169(10) 
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Z 4 

ρcalcg/cm3 1.348 

μ/mm‑1 0.085 

F(000) 920.0 

  Radiation MoKα (λ = 0.71073) 2Θ range for data collection/° 3.198 to    

49.996 

Index ranges -15 ≤ h ≤ 15, -11 ≤ k ≤ 11, -20 ≤ l ≤ 20 

Reflections collected 24067 

Independent reflections 3830 [Rint = 

0.24, Rsigma = 0.2427] 

Data/restraints/parameters 3830/0/307 

Goodness-of-fit on F2 1.069 

Final R indexes [I>=2σ (I)]   R1 = 

0.0799, wR2 = 0.1372  

Final R indexes [all data]      R1 = 

0.2409, wR2 = 0.1885  

Largest diff. peak/hole / e Å-3        

0.31/-0.34 
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TPAPMI: 

 
Crystal data and structure refinement for TPAPMI 

Identification code TPAPMI 

CCDC 2106245 

Empirical formula C26H18N2O2 

Formula weight 390.42 

Temperature/K 100(2) 

Crystal system monoclinic 

Space group P21/c 

a/Å 12.5507(6) 

b/Å 9.3347(4) 

c/Å 16.6937(8) 

α/° 90 

β/° 94.800(2) 

γ/° 90 

Volume/Å3 1948.92(16) 
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Z 4 

ρcalcg/cm3 1.331 

μ/mm‑1 0.678 

F(000) 816.0 

Radiation CuKα (λ = 1.54178) 2Θ range for data collection/° 7.068 to 

130.102 

Index ranges -14 ≤ h ≤ 14, -10 ≤ k ≤ 10, -19 ≤ l ≤ 19 

Reflections collected 16486 

Independent reflections 3329 [Rint = 

0.0720, Rsigma = 0.0510] 

Data/restraints/parameters 3329/0/272 

Goodness-of-fit on F2 1.039 

Final R indexes [I>=2σ (I)]   R1 = 

0.0415, wR2 = 0.1018  

Final R indexes [all data]      R1 = 

0.0537, wR2 = 0.1080  

Largest diff. peak/hole / e Å-3        

0.22/-0.18 
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TPACNPMI: 

 
Crystal data and structure refinement for TPACNPMI 

Identification code TPACNPMI 

CCDC 2106242 

Empirical formula C35H23N3O2 

Formula weight 517.56 

Temperature/K 100(2) 

Crystal system triclinic 

Space group P-1 

a/Å 9.488(5) 

b/Å 11.739(7) 

c/Å 12.478(7) 

α/° 90.134(16) 

β/° 111.372(15) 
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γ/° 98.711(14) 

Volume/Å3 1276.8(13) 

Z 2 

ρcalcg/cm3 1.346 

μ/mm‑1 0.085 

F(000) 540.0 

Radiation MoKα (λ = 0.71073) 2Θ range for data collection/° 3.512 to 

49.996 

Index ranges -11 ≤ h ≤ 11, -12 ≤ k ≤ 13, -14 ≤ l ≤ 13 

Reflections collected 14765 

Independent reflections 4506 [Rint = 

0.24, Rsigma = 0.3794] 

Data/restraints/parameters 4506/0/361 

Goodness-of-fit on F2 0.809 

Final R indexes [I>=2σ (I)]  R1 = 

0.0738, wR2 = 0.1026  

Final R indexes [all data]     R1 = 

0.2529, wR2 = 0.1543  

Largest diff. peak/hole / e Å-3     

0.30/-0.38 
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Figure A1: Absorption spectra of TPANDI (top row left column), TPANMI (top row right 

column), TPAPMI (bottom row left column), and TPACNPMI (bottom row right column) in 

different solvents using 30 µm of luminogen concentration in each case. 
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Figure A2: Emission spectra of TPANDI (330 nm excitation) (a), TPANMI (330 nm 

excitation) (b), TPAPMI (330 nm excitation) (c), and TPACNPMI (402 nm excitation) (d) in 

different solvents using 30 µm of luminogen concentration in each case. 

 

Figure A3: Cuvette images of a 30 µm solution of TPACNPMI in solvents of different 

polarities upon exposure to a high power 365 nm UV lamp. 
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Figure A4: Aggregation Caused Quenching (ACQ) phenomenon of TPANDI (30 µm) in THF-

water binary mixture upon excitation at 340 nm. water binary mixture upon excitation at 340 

nm. 

 

Figure A5: Absorption spectra of TPACNPMI (30µm concentration) in different fractions of 

water. It clearly shows a considerable shift in absorption spectra in different fractions of water 

volume. 

 

300 350 400 450 500 550 600
0

1

2

3

 

 

A
b

so
rb

a
n

ce
 

Wavelength (nm)

 0% Water

 20% Water

 40% Water

 60% Water

 80% Water

 90% Water



 

 
B67 

 

Figure A6: DLS studies at 0% water content of (a) TPANMI, (b) TPAPMI and (c) TPACNPMI 

and at higher water content of (d) TPANMI (95% water) (e) TPAPMI (90% water) and (f) 

TPACNPMI (90% water). 

 

 

Figure A7: Crystal packing of (a) TPANDI, (b) TPANMI, (c) TPAPMI and (d) TPACNPMI. 
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Figure A8: Prompt fluorescence decay of (a) TPANMI crystals collected at 625 nm, (b) 

TPAPMI microcrystals at 617 nm (b) and TPACNPMI microcrystals at both 535 nm and 635 

nm. 

Section A4: Hirshfeld Surface Analysis 

The best possible way to depict solid state intermolecular interaction is the Hirshfeld surface 

analysis. The concept of Hirshfeld surface originated from an attempt to give an idea of space 

occupied by a molecule in a crystal for the purpose of partitioning the crystal electron density 

into molecular fragments.63-65 de and di are the two interactions to be mapped on the Hirshfeld 

surface; where de is the distance of an atom external to the generated Hirshfeld surface and di 

is the distance of an atom internal to the Hirshfeld surface. These two values together generate 

a 2-D fingerprint plot where different colors indicate the frequency of occurrence of interaction. 

In this regard, the normalized contact distance based on de, di and the van der Waals radii of 

the atom enables the identification of the region of importance to intermolecular interactions.63-

65 The dnorm values are mapped onto the Hirshfeld surface by a red-white-blue color scheme, 

where red color indicates closer contact and negative dnorm value, the blue region suggests 

longer contact and positive dnorm value, and the white color indicates the distance of contact 

exactly equal to the van der Waals separation and a dnorm value equals to zero.63-66 Here in this 
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work, Hirshfeld surface of all the designed luminogens are generated using Crystal Explorer 

3.1 software with iso-value of 0.5.66 

 

Figure A9: Normalized distance (dnorm) mapped over Hirshfeld surface of each luminogen (top 

row- TPANMI, middle row- TPAPMI, bottom row- TPACNPMI) along with generated finger 

print plots obtained from dnorm to decipher percentage of each type of non-covalent interaction. 

The grey part in the finger print plot indicates total interactions. 

 

 

Figure A10: Normalized distance (dnorm) mapped over Hirshfeld surface of TPANDI along 

with generated finger print plots obtained from dnorm to decipher percentage of each type of 

non-covalent interaction. The grey part in the finger print plot indicates total interactions. 
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Figure A11: Two planes going through the phenyl ring of triphenylamine moiety and another 

one bearing the cyano-ethylene group and benzene linker makes a very small angle of 1.900. 

 

Figure A12: Twisting angle between the planar middle core and the planar phthalimide 

acceptor moiety. 
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Figure A13: PXRD data of TPANMI (top), TPAPMI (middle) and TPACNPMI (bottom). 
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Figure A14: MTT viability assay of MCF7 in presence of different concentration of dye 

(TPACNPMI). 

 

Section A6: Solution state thermally activated delayed fluorescence (TADF) 

Solution state photophysical properties of AIE active luminogens can vary a lot from its solid 

state photophysics, and some time it can be highly interesting too. Whether, the nature of 

emission in solution state also involves triplet excitons, we measured the steady-state emission 

spectra for all the AIE active luminogens in aerated and degassed toluene. Interestingly, the 

emission intensity in degassed toluene got enhanced for all the AIE active luminogens, 

suggesting an involvement of triplet excitons in the emission process as these triplet excitons 

are often very much sensitive towards oxygen and humidity. Upon collecting the emission of 

the purged toluene solution at a delay time of several microsecond (to effectively remove the 

emission contribution from prompt fluorescence), it was observed that in all three cases, the 

delayed emission is taking place from the same state as that of prompt fluorescence (S1 state), 

which proves that in solution state these AIE active luminogens are able to exhibit TADF 

(thermally activated delayed fluorescence) properties. 
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Figure A15: PL spectra of (a) TPANMI, (b) TPAPMI and (c) TPACNPMI in degassed toluene 

at different time-delay. Steady-state spectra of (d) TPANMI, (e) TPAPMI and (f) TPACNPMI 

in both aerated and degassed condition. Excitation wavelength in case of TPANMI and 

TPAPMI was 330 nm and 400 nm for TPACNPMI. 
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Figure A16: DRS-UV-Vis absorption spectra of TPANMI, TPAPMI and TPACNPMI in 

crystalline state. 

Section A7: Two photon absorption properties of TPACNPMI 

We have measured the two-photon absorption cross section of the two-photon active AIEgen, 

TPACNPMI (100 µM sample in 5% DMSO-water) using a multiphoton microscope (Leica, 

Germany) with tuneable fs-laser excitation source (Figure A17). For the collection of two-

photon excited emission spectrum (TPEF) the sample was excited at 845 nm and the emission 

was collected with a 10 nm step-size. The excitation spectrum was collected by keeping the 

emission window constant (520-620 nm) upon changing the excitation from 710 nm-1300 nm 

with 20 nm difference.  

Several techniques can be used to measure two-photon absorption cross-section of two-photon 

active luminogens such as- Z-scan, TPEF technique etc. We have used the later method here 

with rhodamine 6G in methanol as the reference compound and the excitation wavelength was 

chosen as 845 nm. At first, the TPEF cross-section was calculated using equation (1)67. 

𝜎𝑒 = 𝜎𝑒,𝑟 
𝐶𝑟

𝐶
 
𝑛𝑟

𝑛
 

𝐹

𝐹𝑟
                                                     (1) 

 

In this equation, r stands for the reference compound, n for refractive index, c for concentration 

and F for integral fluorescence intensity. Further the TPA cross section can be obtained from 

the TPEF cross-section using equation (2)67. 

𝜎 = 𝜎𝑒/𝜙′                                               (2) 
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In this equation, 𝜙′ stands for two photon excited fluorescence quantum yield. Since, it is very 

difficult to obtain 𝜙′ directly, we have assumed that 𝜙′ = 𝜙 (where 𝜙 is the single photon 

excited fluorescence quantum yield of the sample). The fluorescence quantum yield of the 

sample (100 µM of TPACNPMI in 5% DMSO-water) was found to be 5.78% (measured using 

an integrated sphere). Following this way, the two-photon cross-section of the sample was 

found to be ~ 510 GM (excitation at 845 nm). 

 

Figure A17: (a) Two photon excited fluorescence excitation spectrum of 100 µM TPACNPMI 

in 5% DMSO-water mixture. (b) two photon excited fluorescence emission (TPEF) spectrum 

of 100 µM TPACNPMI in 5% DMSO-water mixture (sample). (b) two photon excited 

fluorescence emission (TPEF) spectrum of 20 µM rhodamine 6G in methanol. 
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3.1 Motivation: 

This chapter explores the distinct TADF efficiency of three donor-acceptor based regio-

isomers: DPAOCN (ortho-isomer), DPAMCN (meta-isomer), and DPAPCN (para-isomer). 

DPAPCN exhibits maximum TADF efficiency in both solution and solid-state with an 

impressive reverse inter-system crossing (RISC) rate of ~ 106 s-1; the underlying cause being 

the minimum singlet-triplet splitting energy or ∆EST (< 0.1 eV) and maximum SOC (spin-orbit 

coupling) value of ~ 1.3 cm-1 between the S1 & T1 states. The ortho-isomer, on the other hand, 

has the slowest RISC rate due to its highest singlet-triplet splitting energy and lowest SOC 

value. Apart from TADF, differences in crystal packing of the regio-isomers can result in 

intriguing bulk phase properties like- mechanochromic luminescence (MCL) and non-linear 

optical properties like- second harmonic generation (SHG). DPAOCN, with its non-

centrosymmetric P212121 space group and substantial crystal void volume, enchants with 

reversible tri-color mechanochromic luminescent behavior, while the meta and para isomers, 

due to their centrosymmetric packing and diminished crystal void volume, remain inert to 

mechanical pressure. Expanding the horizon of possibilities, the non-centrosymmetric nature 

of ortho-isomer further renders it an excellent SHG material, with the χ(2) value of 0.19 pm/V 

at 1220 nm and laser-induced damage threshold (LIDT) value of 13.27 GW/cm2. Additionally, 

converted LEDs (c-LEDs) are fabricated to explore the electroluminescence potential of the 

regio-isomers for practical OLED applications. Further, the two-photon activity of all three 

isomers finds application in two-photon confocal cell imaging. Overall, exploration of TADF, 

SHG, and mechanochromic luminescent properties has been conducted among the regio-

isomers. The para-isomer has been identified as the most efficient TADF emitter, whereas, the 

ortho-isomer is the one endowed with all the aforementioned attributes. 

3.2 Introduction: 

Multifunctional organic luminescent materials with delayed fluorescence and phosphorescence 

have revolutionized the field of optoelectronics by providing a flexible platform for 

applications in organic light-emitting diodes (OLED), bio-imaging, sensing, and 

photocatalysis.1–8 Over the last decade, plenty of attempts have been made towards improving 

TADF efficiencies, minimizing the efficiency roll-off, and expanding the scope of these 

prodigious emitters to be utilized in bright OLED displays. Several effective strategies have 

been implemented, such as enhancing intramolecular charge transfer (ICT),9–11 increasing 
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molecular rigidity,12,13 incorporating through-space charge transfer (TSCT),14,15 and so on. All 

these strategies involve significant structural modifications that encompass major perturbations 

in the molecular architecture for tuning TADF properties. Nevertheless, there remains a lack 

of generalized strategies for well-directed customization of the molecular skeleton of the 

emitters, which can moderately enhance the TADF efficiency while keeping all other 

associated properties unperturbed. Moreover, it is of utmost importance to incorporate such 

changes through minimal structural modulation, so that productivity and cost-effectiveness can 

be maintained. Additionally, it is crucial to avoid the introduction of large functional groups 

and changing the overall molecular skeleton, as this can sometimes lead to conclusions that do 

not correspond to the actual design strategy. In this aspect, regio-isomerism can be an important 

step forward as it can lead to a dramatic impact on the energy levels (both singlets and triplets) 

of a chromophoric entity. The introduction of the regio-isomers to improve the TADF 

functionalities is still under development and is restricted to a few structural frameworks.16,17 

Moreover, simultaneous tuning of TADF efficiencies along with color changes over a wider 

range remains elusive to date. Our work aims to explore this methodology by focusing on three 

regio-isomers (ortho, meta, and para) based on diphenylamine donors (Scheme 1) that provide 

sequential control of emission. characteristics and TADF efficiencies. Additionally, the cost-

effective structural changes in three isomers can competently tune the singlet-triplet energy 

gap, thereby improving the thermal up-conversion efficiency. The results in solution, doped 

film, and powdered states show an increasing rate of reverse-intersystem crossing (RISC) from 

ortho to para isomers which is consistent with experimentally calculated ∆EST values along 

with a wide range of emission color tunability from green to red. The RISC rates can even go 

up to ~106 s-1 in the para-isomer compared to only ~102-104 s-1 of the ortho-isomer. The 

electroluminescence potential of all three isomers has been further explored through the 

fabrication of converted LEDs (c-LEDs) with three different emission colors. Moreover, these 

three different regio-isomers inherently induce perturbations in the symmetry elements at the 

molecular level, which modulates the crystal packing arrangement and induces anisotropy in 

the polarizability of the condensed bulk phase, and results in the revelation of important bulk 

properties like- mechanochromic luminescence (MCL), non-linear optical (NLO) properties 

like – second harmonic generation (SHG), and so on.18–20 The insertion of molecular 

asymmetry in the ortho-isomer led to a non-centrosymmetric P212121 crystal space group, 

resulting in excellent reversible tri-color mechanachromic luminescent characteristics and 

making it a superb SHG material with a χ(2) value of 0.19 pm/V at 1220 nm and laser-induced 
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damage threshold (LIDT) value of 13.27 GW/cm2. Notably, the stimuli-responsive emission 

property of ortho-isomer makes it an ideal mechanochromic luminescent TADF molecule 

(MCL-TADF). This class of smart luminogens combines mechanochromism and TADF, 

offering exciting prospects in sensing, displays, and lighting technology. Furthermore, due to 

the charge transfer nature of all three isomers, they are active for two-photon absorption, which 

has been further exploited for two-photon excited confocal cell imaging without compromising 

cellular viability. Altogether, this work explores the multi-faceted nature of three donor-

acceptor regioisomers with a major focus on TADF, SHG, and mechanochromic luminescent 

properties. Based on the molecular level understanding and bulk phase properties, the para-

isomer is identified as the most efficient TADF emitter with the largest RISC rate, whereas, 

the ortho-isomer is judiciously extracted as the one to manifest simultaneous TADF, 

mechanochromic luminescence, and SHG properties. 

 

Scheme 1. Molecular structures of all three regio-isomers. 

3.3 Brief synthetic procedure and characterization data: 

All the final products have been synthesized by a nucleophilic substitution reaction in dry polar 

aprotic solvent using NaH as a base in a single-step reaction. Varying time-condition is used 

unless the starting material in each case gets consumed. The final products in all three cases 

have been purified by a SiO2 column chromatography, using a DCM-Hexane solvent system. 

The products are thoroughly characterized using 1H, 13C, HRMS spectroscopic techniques, and 
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finally by single crystal X-ray diffraction data. Details are outlined in Section A1 of Appendix. 

The characterization data of all three molecules are stated below- 

(a) For DPAOCN: 

1H NMR (400 MHz, CHLOROFORM-D): δ 7.19 (dd, J = 8.4, 7.5 Hz, 8H), 6.97 (dd, J = 

10.6, 4.1 Hz, 4H), 6.85 (dd, J = 8.3, 7.5 Hz, 8H), 6.77 (dd, J = 8.5, 0.9 Hz, 8H), 6.69 (t, J = 7.3 

Hz, 4H), 6.43 (dd, J = 8.5, 0.8 Hz, 8H). 

13C NMR (100 MHz, CHLOROFORM-D): δ 150.43, 148.02, 144.92, 143.90, 128.96, 

127.71, 123.86, 123.55, 122.41, 122.30, 116.96, 113.57. 

HRMS (ESI TOF): m/z calcd. For C56H41N6 [M+H]+ 797.3393 found 797.3394. 

(b) For DPAMCN: 

1H NMR (400 MHz, CHLOROFORM-D): δ 7.32-7.22 (m, 4H), 7.13 – 7.06 (m, 12H), 7.02 

(t, J = 7.4 Hz, 2H), 6.96-6.84 (m, 8H), 6.70 (d, J = 7.7 Hz, 10H), 6.56 (d, J = 7.8 Hz, 4H). 

13C NMR (100 MHz, CHLOROFORM-D): δ 154.32, 151.91, 145.66, 144.80, 143.28, 140.4, 

129.51, 128.73, 127.69, 124.31, 124.08, 123.06, 122.76, 122.72, 121.20, 113.28, 113.14. 

HRMS (ESI TOF): m/z calcd. For C56H41N6 [M+H]+ 797.3393 found 797.3385. 

(c) For DPAPCN: 

1H NMR (400 MHz, CHLOROFORM-D): δ 7.15 – 7.08 (m, 16H), 6.88 (t, J = 7.4 Hz, 8H), 

6.82 – 6.76 (m, 16H). 

13C NMR (100 MHz, CHLOROFORM-D): δ 146.05, 144.87, 128.89, 123.70, 122.67, 

122.13, 113.34. 

HRMS (ESI TOF): m/z calcd. For C56H41N6 [M+H]+ 797.3393 found 797.3322. 

3.4 Instrumentation: 

1H NMR (at 400 MHz) and 13C NMR (at 100 MHz) data characterizations of all the synthesized 

compounds are performed using JEOL ECS-400 and Bruker Ascend TM 400 spectrometer 

using deuterated chloroform (CDCl3) as solvent (having residual chloroform) and 

tetramethylsilane (TMS) as the internal standard. Chemical shift (δ) values are measured in 
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ppm downfield from CDCl3 (δ = 7.26 ppm) for 1H NMR and relative to central CDCl3 

resonance (δ = 77.16 ppm) for 13C NMR. High-resolution mass spectra (HRMS) for all the 

compounds are recorded using ESI TOF in Water’s SYNAPT G2 mass spectrometer. Single-

crystal diffraction analysis data were collected at 100K with a BRUKER KAPPA APEX II 

CCD Duo diffractometer (operated at 1500 W power: 50 kV, 30 mA) using graphite 

monochromatic Mo Kα radiation (λ = 0.71073 Å). The structures were solved by direct 

methods and refined by least-squares against F2 utilizing the software package SHELXL-97.21-

22 More information on crystal structures can also be obtained from the Cambridge 

Crystallographic Data Centre under the CCDC deposition number. Powder XRD experiments 

are carried out using BRUKAR D8 advanced X-ray diffractometer with a Cu-Kα radiation 

source. Steady-state solution-based absorption spectra are recorded on Shimadzu, UV-2600 

UV spectrophotometer.   Steady-state emission spectra and time-gated emission spectra of all 

the samples in solution and solid state are carried out using Fluoromax-4C spectrofluorimeter 

and Fluorolog-3 phosphorimeter (HORIBA), respectively. TGA experiments were carried out 

using PerkinElmer STA 6000 instrument. Solid state UV-VIS absorption spectrum was 

collected using Shimadzu UV-3600i plus spectrophotometer. Time-resolved PL decay profiles 

have been recorded either using a diode-laser source (for a total time window <50 µs) or a 

microsecond flash lamp source (of 1.5-2.5 µs bandwidth and in cases where the total time 

window > 50 µs) in Edinburgh FLS980 instruments. 800 nm mode-locked Ti-sapphire laser 

(Mai-Tai, Spectra-Physics) excitation source was focused on the sample for the two-photon 

absorption experiment. Two-photon cell imaging and two-photon excitation-emission spectra 

collection are performed using a multiphoton microscope (Leica, Germany) at 63X & 10X oil 

immersion objectives, respectively. For femtosecond fluorescence up-conversion 

measurements the samples are excited at 375 nm and 400 nm using the second harmonic of a 

mode-locked Ti-sapphire laser (Mai Tai, Spectra-Physics). The fundamental beams (760 nm 

or 800 nm) are frequency doubled in a nonlinear crystal of β-barium borate (BBO). Samples 

are loaded in a 1 mm thick rotating sample chamber. Fluorescence emitted from the sample is 

upconverted in another nonlinear crystal (BBO) using a gate pulse (760 nm or 800 nm) of the 

fundamental beam and passed through a variable delay line before up-conversion. The sum 

frequency of the fluorescence and gate pulse is detected as a function of the time delay between 

excitation and gate pulses. The angle between the polarization of the pump and gate pulses is 

maintained at the magic angle to eliminate effects from rotational diffusion. The upconverted 

signal is dispersed in a monochromator and detected using photon-counting electronics. A 
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cross-correlation function obtained using the raman scattering from ethanol provided a full 

width at half-maximum (FWHM) of ∼300 fs. Estimated uncertainties in the up-conversion 

measurements are ∼15−20%. The average excitation power is varied but was around 8 ± 0.5 

mW, and an average collection time of 2.5 s is used. No degradation of the sample is observed 

as the traces overlapped after each repetition, and the optical absorption measurements do not 

show any change before and after the measurements. The fluorescence decays are deconvoluted 

using a Gaussian-shaped excitation pulse by Igor Pro 6.0 analysis software. During analysis of 

upconverted decay profiles, the long component lifetime obtained from TCSPC is kept fixed. 

 

3.5 Materials: 

For synthesis purpose, all the important starting materials like tetrafluorophthalonitrile, 

tetrafluoroisophthalonitrile and tetrafluoroterephthalonitrile etc. are purchased from sigma-

aldrich and were used without any further purification. For spectroscopic studies in solution, 

spectroscopic grade solvents were purchased from Spectrochem. Pvt. Ltd. India. For solid-state 

emission studies crystals or powdered samples were held in between two quartz slides 

purchased from TED PELLA INC. 

3.6 Experimental section: 

Fabrication of emitter-doped PMMA films: 

Quantitative amounts of PMMA are dissolved in spectroscopic grade chloroform by heating at 

50°C for 10 minutes and followed by sonication for another 5 minutes. Thereafter, a 

quantitative amount of emitters has been added to the PMMA solution and 0.2 ml of the 

resulting solution is used for spin-coating on a quartz plate at 2000 rpm for 30 seconds. The 

quartz plate was then kept in high vacuum for another 20 minutes prior to photophysical 

studies. 

Density Functional Theory (DFT) calculation: 

Quantum chemical calculations are performed using the Gaussian 09 program23 using a high-

performance cluster facility provided by IISER Pune. Initially, geometry optimization of all 

the luminogens is carried out in the gas phase and the nature of the stationary point (minima 

on the PE surface) is confirmed by frequency analysis24-25 at the CAM-B3LYP/6-311++G (d, 

p) level. Furthermore, TD-DFT calculations are carried out to visualize the spatial distribution 

of HOMOs and LUMOs as well as to get the energy information of several excited singlet and 
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triplet states on equal no. of singlet and triplet states (td (50-50, n-states=10)) by CAM-B3LYP 

functional using TD-SCF method. Additionally, excited S1 state geometry optimization is 

successfully performed at the B3LYP/6-31G (d, p) level after obtaining a frequency-analysed 

ground state optimized structure at the B3LYP/6-31G (d, p) level. 

Spin-orbit coupling matrix element calculation  

The spin-orbit coupling matrix between different excited singlet and triplet states was 

calculated using the zeroth-order regular approximation (ZORA) to the Dirac equation. In this 

approximation, the SOC operator, 𝐻̂𝑆𝑂𝐶 , is described as26 

𝐻̂𝑆𝑂𝐶 = 
𝑐2

(2𝑐2−𝑣)2 𝜎 ∙ (∇𝑣 × 𝑝) 

Where 𝑐, 𝑣, σ, and 𝑝 signify the speed of light, Kohn-Sham potential, Pauli spin-matrix vector, 

and linear momentum operator respectively. The first-order perturbation is applied on scalar 

relativistic orbitals after the self-consistent field (SCF) and TD-DFT calculations to obtain SOC 

effects. CAM-B3LYP functional coupling with slater-type all-electron TZP basis is used to 

calculate SOC values. All such calculations are done using the PYSOC program.27 

Fractional quantum yield calculation for film and powdered state 

For fractional quantum yield calculation in solid state (film and pristine powdered state), the 

intensity of the emission at 0 delays has been measured (PF+DF), followed by a delayed 

emission (with delay time = 20 times of the average lifetime of prompt fluorescence or τPF) 

intensity measurement (only DF). The difference gives the quantitative estimate of the prompt 

fluorescence contribution. 

Cell culture and drug treatments  

MCF7 cells are obtained from the European Collection of Cell Cultures (ECACC). The cells 

are maintained in 100 mm dishes (Eppendorf or Corning) and are grown in high-glucose 

Dulbecco’s Modified Eagle Medium (DMEM; Lonza) containing 10% heat-inactivated FBS 

(Invitrogen) and 100 units /mL penicillin-streptomycin (Invitrogen) and incubated at 37°C 

humidified 5% CO2 incubators (Eppendorf or Thermo Scientific).  
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For multiphoton imaging experiments, 5X 104 MCF7 (ECACC) cells are seeded on a coverslip 

and incubated at 37oC with 5% CO2 for 18hrs. Cells are treated with 10 µM of compound 

(DPAOCN, DPAMCN, and DPAPCN) and incubated for 24 hrs. Post-treatment, cells are 

washed with 1X PBS twice and fixed with 4% paraformaldehyde for 20 minutes in dark. After 

fixation, cells are again washed with PBS and mounted onto slides. The cells are imaged in a 

multiphoton microscope (Leica, Germany) at 63X oil immersion objective. For the MTT assay, 

0.5 X 104 MCF7 cells are seeded in each well of a 96-well plate and incubated at 37oC with 5% 

CO2 for 18 hours post-seeding. Cells are treated with different concentrations of the compound. 

24 hrs post-treatment, drug-containing media is removed and, 0.5 mg/ml thiazolyl blue 

tetrazolium (MTT) containing DMEM is added to the cells and incubated at 37ºC after covering 

with aluminum foil. 4 hours post MTT addition, the MTT-DMEM medium mixture is aspirated 

from the wells and 100 µl of DMSO is added to dissolve the purple MTT-formazan crystals. 

The absorbance is recorded at 570nm using the multimode Varioskan Flash plate reader 

(Thermo Scientific, USA). 

3.7 Result and discussion:  

3.7.1 Charge-transfer emission and TADF properties in solution state 

All the compounds show two successive broad absorption bands in toluene. The bands were 

named as high energy (HE) bands and low energy (LE) bands. The HE bands are located within 

320-420 nm, 310-430 nm, and 320-400 nm for DPAOCN, DPAMCN, and DPAPCN, 
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Figure 1: Absorption and emission spectra of (a) & (d) DPAOCN, (b) & (e) DPAMCN, and 

(c) & (f) DPAPCN in solvents of different polarity (10 µM concentration). 

respectively. The LE bands are located in the range of 430-490 nm, 440-500 nm, and 440-550 

nm for DPAOCN, DPAMCN, and DPAPCN, respectively (Figure 1). The emergence of the 

HE band can be attributed to the molecular π-π* transition and the LE band to the charge 

transfer (CT) transition from the peripheral diphenyl donor moieties to the core acceptor 

moiety. Well-separated HOMO and LUMO molecular orbitals obtained from density 

functional theory (DFT) calculations at CAM-B3LYP/6-311++G (d, p) level (Figure A1 in 

Appendix) and polarity-dependent emission spectra (Figure 1) confirm our conjecture about 

the charge transfer natures of our probes. Notably, the extent of red shift in the emission 

maxima is most pronounced in DPAOCN, which exhibits a substantial ~45 nm red shift while 

altering the solvent from toluene to acetonitrile. On the other hand, DPAMCN and DPAPCN 

display a smaller redshift of 22 nm and 20 nm, respectively, suggesting the highest dipole 

moment of DPAOCN in the excited state. The computed dipole moments obtained from the 

optimized S1 state geometries (Figure A3 in Appendix) confirm the trend further, with the 

largest S1 state dipole moment in DPAOCN (7.88 D), followed by DPAMCN (5.90 D) and the 

least in DPAPCN (0.002 D). Furthermore, the investigation of emission lifetime across varying 

solvent polarities provides a comprehensive elucidation of the excited states. In DPAOCN, the 

lifetime of the mono-exponential decay profile increases from 3.57 ns to 5.35 ns when the 
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Figure 2: Fluorescence up-conversion decay profiles of (a) DPAOCN, (b) DPAMCN, and (c) 

DPAPCN in toluene (concentration 30 µm). 

solvent was changed from toluene to THF. However, the lifetime decreases to 1.25 ns in a 

highly polar solvent like methanol, indicating a total charge separation and increased non-

radiative decay in highly polar solvents (Figure A4 & Table A1 in Appendix). In contrast, 

DPAMCN and DPAPCN, owing to their lower excited state dipole moments, lead to an 

incomplete charge separation process (Figure A4 & Table A2, A3 in Appendix). As a result, 

the fluorescence lifetime shift in variable solvent polarity is less pronounced than that observed 

in DPAOCN. Next, the fluorescence up-conversion technique was employed to investigate the 

ultra-fast dynamical processes in excited states. In case of DPAOCN in toluene, the decay 

kinetics (excitation 400 nm, collection wavelength 530 nm) exhibits a bi-exponential behavior, 

with a short decay component of approximately 6 ps, having a contribution of 37% ± 0.8% 

along with a very long radiative decay (with a lifetime of ~3.5 ns). Interestingly, when the 

collection wavelength is progressively increased to 550 nm and subsequently to 560 nm, the 

contribution of the 6 ps decay transient decreases to 7% ± 1.14% (at 550 nm), and becomes 

negligible at 560 nm (Figure 2 & Table A4 in Appendix). Similar observations are obtained 

for DPAMCN and DPAPCN, however, with different magnitudes of short and long decay 

components (Figure 2 & Table A4 in Appendix). These findings inferred that the rapid decay 

component in all three isomers can be attributed to the conformational relaxation process 

following photoexcitation and subsequent formation of the charge transfer state.  

In order to confirm the TADF process, photo-physical studies were carried out in degassed 

toluene. All three luminogens in degassed toluene experience an enhanced PL intensity 

compared to their aerated form (Figure 3 a,b,c). Additionally, time-gated emission spectra in 

degassed toluene were found to be perfectly overlapped with the steady-state emission spectra 

for all three isomers (Figure 3 d, e, f), suggesting the presence of delayed fluorescence from 

the singlet state. Fractional quantum yields of both prompt fluorescence and delayed 

fluorescence (ΦPF & ΦDF) are measured from the degassing experiment and delayed 

fluorescence contribution is found to be highest in the para-isomer (Table 1). The delayed 

fluorescence lifetimes, in degassed toluene are found to be longest in the ortho-isomer and 

shortest in the para-isomer (1.01 ms for DPAOCN, 695 µs for DPAMCN, and 4.13 µs for 

DPAPCN) (Figure A5 in Appendix). Interestingly, red-shifted phosphorescence emission 

bands are observed upon decreasing the temperature to 77 K in DPAOCN and DPAMCN. 
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However, the red shift in DPAPCN is modest, indicating energetically close S1 and T1 states 

 

Figure 3: Emission spectra in aerated and degassed toluene of (a) DPAOCN, (b) DPAMCN, 

and (c) DPAPCN (for 30 µm of luminogen concentration). Steady-state and time-gated 

emission spectra in degassed toluene of (d) DPAOCN, (e) DPAMCN, and (f) DPAPCN. 2 ms 

sample windows were used for DPAOCN and DPAMCN, whereas, for DPAPCN, a 1 ms 

sample window was used for gated spectra measurement. 

 (Figure A6 in Appendix). From the onset of TADF and phosphorescence emission bands, the 

calculated ∆EST values are found to be highest in DPAOCN (0.27 eV) and lowest in DPAPCN 

(0.05 eV) (Table 1). We calculate the reverse inter-system crossing (RISC) rates for each 

luminogen in toluene and unsurprisingly, maximum kRISC rate is found in DPAPCN (~ 106 s-

1), while the rate is minimum in DPAOCN (~102 s-1) (Table 1) obeying the energy barrier law. 

The variation of ∆EST in all three regio-isomers is consistent with the trends obtained from the 

TDDFT calculations i.e. maximum in the case of DPAOCN and minimum in DPAPCN (Figure 

A7 in Appendix). As the rate of reverse intersystem crossing process (kRISC) is crucially 

dependent upon the nature of the two states involved, it is important to reveal the nature of the 

S1 and T1 states. RISC rate is more pronounced in molecules where the S1 state is found to be 

more of a charge transfer (CT) character and the T1 state is more of a locally excited (LE) 

character or vice versa due to enhanced spin-orbit coupling between such states, which is in 

accordance with the El-Sayed rule.28  
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Figure 4: Natural transition orbital (NTO) analysis for S1 and T1 states of all three isomers. 

Hole and electron pairs of S1 & T1 states of DPAOCN, DPAMCN & DPAPCN. 

Natural transition orbital (NTO) calculations show that, in all three cases, the hole and electron 

orbitals of the S1 state are spatially well separated suggesting a predominant CT behavior of 

the S1 state which is well-corroborated with the experimental results. For the T1 state, however, 

all three molecules exhibit a predominant locally excited (LE) nature due to spatially 

superimposed hole and electron pairs in both significant NTO pairs (Figure 4). This is also 

supported by our experimental findings where the T1 state emission at 77 K undergoes a 

negligible shift upon changing the solvent polarity from toluene to a polar glass-freezing 

alcoholic mixture (4:1 = methanol: ethanol) or DMSO, confirming the predominant LE nature 

(Figure A8 in Appendix). Such a behavioral change of the associated S1 and T1 states is 

reflected in moderate to high spin-orbit coupling values of the two states. Although, among the 

three, DPAPCN exhibits the maximum spin-orbit coupling value of 1.32 cm-1, which may be 

responsible for its much accelerated RISC rate (Figure A7 in Appendix). 

3.7.2 TADF properties in solid state  

Table 1: Photophysical data of all three regio-isomers in different states. All the quantum 

yields have been measured using an integrated sphere. ɸPF and ɸDF signify fractional quantum 

yield of prompt fluorescence and delayed fluorescence, respectively. 
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[a] kr (S1-S0) = ɸPF /τPF,  [b] kISC (S1-T1)= (1-ɸPF) /τPF, [c] kRISC (T1-S1)= ɸDF / (kISC.τPF.τDF.ɸPF). 

[d] Measured using 30 µm of sample concentration in aerated and degassed conditions. 

 

Figure 5: Time-gated emission spectra of 10 wt% emitter-doped PMMA films of (a) 

Compound ɸPF ɸDF ES1 

[eV] 

ET1 

[eV] 

∆EST 

[eV] 

kr
[a]

 (S1-

S0) (s-1) 

kISC
[b] 

(S1-T1) 

(s-1) 

kRISC
[c](T1-

S1)    (s-1) 

DPAOCN         

Solution[d] 0.23 0.12 2.60 2.33 0.27 6.4 × 107 2.1 × 108 6.7 × 102 

Film 0.21 0.43 2.46 2.29 0.17 4.7 × 107 1.8 × 108 2.0 × 104 

Powder 0.02 0.22 2.46 2.24 0.22 9.1 × 106 4.5 × 108 3.0 × 104 

DPAMCN         

Solution [d] 0.23 0.09 2.58 2.38 0.20 1.3 × 108 4.5 × 108 7.3 × 102 

Film 0.04 0.65 2.45 2.35 0.10 3.2 × 107 8.0 × 108 1.6 × 105 

Powder 0.02 0.12 2.47 2.26 0.21 1.8 × 107 9.0 × 108 1.8 × 105 

DPAPCN         

Solution[d] 0.13 0.38 2.32 2.27 0.05 7.5 × 107 5.0 × 108 8.1 × 105 

Film 0.03 0.93 2.25 2.19 0.06 1.6 × 107 5.4 × 108 2.9 × 106 

Powder 0.02 0.26 2.14 2.05 0.09 2.4 × 107 1.2 × 109 7.8 × 106 
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DPAOCN, (b) DPAMCN, and (c) DPAPCN. Time-gated emission spectra of 10 wt % emitter 

doped PMMA films at RT (298 K) and 77 K for (d) DPAOCN, (e) DPAMCN, and (f) 

DPAPCN. Time delays for room temperature spectra measurement are kept at 50 µs (for 

DPAOCN & DPAMCN) and 10 µs (for DPAPCN). For the collection of spectra at 77 K, a 0.25 

ms delay has been used for DPAOCN & DPAMCN, and a 0.1 ms delay has been used for 

DPAPCN. Sample windows for all the room temperature spectra measurements have been kept 

at 2 ms and low-temperature spectra measurements have been kept at 10 ms. 

Studying the photo-physical properties of emitter-doped host matrix films is crucial for 

evaluating their suitability in OLED devices and reducing concentration quenching effects. In 

our study, we use PMMA as a host matrix due to its high triplet state energy (~3.1 eV), which 

effectively halts energy transfer from emitters to the host moiety. Time-gated emission spectra 

of 10 wt% emitter-doped PMMA films align well with the steady-state emission profile, 

indicating the dominance of the TADF process in all three molecules (Figure 5 a,b,c). Here 

also, the delayed fluorescence lifetime is found to be longest in DPAOCN (0.130 ms), followed 

by DPAMCN (0.104 ms), and shortest in DPAPCN (11.05 μs) (Figure A9 in Appendix). 

Subsequently, DPAPCN has the maximum rate of reverse inter-system crossing (2.9×106 s-1) 

 

Figure 6: (a) & (d) Time-gated emission spectra (with varying time delay) and temperature-

dependent emission of DPAOCN powder (collected at 550 nm). (b) & (e) Time-gated emission 

spectra (with varying time delay) and temperature-dependent emission of DPAMCN powder. 
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(c) & (f) Time-gated emission spectra (with varying time delay) and temperature-dependent 

emission of DPAPCN powder. Sample windows in all cases are kept at 2 ms. 

and DPAOCN exhibits the lowest rate (2×104 s-1) (Table 1). The variation of kRISC is also 

consistent with the ∆EST of the molecules which is the highest in DPAOCN (0.17 eV) and the 

lowest in DPAPCN (0.06 eV) (Figure 5d,e,f). In powder form, both DPAMCN and DPAPCN 

exhibit an almost complete overlap of steady-state and time-gated emission spectra at different 

delays indicating a prevailed TADF process (Figure 6 b, c). The TADF lifetimes of DPAMCN 

and DPAPCN powder in vacuum are found to be 33 µs and 1.68 µs, respectively. Moreover, 

temperature-dependent TRPL studies show a gradual decline in  delayed emission lifetime with 

decreasing temperature for both compounds, thus confirming the thermally assisted delayed 

fluorescence process (Figure 6 e, f). At 77K, TADF emission intensities of both the 

luminogens are suppressed, and phosphorescence bands emerged for both DPAMCN and 

DPAPCN. From the onset of TADF and phosphorescence emission, the experimentally 

obtained ∆EST is determined to be 0.21 eV (DPAMCN) and 0.09 eV (for DPAPCN) (Figure 

A11 in Appendix). Interestingly, for DPAOCN, the gated emission spectra collected at shorter 

time delays (10 µs and 25 µs) show the dominance of emission from the singlet state (~550 

nm) as it matches well with the steady state emission profile, but at a time delay of 50 µs, a red 

shift in the emission maxima (~600 nm) is observed, accompanied by a small hump at ~550 

nm. With further increased time delay, the small hump at ~550 nm disappears, and the emission 

maxima reside at ~600 nm (Figure 6a). Temperature-dependent lifetime measurements at the 

two major peaks (550 nm and 600 nm) reveal that the anticipated TADF peak (550 nm) exhibits 

a decrease in delayed emission lifetime with a decrease in temperature, while the 600 nm peak 

shows an increased emission lifetime, and manifests an ultra-long emission at cryogenic 

temperatures, indicating phosphorescent emission (Figure 6d, Figure A12 in Appendix). The 

calculated ∆EST value for DPAOCN is 0.22 eV. Additionally reverse intersystem crossing 

(RISC) rates are calculated for all three cases. DPAOCN exhibits the slowest RISC rate (3×104 

s-1), while DPAPCN demonstrates the most efficient RISC (7.89×106 s-1), consistent with their 

∆EST values (Table 1). The emergence of room-temperature phosphorescent emission in 

DPAOCN is likely attributed to the combination of lower and inefficient RISC rate and a 

considerably higher SOCME value between T1 and S0 states than the other two regio-isomers 

(1.68 cm-1 compared to 0.71 cm-1 and 0 of DPAMCN and DPAPCN, respectively) (Figure A7 

in Appendix). In addition to that, a rigid environment in the powdered state may also facilitate 

its RTP behavior.  
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3.7.3 Mechanochromic luminescent (MCL) properties 

Crystal symmetry plays a vital role in determining the photo-physical properties of luminescent 

materials. The responsiveness of organic luminogens to external stimuli relies heavily on the 

presence of a center of inversion in their crystal arrangement. However, increased molecular 

flexibility and short-range non-covalent interactions in the crystalline phase alone do not 

  

Figure 7: (a) Non-centrosymmetric crystal packing and crystal voids inside a unit cell of 

DPAOCN. (b) Centrosymmetric crystal packing along with the center of inversion (i) 

symmetry elements (shown as yellow dots) and crystal voids inside a unit cell of DPAMCN. 

(c) Centrosymmetric crystal packing along with the center of inversion (i) symmetry elements 

(shown as yellow dots) and crystal voids inside a unit cell of DPAPCN. (d) DPAOCN pristine 

powder undergoing a red shift upon mechanical grinding (ex. 370 nm). (e) & (f) scheme of tri-

color emission & multi-stimuli responsive behavior of DPAOCN under several external stimuli 

(photos collected using a 365 nm UV lamp). 

guarantee stimuli responsiveness. This is particularly true when the crystal has a 

centrosymmetric packing, as it lacks a gross dipole-moment and exhibits degenerate electronic 

energy states, resulting in no change in emission color under different external stimuli.29 On 

the other hand, a luminogen with non-centrosymmetric crystal packing can display multi-color 

emission behavior in response to external stimuli, due to the presence of multiple non-

degenerate metastable energy states. Here, the intriguing aspect that captivates our attention is 

the crystal packing mode of the regio-isomers. Both DPAMCN and DPAPCN, adopt a 

centrosymmetric P21/C space group, whereas DPAOCN crystallizes in a chiral and non-
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centrosymmetric P212121 space group (Figure 7). As previously explained, the presence of a 

 

Figure 8: (a) & (d) Effect of mechanical grinding on the prompt fluorescence and delayed 

fluorescence lifetime of DPAOCN powder. (b) & (e) Effect of mechanical grinding on the 

prompt fluorescence and delayed fluorescence lifetime of DPAMCN powder. (c) & (f) Effect 

of mechanical grinding on the prompt fluorescence and delayed fluorescence lifetime of 

DPAPCN powder. 

centrosymmetric packing arrangement results in the formation of degenerate energy states 

when subjected to external stimuli. Consequently, the green-emissive DPAMCN and red-

emissive DPAPCN display a minimal shift in their emission profiles upon mechanical grinding 

with no apparent change in the emission color (Figure A13 in Appendix). Intriguingly, 

DPAOCN in pristine powder form, undergoes a ~ 40 nm red-shift (from ~ 550 nm to ~ 590 

nm) upon mechanical grinding (with 0.2 gigapascals of pressure) with a visual emission color 

change from yellow (Y-form, Φ=0.24) to orange (O-form, Φ= 0.10), thus making DPAOCN 

as mechanically active luminogen (Figure 7 d, e, f). At this point, we are intrigued by the 

impact of mechanical grinding on the lifetimes of prompt fluorescence (PF) and delayed 

fluorescence (DF). Regarding para and meta isomers, there is a minimal alteration in their 

prompt and delayed fluorescence lifetimes following the grinding process (Figure 8). 

However, a significant change in both prompt and delayed fluorescence lifetimes is observed 

in the ortho isomer (DPAOCN) case. The prompt fluorescence lifetime undergoes a remarkable 

transformation, rising from 2.17 ns in its original state to 5.35 ns after mechanical grinding. 

Likewise, the delayed fluorescence lifetime experiences a substantial enhancement, 
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transitioning from 353 μs in its pristine state to 473 μs after grinding (Figure 8). Such 

alternation of emission lifetime is probably due to the grinding effect, which induces a 

significant energy change in case of mechanochromic luminescent molecules, leading to 

modifications in both the prompt fluorescence and the delayed fluorescence lifetime. The 

utmost importance of any mechanically active luminogen is its reversibility to its original color 

(in this case, ‘Y-form’). By retaining its original color, the luminogen ensures its stability and 

reliability for practical applications like sensing, information storage, and visual indicator.  

Exposure to DCM vapor causes the compound to revert back to its original color (Figure 7f), 

resembling the pristine state (Y-form). However, extended exposure of the ground powder to 

DCM vapor or heating the ground sample at around 90°C results in the emergence of a different 

state exhibiting green emission (‘G-form’, emission maxima at 539 nm, Φ= 0.09) (Figure 7 & 

Figure A14 in Appendix). Thus, DPAOCN with non-centrosymmetric packing mode exhibits 

tri-color mechanochromic luminescence along with simultaneous TADF and RTP. The 

simultaneous manifestation of these properties in a single compound is exceedingly rare in the 

literature. It is noteworthy to mention that exposing the green emissive DCM-soaked powder 

to air overnight and subsequently grinding it again using a mortar and pestle results in the 

formation of the Y-form and O-form, respectively (Figure 7f). This demonstrates the 

reversibility of all the steps involved in the process. Another crucial factor that can dictate the 

mechanochromic property of a certain molecule is the amount of void space in the crystal unit 

cell.30 The amount of void present in a crystal is a combined effect of short-contact non-

covalent interactions and the degree of flexibility of the molecular arrangement. In order to 

quantitatively evaluate each type of non-covalent interaction, Hirshfeld surface analysis is 

performed and the specific contribution is highlighted in Figure A15-Fig. A17 in Appendix. 

At this point, it provokes us to look into the void space volume of each crystal and interestingly, 

the maximum void space is obtained for DPAOCN (826 Ǻ3), then comes DPAMCN (597 Ǻ3), 

and the minimum is obtained for DPAPCN (with only 280 Ǻ3 of void volume) (Figure 7). The 

higher void space in DPAOCN is probably due to its more sterically hindered molecular 

architecture which restricts the neighbouring molecule to approach closer to each other, 

creating a higher void volume in the unit cell (Figure 7 & Figure A18 in Appendix). Notably, 

the steric hindrance follows the trend DPAOCN>DPAMCN>DPAPCN so does the void 

volume. The maximum void volume in DPAOCN can provide more flexibility in the molecular 

scaffold and thus, upon external stimuli, twisted terminal diphenyl moieties (Ɵ1= 58°, Ɵ2= 63°, 

Ɵ3= 55°, Ɵ4= 63°) of DPAOCN can alter the dihedral angle with the acceptor core (Figure 
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A19 in Appendix), thereby changing its emission energy and color. PXRD analysis is also 

carried out to look into the details of the possible phase transition of the isomers upon 

mechanical treatment. The simulated PXRD pattern of all the isomers aligns well with the 

experimentally obtained PXRD patterns (Figure A20-A21 in Appendix). All the luminogens 

exhibit sharp and highly intense diffraction peaks in pristine powder form suggesting a high 

degree of crystallinity in the samples. Upon grinding, intensities of some sharp diffraction 

peaks decreased with an appearance of broad and diffused PXRD patterns, suggesting an 

increase in the amorphous nature of the samples in the ground state. However, such modulation 

of crystallinity in DPAMCN and DPAPCN does not lead to an energetically different phase 

just enough to so MCL properties. In DPAOCN however, it leads to an orange emissive ‘O-

form’, energetically different from the yellow emissive original ‘Y-form’. Most importantly, 

upon DCM vapor treatment (in less concentration), the reversibility to the original pristine state 

is confirmed by the reappearance of sharp and intense diffraction peaks along with the broad 

halo disappearing from the PXRD pattern (Figure A20 in Appendix). 

3.7.4 SHG properties 

 

Figure 9: (a) wavelength-dependence of the SHG responses in the 1160-1340 nm region, (b) 

dependence of SHG integrated intensities with varying SHG wavelengths for DPAOCN 
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crystals, (c) Power-dependent study of the SHG responses at 610 nm for DPAOCN crystals, 

(d) quadratic fit of the SHG intensities with varying excitation power. 

Organic non-linear optical (NLO) materials have emerged as promising alternatives to 

inorganic NLO systems due to their high hyperpolarizabilities, diverse topologies, ease of 

processing, and high stability.31,32 Notably, the absence of inversion symmetry is the key 

prerequisite for a material to exhibit any second-order nonlinear process.33,34 Nonetheless, 

DPAOCN stands out to be the best candidate to exhibit second harmonic generation property 

among the three molecules, as it exhibits non-centrosymmetric crystal packing with the P212121 

space group. Our research involved performing extensive measurements on our sample using 

second harmonic generation (SHG) at a range of wavelengths along with the second-order non-

linear susceptibility (χ(2)) and optical stability. To conduct these experiments, we have used 

ultrafast pulses generated from an optical parametric amplifier (OPA) with a pulse width of 

approximately 50 fs.35,36 Details of the experimental setup and procedure can be found in 

section A2 in Appendix. The non-centrosymmetric DPAOCN exhibits a significantly strong 

SHG response upon excitation in the 1160 – 1340 nm wavelength range. Figure 9a shows the 

SHG response obtained from DPAOCN at a constant power of 2.5 mW, whereas Figure 9b 

plots the SHG intensity vs SHG wavelength. It is evident that the maximum SHG is obtained 

at 610 nm, which corresponds to an excitation with 1220 nm light. Band edge resonance is the 

probable reason for maximum SHG response at this wavelength (Figure A26 in Appendix). 

We have also observed a weak THG response of our sample within the same excitation 

wavelength (Figure A25 in Appendix). To determine χ(2) of DPAOCN, we have exploited 

Maxwell’s equation of relative intensity (Figure A24 in Appendix).  Here potassium 

dihydrogen phosphate (KDP) is used as the reference SHG material to calculate the second-

order susceptibility. KDP has a χ(2) value of 0.37 pm/V at 1064 nm.37–41 The χ(2) value of the 

DPAOCN is obtained to be around 0.19 pm/V at 1220 nm (SHG output 610 nm) at which 

wavelength DPAOCN shows the maximum SHG. The above results suggest that DPAOCN 

has a much stronger SHG response at 610 nm compared to even KDP. When considering a 

material for use as a potential source for nonlinear optics, it is essential to take into account 

both its NLO efficiency and optical stability. To assess the latter, we determined the laser-

induced damage threshold (LIDT) of DPAOCN (details in Section A2 of Appendix). The 

LIDT is the excitation power level at which the SHG response deviates from the expected 

quadratic dependence on excitation power. To find the LIDT, we measured the SHG intensity 

at varying excitation power levels, specifically at the excitation wavelength of 1220 nm, which 
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corresponds to the maximum SHG response of DPAOCN. Figure 9c & 9d displays the 

relationship between excitation power and SHG intensity, along with its quadratic fit. It 

becomes evident that the quadratic nature of the power dependence is lost at around 3 mW, due 

to saturation effects such as local heating. We found the LIDT value of DPAOCN to be 13.27 

GW/cm2 (details in Section A2 of Appendix), which is comparable to other popular 

commercially available SHG materials such as BBO (~10 GW/cm2) and KDP (~3 GW/cm2). 

Therefore, DPAOCN proves to be both highly efficient in terms of second-order susceptibility 

and optically stable, making it a suitable material for practical SHG applications. 

3.8 Applications: 

3.8.1 Converted LEDs (c-LEDs) fabrication 

 

Figure 10: (a) Emission spectra of all three fabricated c-LEDs, (b) CIE-chromaticity plots 

(GO-CIE, CIE-1931) of the emission spectra obtained in all three isomers, (c) emission glow 

from all three c-LEDs in three different color regimes and the schematic of the c-LED devices 

fabricated.  

Drawing inspiration from three distinct emission properties of the isomers, we embarked on 

the creation of c-LEDs. For that, the samples were blended at a 10 wt% ratio with polymethyl 

methacrylate (PMMA) using chloroform as the solvent. This blend was subsequently applied 

as a coating atop InGaN chips (Figure A27 in Appendix), with an elaborate fabrication 



 

 
C22 

 

procedure outlined in section A3 of Appendix. Intriguingly, when a 3V bias is applied, the c-

LED coated with DPAOCN emits a captivating yellow light, while those coated with 

DPAMCN and DPAPCN radiate green and red, respectively (Figure 10c). It's noteworthy that 

these emission colors closely mirror the photoluminescent (PL) emissions from the 10 wt% 

doped PMMA films, mentioned in the earlier section (Figure 10a). This observation points to 

the potential utilization of these three regio-isomers in the creation of OLEDs for three distinct 

color regimes—green, yellow, and red. 

3.8.2 Two-photon cell imaging 

Figure 11: Two-photon excited emission spectra of (a) DPAOCN crystals, (b) DPAMCN 

crystals and (c) DPAPCN crystals (excitation wavelength kept at 830 nm and emission 

collected in 400-780 nm region, in the inset, two-photon confocal microscopy images (at 10X 

objective) of two-photon illuminated emission from DPAOCN, DPAMCN and DPAPCN 

crystals (excitation 840 nm). Two-photon excitation spectra of (d) DPAOCN crystals, (e) 

DPAMCN crystals, and (f) DPAPCN crystals. The wavelength range window for data 

collection is 690 nm- 1290 nm in all cases. The emission window is as follows: 580 nm-625 

nm for DPAOCN, 522 nm-598 nm for DPAMCN, and 590 nm- 660 nm for DPAPCN. For both 

excitation and emission spectra, 20 nm step size has been used. 

Due to the greater optical penetration, excellent spatial resolution, and minimal optical 

scattering, two-photon-excited organic luminogens have attracted significant attention in 

comparison to typical one-photon-excited fluorophores.42–45 Such "two-photon absorption" 
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active materials are particularly useful for cell imaging since they inflict the target cell with the 

least amount of photo damage. Large π- conjugated organic chromophores with enforced co-

planarity and donor-acceptor groups at the center or at the end of the molecular scaffolds tend 

to exhibit strong two–photon absorption behavior.46 This is due to higher transition dipole 

moment values between the ground, intermediated, and final states leading to higher  

 

Figure 12: Two-photon microscopy image (excitation wavelength = 800 nm, collection 

window is from 530 nm to 620 nm for DPAOCN, 510 nm to 580 nm for DPAMCN, and 550 

to 630 for DPAPCN) of MCF-7 cells:  top row- without the treatment of dye or the control and 

the rests -with the treatment of 10 µM dye. (a, d, g, j) differential interference contrast (DIC) 

images, (b) cells without dye treatment, the two-photon image of cells treated with dye (e- 

DPAOCN, h- DPAMCN and k- DPAPCN) and (c, f, i, l) DIC image merged with dye treated 

confocal images. 

two-photon absorption cross-section values. Our molecules’ strong charge transfer behavior 

prompted us to investigate their two-photon absorption behavior and here, it is discovered that 

all three luminogens are two-photon active in both the liquid and solid crystalline states (Figure 

A28 in Appendix). Figure 11 shows the two-photon excitation spectra and two-photon excited 
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emission spectra of the three luminogens in their crystalline state. We conduct a two-photon 

cell imaging experiment as a result of these exciting features. It is clear from the two-photon 

image that our luminogens can effectively illuminate cells, majorly the cytoplasmic part 

(Figure 12). Additionally, the MTT viability assay of MCF7 cells is used to investigate the 

cytotoxic behavior of our luminogens. No significant cell death (more than 50%) is observed 

in samples incubated with drug concentrations up to 15 µM (Figure A29 in Appendix), 

indicating the molecules do not exhibit toxic behavior to the cells up to that concentration.  

3.8.3 Multi-color writing and erasing 

 

Figure 13: Demonstration of rewritable data recording based on multi-stimuli responsive 

behavior of DPAOCN. On the right, the demonstration of DCM vapor creation has been shown. 

Emission photos have been collected using 365 nm UV irradiation. 

The reversible tri-color emission characteristics of DPAOCN hold promise for a variety of 

potential applications, such as rewritable media47-48 To demonstrate this, a Whatman filter 

paper is dipped into a stock solution of DCM, kept there for 30 minutes, and then dried for 

another 30 minutes in vacuum. An orange background was found to be created after the drying 

process. After that, the word ‘OL’ (abbreviation of organic light) was written on it using DCM 

vapor. Initially, we intentionally spread out DCM vapor on the letters 'L' and 'O' was left 

incomplete to showcase the device's writing improvement potential. Thereafter, the writing 

was further improved with DCM vapor. The word ‘OL’ is now complete. To remove the word, 

a metal spatula was used to scratch it away, leaving only the orange background visible (Figure 
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13). Consequently, this smart stimuli-responsive material enables a convenient cycle of writing 

and erasing.   

3.9 Conclusions 

Overall, the trifecta of TADF, SHG, and mechanochromic luminescence (MCL) among three 

donor-acceptor based regio-isomers has been successfully studied in this research article. 

Through extensive experimentation, we have established that TADF properties can be 

thoroughly tuned from the ortho to the para isomer. Herein, the ortho-isomer, DPAOCN, 

exhibits the slowest rate of reverse intersystem crossing (RISC) (~ 102-104 s-1), whereas, the 

para-isomer, DPAPCN, dazzles with the highest TADF efficiency with the RISC rate of near 

~ 106 s-1. These differences in TADF efficiency mainly stem from the variation in energy 

splitting (∆EST) values and the extent of spin-orbit coupling (SOC) between the lowest singlet 

and triplet states. Moreover, the crystal space groups of all three isomers are different, as the 

ortho-isomer adopts a non-centrosymmetric and chiral P212121 space group, whilst the other 

two crystallize in centrosymmetric P21/C space group. Intriguingly, the non-centrosymmetric 

crystal packing of the ortho-isomer opened up two different avenues of photonics research. It 

exhibits excellent mechanochromic luminescence behavior with green, yellow, and orange 

emissions along with outstanding SHG characteristics with χ(2) value of 0.19 pm/V at 1220 nm 

and LIDT value of 13.27 GW/cm2. To the best of our knowledge, it is the first ever reported 

organic luminogen to exhibit simultaneous TADF, SHG, and mechanochromic luminescence 

properties. Further, the electroluminescence potential of all three isomers has been explored by 

converted LED (cLEDs) devices fabrication. Also, the isomers have demonstrated two-photon 

absorption activity in both solution and crystal states. This unique characteristic has been 

successfully exploited in two-photon confocal cell imaging, without significant cell death 

observed at concentrations up to 15 µM of the dye. 
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3.10 Appendix 

Section A1: Detailed synthesis and characterization data: 

Synthesis of (a) DPAOCN, (b) DPAMCN, and (c) DPAPCN: 

 

Scheme S1: synthesis scheme of (a) DPAOCN, (b) DPAMCN, and (c) DPAPCN. 

Synthesis of (a) DPAOCN: In a Schlenk RB flask equipped with a magnetic bead, 

diphenylamine (0.845 gm, 5 mmol) is taken and dissolved in 5 ml of anhydrous THF with 

argon flow. Vacuum-dried NaH (60% in oil, 300 mg, 7.5 mmol) is added slowly to the mixture 

and stirred at RT for 30 minutes. After that, tetrafluorophthalonitrile (0.2 gm, 1 mmol) is added 

to the reaction mixture, and the reaction is allowed to stir for another 48 hours at room 

temperature under argon (scheme S1). After 48 hours, the excess NaH is quenched by dropwise 

addition of distilled water. The mixture was then concentrated under a vacuum and washed 

several times with water and DCM. Finally, the crude product is purified by SiO2 column 

chromatography with a hexane/DCM solvent system. Yield: ~ 80%.  
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Synthesis of (b) DPAMCN: In a Schlenk RB flask equipped with a magnetic bead, 

diphenylamine (1.01 gm, 6 mmol) is taken and dissolved in 5 ml of anhydrous DMF with argon 

flow. Vacuum-dried NaH (60% in oil, 320 mg, 8 mmol) is added slowly to the mixture and 

stirred at 50°C for one hour. After 1 hour, tetrafluoroisophthalonitrile (0.2 gm, 1 mmol) is 

added to the reaction mixture, and the reaction is allowed to stir for another 4 hours at 50°C 

under argon (scheme S1). The completion of the reaction is confirmed by TLC. Excess NaH, 

is then quenched with a dropwise addition of distilled water. The mixture was then washed 

several times with water and ethyl acetate. Finally, the crude product is purified by SiO2 flash 

column chromatography with a hexane/DCM solvent system. Yield: ~ 55%. 

Synthesis of (c) DPAPCN: In a Schlenk RB flask equipped with a magnetic bead, 

diphenylamine (0.845 gm, 5 mmol) is taken and dissolved in 5 ml of anhydrous THF with 

argon flow. Vacuum-dried NaH (60% in oil, 300 mg, 7.5 mmol) is added slowly to the mixture 

and stirred at RT for 30 minutes. After that, tetrafluoroterephthalonitrile (0.2 gm, 1 mmol) is 

added to the reaction mixture, and the reaction is allowed to stir for another 4 hours at room 

temperature under argon (scheme S1). After 48 hours, the excess NaH is quenched by dropwise 

addition of distilled water. The mixture was then concentrated under a vacuum and washed 

several times with water and DCM. Finally, the crude product is purified by SiO2 column 

chromatography with a hexane/DCM solvent system. Yield: ~ 50%. 

1H NMR data of (a) DPAOCN: 
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1H NMR data of (b) DPAMCN: 

 

1H NMR data of (c) DPAPCN: 

 

13C NMR data of (a) DPAOCN: 
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13C NMR data of (b) DPAMCN: 
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13C NMR data of (c) DPAPCN: 

 

HRMS data of (a) DPAOCN: 

 

HRMS data of (b) DPAMCN: 
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HRMS data of (c) DPAPCN: 
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Crystallographic data 

Table 1: Crystal data and structure refinement for DPAOCN. 

Identification code DPAOCN 

CCDC No.                  2287184 

Empirical formula C57H42Cl2N6 

Formula weight 881.87 

Temperature/K 100(2) 

Crystal system orthorhombic 

Space group               P212121 

a/Å                           9.771(3) 

b/Å                          21.156(7) 

c/Å                          22.933(8) 

α/°                          90 

β/°                          90 
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γ/°                          90 

Volume/Å3              4741(3) 

Z                          4 

ρcalc (g/cm3)              1.235 

μ/mm-1              0.182 

F(000)                          1840.0 

Radiation                           MoKα (λ = 0.71073) 

2Θ range for data collection/°       3.85 to 58.53 

Index ranges                       -11 ≤ h ≤ 13, -28 ≤ k ≤ 28, -31 ≤ l ≤ 30 

Reflections collected                             87524 

Independent reflections 12600 [Rint = 0.1422, Rsigma = 0.1198]  

Data/restraints/parameters      12600/0/586 

Goodness-of-fit on F2       1.039 

Final R indexes [I>=2σ (I)]        R1 = 0.0670, wR2 = 0.1568  

Final R indexes [all data]           R1 = 0.1403, wR2 = 0.1857  

Largest diff. peak/hole / e Å-3      0.68/-0.56 

Flack parameter                    0.15(3) 
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Table 2: Crystal data and structure refinement for DPAMCN. 

Identification code DPAMCN 

CCDC No.                 2271434 

Empirical formula C56H40N6O 

Formula weight 812.94 

Temperature/K 100(2) 

Crystal system    monoclinic 

Space group             P21/C 

a/Å                        13.956(3) 

b/Å                        13.033(3) 

c/Å                        23.580(5) 

α/°                        90 

β/°                        93.210(6) 

γ/°                        90 

Volume/Å3           4282.1(15) 

Z                       4 
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ρcalc (g/cm3)          1.261 

μ/mm‑1          0.077 

F(000)                      1704.0 

Radiation                 MoKα (λ = 0.71073)  

2Θ range for data collection/°          4.28 to 56.728 

Index ranges                      -18 ≤ h ≤ 15, -17 ≤ k ≤ 16, -31 ≤ l ≤ 31 

Reflections collected                     98411 

Independent reflections      10719 [Rint = 0.2496, Rsigma = 0.1347]  

Data/restraints/parameters         10719/0/569 

Goodness-of-fit on F2             1.060 

Final R indexes [I>=2σ (I)]       R1 =  0.0882, wR2 = 0.1764  

Final R indexes [all data]          R1 = 0.1629, wR2 = 0.2104  

Largest diff. peak/hole / e Å-3      0.57/-0.72 

Table 3: Crystal data and structure refinement for DPAPCN. 

Identification code  DPAPCN 
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CCDC No.                  2287185 

Empirical formula C58H44Cl4N6 

Formula weight 966.79 

Temperature/K 100(2) 

Crystal system           monoclinic 

Space group             P21/C 

a/Å                        12.415(2) 

b/Å                        11.6613(19) 

c/Å                        17.594(3) 

α/°                        90 

β/°                        109.655(5) 

γ/°                        90 

Volume/Å3            2398.9(7) 

Z                        2 

ρcalc (g/cm3)           1.339 

μ/mm-1           0.294 

F(000)                      1209.0 

Radiation          MoKα (λ = 0.71073)  

2Θ range for data collection/°      4.272 to 48.998 

Index ranges         -14 ≤ h ≤ 14, -13 ≤ k ≤ 13, -20 ≤ l ≤ 19 

Reflections collected       33520 

Independent reflections 3995 [Rint = 0.0645, Rsigma = 0.0373]  

Data/restraints/parameters 3995/0/308 

Goodness-of-fit on F2               1.339 

Final R indexes [I>=2σ (I)]      R1 = 0.1161, wR2 = 0.3582  

Final R indexes [all data]         R1 = 0.1258, wR2 = 0.3634  

Largest diff. peak/hole / e Å-3    1.21/-0.60 
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Figure A1: Ground state frequency analyzed optimized structures, HOMO, and LUMO 

orbitals of (a) DPAOCN, (b) DPAMCN, and (c) DPAPCN along with their energy gaps. 

 

Figure A2: Excitation spectra of (a) DPAOCN, (b) DPAMCN, and (c) DPAPCN in different 

solvents (10 µm concentration). 
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Figure A3: Root mean square deviation (RMSD) between the ground state (S0 state) and 

excited state (S1 state) of (a) DPAOCN, (b) DPAMCN, and (c) DPAPCN; calculated and 

plotted using VMD software, here blue structures in all three cases denote the S0 state and red 

structures denote the S1 state. Optimized S1 state molecular geometries of (d) DPAOCN, (e) 

DPAMCN, and (f) DPAPCN. For S1 state optimization, TD-SCF method, and B3LYP/6-31G 

(d, p) level of theory have been used in all three cases prior to ground state optimization at 

B3LYP/6-31G (d, p). 
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Figure A4: Time-resolved fluorescence decay profiles of (a) DPAOCN, (b) DPAMCN, and 

(c) DPAPCN in solvents of varying polarity (concentration 10 µm).  

Solvent system Decay type Components 

Toluene Mono-exponential 3.57 ns 

THF Mono-exponential 5.35 ns 

DMF Mono-exponential 4.35 ns 

Acetonitrile Mono-exponential 4.34 ns 

Methanol Mono-exponential 1.25 ns 

 

Table A1: Time-resolved fluorescence decay type and components in different solvents of 

DPAOCN (concentration 10 µm).  

Solvent system Decay type Components 

Toluene Mono-exponential 1.69 ns 

THF Mono-exponential 2.06 ns 

DMF Mono-exponential 3.03 ns 

Acetonitrile Mono-exponential 3.31 ns 

Methanol Mono-exponential 3.61 ns 

 

Table A2: Time-resolved fluorescence decay type and components in different solvents of 

DPAMCN (concentration 10 µm).  

Solvent system Decay type Components 

Toluene Mono-exponential 1.73 ns 

THF Mono-exponential 1.83 ns 

DMF Mono-exponential 1.97 ns 
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Acetonitrile Mono-exponential 2.01 ns 

 

Table A3: Time-resolved fluorescence decay type and components in different solvents of 

DPAPCN (concentration 10 µm).  

 

Table A4: Fluorescence up-conversion decay transients and their respective wavelength-based 

contributions for all three isomers in toluene. Shorter decay components and their respective 

contributions have been highlighted in bold. 

 

Figure A5: Delayed fluorescence lifetimes of (a) DPAOCN, (b) DPAMCN, (c) DPAPCN in 

degassed toluene (for 30 µm of luminogen concentration). 

 

Sample λem 1 α1 2 α2 

DPAOCN 530 nm 3.5 ns 64.1±0.7 % 6±0 ps 37.2±0.8 % 

DPAOCN 550 nm 3.5 ns 93±0.6 % 6.5±0 ps 7±1.1 % 

DPAOCN 560 nm 3.5 ns 98.5±1.1 % 9±0 ps 1.4±0.9 % 

DPAMCN 500 nm 1.6 ns 64.8±0.4 % 3.6±0.1 ps 35.1±0.7 % 

DPAMCN 517 nm 1.6 ns 84.2±0.3 % 2.4±0.1 ps 15.7±0.6 % 

DPAMCN 540 nm 1.6 ns 100% - - 

DPAPCN 550 nm 1.7 ns 62.4±0.9 % 7.3±0.4 ps 37.5±1.54 % 

DPAPCN 560 nm 1.7 ns 74±1.8 % 8±1.1  ps 26±2.45 % 

DPAPCN 570 nm 1.7 ns 75.6±1.5 % 7.6±0.9 ps 24±2.3 % 



 

 
C41 

 

 

Figure A6:  Steady-state and time-gated emission spectra of (a) DPAOCN, (b) DPAMCN, (c) 

DPAPCN at room temperature (298 K) and 77 K in degassed toluene. At RT, for DPAOCN & 

DPAMCN, 50 µs delay time and 2 ms sample windows have been used. For DPAPCN, 5 µs 

delay time and 1 ms sample windows have been used. At 77 K(low-temperature), for DPAOCN 

& DPAMCN, 0.25 ms delay time and 10 ms sample windows have been used. For DPAPCN, 

due to its relatively lower lifetime, 0.1 ms delay time and 10 ms sample windows have been 

used. 

 

 

Figure A7:  Energy diagram of (a) DPAOCN, (b) DPAMCN, and (c) DPAPCN obtained from 

TD-DFT (50-50) calculation using TD-SCF method at CAM-B3LYP/6-311++G (d, p) level of 

theory. 
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Figure A8: Time-gated emission spectra at 77K of (a) DPAOCN, (b) DPAMCN, and (c) 

DPAPCN in toluene and polar glass-freezing alcoholic mixtures (GFM) (for DPAOCN and 

DPAMCN). For DPAPCN, DMSO has been used due to the isomer’s poor solubility in GFM. 

Concentration= 30 µm. For DPAOCN & DPAMCN, 0.25 ms delay time and 10 ms sample 

windows have been used. For DPAPCN, due to its relatively lower lifetime, 0.1 ms delay time 

and 10 ms sample windows have been used. 

 

Figure A9: (a) & (d) prompt fluorescence and delayed fluorescence lifetime of 10wt % 

DPAOCN doped PMMA film. (b) & (e) prompt fluorescence and delayed fluorescence lifetime 

of 10wt % DPAMCN doped PMMA film. (c) & (f) prompt fluorescence and delayed 

fluorescence lifetime of 10wt % DPAPCN doped PMMA film. Averaged prompt fluorescence 

lifetime (τPF) of DPAOCN, DPAMCN, and DPAPCN are found to be 4.39 ns, 1.19 ns, and 

1.79 ns, respectively. 
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Figure A10:  Prompt fluorescence emission lifetime of (a) DPAOCN powder, (b) DPAMCN 

powder, and (c) DPAPCN powder. Averaged prompt fluorescence lifetime (τPF) of DPAOCN, 

DPAMCN, and DPAPCN powder are found to be 2.1 ns, 1.1 ns, and 0.8 ns, respectively. 

 

Figure A11:  Time-gated spectra of (a) DPAOCN, (b) DPAMCN, and (c) DPAPCN powder 

at RT and at 77 K (50 µs delay for RT spectra and 0.25 ms delay for 77 K spectra in case of 

DPAOCN and DPAMCN to remove residual TADF photon counts. For DPAPCN, due to its 

relatively lower lifetime, RT spectra were collected using a 10 µs delay, and 77 K spectra were 

collected using a 0.1 ms delay. Sample windows for all room-temperature spectra 

measurements have been kept at 2 ms and for all low-temperature spectra measurements have 

been kept at 10 ms. 
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Figure A12:  Temperature-dependent PL decay of DPAOCN powder (collection wavelength 

at 600 nm) in (a) a shorter time window and (b) a longer time window (excitation wavelength= 

375 nm). 

 

 

Figure A13: (a) & (b) Grinding effect on DPAMCN and DPAPCN pristine powder 

respectively (ex. 380 nm). (c) Photographic images (irradiated using 365 nm UV lamp) of 

grinding effect on DPAMCN (top) and DPAPCN (bottom) powder. 
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Figure A14:  Heating effect on the DPAOCN ground powder (O-form) to yield G-form. 

 

 

Figure A15:  Hirshfeld surface analysis49-51 of DPAOCN crystal and fingerprint plot giving 

quantitative description regarding several non-covalent interactions using crystal explorer 3.1 

software52 with iso-value 0.5. The de & di values of each fingerprint plot are within the range  

of 0.4-2.6. 
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Figure A16: Hirshfeld surface analysis of DPAMCN crystal and fingerprint plot giving 

quantitative description regarding several non-covalent interactions. The de & di values of each 

fingerprint plot are within the range of 0.4-2.6.  
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Figure A17: Hirshfeld surface analysis of DPAPCN crystal and fingerprint plot giving 

quantitative description regarding several non-covalent interactions. The de & di values of each 

fingerprint plot are within the range of 0.4-2.6. 

 

Figure A18: Crystal unit cell packing of all three luminogens (a) DPAOCN (Z= 4, cell 

volume= 4740 Ǻ3), (b) DPAMCN (Z= 4, cell volume= 4282 Ǻ3), (c) DPAPCN (Z= 2, cell 

volume= 2398 Ǻ3). 

 

Figure A19: Dihedral angles of each peripheral diphenylamine moiety with the central 

phthalonitrile core of DPAOCN. 
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Figure A20: Simulated and experimental PXRD patterns of all forms of DPAOCN. Y-form = 

pristine form, O-form = ground form (obtained after mechanical grinding), reversibility to Y-

form = exposing less DCM vapor on O-form or the ground powder, G-form= after prolonged 

exposure of DCM vapor on O-form or after heating the ground powder (O-form) at ~ 90°C. 

 

Figure A21: Simulated and experimental PXRD patterns of (a) DPAMCN, (b) DPAPCN 

powder under external stimuli. 
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Note A1: Large change in prompt and delayed emission lifetimes of DPAOCN: 

 

Figure A22: Optimized ground state (S0 state) and excited state (S1 state) structures of all 

three isomers in the gas phase at B3LYP/ 6-31G (d,p) level of theory. 

Large changes in prompt and delayed fluorescence lifetime are attributed to large energy 

changes upon mechanical grinding in the case of mechano-active DPAOCN. Herein, we would 

like to draw the readers’ attention to an intriguing aspect. Our theoretical outcomes from 

TDDFT calculation unambiguously indicate that the ICT excitation/emission processes of all 
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three isomers should be accompanied by variations of intramolecular D–A twisting (Figure 

A22). In powder form and especially in a system with large steric hindrance like DPAOCN, 

such structural relaxation would be strongly suppressed by constraints from the dense and rigid 

molecular packings that make the D and A units remain in the initial less twisted arrangements 

even in the excited state. However, upon grinding a large energy change is highly anticipated 

because the disordered amorphous states are generally less dense and possess a relatively large 

free volume which is accompanied by a large void volume of the DPAOCN molecule, in that 

case, the specific diphenyl amine donor units can more freely rotate to afford near orthogonal 

excited D–A structures with energetically different and more stabilized ICT excited state. 

Consequently, the PL spectra underwent conspicuous redshifts along with significant lifetime 

changes through the crystalline to amorphous transformation. On the contrary, such energy 

changes are less feasible in the other two isomers due to relatively lower steric hindrance and 

void volume and moreover, due to its centro-symmetric packing. 

Note A2:  Role of DCM adsorption and amount of DCM adsorbed by O-form (ground 

orange emissive powder) upon DCM vapour treatment: 

Herein, adsorbed DCM is playing a crucial role in the modulation of crystallinity, as well as 

reversibility of the tri-color stimuli-responsiveness. Polar DCM molecules by creating a dipole-

dipole interaction alter the donor-acceptor dihedral angle of the molecule, thus changing the 

emission color of the system. We performed a control experiment to support this statement- 

the ground powder (O-form) was fumed with vapor of non-polar solvent like- hexane, and this 

time no color change was observed (Figure A23, below), supporting our claim of solvent-

sample dipole-dipole interaction. It is worth noting that upon DCM vapour treatment a blue 

shift of the ground O-form is taking place, suggesting a lowering of the D-A dihedral angle of 

the luminogen by solvent dipole interaction. Moreover, analysis of the PXRD patterns of all 

the DCM-treated samples shows that the vapor treatment does not significantly change the 

crystalline phase as the position of the PXRD peaks remains nearly unchanged, the only change 

being the modulation of crystallinity of the samples. In order to quantify the amount of DCM 

adsorbed by the O-form (ground orange emissive powder) to revert back to Y-form and further 

forming the G-form, we conducted a TGA experiment using three samples: (a) ground powder 

(O-form), (b) a small amount of sample treated with DCM vapor (forming the Y-form), and (c) 

a large amount of sample treated with DCM vapor (forming the G-form). Samples b and c 

exhibited a decrease in weight between 40-120°C (Figure A23, below), which is attributed to 

the adsorption of DCM vapor. It was further determined that sample b adsorbed approximately 
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2% of DCM vapor, while sample c adsorbed up to 6%, indicating varying levels of DCM 

adsorption. 

 

Figure A23: (a) No emission color change upon hexane fuming of the ground powder (O-

form), (b) TGA data of ground powder (O-form), a small amount of sample treated with DCM 

vapor (forming the Y-form), and a large amount of sample treated with DCM vapor (forming 

the G-form). 

Section A2: 

Experimental Setup for Second-Harmonic Generation: 

For conducting SHG experiments, we have used ultrafast (~50 fs) pulses of different 

wavelengths from an optical parametric amplifier (OPA) as the excitation source. The OPA 

(TOPAS-C, Light Conversion) is pumped by a regenerative amplifier (Spitfire Pro XP, 

Spectra-Physics) with a pulse width of 45 fs (FWHM), 1 KHz repetition rate, and 800 nm 

center wavelength. Further, the amplifier was seeded with a mode-locked Ti: Sapphire 

oscillator (Tsunami, Spectra-Physics) of 80 MHz repetition rate and 800 nm central 

wavelength. The pump beam from the OPA passes through a neutral density (N. D.) filter for 

power-dependent measurements followed by an 850 nm of long-pass filter for the purity of the 

pump beam. The filtered output was then focused using a plano-convex lens of 200 mm focal 

length. To avoid damage, we kept the sample away from the focus where the spot size of the 

beam is 400 μm. The output SHG signal was then collimated using a 25 mm plano-convex lens 

and filtered using a 750 nm short-pass filter to remove any residual pump beam. The collimated 
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output was then detected using a miniature spectrometer (USB4000, Ocean Optics) coupled to 

an optical fiber.   

 

Scheme S2: experimental set-up for second harmonic generation. 

 

Calculation of second-order nonlinear susceptibility (χ(2)): 

To calculate the second-order nonlinear conversion efficiency of the DPAOCN crystals, we 

have relied on modified Maxwell's nonlinear equation of relative intensity given by equation 

(1):53 

 

 

                       𝜒𝑆
(2) = 𝜒𝑅

(2) √
𝐼𝑆(2𝜔)

𝐼𝑅(2𝜔)

                                                            ------------ (1) 

Where 𝜒𝑆
(2) and  𝜒𝑅

(2) are the second-order NLO susceptibilities of the sample and reference 

and 𝐼𝑆(2𝜔 ) and 𝐼𝑅(2𝜔)  are the relative SHG intensities of the sample and reference, 

respectively. We have used potassium dihydrogen phosphate (KDP) as the reference for 

determining second-order susceptibility from the SHG data. Our sample shows 𝜒𝑆
(2) = 0.038 

pm/V at 1064 nm. Next, we determined the 𝜒(2) at 1220 nm of the sample from the SHG data 

of the sample and KDP at an excitation wavelength of 1220 nm by using the equation (2): 

                      𝜒𝜔1
(2) = 𝜒𝜔2

(2)(
2𝜔2

2𝜔1
) √

𝐼(2𝜔1)

𝐼(2𝜔2)

                                             ------------- (2) 

where 𝜒𝜔1
(2) and 𝜒𝜔2

(2) are the second-order susceptibilities at fundamental pump frequencies 

ω1 and ω2 and the 𝐼(2𝜔1)and 𝐼(2𝜔2) are their respective intensities.  We have calculated 𝜒(2) = 
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0.19 pm/V of DPAOCN at 1220 nm. As a result, our sample showed comparable SHG with 

that of the commercially available materials.54-55 

 

Figure A24:  χ(2) value determination of DPAOCN crystals using KDP as reference. 

 

Figure A25: Wavelength dependence of very weak third harmonic signal of DPAOCN 

crystals. 

Calculation of Laser-Induced Damage Threshold (LIDT): 
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The laser-induced damage threshold (LIDT) is a measure of the optical stability of a nonlinear 

material used in NLO procedures. The sample's LIDT is determined by the pump strength at 

which the SHG response deviates from quadratic behavior. In our sample, the LIDT is the 

intensity corresponding to 3 mW.  

 

𝑃𝑒𝑎𝑘 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 
𝐸𝑛𝑒𝑟𝑔𝑦  𝑝𝑒𝑟 𝑝𝑢𝑙𝑠𝑒

𝑃𝑢𝑙𝑠𝑒 𝑤𝑖𝑑𝑡ℎ ⨯ 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑆𝑝𝑜𝑡 𝐴𝑟𝑒𝑎
 

Where,   𝐸𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑝𝑢𝑙𝑠𝑒 = 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑜𝑤𝑒𝑟

𝑅𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒
 

LIDT =   𝑃𝑒𝑎𝑘 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑜𝑤𝑒𝑟

𝑅𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒⨯ 𝑃𝑢𝑙𝑠𝑒 𝑊𝑖𝑑𝑡ℎ ⨯ 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑆𝑝𝑜𝑡 𝐴𝑟𝑒𝑎
 

LIDT =   𝑃𝑒𝑎𝑘 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 
3 ×10−3 𝑊

1000 𝐻𝑧⨯ 45×10−15 𝑠 ⨯ 𝜋×(400 ×10−6𝑚)2
 

 

LIDT =   Peak Intensity = 13.27 GW/cm2 

 

Using the aforementioned equation, we determined the LIDT for our sample, which is 13.27 

GW/cm2 with the necessary laser information. 

 

Figure A26: Absorbance spectra of the DPAOCN crystals along with the maximum SHG 

signal at 610 nm. The absorbance spectrum is obtained by converting the diffuse reflectance 

spectrum using the Kubelka-Munk transformation, α/S= (1 − 𝑅)2/2𝑅. 

Section A3: 
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Fabrication of converted LEDs and related measurements: 

Commercially available InGaN chips (power = 3W, λEL= 390-395 nm, VF = 3.1 V, IF = 700 

mA) were purchased from ASIAN ELECTRONICS, India (Figure A27). The optimal sample, 

at 10 wt% doped with poly (methyl methacrylate) or PMMA was mixed in chloroform and 

heated at 50°C with stirring for 10 minutes. After that, the mixture was coated on top of the UV 

chip, dried under an IR lamp source, and was used further for emission measurement. 

 

Figure A27: Electroluminescence spectra of the InGaN chip centered at 390-395 nm region. 

Inset shows its photo under daylight and its electroluminescence under a 3 V bias. 
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Figure A28: Two-photon absorption properties of all three regio-isomers in solution (DCM) 

and crystal state. For solution, an 800 nm laser source is used; crystals’ confocal two-photon 

excited microscopic images have been collected using an 840 nm laser excitation source at 10X 

objective. 

 

Figure A29: MTT viability assay of MCF7 in the presence of different concentrations of dye 

(a) DPAOCN, (b) DPAMCN, and (c) DPAPCN. 
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4.1 Motivation: 

Understanding the fundamental properties of luminogens with aggregation-induced delayed 

fluorescence (AIDF) is crucial for advancing the design and application of efficient 

optoelectronic materials. In this study, we focused on the AIDF behavior of three luminogens—

TN, TA, and TP—aiming to uncover the mechanisms driving their unique photophysical 

properties. Through comprehensive theoretical analysis, we identified a substantial reduction 

in the singlet-triplet energy gap (∆EST) when these luminogens transition from monomeric 

states to aggregated or solid states. This reduction enables thermally activated delayed 

fluorescence (TADF) on a microsecond time scale, a key characteristic for enhancing 

luminescence efficiency in solid-state applications. Moreover, these luminogens exhibit 

remarkable two-photon excited anti-Stokes photoluminescence emission and enhanced 

photocurrent generation. These phenomena are attributed to their pronounced charge transfer 

characteristics and extended singlet exciton lifetimes, respectively. These findings highlight 

the potential of TN, TA, and TP for applications in advanced photonic and optoelectronic 

technologies, such as organic light-emitting diodes (OLEDs) and photovoltaic devices. The 

insights gained from this study provide valuable guidance for designing next-generation 

materials with improved AIDF performance, paving the way for more efficient and versatile 

photonic systems. 

4.2 Introduction: 

Thermally activated delayed fluorescence (TADF) emitters have attracted significant interest 

in recent years, particularly for their applications in organic optoelectronics for OLEDs.1 While 

traditional TADF emitters effectively utilize electrogenerated excitons, their performance in 

non-doped OLEDs is often limited by a reduced photoluminescence quantum yield (PLQY) in 

solid or aggregated states.2 To overcome this challenge, the aggregation-induced emission 

(AIE) strategy has been introduced,3 giving rise to a new category of TADF emitters known as 

aggregation-induced delayed fluorescent (AIDF) emitters.4 These AIDF emitters demonstrate 

high exciton utilization and impressive photoluminescence efficiency in neat films, making 

them ideal for the development of highly efficient and stable non-doped OLEDs. Recent 

advancements, such as the molecular core-shell approach developed by Tang and co-workers, 

have achieved remarkable efficiency in AIDF-OLEDs, with a current efficiency of 61.4 cd A⁻¹ 

and power efficiency of 42.8 lm W⁻¹.5 Additionally, Chi and co-workers reported two TADF 

emitters featuring aggregation-induced emission based on a shamrock-shaped donor-acceptor 

structure, achieving a notable external quantum efficiency (EQE) of 38.7% in the sky-blue 
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region.6 Yasuda and co-workers further contributed with a series of o-carborane-based emitters, 

showcasing high PL quantum efficiencies of up to 97% in solid-state films, along with 

successful non-doped OLED device fabrication.7 While AIDF emitters have primarily been 

applied to non-doped OLEDs, their significant charge transfer properties and longer emission 

lifetimes suggest potential benefits for other areas of organic electronics, such as anti-Stokes 

photoluminescence (ASPL) via two-photon absorption and efficient photocurrent generation. 

In this report, we present three novel AIDF luminogens—TN, TA, and TP—based on 

triphenylamine as the donor (Scheme 1). These TPA-based compounds exhibit advantageous 

photoconductive and light-emitting properties, with enhanced conjugation improving exciton 

up-conversion and utilization.8 Notably, all three emitters demonstrate two-photon activity in 

their aggregated and crystalline states, attributed to their large hyperpolarizability. 

Furthermore, they generate efficient photocurrent in the microampere (µA) range, marking 

them as the first AIDF emitters with this capability. 

 

Scheme 1: Molecular structures and PL emission in toluene for all three luminogens- (a) TN, 

(b) TA, and (c) TP. 

4.3 Brief synthesis procedure and characterization data: 

The final products are synthesized through a multi-step synthetic approach. It begins with the 

synthesis of TPA-CHO from triphenylamine via the Vilsmeier-Haack formylation reaction (see 

Section A1 of the Appendix). This is followed by an Aldol-like condensation reaction to 

produce TN. The compound TA is obtained by reducing the nitro group using 

tetrahydroxydiboron and 4,4′-bipyridine in DMF. Finally, TP is synthesized through a 

condensation reaction of TA with phthalic anhydride in glacial acetic acid under reflux 

conditions, with further details provided in Section A1 of the Appendix. After a multi-step 

synthesis process, all three luminogens were purified by HPLC and characterized by 1H NMR, 
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13C NMR, and HRMS analysis (Section A1 of the Appendix). The characterization details of 

all the synthesized products are given below- 

(a) For TPA-CHO:  

1H NMR (400 MHz, CDCl3): δ in ppm 9.81 (s,1H), 7.76–7.62 (m, 2H), 7.34 (dd, J= 10.4, 5.4 

Hz, 4H), 7.22-7.12 (m, 6H), 7.01 (t, J= 8.9 Hz, 2H) 

13C NMR (100 MHz, CDCl3): δ in ppm 190.56, 153.45, 146.23, 131.41, 129.83, 129.29, 

129.16, 126.41, 125.21, 124.24, 119.42 

HRMS (ESI): calc. for [(C19H15NO)H] (M+H)+ 274.1232, measured 274.1237. 

(b) For TN:  

1H NMR (300 MHz, DMSO-d6): δ in ppm 8.25 (d, J = 8.7 Hz, 2H), 7.78 (s, 1H), 7.57 – 7.43 

(m, 2H), 7.33 (dd, J = 8.4, 7.4 Hz, 4H), 7.21 – 7.07 (m, 2H), 7.07 – 7.01 (m, 4H), 6.97 – 6.87 

(m, 2H), 6.71 – 6.62 (m, 2H), 4.17 (q, J = 7.0 Hz, 2H), 1.19 (t, J = 7.1 Hz, 3H) 

13C NMR (75 MHz, DMSO-d6): δ in ppm 166.60, 149.29, 147.40, 146.41, 144.25, 140.94, 

132.58, 131.62, 130.30, 127.78, 126.10, 125.10, 124.36, 119.94, 61.31, 14.62 

HRMS (ESI): calc. for [C29H24N2O4] (M)+ 464.1736, measured 464.1737. 

(c) For TA:  

1H NMR (300 MHz, DMSO-d6): δ in ppm 7.53 (s, 1H), 7.32 (t, J = 7.7 Hz, 4H), 7.06 (dt, J = 

25.0, 7.5 Hz, 8H), 6.81 (d, J = 8.0 Hz, 2H), 6.66 (d, J = 8.5 Hz, 2H), 6.54 (d, J = 7.9 Hz, 2H), 

5.16 (s, 2H), 4.14 (q, J = 7.1 Hz, 2H), 1.20 (t, J = 7.1 Hz, 3H) 

13C NMR (75 MHz, DMSO-d6): δ in ppm 168.19, 148.66, 148.36, 146.73, 138.17, 132.05, 

130.97, 130.54, 130.20, 128.17, 125.61, 124.62, 123.23, 120.58, 114.41 

HRMS (ESI): calc. for [(C29H26N2O2)H] (M+H)+ 435.2068, measured 435.2065. 
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(d) For TP:  

1H NMR (300 MHz, DMSO-d6): δ in ppm 7.97 (dd, J = 5.5, 3.0 Hz, 2H), 7.91 (dd, J = 5.5, 

3.1 Hz, 2H), 7.73 (s, 1H), 7.50 (d, J = 8.4 Hz, 2H), 7.38 – 7.28 (m, 6H), 7.21 – 7.09 (m, 2H), 

7.09 – 7.03 (m, 4H), 6.99 – 6.90 (m, 2H), 6.68 – 6.59 (m, 2H), 4.20 (d, J = 7.1 Hz, 2H), 1.23 

(d, J = 7.1 Hz, 3H). 

13C NMR (75 MHz, DMSO-d6): δ in ppm 167.45, 148.98, 146.49, 136.38, 135.20, 132.33, 

132.04, 131.73, 130.30, 129.27, 127.92, 126.02, 125.03, 123.92, 119.89, 61.14, 14.74 

HRMS (ESI): calc. for [C37H38N2O4] (M)+ 564.2049, measured 564.2046. 

4.4 Instrumentation: 

Data characterization using 1H NMR (at 300 MHz) and 13C NMR (at 75 MHz) of all the final 

compounds are performed using Bruker AvanceTM II NMR spectrometer with deuterated 

dimethylsulphoxide (DMSO-d6) as solvent (having residual dimethylsulphoxide, 0.1%) and 

tetramethylsilane (TMS) as the internal standard. Chemical shift (δ) values are measured in 

ppm relative to DMSO resonance at δ = 2.54 ppm for 1H NMR and at δ = 40.45 ppm for 13C 

NMR. High-resolution mass spectra (HRMS) for all the compounds are recorded using ESI 

TOF in Water’s SYNAPT G2 mass spectrometer. HPLC measurements were carried out using 

Water’s Acquity-H Class UPLC with a UV detector (Agilent eclipse plus-C18 RRHD column). 

The injection volume is 0.5 μL and the flow rate is kept at 0.5 mL/min. Single-crystal 

diffraction analysis data were collected at 100 K with a BRUKER KAPPA APEX II CCD Duo 

diffractometer (operated at 1500 W power: 50 kV, 30 mA) using graphite monochromatic Mo 

Kα radiation (λ = 0.71073 Å). The structures were solved by direct methods and refined by 

least‐squares against F2 utilizing the software packages SHELXL‐2017,9a,b, and WINGX.10 

More information on crystal structures can also be obtained from the Cambridge 

Crystallographic Data Centre under the CCDC deposition number. Steady-state solution-based 

absorption spectra are recorded on Shimadzu, UV-2600 UV spectrophotometer. Steady-state 

emission spectra and time-gated emission spectra of all the samples in solution and solid state 

are carried out using Fluoromax-4C spectrofluorimeter and Fluorolog-3 phosphorimeter 

(HORIBA), respectively. All the PLQY values mentioned in the manuscript have been 

obtained by a direct method (absolute quantum yield measurement) using an integrating sphere 
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(Horiba K-sphere). Time-resolved PL decay profiles have been recorded by Time-Correlated 

Single Photon Counting (TCSPC) and Multi-Channel Scanning (MCS) methods either using a 

diode-laser source (375 nm, for a total time window of < 50 μs) or a spectra LED source (357 

nm) in HORIBA Scientific instrument. The data was fitted with the help of DAS6 Fluorescence 

Decay Analysis Software from HORIBA by examining χ2-values and visually inspecting 

residuals where the fit with χ2 = (1-1.2) value is taken as the best fit. For the two-photon 

absorption experiment, an 800 nm mode-locked Ti-Sapphire laser (Mai-Tai, Spectra-Physics) 

excitation source was focussed on the sample. Leica multiphoton microscope (Germany) was 

utilized for the two-photon cell imaging at 63X oil immersion objective. 

4.5 Experimental section: 

Density Functional Theory (DFT) calculation: 

Quantum chemical calculations are performed using the Gaussian 09 program11 using a high-

performance cluster facility provided by IISER Pune. Initially, geometry optimization of all 

the luminogens is carried out in the solution phase (THF) using the IEFPCM method and the 

nature of the stationary point (minima on the PE surface) is confirmed by frequency analysis12-

13 at the B3LYP/6-31G (d,p) level. Furthermore, TD-DFT calculations are carried out for 

excited state geometry optimisation (S1 state) using TD-SCF method at the B3LYP/6-31G (d, 

p) level of theory after obtaining a frequency-analyzed ground state optimized structure at the 

same level of theory. For potential energy surface construction, a relaxed scanning has been 

performed along the donor-acceptor dihedral angle with a difference of 2° for a total of 20 

steps. 

QM/MM Calculations: 

The quantum mechanics/molecular mechanics (QM/MM) model was built based on the single 

crystal structure and was utilized to analyze the electronic properties of the active QM molecule 

embedded in the aggregated crystal state. The surrounding molecules were defined as a rigid 

MM component to simulate the effect of a solid-state environment.14 The high layer for QM 

was computed using the TD-DFT method of B3LYP/6-31G (d, p) level, and the low layer for 

MM is described by the universal force field (UFF)15 augmented by Coulomb interactions 

which are in accordance with the quantum method. The monomer was configured to a high 

layer for QM calculated by the TD-DFT method of B3LYP/6-31G (d, p) level. 

Preparation of neat films: 
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To prepare neat films, 0.5 mg of each luminogen is dissolved in 1 ml of spectroscopic-grade 

THF solvent. The solution is then drop-cast onto a clean quartz substrate and dried under 

reduced pressure for at least one hour to eliminate any solvent trapped within the film layer. 

Cell culture and drug treatments: 

HeLa cells were a generous gift from Dr. Sorab Dalal (ACTREC, India). The cells were 

maintained in 35 mm dishes (VWR, USA) and grown in Dulbecco’s Modified Eagle Medium 

(DMEM; HiMedia, India) containing 4.5g/L Glucose and supplemented with 10% heat-

inactivated FBS (Thermo Scientific, USA) and 1X Pen-Strep antibiotics (Thermo Scientific, 

USA) and incubated at 37°C in a humidified incubator with 5% CO2 (Eppendorf, GmbH).  

For the MTT cell viability assay, 10,000 HeLa cells per well were seeded in a 96-well plate 

(Eppendorf, Gm) and incubated at 37°C with 5% CO2 for 18 hours post-seeding. Cells were 

treated with different concentrations of the compounds TN, TA, and TP or DMSO control 

(5µM, 10µM, and 15µM). 24 hrs post-treatment, drug-containing media was removed, and 100 

µL of DMEM containing 0.5 mg/ml MTT (HiMedia, India) was added to each well and 

incubated at 37ºC in the dark for four hours. Post incubation, the MTT-DMEM solution was 

aspirated, and the purple MTT-formazan crystals were solubilized in 100 µL of DMSO and 

incubated for 15 mins in the dark before recording absorbance. The absorbance was recorded 

at 570 nm using the EnVision Nexus Multimode plate reader (Revvity, USA). 

For multiphoton imaging experiments, 0.15x106 HeLa cells were seeded on coverslips (pre-

washed with 95% EtOH) in a 35 mm culture dish (VWR, USA) and incubated at 37°C with 

5% CO2 for 18 hrs. Cells were then treated with 10 µM of compound (TN, TA, and TP) and 

incubated for 24 hrs. Post-treatment, cells are washed twice with 1X DPBS and fixed with 4% 

formaldehyde for 20 minutes in the dark. After fixation, cells were again washed with PBS and 

mounted onto slides. The cells were imaged on a multiphoton confocal microscope at an 

excitation wavelength of 820 nm (Leica, Germany) and observed with a 63X oil immersion 

objective. 

Detailed procedure for photo-current generation: 

Here, the photocurrent generation experiment was performed in chronoamperometry mode, 

where current was measured as a function of time at a fixed potential of 0.9 V. A three-electrode 

configuration was used for the photocurrent measurement, where the working electrode 

comprising the target compound was drop-casted onto a FTO substrate. The Ag/AgCl electrode 
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functioned as the reference, and another FTO plate was employed as the counter electrode. 

0.2M sodium sulphate solution is used as electrolyte. Here the working electrode was prepared 

by dissolving 1 mg of the compound in 0.5 mL of chloroform, followed by dropcasting the 

resultant solution onto the surface of an FTO plate. 

4.6 Results and Discussion: 

4.6.1 Photophysical characteristics in the monomeric and aggregated state: 

 In all three emitters, the triphenylamine (TPA) group acts as a donor, as evidenced by the 

frontier molecular orbital analysis, with the HOMO located on the TPA moieties (Figure 1). 

On the other hand, the LUMO is localised predominantly in the peripheral nitro-benzene 

moiety, ester carbonyl group, and phthalimide moiety in the case of TN, TA, and TP, 

respectively (Figure 1). 

 

Figure 1: HOMO and LUMO molecular orbitals in the ground state optimized structures of 

(a) TN, (b) TA, and (c) TP. 

The luminogens in toluene (30 µM) exhibit a strong absorption band in the 360-415 nm region 

(Figure A1 in Appendix), which is attributed to the S0-S2 transition for TN & TP and a 

combination of both S0-S2 and S0-S1 transitions for TA, based on the simulated absorption 

spectra obtained from TD-DFT calculation (Table A4- A6 in Appendix). Noticeably, the 

emission features were found to be different for all three. TN in toluene emits in the yellow 

region (λmax ~ 550 nm), whereas TA (λmax ~460 nm) & TP (λmax ~ 465 nm) emit in the 

cyan-blue region (Figure A1 in Appendix), probably attributed to an increased charge transfer 

character in TN due to its maximum conjugation length and S1 state dipole moment (Figure 

A2 in Appendix). It is worth noting that the time-resolved photoluminescence (PL) decay of 
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all the luminogens in solvents like- toluene and THF only shows a short ~ns component and is 

devoid of any longer component in µs-ms time scale suggesting the absence of any triplet 

harvesting process in solution (Figure A4-A5 in Appendix).  

Figure 2: Emission spectra in binary THF/water mixture for (a) TN, (b) TA and, (c) TP. 

Variation of lifetime (ex. 355 nm) in ~µs time-scale with water content for (d) TN, (e) TA and 

(f) TP. Aggregate PLQY and average lifetime (at 95% water content) have been shown along 

with. 

However, an intriguing photophysical characteristic emerges in the aggregated state. All three 

molecules exhibit a profound aggregation induced enhanced emission (AIEE) behavior after 

an initial solvatochromic emission quenching up to ~60-70% of water content in THF. 

Impressively, at a water concentration of 95% , the emission profiles demonstrate enhancement 

of intensity of approximately 16-fold for TN, 5-fold for TA, and 10-fold for TP, as illustrated 

in Figure 2 a, b, c, and A6, Table A7 in Appendix. Importantly, the molecular aggregates 

formed at 95% water content exhibit PL decay times in the microsecond (μs) range, with 

average lifetimes of 6.6 µs, 8.0 µs, and 7.9 µs for TN, TA, and TP, respectively (Figure 2d, e, 

f). Here it is important to note that this long emission lifetime component was not prominent 

at very low water content (<50%) when the aggregated are not formed. In this regard, it is 

worth mentioning that the aggregation-induced emission (AIE) characteristics of the 

luminogens can be linked to their crystal packing, specifically due to the suppression of 
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detrimental π···π stacking interactions in the aggregated state. Stronger π···π interactions can 

increase planarity and exciton−phonon coupling in the solid state, often leading to reduced 

emission. Effective π···π stacking interactions typically occur within a distance of 3.3-3.8 Å16 

beyond this range, their strength diminishes, making aggregation-caused quenching (ACQ) less 

likely. For the three luminogens under investigation, an analysis of their crystal structures 

reveals increased distances for potential π···π stacking interactions: 6.1 Å for TN, 4.7 Å for 

TA, and 5.1 Å for TP (Figure 3a, d, g). Additionally, the space-filling model demonstrates that 

the planar aromatic groups of neighboring molecules are positioned in a manner that prevents 

significant π···π overlap, further reducing the likelihood of quenching (Figure 3b, e, h, c, f, i).  

 

Figure 3: π···π stacking interactions distance of two neighboring molecules of (a) TN, (b) TA 

and (c) TP. Spacefilling model of (b) TN, (e) TA, and (h) TP from side-view. Spacefilling 

model of (c) TN, (f) TA, and (i) TP from top-view. 
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Figure 4: Normalized distance (dnorm) mapped over Hirshfeld surface of each luminogen ((a) 

TN, (b) TA, and (c) TP) along with generated fingerprint plots obtained from dnorm to decipher 

the percentage of each type of non-covalent interaction. The grey part in the fingerprint plot 

indicates total interactions. 

Moreover, in all three crystals, the 2-D fingerprint plot reveals minimal π···π stacking 

interactions, accounting for less than 5% and characterized by weak strength (shown in blue) 

(Figure 4). This finding supports the AIE properties of the molecules. Furthermore, we 

evaluated the strength and impact of other short intermolecular contacts that create a 

constrained environment, limiting the motion of high-energy bond vibrations (with C−H 

stretching around 0.37 eV in aromatic compounds).17 This restriction helps to decrease 

nonradiative deactivation in the aggregated or solid-state, thus enhancing the AIE effect. 

Notably, significant contributions from C−H···π interactions (approximately 10.3 kJ/mol)15 

and C−H···O interactions (typically between 41−104 kJ/mol)18 were identified, with the latter 

exhibiting strong interactions (indicated by red patches) (Figure 4), which further promote the 

AIE characteristics. 

To investigate whether this aggregation behavior persists with a further increase in the extent 

of aggregation, we conducted additional studies on neat films and molecular crystals. The neat 

films of all three luminogens exhibit different emission features with TN emitting orange-red 

emission (maxima at ~620 nm), TA exhibiting cyan-green emission (maxima at ~520 nm) and 

TP exhibiting greenish yellow emission (maxima at ~ 545 nm) (Figure 5). In addition to the 
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short ~ ps-ns component (due to prompt S1-S0 emission), all three neat films exhibit a much 

longer emission lifetime of 27.3 µs, 8.64 µs, and 7.83 µs for TN, TA, and TP, respectively 

(Figure 5) suggesting the persistent role of aggregation in the emission process.  

Figure 5: Steady-state emission spectra for the neat film of (a) TN, (b) TA, and (c) TP (inset 

shows the UV excited neat film emission) and time-resolved emission decay profiles (λex = 

357 nm) for the neat film of (d) TN, (e) TA, and (f) TP in the microsecond time scale (λex = 

357 nm) (inset shows the decay profiles in the nanosecond time scale, λex = 375 nm). The 

average delayed fluorescence lifetime (τDF) of TN, TA, and TP neat films were found to be 

27.3 μs, 8.64 μs, and 7.83 μs respectively. (Note: Decays in the nanosecond time scale with 

τav < 50 ps fall below the detection limit of the TCSPC instrument and hence have not been 

fitted). 

To demonstrate that residual solvent molecules do not influence the emission in the neat films 

or solvatochromic emission of solvents does not play any role in it, we compared the emissions 

of films made from solvents of different polarities, specifically THF (polarity index 4.0) and 

acetonitrile (polarity index 5.8). We found no significant changes in emission features among 

all three luminogens (Figure A7 of Appendix), indicating that trapped solvent molecules do 

not play a role in the emission process. Additionally, we recorded and compared PL excitation 

spectra for the solution phase (monomeric state) and neat films. The significant differences in 

spectral onset and width between the two phases suggest that aggregation occurs in the neat 

films (Figure A8 of Appendix), which induces exciton coupling and alters the spectral 
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features. Thus, the observed change in emissions from neat films results from the alteration of 

excited state energy levels due to aggregation, rather than from trapped solvent residue. 

Figure 6: Steady-state emission spectra of the crystals of (a) TN, (b) TA, and (c) TP along with 

the UV (365 nm) excited crystal emission shown in the insets. Time-resolved emission decay 

profiles for the crystals of (d) TN, (e) TA, and (f) TP in the sub-millisecond time scale (λex = 

357 nm). Insets show the decay profiles in the nanosecond time scale (λex = 375 nm). Average 

delayed fluorescence lifetime (τDF) of TN, TA, and TP crystals were found to be 104 μs, 86 μs, 

and 20 μs respectively. (Note: Decays in the nanosecond time scale with τav < 50 ps fall below 

the detection limit of the TCSPC instrument and hence have not been fitted).  

Moreover, the molecular crystals of the respective emitters also emit in three different regions, 

with emission maxima at 620 nm, 525 nm, and 510 nm for TN, TA, and TP, respectively 

(Figure 6). Here also, along with a short ~ ns component, a much longer emission lifetime is 

observed for all three crystals with an average lifetime of 104 µs, 86 µs, and 20 µs for TN, TA, 

and TP, respectively (Figure 6). Noticeably, the longer lifetime component exhibits a marked 

increase with the extent of aggregation, progressing from a THF-water binary mixture with 

95% water content, to neat films, and ultimately to molecular crystals. This suggests a unique 

role of aggregation in the kinetics of this emission process. To know, the origin of such a longer 

lifetime, time-gated emission measurements were carried out. A significantly superimposed 

gated emission spectrum with the steady state emission profile indicates a probable occurrence 

of thermally activated delayed fluorescence (TADF) as in both cases the emission takes place 

from the lowest singlet S1 state (Figure 7). This was further confirmed by photophysical 
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Figure 7: Time-resolved emission decay profiles (λexc = 357 nm) for the crystals of (a) TN, (b) 

TA, and (c) TP at RT (298 K) and 77 K. Average delayed fluorescence lifetime (τDF) of TN, 

TA and TP crystals at RT were found to be 104 μs, 86 μs and 20 μs respectively and at 77 K, 

their lifetimes were reduced to 48 μs, 31 μs and 3 μs respectively. Time-gated emission spectra 

for the crystals of (a) TN, (b) TA, and (c) TP at RT (298 K) and 77 K with different delays. 

Experimentally calculated ∆EST is obtained from the emission peak positions. Time delays of 

detection for all spectra are mentioned. For the collection of delayed spectra at RT, a 5 ms 

sample window has been employed for TN and TA and a 500 μs sample window for TP. The 

sample window for emission measurements at 77 K is kept at 10 ms for all three crystals. 

investigation at cryogenic temperature. At 77K, the TADF emission bands were found to be 

weakened with a red shift of the emission maxima suggesting the presence of phosphorescence 

emission from the lowest triplet T1 state (Figure 7). From the peak position of the respective 

spectra, the S1-T1 energy gaps (∆EST) were estimated to be 0.16 eV, 0.13 eV, and 0.10 eV for 

TN, TA, and TP crystals, respectively (Figure 7). Such low ΔEST values are particularly 

advantageous for facilitating TADF, as they imply a reduced activation barrier for the reverse 

intersystem crossing (RISC) process.19 Noticeably, the experimentally obtained ∆EST values 

are in line with the delayed fluorescence lifetimes, with TP with the least ∆EST value exhibiting 

the minimum TADF lifetime. Furthermore, DF lifetimes were measured at a temperature of 77 

K. In all three cases, the DF lifetime was found to be reduced at 77 K compared to room 

temperature due to an inefficient thermal up-conversion process at lower temperatures (Figure 
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Figure 8: Potential energy scanning along the dihedral angle between donor and acceptor 

moieties in the solvent phase using the ICFPCM model and the crystal phase using the QM/MM 

model for [(a) and (d)] TN, [(b) and (e)] TA, and [(c) and (f)] TP. For the solvent-based and 

QM/MM calculation (high layer)- DFT calculation has been performed at B3LYP, 6-31G (d, 

p) level of theory, while the low-layer for QM/MM-based calculation has been treated with a 

classical UFF model of theory. 

7). Our designed luminogens, therefore are categorized as AIDF type of molecules, as the spin-

flip process only gets activated in the aggregated or solid state, not in the monomeric state. To 

understand the specific role of aggregation in the delayed fluorescence process, we performed 

a combined solvent-phase and QM/MM (quantum mechanics/molecular mechanics) based 

DFT calculation (Figure A10 & A11 in Appendix). The solvent-based (IEFPCM/THF) 

calculation was used to model the monomeric/solution state, while the QM/MM calculation 

was used to model the aggregated/solid state. In the THF-based calculation, the theoretically 

calculated ∆EST values are found to be 0.27 eV, 0.95 eV, and 0.47 eV for TN, TA, and TP, 
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respectively (Figure 8). These high ∆EST values are not suitable for efficient reverse 

intersystem crossing (RISC), which may be the reason for the emitters not showing TADF 

emission in the solution phase. Interestingly, calculations on the aggregated state convey a 

different story with much lowered ∆EST values of 0.03 eV, 0.06 eV, and 0.06 eV for TN, TA, 

and TP, respectively (Figure 8). This narrow energy gap between the S1 and T1 states can make 

the reverse intersystem crossing (RISC) process much more efficient and presumably could be 

the reason for the activation of TADF in aggregated or solid states.  

4.6.2 Photocurrent measurements: 

Figure 9: (a) Photocurrent generation by the luminogens upon exciting with a 365-370 nm 60 

W UV LED lamp having peak irradiance of 3.5 W/cm2. (b) Neat film DF lifetime of the 

luminogens. 

The aggregation-induced delayed fluorescence (AIDF) properties and long-range charge 

transfer characteristics of these luminogens were effectively utilized for photocurrent 

generation. In conventional organic fluorophores, singlet excitons typically decay on a 

picosecond to nanosecond timescale, resulting in limited exciton diffusion lengths (LS) 

constrained to just a few nanometers. Importantly, the exciton diffusion length is proportional 

to the square root of the singlet exciton lifetime (τS),20 which restricts the efficiency of these 

materials as photocurrent generators. In contrast, our AIDF emitters exhibit significantly longer 

singlet lifetimes (in the microsecond regime), allowing for greater exciton diffusion lengths 

and facilitating efficient photocurrent generation. Consequently, all three luminogens produced 

photocurrents in the microampere range when excited with a 365-370 nm UV source (Figure 

9). Notably, the drop-casted TN film exhibited the highest photocurrent of ~4 µA, while TP 
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demonstrated the lowest (Figure 9a). Careful analysis of the photophysical properties reveals 

that the delayed fluorescence lifetimes in neat films follow the trend: TN (27.3 µs) > TA (8.64 

µs) > TP (7.83 µs) (Figure 9b). This indicates that TN, with its longest singlet exciton lifetime, 

achieves the greatest diffusion length, thereby maximizing its photocurrent generation 

capability. 

4.6.3 Two-photon absorption and cell-imaging experiment: 

 

Figure 10: Two-photon excited emission spectra (ex. 845 nm, power= 7.7 mW) of (a) TN, (b) 

TA and (c) TP crystals. Two-photon microscopy image (excitation wavelength = 820 nm, 

collection window is from 600 nm to 630 nm for TN, 505 nm to 535 nm for TA, and 540 to 

580 for TP) of HeLa cells: (d, g, j) dye treated two-photon imaging, (e, h and k) differential 

interference contrast (DIC) images, and (f, i, l) DIC image merged with dye treated confocal 

images. 

Given their superior optical penetration, excellent spatial resolution, and minimal optical 

scattering, two-photon-excited organic luminogens have garnered significant interest 

compared to typical one-photon-excited fluorophores.21 These two-photon active materials are 

especially valuable for cell imaging because they cause the least amount of damage to the target 
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cell.22  Given the extensive π-conjugated structures and strong charge transfer properties of our 

luminogens, which contribute to significant hyperpolarizability and enable efficient two-

photon absorption, we investigated their two-photon absorption behavior. Our findings 

indicated that all three luminogens exhibit two-photon activity in both molecular aggregates 

and crystalline forms (Figure 10a, b, c & Figure A14 in Appendix). The two-photon excited 

emission spectra (excited at 845 nm) for these aggregates and crystals closely resemble the 

single-photon excited emission spectra (excited at 420 nm) (Figure A12 in Appendix). The 

emission spectra are also found to be anti-Stokes shifted, with excitation occurring in the 690 

nm to 1100 nm range (Figures A13 & A14 in Appendix). Furthermore, a power-dependent 

two-photon emission intensity plotted in the log-log scale shows a slope of approximately 2 

(Figures A13 & A14 in Appendix), suggesting a minimal contribution from the first-order 

emission. Additionally, two-photon cell imaging experiments demonstrated that our 

luminogens effectively illuminate cells, particularly the cytoplasmic region (Figure 10 d-l), 

verified against a control experiment (Figure A15 in Appendix). We also assessed the 

cytotoxicity of our luminogens using the MTT cell viability assay on HeLa cells. The results, 

confirmed across three biological replicates, show no significant cell death (viability remains 

over 80%) with drug concentrations up to 15 µM (Figure A16 in Appendix), indicating that 

the luminogens are not toxic to cells at these levels. 

4.7 Conclusion: 

In summary, we report three donor-acceptor-based luminogens—TN, TA, and TP—with 

aggregation-induced delayed fluorescence (AIDF) properties. The combined solvent phase and 

QM/MM-based calculation reveal a drastic lowering of ∆EST values in the aggregated state, 

responsible for the observed behavior. Their strong charge-transfer nature and AIDF 

characteristics have been used to increase singlet exciton diffusion length for efficient photo-

current generation. Additionally, their promising two-photon absorption capabilities 

demonstrate their potential for anti-Stokes shifted photoluminescence (ASPL) and two-photon 

cell imaging. 
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4.8 Appendix: 

Section A1) Detailed synthetic procedure: 

Synthetic scheme: 

 

Scheme S1: Synthetic route of the designed compounds 

Synthesis of TPA-CHO: 

 Triphenylamine (4 g, 16 mmol, 1 equiv.) was dissolved in dry DMF (17.8 mL) in a 

round bottom flask under a nitrogen atmosphere and the solution was cooled at 0°C with 

continuous stirring. Phosphoryl Chloride (7.6 mL, 82 mmol, 5.13 equiv.) was added to the 

solution dropwise and stirred at 0°C for 30 minutes. The reaction mixture was cooled to room 

temperature and kept under stirring for an hour. It was then heated to 45°C and allowed to 

proceed for two more hours after which the crude product was poured into ice water and 

neutralized with aq. NaOH (10 g/ 100 ml). The light-yellow precipitate obtained is purified by 
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column chromatography and characterized by 1H NMR, 13C NMR, and HRMS techniques 

(4.46 g, 89% yield).22a 

Synthesis of TN: 

 To a stirred solution of TPA-CHO (3 g, 10.98 mmol) and ethyl 2-(4-nitrophenyl)acetate 

(2.52 g, 12.08 mmol) in ethanol (30 mL) at 25°C was added with piperidine (1.62 ml, 16.48 

mmol) and stirred at 120°C for 30 hours. After the consumption of the starting material, the 

reaction mixture was evaporated. The product was obtained as a mixture of (E) and (Z) isomers 

in the ratio of 4:1. Therefore, the mixture is separated by preparative HPLC to afford the pure 

E-isomer TN as a yellow solid, which is characterized by 1H NMR, 13C NMR and HRMS 

techniques (3.2 g, 63 % yield). 

Synthesis of TA: 

 To a stirred solution of TN (3.0 g, 6.46 mmol) in DMF (15 mL) at 0°C was added 

tetrahydroxydiboron (1.73 g, 19.39 mmol) and 4,4′-bipyridine (0.05 g, 0.32 mmol). The 

resulting mixture is allowed to stir at 0°C for 15 minutes. Once the starting material was 

completely consumed, the reaction mixture was quenched with water and extracted thrice with 

ethyl acetate. The organic layer is separated, washed with brine, dried, and concentrated under 

reduced pressure. This was further purified by flash column chromatography to yield the pure 

compound TA, which was further characterized by HRMS, 1H, and 13C NMR techniques (2.2 

g, 79% yield). 

Synthesis of TP: 

 TA (2 g, 4.6 mmol) and phthalic anhydride (750 mg, 5.06 mmol) were dissolved in 40 

ml of glacial acetic acid. The mixture was refluxed under stirring for 24 hours. After the starting 

material was consumed, the mixture was cooled to room temperature and neutralized with a 
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saturated sodium bicarbonate solution. The solution was extracted with ethyl acetate, washed 

with water and brine and the organic layer was dried over anhydrous Na2SO4. The pure product 

TP is yielded by silica gel column chromatography and characterized by HRMS, 1H, and 13C 

NMR techniques (2.1 g, 81% yield). 
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Characterisation data 

1H NMR of TPA-CHO: 

 

13C NMR of TPA-CHO: 
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HRMS of TPA-CHO: 

 

1H NMR of TN: 
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13C NMR of TN: 

 

HRMS of TN: 
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HPLC data for TN: 

 

 

1H NMR of TA:
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13C NMR of TA: 

 

HRMS of TA: 

 

HPLC data of TA: 
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1H NMR of TP: 
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13C NMR of TP: 

 

HRMS of TP: 
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HPLC data for TP: 
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Crystallographic data 

 

Table S1. Crystal data and structure refinement for TN 

Identification code   TN  

CCDC No.                                          2387501 

Empirical formula   C29H24N2O4 

Formula weight   464.50 

Temperature /K   100 K 

Crystal system   Triclinic 

Space group     P-1 

a/ Å     11.184(11) 

b/ Å     13.742(13) 

c/ Å     16.798(17) 

α/o     72.17(3) 

β/o      74.47(3) 

γ/o      87.49(4) 
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Volume / Å3     2366(4) 

Z     4 

ρcalc (g/cm3)    1.304 

μ/ mm-1     0.088 

F (0 0 0)    976 

Crystal size/mm3                         0.5 × 0.03 × 0.01 

Radiation    MoKα (λ = 0.71073) 

2θ range for data collection/o  3.116 to 42.996 

Goodness-of-fit on F2   1.030 

Final R indexes [I>=2σ (I)]  R1 = 0.0419, wR2 = 0.0949 

Final R indexes [all data]  R1 = 0.0660, wR2 = 0.1102 

 

Explanation of CheckCIF alerts for TN 

Alert level A 

THETM01_ALERT_3_A The value of sine(theta_max)/wavelength is less than 0.550 

Calculated sin(theta_max)/wavelength = 0.5156 

Explanation: This is due to the use of the OMIT command in the refinement process. Data at 

higher angles 2 theta = 43 were omitted because I/sigma dropped below 3 indicating that the 

data were no longer reliable for refinement purposes. This approach was taken to ensure the 

accuracy and quality of the refinement process. 
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Table S2. Crystal data and structure refinement for TA 

Identification code   TA 

CCDC No.                                      2378737 

Empirical formula   C29H26N2O2 

Formula weight   434.52   

Temperature /K   100 K 

Crystal system   Orthorhombic 

Space group     P212121 

a/ Å     11.2750(12) 

b/ Å     13.8596(14) 

c/ Å     29.694(3) 

α/o     90 

β/o      90 

γ/o      90 

Volume / Å3     4640.3(8) 
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Z     8 

ρcalc (g/cm3)    1.244 

μ/ mm-1     0.078 

F (0 0 0)    1840.0 

Crystal size/mm3                         0.4 × 0.03 × 0.02 

Radiation    MoKα (λ = 0.71073) 

2θ range for data collection/o  3.864 to 44.992 

Goodness-of-fit on F2   1.076 

Final R indexes [I>=2σ (I)]  R1 = 0.0661, wR2 = 0.1381 

Final R indexes [all data]  R1 = 0.1017, wR2 = 0.1539 

 

Explanation of CheckCIF alerts for TA 

Alert level A 

THETM01_ALERT_3_A The value of sine(theta_max)/wavelength is less than 0.550 

Calculated sin(theta_max)/wavelength = 0.5383 

Explanation: This is due to the use of the OMIT command in the refinement process. Data at 

higher angles 2 theta = 45 were omitted because I/sigma dropped below 3 indicating that the 

data were no longer reliable for refinement purposes. This approach was taken to ensure the 

accuracy and quality of the refinement process. 

Alert level B 

RINTA01_ALERT_3_B The value of Rint is greater than 0.18 Rint given 0.244 

Explanation: The high Rint arises from weak diffraction due to the poor quality of the crystal 

Efforts to obtain better crystals were unsuccessful. 

PLAT340_ALERT_3_B Low Bond Precision on C-C Bonds ............... 0.01147 Ang. 

Explanation: It is due to poor quality data of weakly diffracted crystals. 
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Table S3. Crystal data and structure refinement for TP 

Identification code   TP 

CCDC No.                                          2387502 

Empirical formula   C37H27N2O4 

Formula weight   563.60 

Temperature /K   100 K 

Crystal system   Monoclinic 

Space group     P21/c 

a/ Å     15.833(7) 

b/ Å     10.282(4) 

c/ Å     18.493(7) 

α/o     90 

β/o      103.027(11) 

γ/o      90 

Volume / Å3     2933(2) 



 

 
D34 

 

Z     4 

ρcalc (g/cm3)    1.276 

μ/ mm-1     0.083 

F (0 0 0)    1180.0 

Crystal size/mm3                         0.4 × 0.2 × 0.05    

Radiation    MoKα (λ = 0.71073) 

2θ range for data collection/o  4.522 to 42.996 

Goodness-of-fit on F2   1.012 

Final R indexes [I>=2σ (I)]  R1 = 0.0699, wR2 = 0.1458 

Final R indexes [all data]  R1 = 0.1638, wR2 = 0.2053 

 

Explanation of CheckCIF alerts for TP 

Alert level A 

THETM01_ALERT_3_A The value of sine(theta_max)/wavelength is less than 0.550 

Calculated sin(theta_max)/wavelength = 0.5156 

Explanation: This is due to the use of the OMIT command in the refinement process. Data at 

higher angles 2 theta = 43 were omitted because I/sigma dropped below 3 indicating that the 

data were no longer reliable for refinement purposes. This approach was taken to ensure the 

accuracy and quality of the refinement process. 

Alert level B 

PLAT340_ALERT_3_B Low Bond Precision on C-C Bonds ............... 0.014 Ang. 

Explanation: This is due to poor quality data of weakly diffracted crystals. 

 

 

Note: The crystals were all weakly diffracting and as a consequence data were cut at 2 theta 

(Ɵ) = 43o in the case of TN and TP and for TA, the data were cut at 2 theta (Ɵ) = 45 o. However, 

the data were sufficient to confirm connectivity in all cases and geometric parameters are not 

discussed. 
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Figure A1: Absorption and emission spectra in toluene of (a) TN, (b) TA and, (c) TP. Inset: 

Cuvette images of the toluene solutions under UV irradiation. (Concentration: 30 μM) 

Excited State Energy (eV) Wavelength (nm) Orbital configuration Oscillator 

strength (f) 

1 (T1) 2.0159 615 

HOMO-1 to LUMO 

HOMO-1 to LUMO+1 

HOMO to LUMO 

HOMO to LUMO+1 

0.000 

2 (S1) 2.2548 550 HOMO to LUMO 0.135 

6 (S2) 3.0530 406 HOMO to LUMO+1 0.750 

 

Table A4: Excited state parameters of TN at Franck-Condon geometry of the ground state. 

 

Excited State Energy (eV) Wavelength (nm) Orbital configuration 
Oscillator 

strength (f) 

1 (T1) 2.1573 575 
HOMO-2 to LUMO 

HOMO to LUMO 
0.000 

2 (S1) 2.9259 424 
HOMO-1 to LUMO 

HOMO to LUMO 
0.702 

5 (S2) 3.3090 375 
HOMO-1 to LUMO 

HOMO to LUMO 
0.160 

 

 

Table A5: Excited state parameters of TA at Franck-Condon geometry of the ground state. 

 

Excited State Energy (eV) Wavelength (nm) Orbital configuration Oscillator 

strength (f) 
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1 (T1) 2.193 565 

HOMO-2 to LUMO+1 

HOMO-1 to LUMO+1 

HOMO to LUMO+1 

0.000 

2 (T2) 2.5015 496 HOMO to LUMO 0.000 

3 (S1) 2.5090 494 HOMO to LUMO 0.000 

4 (S2) 2.9770 417 HOMO to LUMO+1 0.815 

 

Table A6: Excited state parameters of TP at Franck-Condon geometry of the ground state. 

 

Figure A2: Optimized S1 molecular geometries of (a) TN, (b) TA, and (c) TP. For S1 state 

optimization, the TD-SCF method and B3LYP/6-31G (d, p) level of theory have been used in 

THF solvent using the IEFPCM solvent model. The dipole moments in the S1 excited state are 

found to be 9.59 D, 4.98 D, and 6.59 D for TN, TA, and TP, respectively. 

 

Figure A3: Solvatochromic emission studies of all three luminogens- (a) TN, (b) TA, and (c) 

TP in solvents of different polarities.  
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Figure A4: Time-resolved fluorescence decay profiles of (a) TN, (b) TA, and (c) TP in the 

nanosecond time scale (λex = 375 nm). Solutions are made with a concentration of 20 μM. 

(Note: Decays with τav < 50 ps fall below the detection limit of the TCSPC instrument and 

hence have not been fitted). 

 

Figure A5: Time-resolved fluorescence decay profiles of (a) TN, (b) TA, and (c) TP in the 

micro-second time scale (λex = 357 nm). No lifetime component in ~μs-ms region found in all 

three. Solutions are made with a concentration of 20 μM.  

 

 

Figure A6: Photoluminescence intensity of THF-water binary solutions of (a) TN, (b) TA, and 

(c) TP plotted against the water content. 
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Water content (in %) PLQY (TN) PLQY (TA) PLQY (TP) 

0% 9.9% 2.7% 4.9% 

15% 0.8% 2.8% 6% 

30% 0.6% 2.7% 6.3% 

50% 0.5% 2.5% 7% 

60% 0.5% 2.5% 6.1% 

70% 0.8% 2% 6.7% 

80% 3% 2% 6.3% 

90% 6% 10.1% 27.8% 

95% 7% 13% 45% 
 

Table A7: PLQY variation of all three luminogens in different water content. 

 

Figure A7: Steady-state emissions of neat films for (a) TN, (b) TA, and (c) TP were made 

from solvents of different polarities, i.e., THF and acetonitrile. 

 

Figure A8: PL excitation spectra of solution phase (THF as solvent) and neat films of (a) 

TN, (b) TA, and (c) TP. 

Note A1: Crystalline/amorphous nature of the neat films 

A PXRD (Powder X-ray Diffraction) experiment was conducted to determine the crystalline 

or amorphous nature of the neat films. The PXRD patterns for both TN and TA exhibited no 

sharp or intense diffraction peaks, but instead displayed a broad halo, indicating that the neat 

films of TN and TA are amorphous (Figure A9). In contrast, the PXRD pattern for TP showed 

several sharp and intense diffraction peaks, suggesting that the TP neat films possess a higher 

level of crystallinity (Figure A9). The crystals of all three luminogens show distinct and intense 
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diffraction peaks in their PXRD patterns (although PXRD patterns of crystals always lead to 

selective diffraction from some planes due to their mostly single crystalline nature). In contrast, 

the films of TN and TA are amorphous, meaning they do not maintain the same arrangement 

as observed in the crystals. However, for TP, the diffraction peaks obtained from the neat film 

closely match the positions seen in the crystals, indicating that it retains a similar structural 

arrangement (Figure A9). 

 

 

Figure A9: PXRD patterns of the crystals of (a) TN, (b) TA, and (c) TP. PXRD patterns of 

the neat films of (d) TN, (e) TA, and (f) TP. 
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Figure A10: QM and MM layers were chosen from the crystal structure for QM/MM 

simulations for (a) TN, (b) TA, and (c) TP. For the QM/MM calculation, the QM layer has 

been treated with B3LYP, 6-31G (d, p) level of theory, while the MM layer has been treated 

with a classical UFF model of theory. 

 

Figure A11: The dihedral angle chosen for Potential energy surface (PES) scanning along 

(marked in cyan color) for THF-based (a-TN, b-TA, c-TP) and QM/MM-based calculation (d-

TN, e-TA, f-TP). 

 

Figure A12: One-photon and two-photon excited emission spectra of the crystals of (a) TN, 

(b) TA, and (c) TP. One-photon and two-photon excited emission spectra of the molecular 

aggregates (formed at 95% water- 5% THF binary mixtures) of (d) TN, (e) TA, and (f) TP. 
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Figure A13: Two-photon excitation spectra for (a) TN (emission range= 560-660 nm), (b) TA 

(emission range 500-580 nm) and, (c) TP (emission range= 460-560 nm). Excitation power 

dependent (exc. 845 nm) two-photon excited emission intensity (plotted in log-log scale) for 

(d) TN, (e) TA and (f) TP. 

 



 

 
D42 

 

Figure A14: Two-photon excited emission spectra (ex. 845 nm, power= 7.7 mW for TN and 

15 mW for TA & TP) of (a) TN, (b) TA, and (c) TP aggregates (formed at 95% water- 5% THF 

binary mixtures). Two-photon excitation spectra for (d) TN (emission range= 560-660 nm), (e) 

TA (emission range 480-580 nm), and, (f) TP (emission range= 480-580 nm). Excitation power 

dependent (ex. 845 nm) two-photon excited emission intensity (plotted in log-log scale) for (g) 

TN, (h) TA, and (i) TP aggregates. 

 

Figure A15:  Control experiment for two-photon microscopy imaging of HeLa cells. (a) cells 

without dye treatment, (b) Differential interference contrast (DIC) image, (c) Merged image of 

DIC image and cells without dye treatment. 

 

Figure A16: MTT viability assay of HeLa in the presence of different concentrations of dye 

(TN, TA, and TP) across three biological replicates. 
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5.1 Motivation 

Thermally activated delayed fluorescent (TADF) emitters have emerged as a promising class 

of materials for organic light-emitting diodes (OLEDs), representing the third generation of 

OLED materials. Their ability to harvest triplet excitons through reverse intersystem crossing 

(RISC) has enabled significant advancements in device efficiency. However, the widespread 

application of conventional TADF emitters in solid-state lighting is hindered by their inherent 

near-planar molecular structures, which often lead to enhanced electron-vibration coupling 

(EVC) and aggregation-caused quenching (ACQ) effects. These limitations significantly 

compromise their emission efficiencies in solid-state environments. A potential solution to 

these challenges lies in the synergistic integration of TADF with the principles of aggregation-

induced emission (AIE). Unlike conventional systems, AIE-active materials exhibit enhanced 

emission in the aggregated state, effectively counteracting ACQ effects. The incorporation of 

AIE properties into TADF emitters offers a novel strategy to mitigate EVC and optimize 

emission performance in the solid state. This chapter focuses on exploring this innovative 

approach, investigating the design and performance of such materials with increased TADF 

efficiency in a solid/aggregated state. Furthermore, the study highlights the critical role of 

excited-state structural reorganization in dictating these properties, providing deeper insights 

into the photophysical processes governing these materials. By addressing these challenges, 

this research aims to open new avenues for the development of high-efficiency solid-state 

photonic devices, contributing to the advancement of next-generation OLED technologies. 

5.2 Introduction 

Lighting accounts for approximately 20% of global electricity consumption, with much of this 

demand being met by inefficient incandescent and fluorescent bulbs. The advent of solid-state 

lighting (SSL) technologies, particularly organic light-emitting diodes (OLEDs), has ushered 

in a new era of energy-efficient and environmentally friendly lighting solutions.1-6 OLEDs are 

self-illuminating, consume less power, are resistant to vibrations, and offer versatile design 

possibilities, including flexible substrates. Despite these advantages, early OLEDs based on 

fluorescent molecules were hindered by significant limitations such as inefficient charge 

injection and low internal quantum efficiency (IQE).7-8 The IQE of these devices was restricted 

to around 25%, as only singlet excitons contributed to light emission while triplet excitons 

decayed non-radiatively. Efforts to overcome these limitations led to the development of 

triplet-triplet annihilation (TTA) strategies, which marginally improved IQE to 62.5%.9-11 

However, the intrinsic shortcomings of fluorescent OLEDs necessitated alternative 
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approaches. Phosphorescent OLEDs (PHOLEDs), employing organometallic compounds, 

emerged as a significant advancement, achieving up to 100% IQE by harvesting both singlet 

and triplet excitons.12-13 Nevertheless, PHOLEDs are not without challenges, including high 

costs and efficiency roll-off at high brightness levels. Recently, thermally activated delayed 

fluorescence (TADF) materials have garnered attention as a promising solution to these 

issues.14-18 Metal-free TADF materials utilize a small energy gap (ΔEST) between singlet and 

triplet states to efficiently harvest triplet excitons via reverse intersystem crossing (RISC).19-23 

This mechanism enables delayed fluorescence, addressing many limitations of earlier OLED 

technologies. However, the planar molecular structures of conventional TADF emitters often 

result in enhanced electron-vibration coupling (EVC) upon aggregation, which limits their 

applicability in solid-state lighting applications, such as non-doped OLEDs and organic solid-

state lasing (OSSLs).24 The aggregation-induced emission (AIE) strategy25-30 has emerged as a 

leading method to improve TADF efficiency in solid or aggregated states. Scientists worldwide 

have proposed various design strategies to combine AIE with TADF emitters. Notable 

advancements include the work of Prof. Ikeda and co-workers, who in 2022 synthesized two 

novel TADF emitters—2Cz2SB and 2Mi2SB—featuring N-heterocycle and aryl sulfonyl 

groups with enhanced TADF efficiency in aggregated states. TR-IR analysis of SO-stretching 

vibrations revealed that the magnitude of geometrical changes in the solid state of 2Cz2SB is 

suppressed, demonstrating that this substance displays AIE behavior.31 Moreover, Yoon and 

co-workers designed three red-emissive TADF emitters with aggregation-induced emission 

(AIE) behavior-PXZ-NI, PTZ-NI, and Lyso-PXZ-NI. All these emitters were utilized in 

efficient luminescence lifetime imaging (LLIM), where Lyso-PXZ-NI was specifically able to 

be used as a lyso-tracker.32 Building on this foundation, our group recently reported three 

triphenylamine-based solid-state TADF emitters (TN, TA, and TP) and demonstrated how 

delayed fluorescence is activated in aggregated states due to a substantial reduction in ΔEST. A 

detailed potential energy surface (PES) analysis highlighted the importance of structural factors 

in solid-state TADF efficiency.33 However, the conventional focus on ΔEST alone is 

insufficient; a more comprehensive investigation into other factors influencing TADF 

efficiency is needed. 

In this study, we explore the critical role of excited-state structural reorganization along with 

the spin-orbit mixing and energy barrier factors in enhancing delayed fluorescence in solid or 

aggregated states. We designed and synthesized a novel series of TADF emitters incorporating 

phenoxazine, carbazole, tert-butyl carbazole, and benzocarbazole as donor units anchored to a 
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1,3-dicyano benzene acceptor core (Scheme 1). Among these, the phenoxazine-based emitter 

exhibited remarkable TADF efficiency with yellow-orange emission, a rapid RISC rate of 

approximately in the order of ~105-106 s-1, and an exceptionally small ΔE (<100 meV). In 

contrast, carbazole-based emitters displayed cyan-green emission, longer TADF lifetimes, and 

slower RISC rates due to reduced donor strength. All luminogens demonstrated enhanced 

delayed fluorescence, with dramatically enhanced quantum yields in aggregated forms or neat 

films. Computational analyses revealed that the enhanced delayed fluorescence in 

aggregated/solid-state stemmed from excited-state structural reorganization along with S1-T1 

energy barrier and spin-orbit coupling mixing between these singlet and triplet excited states. 

Furthermore, solution-processed OLED devices incorporating these emitters achieved external 

quantum efficiencies (EQE) exceeding 20%. These findings provide significant insights into 

optimizing high-efficiency TADF emitters in solid-state for next-generation optoelectronic 

devices, paving the way for more efficient, sustainable, and versatile lighting technologies. 

 

Scheme 1: Molecular structures of all four luminogens- a) PXZDPAMCN, b) CZDPAMCN, 

c) TBUCZDPAMCN, d) BCZDPAMCN and their UV irradiated crystals. 

5.3 Brief synthesis procedure and characterization data 

All final products were synthesized using a two-step synthetic procedure. First, 3DPAFMCN 

(Scheme S1 in the Appendix) was synthesized through a nucleophilic substitution reaction in 
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dry THF, using NaH as a base and stirring at room temperature. 3DPAFMCN serves as the 

common precursor for the four final products: PXZDPAMCN, CZDPAMCN, 

TBUCZDPAMCN, and BCZDPAMCN. These products were synthesized by reacting 

3DPAFMCN with phenoxazine, carbazole, tert-butyl carbazole, and benzocarbazole, 

respectively (detailed procedure in section A1 of Appendix). All the final products have been 

purified by SiO2-column chromatography using DCM-hexane as the solvent system. The 

products have been characterized by 1H NMR, 13C NMR, HRMS and single-crystal X-ray 

diffraction. The purity of each compound has been further confirmed by HPLC. The 

characterization data has been stated below- 

(a) For PXZDPAMCN: 

1H NMR (400 MHz, CDCl3): δ 7.33 (dd, J = 8.5, 7.5 Hz, 4H), 7.15 (dd, J = 8.5, 1.0 Hz, 4H), 

7.08 (dd, J = 11.6, 4.2 Hz, 3H), 6.99 (t, J = 7.9 Hz, 7H), 6.85 (t, J = 7.4 Hz, 4H), 6.71 (d, J = 

7.7 Hz, 8H), 6.42 (dd, J = 5.8, 3.6 Hz, 4H), 6.18 – 6.09 (m, 2H), 6.03 (dd, J = 6.0, 3.4 Hz, 2H). 

13C NMR (101 MHz, CDCl3): δ 155.01, 154.78, 145.82, 145.22, 143.00, 129.54, 129.20, 

128.42, 124.88, 124.61, 123.57, 123.40, 122.22, 121.58, 115.22, 113.47, 113.03, 106.51. 

HRMS (ESI): calc. for [(C56H38N6O) H] (M+H)+  811.3185, found 811.3138. 

(b) For CZDPAMCN: 

1H NMR (400 MHz, CDCl3): δ 7.53 (d, J = 7.3 Hz, 2H), 7.36 (dd, J = 8.4, 7.5 Hz, 4H), 7.19 

(dd, J = 8.5, 1.0 Hz, 4H), 7.10 (dd, J = 10.6, 4.2 Hz, 2H), 7.07 – 7.02 (m, 2H), 6.96 (dd, J = 

11.1, 3.7 Hz, 2H), 6.92 (d, J = 8.1 Hz, 2H), 6.76 (t, J = 7.9 Hz, 8H), 6.61 (t, J = 7.4 Hz, 4H), 

6.46 (d, J = 7.6 Hz, 8H). 

13C NMR (101 MHz, CDCl3): δ 155.27, 155.10, 145.80, 144.85, 138.63, 129.59, 128.74, 

127.04, 124.64, 124.11, 123.57, 123.54, 122.45, 122.16, 119.67, 113.40, 109.87, 107.46. 

HRMS (ESI): calc. for [(C56H38N6) H] (M+H)+  795.3236, found 795.3243. 

(c) For TBUCZDPAMCN: 

1H NMR (400 MHz, CDCl3): δ 7.49 (s, 2H), 7.35 (t, J = 7.9 Hz, 4H), 7.19 (d, J = 7.5 Hz, 4H), 

7.13 – 7.04 (m, 4H), 6.75 (t, J = 7.9 Hz, 10H), 6.59 (t, J = 7.4 Hz, 4H), 6.46 (d, J = 7.5 Hz, 

8H), 1.34 (s, 18H). 

 

13C NMR (101 MHz, CDCl3): δ 155.27, 155.09, 145.80, 145.03, 143.01, 137.04, 129.55, 

128.66, 124.53, 124.00, 123.55, 123.45, 122.64, 122.03, 115.67, 108.97, 34.67, 32.17. 
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 (d) For BCZDPAMCN: 

1H NMR (400 MHz, CDCl3): δ 8.40 (d, J = 8.3 Hz, 1H), 8.09 – 7.99 (m, 1H), 7.83 (d, J = 8.0 

Hz, 1H), 7.58 (t, J = 7.2 Hz, 1H), 7.52 (d, J = 8.8 Hz, 1H), 7.39 (dd, J = 14.8, 6.7 Hz, 5H), 7.22 

(d, J = 7.7 Hz, 4H), 7.11 (ddd, J = 8.8, 7.3, 3.5 Hz, 5H), 7.06 – 7.01 (m, 1H), 6.71 (t, J = 7.8 

Hz, 8H), 6.52 (t, J = 7.3 Hz, 4H), 6.44 (d, J = 7.8 Hz, 8H). 

 

13C NMR (101 MHz, CDCl3): δ 155.47, 155.27, 145.79, 144.74, 137.79, 136.86, 129.62, 

128.97, 128.73, 126.51, 125.98, 124.76, 124.16, 123.61, 123.37, 122.94, 122.44, 121.59, 

120.69, 116.24, 113.38, 111.69, 110.35, 107.41. 

5.4 Instrumentation 

The characterization of all synthesized compounds was performed using 1H NMR (400 MHz) 

and 13C NMR (100 MHz) with JEOL ECS-400 and Bruker Ascend™ 400 spectrometers. 

Deuterated chloroform (CDCl3) served as the solvent (containing residual chloroform), and 

tetramethylsilane (TMS) was used as the internal standard. The chemical shift values (δ) were 

reported in ppm, referenced to CDCl3 (δ = 7.26 ppm for 1H NMR and δ = 77.16 ppm for 13C 

NMR). High-resolution mass spectra (HRMS) were obtained using an ESI TOF system on a 

Waters SYNAPT G2 mass spectrometer. Single-crystal diffraction data were collected at 100 

K using a BRUKER KAPPA APEX II CCD Duo diffractometer (operating at 50 kV, 30 mA, 

1500 W) with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). Structural analysis 

was conducted using direct methods and refined via least squares against F2 using the 

SHELXL-9734-35 software suite. Details of crystal structures are available in the Cambridge 

Crystallographic Data Centre (CCDC) under the respective deposition numbers. UV-vis 

absorption spectra were recorded using a Shimadzu UV-2600 spectrophotometer, while steady-

state and time-gated emission spectra for solution and solid-state samples were measured using 

a Fluoromax-4C spectrofluorometer and a Fluorolog-3 phosphorimeter (HORIBA), 

respectively. All photoluminescence quantum yield (PLQY) values reported in this chapter 

were determined through absolute quantum yield measurements using a Horiba K-sphere 

integrating sphere. Time-resolved photoluminescence (PL) decay profiles were obtained 

employing Time-Correlated Single Photon Counting (TCSPC) and Multi-Channel Scanning 

(MCS) techniques. Measurements utilized either a 375 nm diode laser source for time windows 

shorter than 50 μs or a 357 nm spectra LED source, both on a HORIBA Scientific instrument. 

Data analysis was conducted using DAS6 Fluorescence Decay Analysis Software (HORIBA), 

with the quality of fit assessed through χ2-values and visual inspection of residuals. 
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5.5 Experimental section 

Fabrication of Emitter-Doped PMMA Films: 

PMMA was dissolved in spectroscopic-grade chloroform at 50°C with stirring for 10 minutes, 

followed by sonication for 5 minutes. Emitters were added to the PMMA solution, and 0.2 ml 

of the mixture was spin-coated onto quartz plates at 2000 rpm for 30 seconds. The coated plates 

were dried under a high vacuum for 20 minutes before photophysical measurements. 

 

Density Functional Theory (DFT) Calculations: 

Quantum chemical computations were performed using Gaussian 09 software36 on a high-

performance cluster at IISER Pune. Initial geometry optimizations of luminogens were 

conducted in the gas phase, followed by frequency analyses37-38 at the B3LYP/6-31 G(d,p) 

level to confirm minima on the potential energy surface. Time-dependent DFT (TD-DFT) 

calculations were performed to examine HOMO-LUMO distributions and singlet/triplet state 

energies. 

 

Spin-orbit coupling matrix element calculation:  

SOC values between excited singlet and triplet states were calculated using the zeroth-order 

regular approximation (ZORA). In this approximation, the SOC operator, 𝐻̂𝑆𝑂𝐶 , is described 

as39 

𝐻̂𝑆𝑂𝐶 = 
𝑐2

(2𝑐2−𝑣)2
𝜎 ∙ (∇𝑣 × 𝑝) 

Where 𝑐, 𝑣, σ, and 𝑝 signify the speed of light, Kohn-Sham potential, Pauli spin-matrix vector, 

and linear momentum operator respectively. Perturbations were applied to scalar relativistic 

orbitals post-SCF and TD-DFT calculations. B3LYP functional was employed, and the 

computations were conducted using the PYSOC program.40 

 

QM/MM Calculations:   

The quantum mechanics/molecular mechanics (QM/MM) model was constructed based on the 

single-crystal structure to investigate the electronic properties of the QM molecule in the 

aggregated crystal state. The surrounding molecules were treated as a rigid MM component to 

mimic the solid-state environment. The QM region was analyzed using the TD-DFT method at 
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the B3LYP/6-31G(d,p) level, while the MM region41 was described using the universal force 

field (UFF),42 supplemented by Coulomb interactions consistent with the quantum calculations. 

Additionally, the monomer was set as the QM high layer and computed using TD-DFT with 

the B3LYP/6-31G(d,p) level.   

 

Preparation of Neat Films:  

Neat films were prepared by dissolving 0.5 mg of each luminogen in 1 ml of spectroscopic-

grade THF. The resulting solution was drop-cast onto a clean quartz substrate and subsequently 

dried under reduced pressure for a minimum of one hour to ensure the removal of residual 

solvent from the film layer.  

 

5.6 Results and Discussion 

5.6.1 Design strategy and frontier molecular orbital analysis: 

All four emitters discussed in this chapter are designed to exhibit aggregation-induced emission 

(AIE) by restricting intermolecular rotations and vibrations in the solid or aggregated state 

compared to their behavior in solution. A 1,3-dicyanobenzene core serves as the acceptor, with 

three of its positions on the benzene ring substituted with flexible diphenylamine moieties 

(Scheme 1). Noticeably, the flexibility of these diphenylamine units allows for significant 

rotation and vibration in solution, which becomes restricted upon aggregation, resulting in AIE 

characteristics. The remaining position on the benzene core is modified with donor groups of 

varying strengths—phenoxazine, carbazole, tert-butyl carbazole, and benzocarbazole—

yielding the final products PXZDPAMCN, CZDPAMCN, TBUCZDPAMCN, and 

BCZDPAMCN, respectively. 

 

Figure 1: HOMO and LUMO molecular orbitals along with the energy gaps in (a) 

PXZDPAMCN, (b) CZDPAMCN, (c) TBUCZDPAMCN, (d) BCZDPAMCN. 
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From the frontier molecular orbital analysis (Figure 1), it is evident that in PXZDPAMCN, the 

highest occupied molecular orbital (HOMO) is exclusively localized on the phenoxazine 

moiety, whereas in the other cases, the HOMO electron density is predominantly distributed 

over the diphenylamine moiety situated between the two cyano groups. Additionally, 

phenoxazine exhibits the strongest donor strength, as evidenced by the highest HOMO energy 

level observed in PXZDPAMCN compared to the other three compounds. In all four emitters, 

the lowest unoccupied molecular orbital (LUMO) is predominantly localized on the 1,3-

dicyanobenzene core, resulting in relatively consistent LUMO energy levels across the series 

(Figure 1). Consequently, PXZDPAMCN exhibits the smallest HOMO-LUMO energy gap, 

which could potentially contribute to altered emission properties compared to the other 

compounds. 

 

5.6.2 Photophysics in solution state and doped films: 

 

Figure 2: Absorption and emission spectra in toluene (10 μM) along with the emission shown 

in cuvette. 

In toluene, all the emitters demonstrate two absorption bands: a high-energy (HE) locally 

excited band and a low-energy (LE) charge transfer (CT) band, which is characteristic of the 
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Figure 3: Prompt fluorescence (PF) and delayed fluorescence (DF) lifetimes in degassed 

toluene (10 μM) of (a) PXZDPAMCN, (b) CZDPAMCN, (c) TBUCZDPAMCN and (d) 

BCZDPAMCN.  

 

donor-acceptor (D-A) nature of the emitters. In all cases, the HE band is observed in the 310-

400 nm range, while the LE band appears above 400 nm. Notably, with the exception of 

PXZDPAMCN, the low-energy CT band is located around 440 nm. This is due to the similar 

donor strengths of the other emitters, resulting in comparable levels of charge transfer. In 

contrast, for PXZDPAMCN, the CT band is more stabilized and is found at approximately 470 

nm (Figure 2). This stabilization is attributed to the more effective charge transfer resulting 

from phenoxazine's greater donating strength, as mentioned earlier. This trend extends to the 

emission properties of the emitters. All emitters, except PXZDPAMCN, emit cyan-green light 

(~500 nm) in toluene, whereas PXZDPAMCN exhibits a red-shifted yellow emission (~575 

nm) (Figure 2), reflecting the enhanced CT character of its S1 state. The higher CT nature of 

the excited state in PXZDPAMCN results in a forbidden emission with a lower radiative decay 

rate. This is consistent with the prompt fluorescence (PF) lifetimes where PXZDPAMCN 

shows a significantly longer lifetime (τav = 13.2 ns) compared to the other emitters (τav = 2 ns) 

(Figure 3). Computational analyses across gas, solvent (THF as a model), and crystal phases 

further corroborate these findings, revealing that PXZDPAMCN has the lowest emission 

transition dipole moments (TDM), contributing to its delayed emission and extended PF 

lifetime (Table 1). 

 

Table 1: Transition dipole moment (TDM) of all four emitters across different phases- 
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Molecule 
Gas phase (in 

debye) 

Solvent phase 

(THF) (in debye) 

Crystal phase (in 

debye) 

PXZDPAMCN 0.368 D 0.596 D 0.277 D 

CZDPAMCN 0.524 D 1.97 D 1.17 D 

TBUCZDPAMCN 0.492 D 2.09 D 1.07 D 

BCZDPAMCN 0.980 D 1.95 D 1.10 D 

All four emitters, alongside the short ~ns component, exhibit a long sub-μs component in 

degassed toluene (Figure 3), indicating a forbidden spin-flip mechanism in the emission 

process. To determine the origin of these long-lived emissions, we performed time-gated 

emission spectra measurements. Remarkably, in all cases, the steady-state and time-gated (5 

μs delayed) emission spectra show perfect overlap (Figure 4). This suggests that the delayed 

emission originates from the S1 state, indicating the presence of thermally activated delayed 

fluorescence (TADF). A degassing experiment with toluene using N2 and O2 was conducted to 

quantify the delayed fluorescence quantum yield (Figure 4). It is important to note that in the 

presence of molecular oxygen, the emission is quenched due to effective triplet-triplet energy 

transfer that suppresses the triplet excitons, allowing only the prompt fluorescence emission to 

persist. From the toluene degassing experiment and absolute PLQY measurements, the results 

indicate that the maximum contribution of delayed fluorescence (DF), which is about three 

times that of the prompt fluorescence (PF), is observed in PXZDPAMCN, featuring a reverse 

intersystem crossing (RISC) rate of approximately 7.1 × 106 s⁻¹, the highest among the four 

emitters studied (Table A3 in Appendix). To examine whether the same trend exists in real 

OLED applications, we conducted photophysical characterizations on emitter-doped films with 

PMMA as the host. PMMA is 

 

Figure 4: Emission spectra in degassed (N2) and aerated (O2) conditions in toluene of (a) 
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PXZDPAMCN, (b) CZDPAMCN, (c) TBUCZDPAMCN and (d) BCZDPAMCN. Steady-state 

and time-gated emission spectra of (e) PXZDPAMCN, (f) CZDPAMCN, (g) 

TBUCZDPAMCN, and (h) BCZDPAMCN. For time-gating 5 μs delay and 1 ms sample-

window is applied.  

 

Figure 5: Steady-state and time-gated emission spectra (10 μs delay, 1 ms window) in 1wt% 

emitter doped PMMA films of (a) PXZDPAMCN, (b) CZDPAMCN, (c) TBUCZDPAMCN, 

and (d) BCZDPAMCN. Steady-state emission spectra in ambient and vacuum conditions in 

1wt% emitter doped PMMA films of (e) PXZDPAMCN, (f) CZDPAMCN, (g) 

TBUCZDPAMCN, and (h) BCZDPAMCN. Variation of delayed fluorescence lifetime in 

1wt% emitter doped PMMA films of (i) PXZDPAMCN, (j) CZDPAMCN, (k) 

TBUCZDPAMCN, and (l) BCZDPAMCN. 

 

notable for providing a high triplet energy of approximately 3.1 eV, which prevents back-

energy transfer from the emitter to the host. It also creates a rigid matrix environment that 

reduces non-radiative deactivation pathways, thereby improving the emission efficiency of 

flexible D-A-based TADF emitters. In the case of 1 wt% emitter-doped PMMA films, the 

steady-state and time-gated emission spectra are perfectly overlapped, indicating that TADF 

emission is involved. Among the emitters studied, PXZDPAMCN shows the shortest delayed 

fluorescence (DF) lifetime of 5.5 μs under ambient conditions, compared to 116 μs for 

CZDPAMC, 75 μs for TBUCZDPAMCN, and 51 μs for BCZDPAMCN (Figure 5). 

PXZDPAMCN also exhibits a maximum reverse intersystem crossing (RISC) rate of 
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Figure 6: Time-gated emission spectra (10 μs delay, 1 ms window for RT & 5 ms delay, 100 

ms window for 77 K) in 1wt% emitter doped PMMA films of (a) PXZDPAMCN, (b) 

CZDPAMCN, (c) TBUCZDPAMCN, and (d) BCZDPAMCN. Temperature-dependent TRPL 

decay profiles in 1wt% emitter doped PMMA films of (e) PXZDPAMCN, (f) CZDPAMCN, 

(g) TBUCZDPAMCN, and (h) BCZDPAMCN. 

 

approximately 2 × 105 s-1 (Table A3 in Appendix). Interestingly, the same S1-radiative decay 

rate is observed, with PXZDPAMCN demonstrating the longest photoluminescence (PL) 

lifetime of 7.71 ns due to the maximum charge transfer character of the S1 state (Figure A3 in 

Appendix). The doped films demonstrate an increased emission intensity and a delayed 

fluorescence lifetime under vacuum conditions, indicating the involvement of sensitive triplet 

excitons in the emission process (Figure 5). It is important to note that thermally activated 

delayed fluorescence (TADF) typically requires a higher temperature to become active. At 

cryogenic temperatures, TADF emission is less likely to occur, and instead, the emission is 

observed as triplet (phosphorescent) emission. A temperature-dependent time-resolved 

photoluminescence (TRPL) experiment shows a decrease in delayed fluorescence lifetime as 

the temperature decreases in all four cases (Figure 6), supporting the conclusion that the 

emission mechanism is indeed a thermally activated delayed fluorescence or TADF process. 

Additionally, the time-gated emission spectra confirm this observation; at 77 K, all the 

emission spectra exhibit a redshift accompanied by weakened or diminished TADF emission. 

From the emission spectra recorded at both room temperature (RT) and 77 K, the singlet-triplet 

energy gap (∆EST) can be experimentally estimated. Notably, the red shift in PXZDPAMCN is 

the smallest, with an ∆EST value of only 0.09 eV, which may explain the efficient reverse 

intersystem crossing (RISC) observed in this case. In contrast, the estimated ∆EST values in the 

other compounds are relatively higher, at 0.21 eV, 0.19 eV, and 0.27 eV for 
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Figure 7: Natural transition orbital (NTO) analysis, energies, and spin-orbit coupling 

calculations of S1, T1 & T2 states of all four emitters. 

 

CZDPAMN, TBUCZDPAMCN, and BCZDPAMCN, respectively (Figure 6). Noticeably, the 

triplet emission band of PXZDPAMCN is noticeably broad and unstructured, while the triplet 

emission bands of the other three compounds exhibit a more structured form with vibrational 

progression (Figure 6). This suggests that the lowest T1 state of PXZDPAMCN is 

predominantly of charge-transfer (CT) nature, whereas the T1 states of the other compounds 

are likely to be locally excited (LE) in nature. This conclusion was supported by a gas phase 

time-dependent density functional theory (TD-DFT) calculation performed at the B3LYP/6-

31G (d, p) level of theory. The single-point TD-DFT calculations at the ground-state optimised 

geometry in the gas phase closely align with the experimental results; for PXZDPAMCN, the 

theoretically obtained ΔEST was found to be 0.05 eV, compared to the experimentally measured 

value of 0.09 eV. For the other three compounds, the calculated ΔEST values were 

approximately 0.27 eV, which are also in close agreement with the experimental values 

mentioned earlier (Figure 7). Consequently, all additional necessary calculations were 

conducted at this level of theory. We conducted a natural transition orbital (NTO) analysis to 

predict the characteristics of the excited states, which is crucial for understanding the efficiency 

of thermally activated delayed fluorescence (TADF) in relation to spin-orbit mixing and 
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Figure 8: Polarity-dependent emission studies in different solvents at RT of (a) 

PXZDPAMCN, (b) CZDPAMCN, (c) TBUCZDPAMCN, and (d) BCZDPAMCN. Polarity-

dependent phosphorescence emission studies in different solvents at RT of (e) PXZDPAMCN, 

(f) CZDPAMCN, (g) TBUCZDPAMCN, and (h) BCZDPAMCN. Phosphorescence emission 

was obtained using 5 ms of delay time with a sample window of 100 ms. 

 

reverse intersystem crossing (RISC) rates. In all three cases analyzed, the NTO analysis shows 

that the S1 state is predominantly charge transfer (CT), with the contributing hole-electron pairs 

demonstrating complete spatial separation (Figure 7). This finding is further supported by 

solvatochromic emission studies in solution, which consider solvents with a wide range of 

polarity differences. In all four cases, these typical donor-acceptor (D-A) based emitters exhibit 

a significant solvatochromic shift (Figure 8) in response to changes in polarity, reinforcing the 

predominant CT nature of the S1 state. In contrast, the NTO analysis of the lowest triplet state, 

T1, suggests a different behavior. In the case of PXZDPAMCN, the hole-electron pair in the T1 

state exhibits significant spatial separation, indicating a predominantly CT nature. However, 

for all other cases, the hole-electron pairs show overlapping regions, suggesting a 

predominantly local (LE) nature (Figure 7). This is further confirmed by polarity-dependent 

phosphorescence emission spectra measurements. In PXZDPAMCN, the phosphorescence 

emission undergoes a considerable red shift with increasing polarity. Conversely, in the other 

three cases, the phosphorescence emission is structured with distinct vibrational progressions, 

similar to what we observed in the 1 wt% PMMA film (Figure 8). In these instances, the triplet 

emission remains relatively unchanged with increasing solvent polarity from non-polar toluene 

to highly polar acetonitrile/DMSO solvent, indicating a predominant  locally excited (LE) 
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Figure 9: Steady state emission spectra in 7 wt% emitter doped mCP films of (a) 

PXZDPAMCN, (b) CZDPAMCN, (c) TBUCZDPAMCN, and (d) BCZDPAMCN. Prompt 

fluorescence lifetime in 7 wt% emitter doped mCP films of (e) PXZDPAMCN, (f) 

CZDPAMCN, (g) TBUCZDPAMCN, and (h) BCZDPAMCN. Delayed fluorescence lifetime 

in 7 wt% emitter doped mCP films of (i) PXZDPAMCN, (j) CZDPAMCN, (k) 

TBUCZDPAMCN, and (l) BCZDPAMCN. 

 

nature of the T1 state (Figure 8). The differences between the S1 and T1 states are particularly 

significant when considering the spin-orbit mixing of these two states, which is essential for 

facilitating the RISC process. The calculated spin-orbit coupling matrix element (SOCME) 

values between the two states are relatively high for organic emitters, measuring 0.85 cm⁻¹ for 

CZDPAMCN, 0.83 cm⁻¹ for TBUCZDPAMCN, and 0.85 cm⁻¹ for BCZDPAMCN (Figure 7). 

In contrast, for PXZDPAMCN, the SOCME value is notably lower at 0.11 cm⁻¹ due to the 

predominant charge transfer (CT) nature of both the S1 and T1 states (Figure 7). This lower 

SOCME value reduces the spin-orbit mixing of these two states, resulting in a significantly 

decreased reverse intersystem crossing (RISC) rate, despite a minimal energy gap of only 0.09 

eV between S1 and T1. Interestingly, both in solution and in doped films, PXZDPAMCN 

exhibits the highest RISC rates (Table A3 in Appendix), indicating that another important 

factor influences the RISC rate in this compound. A detailed analysis of the natural transition 

orbitals (NTO) for other excited triplet states reveals that the hole-electron pairs in the T2 state 
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of PXZDPAMCN have a very high overlap, suggesting that it is predominantly of localized 

 

Figure 10: Variation of time-gated emission intensity with different water content in THF-

water binary mixtures of (a) PXZDPAMCN, (b) CZDPAMCN, (c) TBUCZDPAMCN, and (d) 

BCZDPAMCN. Variation of delayed fluorescence lifetime with different water content in 

THF-water binary mixtures of (e) PXZDPAMCN, (f) CZDPAMCN, (g) TBUCZDPAMCN, 

and (h) BCZDPAMCN. 

 

electronic (LE) character (Figure 7). This T2 state is energetically very close to the lowest 

triplet T1 state, with a small energy gap of just 0.14 eV (Figure 7). Notably, these energetically 

proximate T1 (CT) and T2 (LE) states can undergo strong vibronic coupling, which can enhance 

the RISC rate in these types of emitters.43 In contrast, this factor is less significant in other 

emitters, as the lowest triplet (T1) states in these systems predominantly exhibit a locally 

excited (LE) character. Consequently, there is strong spin-orbit coupling between the singlet 

(S1) and triplet (T1) states. Additionally, the T2 states in these systems are primarily of a charge-

transfer (CT) nature, resulting in minimal spin-orbit coupling (< 0.25 cm⁻¹). Therefore, except 

for PXZDPAMCN, the thermally activated delayed fluorescence (TADF) mechanism in these 

emitters is more likely to proceed via the S1(CT)-T1(LE) pathway rather than involving higher 

triplet states. Additionally, we utilized a molecular host, mCP (1,3-Bis(N-carbazolyl) 

benzene),44 which has a high triplet energy of 2.91 eV and is commonly used as a low-polarity 

host in OLED fabrication. We conducted photophysical characterization for all the emitters. 

The photoluminescence (PL) and delayed fluorescence (DF) lifetimes, as well as the 
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photoluminescence quantum yield (PLQY), showed consistent trends (Figure 9), indicating 

that these features can be effectively translated into real OLED applications. 

 

5.6.3 TADF efficiency in monomers vs aggregates: 

The flexible molecular architecture of donor-acceptor-based luminogens is inherently 

fascinating as it enables diverse photophysical properties primarily due to the significant 

suppression of intermolecular vibrations and rotations in the aggregated state, coupled with the 

emergence of strong excitonic coupling. Given the three flexible diphenyl amine groups in each 

of our designed luminogens, it prompted us to investigate the TADF properties in their 

molecular aggregates as well. Similarly, like toluene, all the luminogens exhibit a sub-μs 

 

Figure 11: Optimized geometries across the gas phase, solvent phase (THF), and aggregated 

phase (obtained from QM/MM calculation) along with the relevant singlet-triplet energy gaps 

and their spin-orbit coupling matrix element (SOCME) values. 

 

delayed fluorescence component in a more polar solvent-THF. However, the quantified 

delayed fluorescence contributions in THF were found to be negligibly small (< 0.05) (Figure 

10, Table A1 in Appendix). Interestingly, the emission features in the molecular aggregates 

are found to be remarkably different. The delayed fluorescence lifetimes in all four cases are 

found to be increased significantly in the molecular aggregates formed in binary mixtures of 

THF-water at ~95% of water content. This was further verified by a time-gated emission 

measurement, where the molecular aggregates show enhanced emission suggesting a more 

efficient delayed fluorescence in molecular aggregates (Figure 10). In all four cases, the 

delayed fluorescence quantum yields are quantified to be ΦDF=0.46, ΦDF=0.24, ΦDF=0.27, 

ΦDF=0.15 for PXZDPAMCN, CZDPAMCN, TBUCZDPAMCN, and BCZDPAMCN, 

respectively (Table A2 in Appendix). It is to be noted that even in molecular aggregates, 
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Figure 12: Root mean square deviation (RMSD) values between the optimized S1 & T1 

geometries across the gas phase, solvent phase (THF), and aggregated phase (obtained from 

QM/MM calculation). 

 

PXZDPAMCN is found to be the most efficient delayed fluorescence emitter. To explain the 

observed more efficient delayed fluorescence in molecular aggregates, detailed TD-DFT 

calculations are carried out across three different phases, i.e. gas phase, solvent phase (using 

THF as a model) to model the monomeric phase, and quantum mechanics/molecular mechanics 

(QM/MM) calculations to model the aggregated state. Notably, in QM/MM calculations, one 

molecule is treated quantum mechanically, whereas the surrounding molecules are treated 

classically. Herein, the quantum mechanical treatment in all three phases has been performed 

at B3LYP/6-31G (d, p) level of theory with the IEFPCM solvent model has been utilized for 

solvent treatment. For classical treatment of the surrounding molecules in QM/MM 

calculations, a universal force field (UFF) has been utilized (Figure 11). The RISC rates that 

dictate the efficiency of TADF are greatly driven by two main factors, i.e. the S1 & T1 energy 

gaps or ∆EST and the extent of spin-orbit coupling (SOCME) between these two states. 

Interestingly, in all four cases, the calculated ∆EST between the lowest S1 & T1 states show no 

notable changes across these three different phases (Figure 11), which necessitates a more 

detailed and careful look into the other parameters. As mentioned previously, in 

PXZDPAMCN, due to the predominant CT nature of the T1 state, a strong vibronic coupling 

between the T1(CT) and T2(LE) states is one of the most important keys in dictating the TADF 

properties. In polar solvents such as THF, the T1(CT) state experiences substantial stabilization, 

while the T2 state, with its predominantly locally excited (LE) character, remains energetically 

almost unaffected. This stabilization increases the T1(CT)-T2(LE) energy gap in polar solvents, 
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resulting in negligible delayed fluorescence efficiency observed in THF. In contrast, in the 

aggregated state, the molecular environment is predominantly hydrophobic due to the aromatic 

rings of the emitters. This hydrophobic environment suppresses the stabilization of the T1(CT) 

state, leading to a significantly reduced T1(CT)-T2(LE) energy gap, enhanced vibronic 

coupling, and consequently stronger delayed fluorescence. Computational calculations across 

three different phases corroborate these findings. In THF, the T1-T2 energy gap is calculated to 

be 0.20 eV, whereas in the aggregated phase, this gap decreases to 0.10 eV. Additionally, in 

the aggregated phase, the S1(CT)-T2(LE) energy gap decreases by approximately 0.09 eV, and 

the spin-orbit coupling between these states increases from 0.17 cm⁻¹ to 0.40 cm⁻¹ (Figure 11). 

These findings are one of the most important reasons for explaining the enhanced delayed 

fluorescence in the aggregated state of PXZDPAMCN. In contrast, the TADF mechanism in 

other emitters differs due to the predominantly locally excited (LE) character of the T1 state 

and the predominantly charge-transfer (CT) character of the T2 state. For these emitters, the S1-

T2 and T1-T2 energy gaps are less significant because the spin-orbit coupling between S1 and 

T2 is inherently weak. As a result, the T1 state primarily governs the TADF efficiency. Notably, 

while the S1-T1 energy gap (∆EST) remains almost constant across different phases, a detailed 

comparison reveals a significant increase in the spin-orbit coupling (SOC) between S1 and T1 

in the aggregated state compared to THF. For instance, in CZDPAMCN, the 𝝃(S1-T1) value 

increases from 0.11 cm⁻¹ to 1.03 cm⁻¹; in TBUCZDPAMCN, it rises from 0.44 cm⁻¹ to 0.90 

cm⁻¹; and in BCZDPAMCN, it increases from 0.77 cm⁻¹ to 0.92 cm⁻¹ (Figure 11). These 

enhancements in SOC in the aggregated state play a crucial role in dictating the TADF 

performance of these emitters. At this juncture, it is crucial to recognize that TADF operates 

as an endothermic transition, where an exciton jumps from the excited triplet state (T1) to the 

excited singlet state (S1) through reverse intersystem crossing (RISC). The efficiency of this 

process hinges critically on the geometrical alignment of the S1 and T1 states—a substantial 

mismatch can impose a prohibitive barrier to the RISC process, stifling the TADF process 

despite an exceptionally small ∆EST.45 A detailed examination of the structural differences 

between the S1 and T1 states reveals an intriguing trend across all four luminogens. In both the 

gas phase and THF, there is a significant structural disparity between the S1 and T1 geometries, 

quantified by large root mean square deviations (RMSDs). This pronounced difference is 

further confirmed by the overlaid structures of the two states, which visibly highlight the 

geometrical mismatch (Figure 12). Such substantial structural differences are known to 

introduce a high energy barrier for the lowest triplet to singlet thermal upconversion or reverse 
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Figure 13: Delayed fluorescence lifetime in neat films along with their PLQY of (a) 

PXZDPAMCN, (b) CZDPAMCN, (c) TBUCZDPAMCN, and (d) BCZDPAMCN. Delayed 

fluorescence lifetime variation at RT and 77 K for (e) PXZDPAMCN, (f) CZDPAMCN, (g) 

TBUCZDPAMCN, and (h) BCZDPAMCN. 

 

intersystem crossing (RISC), thereby reducing the efficiency of delayed fluorescence in 

monomeric states. In contrast, the structural differences between the S1 and T1 states in the 

aggregated phase, as determined through QM/MM calculations, are found to be negligibly 

small. This is evident from the nearly identical overlaid geometries of S1 and T1 in the 

aggregated state (Figure 12). The reduced structural disparity minimizes the energy barrier 

between these states, facilitating a much more efficient RISC process and, consequently, 

significantly enhancing delayed fluorescence in the aggregated phase. Whether these trends 

remain consistent with the further extent of aggregation, photophysical characterization in neat 

films has been carried out. All four luminogens in neat films exhibit a slightly increased delayed 

fluorescence lifetime, with maintaining a high PLQY of Φ=0.53, Φ=0.60, Φ=0.82 and Φ=0.66 

for PXZDPAMCN, CZDPAMCN, TBUCZDPAMCN and BCZDPAMCN, respectively 

(Figure 13). All four neat films exhibit a decreased DF lifetime with a long phosphorescence 

tail at 77 K. These results suggest the trends to be consistent with a higher extent of aggregation 

(Figure 13). 

 

5.6.4 Mechanochromic luminescence (MCL) properties: 

Donor-acceptor luminogens exhibiting mechanochromic luminescence (MCL) properties have 

garnered significant attention as promising candidates for diverse applications, including 

optical storage, mechanical sensing, security devices, and advanced optoelectronics. We 
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Figure 14: Steady-state emission spectra upon mechanical grinding with their emission photo 

and void volumes of molecular crystals of (a) PXZDPAMCN, (b) CZDPAMCN, (c) 

TBUCZDPAMCN, and (d) BCZDPAMCN. 

 

postulated that the integration of MCL with thermally activated delayed fluorescence (TADF) 

functionalities could provide a robust strategy for designing multifunctional organic materials. 

The synergistic effects of these properties could enable sophisticated sensing mechanisms, 

where emission colors and intensities are modulated by external stimuli such as pressure or 

temperature changes. These materials show considerable promise for use in stress, pressure, 

and thermal indicators in high-tech sectors like aerospace and submarine technologies. The 

molecular architectures of the studied luminogens incorporate highly flexible diphenylamine 

moieties, whose flexibility allows alterations in the donor-acceptor (D-A) dihedral angles under 

mechanical pressure, ultimately resulting in MCL. The crystals of the four luminogens—

PXZDPAMCN, CZDPAMCN, TBUCZDPAMCN, and BCZDPAMCN—exhibit emissions 

ranging from greenish-yellow to red, with emission maxima observed at ~605 nm, ~565 nm, 

~530 nm, and ~580 nm, respectively. Upon applying mechanical pressure, all emitters except 

PXZDPAMCN display significant blue shifts in their emission spectra, with shifts of ~57 nm, 

~26 nm, and ~66 nm recorded for CZDPAMCN, TBUCZDPAMCN, and BCZDPAMCN, 

respectively (Figure 14). These blue shifts result in ground crystals emitting green light, 

enabling a distinct emission switch characteristic of mechano-active behavior. In contrast, 

PXZDPAMCN exhibits only a negligible blue shift (~9 nm) upon grinding, rendering it 

mechano-inactive. 
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To elucidate the unique mechanochromic behavior, natural transition orbital (NTO) analysis 

was conducted to examine the contributing canonical orbitals in the S1 excited state of each 

emitter. In all cases except PXZDPAMCN, the hole orbitals were predominantly localized on 

the diphenylamine moieties between the two cyano groups, attributed to the diphenylamine’s 

strong electron-donating capacity relative to carbazole-based donors (Figure 7). However, in 

PXZDPAMCN, the hole orbital is mainly situated on the phenoxazine moiety due to its even 

greater donating strength (Figure 7). The rigidity of the phenoxazine moiety, caused by its 

bridged oxygen structure, limits its ability to alter its dihedral angle with the acceptor, unlike 

the flexible diphenylamine moiety with rotatable phenyl groups. This structural rigidity 

underpins PXZDPAMCN’s mechano-inactivity, while the flexibility of the other emitters 

facilitates their mechano-active behavior. Another critical factor influencing MCL properties 

is the crystal void volume within the unit cell. A higher void volume enhances the flexibility 

of the D-A emitters to adjust their dihedral angles, promoting mechanochromic luminescence. 

Calculated void volumes for the four emitters are 283 Å³, 353 Å³, 432 Å³, and 435 Å³ for 

PXZDPAMCN, CZDPAMCN, TBUCZDPAMCN, and BCZDPAMCN, respectively (with 

Z=2) (Figure 14). The significantly lower void volume in PXZDPAMCN explains its 

mechano-inactivity compared to the other emitters. Additionally, all three mechano-active 

emitters (CZDPAMCN, TBUCZDPAMCN, and BCZDPAMCN) exhibit long delayed 

fluorescence components in the microsecond range within their ground crystals, accompanied 

by altered delayed fluorescence lifetimes (Figure A5 in Appendix). This confirms that these 

emitters are MCL-TADF materials, making them highly suitable for cutting-edge 

optoelectronic applications. 

 

5.7 Applications: 

5.7.1 Solution processable device fabrication: 

The high photoluminescence quantum yields (PLQYs) of all four luminogens in molecular 

hosts, such as mCP, position them as excellent candidates for high-performance TADF-based 

organic light-emitting diodes (OLEDs). To assess their electroluminescent (EL) properties, 

three solution-processed OLEDs were fabricated with doped emitting layers (EMLs) structured 

as follows: ITO/PEDOT:PSS (40 nm)/PVK (30 nm)/CZDPAMCN or tBu-CZDPAMCN:mCP 

or PXZDPAMCN:CBP (30 nm)/PPT (10 nm)/TPBi (40 nm)/LiF (2 nm)/Al (100 nm). In this 

design, the EML for CZDPAMCN and TBUCZDPAMCN employed mCP as the host matrix, 
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with an emitter doping concentration of 7 wt%. For PXZDPAMCN, CBP was chosen as the 

host under the same doping conditions to optimize performance. 

 

Figure 15: (a) Electroluminescence spectra of the fabricated solution-processable devices Inset 

shows the device photo and electroluminescence (top left-CZDPAMCN, top right- 

PXZDPAMCN & bottom-TBUCZDPAMCN). (b) Variation of the total EQE with luminance. 

(c) Variation of the current density of the fabricated devices with applied voltage and (d) 

Luminance-voltage curve for all three fabricated devices. 

 

The device architecture incorporates PEDOT:PSS (40 nm) as the hole injection layer, PVK (30 

nm) as the hole transport layer, PPT as the hole blocking layer, TPBi as the electron transport 

layer, LiF as the electron injection layer, Al as the cathode, and ITO as the transparent anode. 

BCZDPAMCN was excluded from OLED fabrication due to its slightly lower PLQY in 

molecular hosts and its emission maxima being comparable to those of CZDPAMCN and 

TBUCZDPAMCN. The EL spectra of all three emitters closely resemble their respective PL 

spectra. Among the devices, the OLED with PXZDPAMCN exhibited the broadest full-width 

at half-maximum (FWHM) emission, attributed to the greater charge transfer character of its 

S1 excited state. The maximum external quantum efficiencies (EQEmax) of the OLEDs were 

measured to be 22.8%, 24.4%, and 19.5% for PXZDPAMCN, CZDPAMCN, and 

TBUCZDPAMCN, respectively (Figure 15). These EQEs are higher than those of widely 

reported emitters, such as 4CzIPN (EQEmax = 19.3 ± 1.5%) and the series of emitters reported 

by Yasuda and colleagues (maximum EQEmax = 18.2%). All three devices exhibited low turn-

on voltages (Von) in the range of 3.0–3.5 V. The luminances were moderate to high, with 
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PXZDPAMCN achieving the highest maximum luminance at 11,485 cd/m². Additionally, 

efficiency roll-off at a high luminance of 4000 cd/m² was analyzed. PXZDPAMCN 

demonstrated the lowest efficiency roll-off (~89%), compared to CZDPAMCN (~98%) and 

TBUCZDPAMCN (~94%) (Figure 15). This superior performance of PXZDPAMCN is 

attributed to its fastest rate of reverse intersystem crossing (RISC) and shortest delayed 

fluorescence lifetime. These factors help mitigate biexcitonic quenching effects such as triplet-

triplet annihilation (TTA) and singlet-triplet annihilation (STA), as supported by previous 

studies.46-47 

 

5.7.2 Manifestation of yellow narrow-band singlet emission sensitized by cyan-green 

TADF emitters: 

The emission FWHMs of the D-A based TADF emitters discussed in the last section are found 

to be a little higher. Notably, using these broad-band TADF emitters, and by utilizing their 

triplet-harvesting efficiencies, a narrow-band all singlet emission can be obtained that provides 

improved efficiencies in the fabricated devices. This process is usually termed 

Hyperfluorescence (HF) and a more detailed discussion has been done in the introduction 

section. While most HF emitters developed to date have focused on blue or green emission, 

there has been limited exploration of HF systems in the yellow emission region. In this work, 

we utilized two highly efficient cyan-green emitters, CZDPAMCN and TBUCZDPAMCN, to 

 

Figure 16: Overlap of emission spectra of the donor (TADF emitter) and absorption spectra of 

the acceptor (Fluorescent emitter) for (a) CZDPAMCN–Rh6G and (b) TBUCZDPAMCN–
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Rh6G system. Effect of 1wt% Rh6G doping on the emission spectra for (c) CZDPAMCN–

Rh6G and (d) TBUCZDPAMCN–Rh6G system. 

 

achieve yellow emission via energy transfer to Rh6G, a well-known dye. The emission spectra 

of the TADF sensitizers overlap effectively with the absorption spectra of Rh6G in a PMMA 

host matrix, making the system ideal for Förster resonance energy transfer (FRET) (Figure 

16). The calculated overlap integrals for the donor-acceptor pairs CZDPAMCN–Rh6G and 

TBUCZDPAMCN–Rh6G are 6.964 × 10¹⁵ M⁻¹cm⁻¹nm⁴ and 5.994 × 10¹⁵ M⁻¹cm⁻¹nm⁴, 

respectively. To fabricate the yellow HF systems, we doped the PMMA host with 10 wt% of 

the TADF assistant dopants (CZDPAMCN or TBUCZDPAMCN) and 1 wt% of Rh6G, serving 

as the terminal narrow-band fluorescent emitter. The FWHM of the emissions from 

CZDPAMCN and TBUCZDPAMCN alone in the PMMA host exceeds 60 nm. However, upon 

doping with 1 wt% Rh6G, the TADF emission is quenched, and the overall emission becomes 

dominated by Rh6G emission (Figure 16) upon excitation of the TADF dopants at 375 nm, 

where Rh6G exhibits minimal absorption. To confirm whether this emission quenching is 

mediated by the FRET process, time-resolved photoluminescence (TRPL) studies were 

conducted. Excitation 

  

Figure 17: Rise component or growth component visible against a control upon collecting the 

TCSPC decay at 575 nm (Rh6G emission) upon exciting the TADF assistant dopant at 375 nm 
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for (a) CZDPAMCN–Rh6G and (b) TBUCZDPAMCN–Rh6G system. Decay transients in 

~sub-ms timescale proving upon collecting the TCSPC decay at 575 nm (Rh6G emission) upon 

exciting the TADF assistant dopant at 375 nm for (a) CZDPAMCN–Rh6G and (b) 

TBUCZDPAMCN–Rh6G system. 

 

at 375 nm and monitoring of the PL decay at the TADF dopant emission maxima (500 nm for 

both emitters) revealed reduced prompt fluorescence (PF) and delayed fluorescence (DF) 

lifetimes (Figure A6 in Appendix), indicating an additional energy transfer pathway. Further, 

TRPL decay profiles collected at the Rh6G emission maximum (575 nm) showed a growth 

component followed by decay, with lifetimes of 0.64 ns for the CZDPAMCN–Rh6G system 

and 0.53 ns for the TBUCZDPAMCN–Rh6G system (Figure 17). This growth component was 

attributed to the FRET process, with calculated FRET rates of 1.56 × 10⁹ s⁻¹ and 1.89 × 10⁹ s⁻¹, 

respectively. From FRET calculations, the Förster radii (R₀) and donor-acceptor average 

distances (RDA) were determined. The R₀ values for CZDPAMCN and TBUCZDPAMCN were 

8.0 nm and 8.2 nm, respectively, both larger than the corresponding RDA values of 6.7 nm and 

7.1 nm. These findings confirm the high efficiency of the FRET process necessary for HF. 

While the efficiency of the FRET process was established, the extent of triplet harvesting from 

the TADF emitter to the fluorescent emitter required further verification. To address this, TRPL 

decay profiles were collected at the Rh6G emission maximum (575 nm) under excitation of the 

TADF assistant dopants at 375 nm. Control experiments without TADF dopants showed no 

decay transients in the microsecond time scale, as expected for Rh6G, a traditional fluorescent 

emitter. In contrast, in the presence of TADF dopants, a long decay transient in the microsecond 

range was observed (Figure 17), confirming efficient triplet harvesting via FRET. This finding 

substantiates the effectiveness of the HF systems developed in this study. 

 

5.8 Conclusions: 

This study provides a comprehensive exploration of the factors influencing the enhanced 

TADF efficiencies of molecular aggregates, highlighting the critical roles of energy gaps, spin-

orbit mixing, and excited state structural reorganization. Through the design and synthesis of a 

new series of TADF emitters, we demonstrate that the choice of donor unit—specifically 

phenoxazine, carbazole, and related derivatives—significantly affects the reverse intersystem 

crossing (RISC) rates, TADF lifetimes, and emission properties. Notably, the phenoxazine-

based compound exhibits the highest TADF efficiency and rapid RISC rates in the order of 
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~106 cm-1, while carbazole-based emitters reveal slower rates (in the order of ~103-104 cm-1) 

and longer TADF lifetimes, with distinct emission colors. Moreover, the incorporation of 

carbazole-based emitters with mechanochromic luminescence (MCL) properties without 

compromising TADF performance suggests the potential for multifunctional luminogens. The 

successful fabrication of OLED devices with external quantum efficiencies exceeding 20% 

underscores the practical applicability of these materials in advanced optoelectronic 

technologies. This work contributes essential insights into the design of high-performance 

TADF emitters and sets the stage for the development of efficient, solution-processable 

materials for next-generation organic electronics, offering a pathway toward more efficient 

light-emitting and sensing technologies. 
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5.9 Appendix: 

Section A1) Detailed synthetic procedures: 

Synthesis scheme: 

 

Scheme S1: synthetic routes of the designed compounds. 

 

Synthesis of (1) 3DPAFMCN: 

In a Schlenk RB flask equipped with a magnetic stir bar, 630 mg (3.75 mmol) of diphenylamine 

is dissolved in 20 ml of anhydrous tetrahydrofuran (THF) under an argon atmosphere. Slowly, 

240 mg (6 mmol) of vacuum-dried sodium hydride (60% in oil) is added to the mixture, which 

is then stirred at room temperature for 30 minutes. After this period, 0.2 mg (1 mmol) of 

tetrafluoroisophthalonitrile is added to the reaction mixture, and stirring is continued for 

another 24 hours at room temperature under argon (scheme S1). The completion of the reaction 
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is confirmed by thin-layer chromatography (TLC). Excess sodium hydride is quenched by the 

dropwise addition of distilled water. The mixture is then washed several times with water and 

ethyl acetate. Finally, the crude product is purified using silica gel flash column 

chromatography with a hexane/dichloromethane (DCM) solvent system, yielding 

approximately 80%. 

1H NMR (400 MHz, CDCl3): δ 7.36 – 7.23 (m, 12H), 7.16 (t, J = 7.3 Hz, 2H), 7.12 – 6.98 (m, 

16H). 

13C NMR (101 MHz, CDCl3): δ 153.82, 151.95, 151.92, 151.24, 145.64, 145.42, 143.23, 

143.12, 129.57, 129.50, 124.72, 124.14, 122.83, 122.86, 117.90, 112.76, 112.73, 109.06, 

109.03. 

19F NMR (377 MHz, CDCl3): δ -121.27. 

HRMS (ESI): calc. for [(C44H30N5F) H] (M+H)+  648.2568, found 648.2556. 

 

Synthesis of (2) CZDPAMCN: 

In a Schlenk round-bottom flask equipped with a magnetic stir bar, 65 mg (0.386 mmol, 1.25 

equivalents) of carbazole is dissolved in 20 ml of anhydrous DMF under an argon atmosphere. 

Slowly, 14 mg (0.580 mmol, 1.88 equivalents) of vacuum-dried sodium hydride (60% in oil) 

is added to the mixture, which is then stirred at room temperature for 30 minutes. After this 

time, 0.2 g (0.308 mmol, 1 equivalent) of 3DPAFMCN is introduced to the reaction mixture, 

and stirring is continued for another 4 hours at 124°C under argon (see Scheme S1). The 

completion of the reaction is confirmed by thin-layer chromatography (TLC). Excess sodium 

hydride is quenched by adding distilled water dropwise. The mixture is then washed several 

times with water and ethyl acetate. Finally, the crude product is purified using silica gel flash 

column chromatography with a hexane/dichloromethane (DCM) solvent system, resulting in a 

70% yield. 

 

Synthesis of (3) TBUCZDPAMCN: 

In a Schlenk round-bottom flask equipped with a magnetic stir bar, 108 mg (0.386 mmol, 1.25 

equivalents) of tert-butyl carbazole is dissolved in 20 ml of anhydrous DMF under an argon 

atmosphere. Slowly, 14 mg (0.580 mmol, 1.88 equivalents) of vacuum-dried sodium hydride 

(60% in oil) is added to the mixture, which is stirred at room temperature for 30 minutes. After 

this time, 0.2 g (0.308 mmol, 1 equivalent) of 3DPAFMCN is introduced into the reaction 
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mixture, and stirring continues for an additional 4 hours at 124°C under argon (see Scheme 

S1). The completion of the reaction is confirmed by thin-layer chromatography (TLC). Excess 

sodium hydride is quenched by adding distilled water dropwise. The mixture is then washed 

several times with water and ethyl acetate. Finally, the crude product is purified using silica 

gel flash column chromatography with a hexane/dichloromethane (DCM) solvent system, 

resulting in a yield of 75%. 

 

Synthesis of (4) BCZDPAMCN: 

In a Schlenk round-bottom flask equipped with a magnetic stir bar, 84 mg (0.386 mmol, 1.25 

equivalents) of benzo-carbazole is dissolved in 20 ml of anhydrous DMF under an argon 

atmosphere. Slowly, 14 mg (0.580 mmol, 1.88 equivalents) of vacuum-dried sodium hydride 

(60% in oil) is added to the mixture, which is stirred at room temperature for 30 minutes. After 

this time, 0.2 g (0.308 mmol, 1 equivalent) of 3DPAFMCN is introduced into the reaction 

mixture, and stirring continues for an additional 4 hours at 124°C under argon (see Scheme 

S1). The completion of the reaction is confirmed by thin-layer chromatography (TLC). Excess 

sodium hydride is quenched by adding distilled water dropwise. The mixture is then washed 

several times with water and ethyl acetate. Finally, the crude product is purified using silica 

gel flash column chromatography with a hexane/dichloromethane (DCM) solvent system, 

resulting in a yield of 60%. 

 

Synthesis of (5) PXZDPAMCN: 

In a Schlenk round-bottom flask equipped with a magnetic stir bar, 71 mg (0.386 mmol, 1.25 

equivalents) of phenoxazine is dissolved in 20 ml of anhydrous DMF under an argon 

atmosphere. Slowly, 14 mg (0.580 mmol, 1.88 equivalents) of vacuum-dried sodium hydride 

(60% in oil) is added to the mixture, which is stirred at room temperature for 30 minutes. After 

this time, 0.2 g (0.308 mmol, 1 equivalent) of 3DPAFMCN is introduced into the reaction 

mixture, and stirring continues for an additional 48 hours at 124°C under argon (see Scheme 

S1). The completion of the reaction is confirmed by thin-layer chromatography (TLC). Excess 

sodium hydride is quenched by adding distilled water dropwise. The mixture is then washed 

several times with water and ethyl acetate. Finally, the crude product is purified using silica 

gel flash column chromatography with a hexane/dichloromethane (DCM) solvent system, 

resulting in a yield of 30%. 
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Characterization data 

 

1H NMR of (1) 3DPAFMCN: 

 

13C NMR of (1) 3DPAFMCN: 
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19F NMR of (1) 3DPAFMCN: 

 

 

HRMS of (1) 3DPAFMCN: 
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1H NMR of (2) CZDPAMCN: 

 

13C NMR of (2) CZDPAMCN: 
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HRMS of (2) CZDPAMCN: 

 

HPLC purity of (2) CZDPAMCN: 
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1H NMR of (3) TBUCZDPAMCN: 

 

 

13C NMR of (3) TBUCZDPAMCN: 
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HRMS of (3) TBUCZDPAMCN: 

HPLC purity of (3) TBUCZDPAMCN: 

1H NMR of (4) BCZDPAMCN: 
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13C NMR of (4) BCZDPAMCN: 

 

HRMS of (4) BCZDPAMCN: 

HPLC purity of (3) BCZDPAMCN: 

 

 

1H NMR of (5) PXZDPAMCN: 
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13C NMR of (5) PXZDPAMCN: 

 

HRMS of (5) PXZDPAMCN: 
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HPLC purity of (5) PXZDPAMCN: 

 

 

Crystallographic data 

 

Crystallographic data for PXZDPAMCN: 
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Crystallographic data for CZDPAMCN: 

 

 

 

Crystallographic data for TBUCZDPAMCN: 
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Crystallographic data for BCZDPAMCN: 
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Figure A1: (a) TGA data of all four luminogens, (b) FT-IR data of all four luminogens. 

 

Figure A2: UV-VIS-DRS data of all four luminogens in their pristine powder form. 
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Figure A3: Prompt fluorescence (PF) lifetime of all four luminogens in 1wt% doped PMMA 

films (excitation wavelength=375 nm). 

 

Table A1: Total PLQY and relative PF & DF contributions of all four luminogens in THF (10 

µM conc.) 

Compounds Total PLQY PF contribution DF contribution 

PXZDPAMCN 0.13 0.12 0.01 

CZDPAMCN 0.41 0.40 0.01 

TBUCZDPAMCN 0.46 0.44 0.02 

BCZDPAMCN 0.51 0.49 0.02 

Table A2: Total PLQY and relative PF & DF contributions of all four luminogens in their 

aggregates form obtained at 95% water content in THF-water binary mixtures (10 µM conc.). 

Compounds Total PLQY PF contribution DF contribution 

PXZDPAMCN 0.68 0.22 0.46 

CZDPAMCN 0.70 0.46 0.24 

TBUCZDPAMCN 0.64 0.37 0.27 

BCZDPAMCN 0.50 0.35 0.15 

 

Table A3: Photophysical data of all four emitters in different states. All the quantum yields 

have been measured using an integrated sphere. ɸPF and ɸDF signify fractional quantum yield 

of prompt and delayed fluorescence, respectively. 
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Compound 

ɸPF 
(sol./ 
film) 

ɸDF 

(sol./ 
film) 

kr
[a]

 

(S1-S0) 
(s-1) 
(sol./ 
film) 

kISC
[b] 

(S1-T1) 
(s-1) 
(sol./ 
film) 

kRISC
[c]

(T1-S1)    
(s-1) 
(sol./ 
film) 

 
PXZDPAMCN 

0.08/ 
0.79 

0.27/ 
0.19 

6.0×106 

s-1/ 
1.0×108 

s-1 

7.0×107 

s-1/ 
2.7×107 

s-1 

7.1×106 

s-1/ 
2.0×105 

s-1 

 
CZDPAMCN 

0.27/ 
0.69 

0.15/ 
0.12 

1.5×108 

s-1/ 
3.7×108 

s-1 

4.0×108 

s-1/ 
1.7×108 

s-1/ 

9.4×105 

s-1/  
4.2×103 

s-1/ 

 
TBUCZDPAMCN 

0.20/ 
0.49 

0.12/ 
0.42 

1.0×108 

s-1/ 
2.4×108 

s-1/ 

4.2×108 

s-1/ 
2.5×108 

s-1/ 

1.3×106 

s-1/ 
5.6×108 

s-1 

 
BCZDPAMCN 

0.28/ 
0.53 

0.09/ 
0.11 

1.4×108 

s-1/ 
2.7×108 

s-1 

3.6×108 

s-1/ 
2.4×108 

s-1 

5.8×105 

s-1/ 
4.5×103 

s-1 

 

[a] kr (S1-S0) = ɸPF /τPF,  [b] kISC (S1-T1)= (1-ɸPF) /τPF, [c] kRISC (T1-S1)= ɸDF / (kISC.τPF.τDF.ɸPF).  

 

Note A1: Expansion on VMD and RMSD Calculations: 

VMD (Visual Molecular Dynamics) is a molecular visualization and analysis software widely 

used for studying biomolecular systems and performing computational chemistry simulations. 

It offers extensive tools for trajectory analysis, including Root Mean Square Deviation (RMSD) 

calculations, which are essential for assessing the structural similarity between molecular 

geometries over time. In this work, RMSD was calculated using the built-in RMSD trajectory 

tool in VMD to quantify the structural deviations between two molecular geometries. The 

RMSD value is computed using the equation: 

RMSD = √
1

𝑁
∑  

𝑁

𝑖=1

(𝐫𝑖
ref − 𝐫𝑖

target
)
2
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where N is the number of atoms considered, and 𝐫𝑖
ref and 𝐫𝑖

target
 are the atomic coordinates of 

the reference and target structures, respectively. 

Implementation in VMD: 

 The RMSD Trajectory Tool in VMD was utilized to compare the molecular 

conformations obtained from simulations. 

 The structures were first aligned using the backbone atoms (or a specific selection of 

atoms), ensuring that rotational and translational differences did not affect the RMSD 

values. 

 The trajectory was loaded into VMD, and RMSD was computed over time to evaluate 

conformational stability. 

 Tcl scripting in VMD was also employed to automate the RMSD calculations for 

multiple geometries, ensuring a consistent and reproducible analysis. 

 

Note A2: Expansion on IRF (instrument response function) in TRPL decay analysis: 

The Instrument Response Function (IRF) represents the temporal resolution of the detection 

system in a TRPL experiment. It accounts for the broadening and distortions introduced by the 

finite response time of the laser pulse, detector, and electronics. Correcting for IRF is crucial 

for obtaining accurate decay lifetimes, especially when studying fast decay components in the 

sub-nanosecond range. 

1. Measurement and Characterization of IRF 

 The IRF is typically measured by detecting the scattered laser pulse from a non-

emissive sample (e.g., a dilute colloidal solution or a scattering medium like silica 

powder). 

 The full width at half maximum (FWHM) of the IRF determines the system's temporal 

resolution, which must be considered when extracting decay lifetimes. 

 In streak camera measurements, the IRF width is influenced by the temporal resolution 

of the streak tube and optical system. 

 In Time-Correlated Single Photon Counting (TCSPC), the IRF shape is affected by the 

timing jitter of the detector and electronics. 

2. Deconvolution of IRF in TRPL Analysis 

Since the observed TRPL decay is a convolution of the actual decay function and the IRF, a 

numerical deconvolution method (such as the reconvolution fitting approach) is used to retrieve 

the intrinsic lifetime. This is performed using software tools like FluoFit, OriginPro, or custom 

Python/Matlab scripts that fit the decay to an exponential function convolved with the 

measured IRF. 

The observed signal I(t) is expressed as: 
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𝐼(𝑡) = ∫  
𝑡

0

𝐼𝑅𝐹(𝑡′) ⋅ 𝑒−𝑡
′/𝜏𝑑𝑡′ 

Where τ is the true photoluminescence lifetime. 

 

Figure A4: Delayed fluorescence lifetime in molecular crystals along with their PLQY of (a) 

PXZDPAMCN, (b) CZDPAMCN, (c) TBUCZDPAMCN, and (d) BCZDPAMCN. Delayed 

fluorescence lifetime variation at RT and 77 K for (e) PXZDPAMCN, (f) CZDPAMCN, (g) 

TBUCZDPAMCN, and (h) BCZDPAMCN. 
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Figure A5: Variation of delayed fluorescence lifetime upon mechanical grinding of the 

molecular crystals for (a) PXZDPAMCN, (b) CZDPAMCN, (c) TBUCZDPAMCN, and (d) 

BCZDPAMCN. 

 

Figure A6: Fate of prompt fluorescence and delayed fluorescence of the TADF assistant 

dopant upon doping with 1wt% of Rh6G in PMMA host. 
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Thesis Summary and Future Outlook 

This thesis focuses on the design, development, and optimization of multifunctional organic 

luminogens to overcome significant challenges in optoelectronic and sensory applications. It 

addresses the issue of aggregation-caused quenching (ACQ) in organic emitters, a major 

obstacle to efficient solid-state luminescence, by leveraging advanced mechanisms such as 

thermally activated delayed fluorescence (TADF), room-temperature phosphorescence (RTP), 

and aggregation-induced emission (AIE). Through systematic molecular design and structural 

modifications, the study provides a framework for developing efficient, versatile, and high-

performing luminogens. A comprehensive introduction is presented to the principles of light 

emission in organic materials, focusing on the interplay between molecular aggregation and 

photophysical pathways. The thesis explores the importance of triplet harvesting mechanisms, 

particularly TADF, and their role in enhancing solid-state luminescence for applications like 

organic light-emitting diodes (OLEDs). It also highlights alternative strategies, including RTP 

and hyperfluorescence, to achieve efficient exciton utilization. The research develops novel 

AIE-active luminogens through molecular modifications that transform ACQ-dominated 

systems into highly functional materials. By engineering the acceptor core and linker groups, 

these luminogens are designed to exhibit multifunctional properties such as AIE, RTP, and 

mechanochromism. These findings underscore the transformative potential of structural 

engineering in optimizing luminescent behavior. A detailed investigation is conducted into the 

role of regioisomeric donor-acceptor systems in tuning TADF, mechanochromism, and second 

harmonic generation (SHG) properties. The study reveals how molecular geometry 

significantly impacts photophysical behavior, with notable differences in TADF efficiency, 

spin-orbit coupling, and reverse intersystem crossing rates. These insights contribute to the 

understanding of how subtle changes in molecular structure can lead to substantial 

improvements in functionality. The thesis also examines the factors governing aggregation-

induced delayed fluorescence (AIDF), focusing on the role of energy gap reductions (ΔEST) 

and charge-transfer characteristics. These emitters demonstrate enhanced luminescence 

efficiency and potential for advanced applications, including two-photon cell imaging and anti-

Stokes shifted photoluminescence. Finally, the role of donor unit engineering in optimizing 

TADF performance is explored in depth. Luminogens based on phenoxazine, carbazole, and 

their derivatives are synthesized to investigate the effects of donor units on RISC rates, 

emission lifetimes, and efficiency. These materials are shown to achieve remarkable TADF 

efficiencies and external quantum efficiencies in OLED devices, demonstrating their practical 
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applicability in optoelectronics. Overall, this thesis makes significant contributions to the 

understanding and application of organic luminogens by addressing ACQ and achieving 

efficient triplet harvesting. It provides valuable insights into molecular design principles, 

photophysical mechanisms, and functional optimization. The findings lay the groundwork for 

developing solution-processable, multifunctional materials for next-generation technologies in 

optoelectronics, bioimaging, and sensory devices.  

The findings of this thesis provide a robust foundation for advancing multifunctional  

Figure 1: (A) Potential energy surface of conventional TADF emitters vs MRTADF emitters, 

showing the advantages of MR-TADF emitters. (B) different layers of an OLED device. 

luminogens, particularly in addressing challenges associated with triplet harvesting efficiency 

and solid-state luminescence. However, a significant area for further exploration lies in 

enhancing optical color purity, an essential criterion for practical applications in lighting and 

display technologies. Conventional triplet harvesting methods, such as thermally activated 

delayed fluorescence (TADF) and room-temperature phosphorescence (RTP), often produce a 

mixture of wavelengths, leading to compromised color fidelity. While color filters can partially 

address this issue, they incur substantial energy losses, making them less viable for efficient 

real-world applications. To overcome these limitations, multiple resonance TADF (MR-

TADF) emitters have emerged as promising alternatives due to their intrinsic narrow-band 

emission and reduced Stokes shifts. Nevertheless, the planar structures typical of MR-TADF 

emitters often enhance electron-vibration coupling (EVC) during aggregation, resulting in 

emission quenching. Future research should focus on functional group engineering to introduce 

twists in the molecular geometry of MR-TADF emitters.1-2 This approach can mitigate 

aggregation-induced quenching, enabling narrow-band emission and enhanced efficiencies in 

solid-state environments. Building on these insights, the proposed research aims to design and 

synthesize two distinct sets of TADF emitters: (1) twisted MR-TADF emitters for efficient 

narrow-band emission and (2) twisted conventional TADF emitters for broad-band emission. 

Comparative studies on their photophysical properties, particularly reverse intersystem 

crossing (kRISC) rates, can deepen our understanding of their performance and applicability.   
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Two rapidly advancing research areas are identified for exploration:   

1. Organic Solid-State Lasing (OSSLs): Twisted MR-TADF emitters are inherently suited 

for OSSLs2 due to their high emission transition dipole moments (μS1-S0) and minimal Stokes 

shifts, which facilitate efficient population inversion between singlet and ground states via 

rapid reverse intersystem crossing (RISC). These properties are critical for achieving efficient 

lasing with reduced thresholds and amplified optical gain. Developing a structure-property 

relationship for these emitters can pave the way for breakthroughs in solid-state lasing 

technologies.   

2. Solid-State Anti-Stokes Shifted Photoluminescence (ASPL):  The potential of MR-TADF 

emitters for hot-band absorption (HBA)-based ASPL emission3 remains largely untapped, 

particularly in the solid state. Given their minimal structural reorganization in the excited state, 

MR-TADF emitters exhibit high Franck-Condon factors, making them ideal candidates for 

ASPL. Expanding research in this area could unlock new avenues for solid-state photonics.   

Additionally, the longer lifetimes of TADF emitters, typically in the microsecond regime, 

present opportunities for luminescence lifetime imaging microscopy (LLIM). This capability 

can effectively eliminate short-lived cellular autofluorescence signals, significantly enhancing 

the precision and accuracy of cellular imaging. In conclusion, the future work outlined here 

highlights critical areas for expanding the utility of TADF and MR-TADF emitters. By 

addressing current limitations in optical color purity, solid-state lasing, and ASPL, this research 

holds the potential to drive significant advancements in solid-state photonics, bioimaging, and 

next-generation lighting technologies. 

References: [1] Hatakeyama et al., Adv. Mater., Vol. 28, No. 14, 2777–2781, (2016). [2] Li et 
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