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1. Introduction: The current thesis describes Organic Room-Temperature 

Phosphorescent and Thermally Activated Delayed Fluorescent Small Molecules 

and their efficiency, processability for lighting applications. This entitled thesis 

is categorized into four working chapters. Initially we describes the general 

introduction about Room Temperature Phosphorescence (RTP) and Thermally 

Activated Delayed Fluorescence (TADF). Organic molecules exhibiting Room 

Temperature Phosphorescence (RTP) and Thermally Activated Delayed 

Fluorescence (TADF) that efficiently harvest triplet excitons and convert to light 

have emerged as promising light-emitting materials. The advantages of both 

intersystem crossing (ISC) in RTP and reverse intersystem crossing (rISC) in 

TADF materials heavily supported achieving an internal quantum efficiency of 

100%. RTP and TADF organic molecules have attracted scientific interest due to 

their wide applications in bio-imaging, organic optoelectronics, anti-

counterfeiting, sensing, flexible display and lighting devices etc. The second 

chapter deals with Self-assembled Helical Arrays for Stabilizing the Triplet State, 

the third chapter deals with Room-Temperature Phosphorescence from Metal-

Free Organic Phosphors, the fourth chapter deals with Thermally Activated 
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Delayed Fluorescent Solvent-free Organic Liquid Hybrids for Tunable Emission 

Applications, and the fifth chapter deals with the Processable Luminescent 

Solvent-free Organic Liquid Naphthalimides for Lighting Applications. 

 

2. Statement of a problem: For the past many decades, heavy metal complexes 

were explored as phosphors because of the presence of ligand-metal and metal-

ligand charge transfer (CT) and strong spin-orbit coupling, which improves the 

intersystem crossing (ISC) and controls the triplet decay rate. Despite many 

advantages, organometallic complexes have the drawbacks of high toxicity, 

limited resources, and high cost. Hence this situation promoted the search for 

metal-free organic molecules as alternative phosphors. However, for organic 

materials, the non-radiative (knr) and quenching (kq) rates of the triplet states are 

much larger than the radiative decay rate (kp) under ambient conditions. 

Moreover, the triplet states are vulnerable to quenching by molecular oxygen, and 

hence RTP and TADF from metal-free organic molecules under ambient 

conditions continue to be challenging. In this context, set our approach to develop 

concisely, practically and synthetically benign organic molecules which are 

technologically advanced for lighting and display applications with improved 

processability and luminescence features. 

3. Objectives:  

Inspired by interesting applications of organic molecules containing RTP and 

TADF properties, we aimed to develop concise, practically and synthetically 

benign organic molecules which are technologically advanced for lighting and 

display applications with improved processability and luminescence features. We 

explore the variation of alkyl chain and chirality induced room temperature 

phosphorescence from phenylmethanone unit containing carbazole-based organic 

phosphors and its photophysical studies assisted by alkyl chain and molecular 

packing in the crystal-state and we came up with a new strategy of helical array 
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to support long-lived phosphorescence under ambient conditions. Further, we 

have explored thermally activated delayed fluorescent solvent-free organic liquid 

naphthalimides and analysed the TADF emission with various dopants to 

demonstrate the tunable emission and show a practical demonstration of 3D 

printing applications and polymerized luminescent thin films for lighting 

applications. 

4. Methodology and results: 

Chapter 2: Self-assembled Helical Arrays for Stabilizing the Triplet State  

Room-temperature phosphorescence of metal and heavy atom-free organic 

molecules has emerged as an area of great potential in recent years. A rational 

design played a critical role in controlling the molecular ordering to impart 

efficient intersystem crossing and stabilize the triplet state to achieve room-

temperature ultralong phosphorescence. However, in most cases, the strategies to 

strengthen phosphorescence efficiency have resulted in a reduced lifetime, and 

the available nearly degenerate singlet-triplet energy levels impart a natural 

competition between delayed fluorescence and phosphorescence, with the former 

one having the advantage. Herein, an organic helical assembly supports the 

exhibition of an ultralong phosphorescence lifetime. In contrary to other 

molecules, 3,6-phenylmethanone functionalized 9-hexylcarbazole exhibits a 

remarkable improvement in phosphorescence lifetime (> 4.1 s) and quantum yield 

(11%) owing to an efficient molecular packing in the crystal state. A right-handed 

helical molecular array act as a trap and exhibits triplet exciton migration to 

support the exceptionally longer phosphorescence lifetime. 
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Figure 1. 3,6-bis(phenylmethanone) substituted 9-hexylcarbazole-based self-

assembled helical arrays for the stabilization of the triplet state. 

Chapter 3: Room-Temperature Phosphorescence from Metal-Free 

Organic Phosphors 

 

In continuation with chapter 2, in this chapter we have describes the 

variation of alkyl chain and chirality induced room temperature phosphorescence 

from phenylmethanone unit containing carbazole-based organic phosphors and 

its photophysical studies assisted by alkyl chain and its molecular packing in the 

crystal-state. We planned to study not only the effect of aliphatic alkyl chain as 

well as keeping the chiral alkyl chain onto 3,6-bis(phenylmethanone) substituted 

carbazole molecules but also by changing the substitution on phenylmethanone 

unit functionalization, which exhibits RTP property with good lifetime. No such 

 +   
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Helical molecular packing was observed in other substituted carbazole molecules 

and from a single crystal study, we concluded that Only the C-6 alkyl chain 

played a crucial role for Helical packing of 3,6-bis(phenylmethanone) substituted 

9-hexylcarbazole in the crystal lattice. 

 

 

Figure 6. Chemical structures of metal-free organic phosphors 3,6- 

bis(phenylmethanone) substituted carbazole molecules. 

------------------------------------------------------------------------------------------------ 

Chapter 4: Thermally Activated Delayed Fluorescent Solvent-free Organic 

Liquid Hybrids for Tunable Emission Applications 

The synthetic feasibility and excellent luminescence features of organic 

molecules attracted much attention and were eventually found useful in lighting 

applications. In this context, a solvent-free organic liquid having attractive 

thermally activated delayed fluorescence features in bulk along with high 

processability has prime importance. Herein, we report a series of naphthalene 

monoimide-based solvent-free organic liquids exhibiting blue to red thermally 

activated delayed fluorescence with luminescence quantum yields up to 80% and 

lifetimes between 8 to 45 s. An effective approach explored energy transfer 

between liquid donors with various emitters exhibiting tunable emission colours, 

including white. The high processability of liquid emitters improved the 

compatibility with polylactic acid and was used for developing multicolour 

emissive objects using 3D printing. Besides, the first example of a thermally 
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activated delayed fluorescent liquid as an emitter in OLED with moderate 

performance is promising. Our demonstration will be much appreciated as a 

processable alternate emissive material suitable for large-area lighting, display, 

and related applications. 

 

Figure. Schematic of the TADF-assisted energy transfer for tunable emission and 

3D printing applications. 

------------------------------------------------------------------------------------------------ 

Chapter 5: Processable Luminescent Solvent-free Organic Liquid 

Naphthalimides for Lighting Applications 

The synthetic feasibility and excellent luminescence features of organic 

molecules attracted much attention and were eventually found useful in lighting 

S0
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applications. In this context, a solvent-free organic liquid having attractive 

thermally activated delayed fluorescence features in bulk along with high 

processability has prime importance. similar to the previous chapter, herein, we 

report a series of naphthalene monoimide-based solvent-free organic liquids 

exhibiting thermally activated delayed fluorescence with high luminescence 

quantum yields and lifetimes between 11.5 to 78.6 s. In the previous chapter, 

we describe the advantages of solvent-free organic liquids and their processability 

with applications. Solvent-free liquids have more advantages over solvated 

systems. They are good in Tunable optoelectronic properties, Non-volatility and 

Usable in bulk, Processability and easily printable or paintable. Still, they are 

having some disadvantages like Stickiness of the layer surface while using and 

having least curability of the final films. So new approach that can overcome all 

these issues is highly desirable. A non-volatile, low-viscosity and highly emissive 

room-temperature liquid photopolymerizable luminescent organic liquid material 

is a promising candidate for lighting applications. In this context, we planned to 

synthesize the solvent-free organic liquid Naphthalimides for TADF property and 

photopolymerizable luminescent organic liquid to show practical demonstration 

of polymerized luminescent thin films for lighting applications. 

 

Figure. Chemical structures of processable luminescent solvent-free organic 

liquid naphthalimides for lighting applications. 

Az-NMI             Cl-Az-NMI            HOBT-NMI          Br-Bz-NMI          di-allyl-NMI   
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5. Conclusion:  

The thesis comprises new synthetic methodologies for metal-free organic 

room temperature phosphorescent, thermally activated delayed fluorescent and 

solvent-free organic liquids molecules for lighting applications. In chapter 2, we 

have reported a new series of phenylmethanone functionalized N-alkylated 

carbazoles exhibiting UOP. A helical array by the peculiar molecular packing of 

3,6- bis(phenylmethanone) substituted 9-hexylcarbazole in the crystal state 

enabled to mix up the singlet-triplet states to create hybrid triplets to enhance the 

intersystem crossings. By optimizing the molecular structure and a strained 

crystal packing, a metal- and heavy atom-free carbazole derivative resulted in a 

significant improvement of phosphorescence lifetime and quantum yield. A 

combined experimental and theoretical study sheds light on the stabilization of 

the triplet state by the helical arrays and the presence of triplet exciton migration 

results in the longer phosphorescence lifetime, so far reported for a single 

molecule crystal. The findings put forth a new strategy of helical arrays to support 

long-lived phosphorescence under ambient conditions and will invoke the 

development of new organic phosphors. 

Chapter 3, demonstrates the series of phenylmethanone compounds by 

attaching different alkyl chains. After carefully understanding the photophysical 

studies, we come to conclude that all are exhibiting RTP properties. Single-

Crystal structures help to find the molecular packing involved in the molecules. 

Only the C-6 alkyl chain playing a crucial role for helical packing of 3,6-

bis(phenylmethanone) substituted 9-hexylcarbazole in the crystal lattice. No such 

helical molecular packing was observed in other substituted carbazole molecules. 

In chapter 4, the successful demonstration of the TADF liquid accomplished 

a series of molecules having varying TADF emission colors through structural 

modification. The host-guest combination of TADF liquid emitters exhibited ET-

assisted tunable emission. A cascade ET between the TADF liquids demonstrated 
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white light-emitting hybrid liquids. The attractive features such as the capability 

to form a large-area thin luminescent film and tunable emission by doping enable 

TADF liquids to be a potential candidate in lighting and display applications. 

Interestingly, the high QY and uniform dispersibility of SOLs supported the very 

low loading of the emitters (1wt%) to deliver 3D printed objects with multicolor 

light emission. The detailed photophysical studies indicate that neither the same 

SOLs in solution nor the crystalline structural analogs exhibit TADF, and it points 

to the importance of molecular design in developing the hitherto unknown TADF 

liquids. The high processability of TADF liquids to form large-area thin films 

without compromising the emission features offer a bright future for TADF 

SOLs. 

In chapter 5, the successful demonstration of the TADF liquid accomplished 

a series of molecules having TADF through structural modification. The solvent-

free TADF liquid exhibit cyan to yellow colour emission with a delayed lifetime 

of up to 79 s. Furthermore, a polymerizable group on one of the solvent-free 

TADF liquid utilize for thermal and photo-polymerization. Di-allyl-NMI liquid 

provides a low viscous fluid matrix for cross-linker (CL) by simple physical 

mixing to develop polymerizable blends. The hybrid liquid films enabled to 

development of stable polymer films on the surface by photo as well as thermal 

polymerization. Even though we are able to prepare polymer film, our efforts will 

be continued to make free-standing stable polymer film. The high processability 

of TADF liquids to form large-area thin films without compromising the emission 

features offer a bright future for TADF SOLs and is a potential candidate in 

lighting and display applications. 

6. Future directions:  

In chapter 2, we show that 3,6-phenylmethanone functionalized 9-

hexylcarbazole exhibits a remarkable improvement in phosphorescence lifetime 

(> 4.1 s) and quantum yield (11%) owing to an efficient molecular packing in the 
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crystal state. We came up with a new mechanism strategy for the stabilization of 

triplet excitons. Helical arrays of organic small molecules and polymers exhibit 

exciting optoelectronic properties by controlling the spatial organization of the 

structural units. Hence, the design of a helical assembly to modulate the triplet 

state to achieve a longer phosphorescence lifetime will be highly appreciated. The 

findings put forth a new strategy of helical arrays to support long-lived 

phosphorescence under ambient conditions and will invoke the development of 

new organic phosphors. It can be achieved only through unexplored molecular 

designs and with the rigorous assistance of molecular packing. 

We believe that our solvent-free organic liquid strategies (Chapter-4) and the 

developed enhanced luminescent materials (Chapter-5) would find an 

enormously wide range of applications in fluorescent sensors, bioimaging, 

optoelectronics large-scale flat panel displays, and soft optical device 

applications. The high processability of solvent-free organic liquids TADF 

emitters improved the compatibility with polylactic acid and was used for 

developing multicolour emissive objects using 3D printing. Our demonstration of 

the thermally activated delayed fluorescence liquid will be much appreciated as 

a processable alternate emissive material suitable for large area lighting, display, 

and related applications. The study related to the direct application in various 

fields of these luminescent materials would be undertaken further in our 

laboratory. In the future, we plan to utilize our solvent-free organic liquid strategy 

to prepare large-scale and highly emissive room-temperature photopolymerizable 

luminescent organic liquid materials. 
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1.1.1 Introduction 

The term “Luminescence” was introduced by Eilhardt Wiedemann in 1888 

as the Emission of light by a substance. It occurs when an electron returns from 

an excited to ground level, leaving the energy as a phonon. Luminescence is 

classified mainly into three types- 1) fluorescence, 2) phosphorescence, and 3) 

thermally activated delayed fluorescence (TADF) which depends on the type of 

the excited state. The first class of luminescence is fluorescence, in which 

deexcitation is from singlet excited states to singlet ground states. In this process, 

there is no change in spin orientation, and hence fluorescence is spin allowed 

process. Conventionally, rates of fluorescence emission are 108 s-1, so the average 

lifetime range of fluorescence is 10-9 to 10-6 sec. Phosphorescence is the process 

of emitting light from triplet excited states to the ground state. In this process, 

change in the spin occurs from the triplet state to the ground state, which is a 

forbidden transition, and hence the emission rate is slow in the range of 10-3 to 10 

sec. Therefore phosphorescence lifetimes of organic molecules range from 

milliseconds to seconds. The third type of luminescence is TADF, which is light 

emission from singlet excited states through reverse intersystem crossing (RISC) 

from the triplet excited state. During the TADF process, the triplet state of the 

molecules undergoes thermally activated RISC and is further de-excited to the 

ground state. 

The application of fluorescence, phosphorescence, and TADF materials in 

organic optoelectronics and biological sciences has increased dramatically during 

the last two decades. Our daily life encircles around the constant use of electronic 

devices such as computers, laptops, television, mobile phones, and many more 

devices. Mostly these devices are built on inorganic semiconductors. Still, due to 

the technological difficulties concerned with silicon, a significant amount of 

effort has been invested in developing organic electronics.1 Recently, organic 

electronics have emerged as an active field of research promising efficient large-

area lighting emitting material and light-harvesting devices. 
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1.1.1. Jablonski Diagram 

The Jablonski diagram is often used to depict the processes between light 

absorption and emission. For explaining absorption and emission, Jablonski 

diagrams are used as a starting point. Jablonski diagram displays the variety of 

molecular processes which occurs in excited states. Professor Alexander 

Jablonski is known as the "Father of Fluorescence Spectroscopy" for his 

numerous achievements, including descriptions of concentration depolarization 

and the definition of the terminology "anisotropy" to describe the polarised 

emission from solutions. The Jablonski diagram depicts a molecule's electronic 

states and transitions between them. The states are arranged horizontally by spin 

multiplicity and vertically by energy. Transitions between radiation and non-

radiation are denoted by straight arrows. Each electronic state's higher vibrational 

levels and vibrational ground states are denoted by thick lines.2  

Figure 1.1.1 depicts a typical Jablonski diagram, S0 represents the singlet 

ground state, and S1-S3 represents the first and higher electronic states, 

respectively. To demonstrate the instantaneous nature of light absorption, 

transitions between states are depicted as vertical lines. Following are the 

processes that occur during light absorption. When the fluorophore is excited to 

a higher vibrational level, such as S2 or S3, molecules quickly relax to S1, the 

lowest vibrational level. This process is known as internal conversion and usually 

takes 10-11 seconds or less. When the S1 states of molecules can undergo spin 

inversion to the first triplet state, T1, this process is known as intersystem 

crossing. Phosphorescence is the emission of light from the T1 state to the singlet 

(S0) ground state, and it is usually at longer wavelengths (lower energy) than 

fluorescence. Since the transitions from T1 to S0 state are prohibited, the rate 

constants for triplet emission are lower than fluorescence. The incorporation of 

heavy atoms, i.e., bromine and iodine, and heteroatoms such as O, N, S, and Te, 

mainly enables to display phosphorescence. The heavy atoms promote the rate of 
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intersystem crossing through spin-orbit coupling, thereby increasing 

phosphorescence lifetime and quantum yields.2 

 

Figure 1.1.1. Schematic energy level diagram (Jablonski diagram) of three types 

of luminescent organic molecules. 

Organic room temperature phosphorescence (ORTP) has attracted 

scientific interest because of the large stokes shift, long lifetime, and strong 

afterglow that enable applications in bio-imaging, organic optoelectronics, anti-

counterfeiting, sensing, etc.24,25,33,34 For the past many decades, heavy metal 

complexes have been explored as phosphors because of the presence of ligand-

metal and metal-ligand charge transfer (CT) and intense spin-orbit coupling 

(SOC), which increases the rate of intersystem crossing (ISC) and controls the 

triplet decay rate.27 Despite many advantages, organometallic complexes have the 

disadvantages like high toxicity, limited resources, and high cost. Hence this 

situation promoted the search for metal-free organic molecules as alternative 

phosphors. However, for organic materials, the non-radiative (knr) and quenching 

(kq) rates of the triplet states are much larger than the radiative decay rate (kp) 

under ambient conditions. Moreover, the triplet states are vulnerable to quenching 

by molecular oxygen, and hence RTP from metal-free organic molecules under 

ambient conditions continues to be challenging.1 Nonetheless, the recent past has 

witnessed a massive jump in the exploration of metal-free organic phosphors 

Tn

S2

S3



Chapter-1 Section: 1 Introduction- Phosphorescence 

 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 33 

through innovative molecular designs and control over the radiative and 

nonradiative decay processes associated with triplet excitons. The critical 

parameters that are being considered while designing organic RTP (ORTP) 

molecules include (1) populating the triplet state by efficient singlet-to-triplet 

ISC, (2) minimizing the nonradiative relaxation pathways, and (3) delaying the 

radiative decay. In accordance with that, heteroatoms such as N, O, S, Te, and 

halogens are incorporated as an integral part of the molecular design of organic 

phosphors.4–27  

 

Figure 1.1.2. Schematic of stabilization of the triplet state, leading to ultralong 

phosphorescence in organic molecules. 

Besides, nonradiative relaxation pathways are controlled by molecular 

packing in the crystalline state and with the help of supportive media such as 

polymers and cavitands. The compact molecular packing with the assistance of 

various intermolecular interactions, provided extra stabilization of the triplet 

excitons to extend the lifetimes beyond seconds. In this way, a synergistic effect 

of all the supportive features resulted in enhanced RTP of metal-free organic 

phosphors.5–9 Besides, stabilization of the triplet excitons is found to be a 

conceptually new and exciting strategy to achieve newer heights for RTPs 

(Figure. 1.1.2).20 Many new concepts such as suppression of the nonradiative 

deactivation pathways of the triplet state through hydrogen bonding, H-

aggregation, helical arrays, and excited-state manipulations such as charge 

transfer (CT), energy transfer (ET), radical ion pair formation, energy migration, 
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etc. have been introduced to stabilize the triplet state.20,21 Until now, many 

attempts to understand the relationship between ultralong RTP (URTP) and 

molecular packing have been reported.8-10 Those studies uncovered the vital role 

of ordered molecular arrays in tailoring lifetime,14-16 emission efficiency,18 

luminescent colour,19 and even realizing the unique dynamic URTP features. 

Even though the structure-property correlation of organic phosphors has been 

achieved to a certain extent, the involvement of complex factors limits a complete 

understanding of the underlying mechanism of URTP. Hence a deeper 

understanding of the supportive role of adequate molecular packing, rigidification 

by polymers and hosts, and related controlling factors is of great significance. 

Even though URTP is a fascinating concept, a slow radiative decay leading to a 

long-lived lifetime is not supportive for any device applications, especially in 

light-emitting diodes (LEDs).31,32 However, compared to short-lived fluorescent 

materials, the advantages of an ultralong lifetime and large Stokes shifts make 

URTP materials promising candidates for applications such as bio-imaging, 

information storage, data encryption, anti-counterfeiting, sensing, and 

photodynamic therapy.24,25,33,34 Besides, the most critical aspect of URTP is that 

the triplet state excitons are susceptible to deactivation by molecular motions, 

oxygen, and humidity.1,3,35 Hence, it has been highly challenging to prolong the 

phosphorescent emission of organic materials at room temperature by 

overcoming all these hurdles. In this context, URTP of small molecule-based 

metal-free ORTPs has prime importance as a fundamental challenge. Numerous 

design strategies and self-assembly methods have been found successful in 

achieving an ultralong lifetime.  

1.1.3 Ways to Improve the RTP Lifetime and Efficiency 

The main challenges in metal-free organic room temperature phosphors 

(ORTPs) include weak spin-orbit coupling (SOC) (< 0.1 cm−1), resulting in 

inefficient ISC, enhanced knr due to many deactivation pathways, the 
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susceptibility of T1 state to oxygen and temperature.3,30 Hence to design efficient 

ORTPs and estimate the performance, the following discussion can be helpful. 

The important parameters such as quantum efficiency of ISC (isc) (from S1 to 

T1), quantum yield (p), lifetime (p) and radiative decay (kp) of phosphorescence 

can be defines as 

isc= kisc/(kf+ kic+ kisc)   ……1 

p= isckpτp ……2 

p= 1 / kp+ knr ……3 

kp= (644/3h4c2)E3
T1→S0 T1→S02   ……4 

  

Where k denotes the rates of singlet emission processes such as kf, kic and kisc 

related to the fluorescence (from S1 to S0) and internal conversion (IC) (from Sn 

to S1) and ISC (from S1 to T1), respectively. At the same time, the rates related to 

the triplet state are denoted as kp and knr for radiative and non-radiative decays 

(from T1 to S0), respectively. It has to be noted that all these rate parameters 

related to singlet and triplet transitions completely control the characteristic 

phosphorescence features of pure ORTPs. A more in-depth analysis of equations 

1-3 reveals that an enhanced kisc, a reduced knr, and a slow kp are highly essential 

for improved RTP lifetime. Another critical parameter not discussed much is the 

triplet quenching rate kq and which can be minimized by rigidification of the 

phosphor using a host or polymer support.20,28,29 Besides, equations 1-3 indicate 

that conditions such as enhanced isc and kpknr is required to improve p. 

However, to achieve a long p a reduction of both kp and knr is needed. Hence the 

impact of kp is ultimate in deciding high p and long p. Equation 4 shows that an 

increment in the singlet-triplet energy gap ET1→S0 will accelerate the kp and 

eventually reduce the knr. The above two conditions related to kp are contradictory 

when looking for a long lifetime and a high efficiency. Hence, the simultaneous 

enhancement of both p and p is challenging. The below sessions describe the 

various parameters controlling the RTP features. 

1.1.3a.  Rate of Intersystem Crossing (kisc) 
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There have been several attempts to obtain an enhanced kisc necessary for 

efficient RTP, such as effective SOC and small singlet-triplet energy gap 

(ΔEST).31-33 In this direction, the major directive for a high kisc through effective 

SOC has come from the El-Sayed’s rule, which expresses that effective orbital 

overlapping is possible in a singlet to triplet transition with different molecular-

orbital configurations.1 In other words, compared to the transition from 1(n,π*) to 

3(n,π*) or from 1(π,π*) to 3(π,π*), effective ISC can be observed in transitions 

from 1(n,π*) to 3(π,π*) or from 1(π,π*) to 3(n,π*) states. Many recent successful 

designs showed that the presence of n orbitals perpendicular to π orbitals is 

favourable to help a strong SOC and thereby encourage the ISC from singlet to 

triplet excited states.12,14 Hence the presence of hybrid (n,π*) and (π,π*) 

transitions are supportive for URTP. An enhanced kisc through efficient SOC 

significantly contributed to achieving high p; however, alongp heavily depends 

on the stabilization of triplet excitons through multiple pathways.  

1.1.3b.  Energy Gap (EST) 

One of the reasons for the inefficient RTP in organic molecules is the large 

singlet-triplet energy gap EST due to inadequate molecular design. It has been 

noticed that kisc can be significantly promoted by small EST, which depends on 

the spatial overlap of HOMO and LUMO wavefunctions. In this direction, a 

charge transfer (CT) interaction between the donor and acceptor building units of 

a phosphor can be influential because the CT interaction can control the spatial 

overlap. A CT state can be introduced either by bridging donor-acceptor groups 

or through the assistance of intermolecular interactions between donor, acceptor 

molecules. Such examples for enhanced RTP through small EST are driven by 

CT state33 and through aggregation-controlled management of EST
34 are 

available in the literature. The formation of various aggregates can dictate the 

EST value and thereby influence ISC for RTP. 
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1.1.3c.  Rate of Non-radiative Decay (knr) 

The current era of organic phosphors and the sudden developments are 

indebted to crystallization to a greater extent. The crystallization of phosphors 

using intermolecular interactions such as - stacking, van der Waals, halogen 

and hydrogen bonding suppresses the non-radiative decay pathways to facilitate 

RTP.35 Besides, host-guest assemblies, immobilization of phosphors in 

frameworks, and polymers also supported the phosphors from non-radiative 

decays. In this case, the most celebrated “H-Aggregation” was found effective in 

stabilizing the triplet excitons to achieve long-lived RTP.36 As per equations 2 

and 3, a variation in knr also significantly alters the values of both p and p. Hence 

the design strategies should consider the incorporation of corresponding 

functional moieties to impart various noncovalent interactions to regulate knr. 

Another vital strategy adopted to reduce knr through the reduction of the 

reorganization energy is deuteration, which blocks the molecular vibrations.37 

The high ET1→S0 value was also found effective in suppressing the non-radiative 

decay.1-3 

1.1.3d.  Rate of Radiative Decay (kp) 

Equation 4 shows that kp is complicated and mainly determined by many 

factors involving both the singlet and triplet states, such as SOC between singlet 

and triplet states, transition dipole moment μT1→S0, and energy gap ET1→S0. A 

high ET1→S0 accelerates kp to facilitate RTP with a reduced lifetime and is the 

same as the transition dipole moment.1-3 It has been found that in ORTPs showing 

excellent features, an exceptional stabilization of the triplet excitons through 

various supports delays the radiative decay. In such systems, kp is suppressed to 

achieve a long lifetime over 1 s. A slow kp, in turn, enhances p to realize URTP, 

whereas it inversely affects p. 

1.1.3e.  Rate of Quenching (kq) 
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Along with other factors controlling the efficiency of RTP, the suppression 

of kq is also equally important. Even though recent studies employ crystalline 

assemblies and the support of polymers, hosts, and porous structures to avoid the 

effect of moisture and oxygen, the quenching rate of the triplet excitons is also 

crucial to deliver excellent RTP features under ambient conditions. It has been 

noticed that knr will be relatively low in such host supported systems, and hence 

the deactivation patterns of the triplet excitons require more attention. The current 

studies on efficient ORTPs lack a deeper understanding of the effect of kq, 

assuming that stabilization through self-assembly or other supports will manage 

kq.
20 

1.1.3f.  Triplet Exciton Diffusion 

Recent studies have shown the importance of triplet exciton diffusion 

length on persistent RTP.38 It has been suggested that short-range triplet exciton 

diffusion can suppress kq by stopping the excitons from reaching the trap sites. 

The importance of exciton diffusion length is more dominant in the case of 

crystalline arrays with more traps. However, a very recent demonstration 

indicated that the efficient triplet exciton diffusion with the assistance of helical 

arrays of phosphor played an essential role in delaying the triplet radiative decay 

to extend lifetime beyond 4 s.39 Hence the quality of the generated crystals or thin 

films and efficient management of triplet excitons can impart excellent RTP 

features. More studies in this direction are required for detailed understanding 

and further development. In addition, hyperfine-coupling (HFC) driven 

intersystem crossing in CT complexes and radical ion pair (RIP),40 singlet 

fission41 etc. were also found effective in controlling the RTP features. 

The above sections describe the possible ways to improve the ORTP 

feature to achieve enhanced RTP features. The implemented molecular design 

strategies have been found successful to a certain extent and thus delivered some 
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exceptional RTP candidates exhibiting a lifetime longer than 1 s. In this way, we 

attempt to reveal the special effects in molecular design and ground state 

arrangements for metal-free organic phosphors to exhibit prodigious RTP 

qualities. The recent advancement in lifetime, quantum yield, and afterglow 

properties of these unusual candidates promoted metal-free ORTPs as a capable 

material in many functional applications. We would like to mention that the 

dedicated efforts of various research groups across the globe made significant 

contributions in this area to gain an admirable position for ORTPs in the current 

research.1-26 

1.1.4. Efficient Organic Phosphors 

1.1.4.1. Single and Two Component Organic Phosphors 

Recently, significant developments have occurred in single-component 

crystalline assemblies that exhibit a long phosphorescence lifetime with good 

quantum yields.42 In general, RTP of such single-component assemblies is 

enhanced by crystallization mainly because 1. availability of specific 

intermolecular interaction in the crystal state to improve ISC through SOC 2. 

intact molecular packing suppresses the molecular motions and eventually helps 

to minimize knr of triplet excitons, 3. crystalline assemblies will protect from 

triplet quenching by oxygen. The recent exciting development of URTPs is 

strongly supported by molecular organization in the crystal state, which stabilizes 

the excited triplet state by trapping triplet excitons and controls both radiative and 

non-radiative decays.  
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Scheme 1.1.1. Chemical structure of phosphors Tetraphenylsilane, 

Tetraphenylmethane, Carbazole, Dibenzothiophene, Dibenzofuran, 

Triphenylene, BBA, DPhCzT, MCzT, ECzTPCzT, BCzT, and FCzT. 

The early report on phosphorescence appeared in 1939 by Clapp and 

coworkers on Tetraphenylsilane and Tetraphenylmethane (Scheme 1) crystals 

with a duration of up to 23 s by bare eyes.43 Later in 1978, Bilen and coworkers 

studied the afterglow of Carbazole, Dibenzothiophene, Dibenzofuran, 

Triphenylene (Scheme 1.1.1) etc., having a lifetime up to 4.85 s in the crystal 

state.44 Even though many attempts of RTP and afterglow were noticed in the 

early days, a drastic development happened in the last decade due to the 

technological advancements in materials chemistry. For example, RTP of 2,5-

dihexyloxy-4-bromobenzaldehyde BBA (Scheme 1.1.1) was reported by Kim 

and coworkers in 2011. This molecule shows weak fluorescent emission in 

solution; however, it exhibits a green phosphorescence emission at 500 nm with 
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a lifetime of 5.4 ms in the crystal state.45 Single-crystal XRD analysis revealed 

that the phosphorescence property of this small molecule is due to the presence 

of close contact between the bromine and the carbonyl oxygen of the 

neighbouring molecule (C=OBr-C, 2.86 Å). RTP retains a lifetime longer than 

100 ms, with an afterglow approaching seconds after cessation of excitation. This 

study was one of the finest reports, which attracted the attention of organic 

phosphors and hence resulted in a visible change in the area.  

 

Scheme 1.1.2. Chemical structure of benzoic acids IPA, PMA, boron-containing 

phosphors PBA-MeO, PBA-EtO, PBA-BuO, PBA-F, tPBA-F, PB and AN-

MA,CzPy and 24CPhCz. 

In 2012, Chen, Liu, Huang, and co-workers synthesized a series of organic 

molecules of carbazole and triazine having N, O, and P atoms (Scheme 1.1.1).36 

Notably, the presence of hetero atoms facilitates the spin-forbidden transition of 
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singlet-to-triplet excited states through n-* transitions to populate triplet 

excitons. In this series, 9-(4,6-diphenyl-1,3,5-triazin-2-yl)-9H-carbazole 

DPhCzT and 9-(4,6-diethoxy-1,3,5-triazin-2-yl)-9H-carbazole ECzT (Scheme 

1.1.1) exhibited efficient p up to 1.35 s and 1.05 s, respectively. The enhanced 

ISC in these molecules is because of an increase in the number of energy 

transitions, which are supported by the H-aggregated dimers formed by DPhCzT 

and ECzT in the single crystals. The strong coupling via π-π* stacking in H-

aggregate dimers with wide transition dipole moment provides stabilization and 

thus protects the triplet excitons. The stabilized triplet excited state (T1*) acts as 

an energy trap at a lower energy level, offering a suppression of radiative and 

non-radiative deactivation rates in favour of long-lived excited states and UOP.  

As a continuation, by varying the alkyl chain length on the triazine unit, 

the same group achieved photoactivation assisted smart URTP materials.46 

Among the molecules, the lifetime of BCzT (Scheme 1.1.1) drastically increased 

from 1.8 to 1.33 s upon photoirradiation for 10 min. The prolonged irradiation of 

molecules with UV light suppresses knr by controlling the molecular motion to 

enhance both RTP emission intensity and lifetime. After photo-activation, a 

significant difference in intermolecular interactions between adjacent molecules 

was observed. As the alkoxy chain increased, the phosphorescence lifetime of 

both photoactivation and deactivation for URTP decreased dramatically from 

MCzT to FCzT. This study points to the importance of photo-irradiation assisted 

control of non-radiative transition in ORTPs. 

In 2015, Yuasa and his team explained the nuclear spin magnetism-assisted 

spin-exchange of a radical ion pair (RIP).40 In this study, the afterglow property 

of benzoic acid derivatives such as isophthalic acid IPA and pyromellitic acid 

PMA (Scheme 1.1.2) was observed by the naked eye for several seconds. 

Phosphorescence measurements of IPA and PMA reveal the presence of 

emission bands at 532 and 533 nm with 0.970 and 1.1 s lifetime, respectively. 
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The photoexcitation of these carboxylic acid derivatives leads to the generation 

of singlet and further triplet RIPs through hyperfine-coupling (HFC) induced spin 

conversion, mediated through the magnetic field of neighbouring 1H nuclear 

spins. Here deuterium labeling of carboxylic acid derivatives suppressed the 

phosphorescence intensity, confirming the HFC mechanism and a nuclear spin 

magnetism-assisted spin conversion (1RIP-3RIP) for URTP. In another report, the 

phosphorescence lifetime of IPA in the crystal state is reported as 1.11 s and 

points to the presence of only one type of hydrogen bonding interaction in IPA 

that stabilizes the carboxylic acid dimers.47 

 

Figure 1.1.3. a) Chemical structure of arylboronic esters BE-1-5. b) Photographs 

of BE1 under ambient light (left), irradiation with 254 nm UV light in the dark 

(middle), and after the UV light was turned off in the dark (right). c) Fluorescence 

and phosphorescence spectra (left) and corresponding phosphorescence decay 

a)

b)

c)
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profile of BE-1 (right). Reproduced with permission from ref. 48. Copyright 

2017, American Chemical Society. 

It is well known that the boron-containing compounds are sensitive to its 

intramolecular motions and collisions with quenching species. Recently, many 

aryl boronic acids and esters with stable and extended RTP features have been 

reported. As one of the first reports, Nakai, Fukushima and coworkers reported 

long-lived RTP of a series of arylboronic esters BE1-5(Figure. 1.1.3a).48 BE1 

displayed RTP in the solid-state with a green afterglow lasted for several seconds 

(Figure. 1.1.3b, c). In this series BE1-5, the value of p varied as1.85, 1.79, 1.65, 

1.73, 1.57, 1.39 s, respectively (Figure. 1.1.3c). Comparing experimental and 

theoretical studies revealed that an out-of-plane distortion is introduced on 

(pinacol) B-Cipso moiety in the T1* state. This sustained distortion enables the 

mixing of π and σ orbitals to enhance SOC and thereby lead to RTP with an 

ultralong lifetime. Later, Li and co-workers studied RTP of many commercially 

available phenylboronic acids and their thermally prepared triphenylborazine 

derivatives.35 The phosphorescence spectrum of 4-methoxyphenyl boronic acid 

(PBA-MeO) (Scheme 1.1.2) shows two emission bands at 457 and 488 nm with 

p of 2.24 and 2.19 s, respectively. The long lifetime is due to rigid conformation 

and strong hydrogen bonding, which decrease knr. Even an effective π-π stacking 

stabilizing the triplet excitons also contributes to achieving bright and prolonged 

RTP. The importance of π-π stacking interactions was further analyzed by 

theoretical calculations of dimers and indicated that strong π-π stacking decreases 

the EST, thereby favouring ISC. By changing the length of the alkyl chains, 

authors studied RTP and found that PBA-EtO and PBA-BuO also showed RTP 

with p of 1.11 s and 1.28 s, respectively. In this series of boronic acids, the 

support of hydrogen bonding through C–H···F interactions enabled PBA-F and 

thermally prepared triphenylborazine tPBA-F derivative (Scheme 1.1.2) also to 

show a long lifetime of 1.34 and 1.96 s, respectively. 
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Figure 1.1.4. a) Chemical structure of 24FPB and b) steady-state 

photoluminescence (blue line) and phosphorescence (red line) spectra of 24FPB. 

c) Phosphorescence decay profile of the emission band at 515 nm. d) Photographs 

of 24FPB crystal taken at different time intervals before and after removing the 

excitation of a 365 nm UV lamp. Reproduced with permission from ref. 50. 

Copyright 2019, WILEY-VCH. 

In the same year, HFC driven ISC in CT complexes was reported by Yuasa 

and coworkers by taking phenylboronic acid derivatives (PBs) such as phenyl-

mono-boronic acid PB (Scheme 2) and p-phenylenediboronic acid ethyleneglycol 

ester BE-3 (Figure. 1.1.3a) as examples.49 The phosphorescence intensities of 

PBs mainly depend on the magnetic-field and spin-isotope effects, which are 

controlled by HFC. Interestingly, PB showed RT afterglow for several seconds 

with p of 1.2 s. Further, the authors investigated the effect of steric bulkiness on 

phosphorescence by taking BE-3 as an example, which showed a pale blue 

afterglow property for about 12 s with p of 1.6 s.  The luminescence quantum 

yield of PB and BE-1was found to be 18 and 77%, respectively. The 

phosphorescence mechanism was summarized to follow the transitions: S0 → 1CT 

a) b) c)

d)
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→ 3CT → T1 → S0, indicating the direct involvement of both singlet and triplet 

CT states. Further, studies on the effect of halogen on RTP of PBs showed that 

among the series, only 2-(4-fluorophenyl)-1,3,2-dioxaborolane PBA-F exhibited 

a high p of 1.7 s. In this line, Huang and his group worked on enhancing p by 

introducing multiple fluorine atoms on the phenylboronic acid 24FPB (Figure. 

1.1.4a,b).50 The maximum lifetime of 2.50 s was exhibited by 2,4-

difluorophenylboronic acid 24FPB crystals (Figure. 1.1.4c). The prolonged 

lifetime is because of the stabilization of the triplet excited state by H-aggregation 

and intramolecular O-H···F hydrogen bonding (2.22 Å) in the crystal. The 

hydrogen bonding in crystals fixed the dihedral angle (ϴ) between the benzene 

ring and the boronic acid group and thus resulted in rotation confinement leading 

to a longer lifetime. Interestingly, a persistent green luminescence for 24FPB was 

observed for more than 20 s after the UV irradiation was turned off (Figure. 

1.1.4d). 

Yuan and co-workers reported a long lifetime for the cycloaddition product 

AN-MA of anthracene and maleic anhydride (Scheme 1.1.2).51 Out of the two 

polymorphs form A and form B, afterglow emission of form B lasted for several 

seconds with p of 1.6 s and p of 8%, because of its much stronger intramolecular 

π-π interactions. The presence of carbonyl group and oxygen atoms with lone 

pairs, together with the effective intra- and intermolecular interactions, help to 

achieve bright green RTP emission. The relatively low knr value resulting from 

the more rigid conformations significantly contributed towards the long lifetime. 

To understand the effect of a heavy atom to obtain longer RTP, Sasabe, Kido and 

co-workers studied the RTP features of a series of 3-pyridylcarbazole derivatives 

with H, F, Cl, Br, and I as substituents on the pyridine ring.52 The crystals of the 

fluorine-substituted derivative CzPyF (Scheme 1.1.2) show an ultralong p of 1.1 

s and p of 1.2%. By comparing theoretical and experimental data shows that the 

n orbital on the central pyridine ring enhances the intersystem crossing between 
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1CT* and 3LE* states. Single crystal studies indicated that fluorine atoms and 

pyridine ring contribute to an increase in RTP because of the hydrogen-bonding 

interactions between C-H···N and H···F. The presence of a halogen atom with 

larger electronegativity enabled long RTP. Similarly, in 2019, Shi, An, Huang, 

and co-workers provided a detailed study related to the critical role of molecular 

stacking in generating efficient triplet excitons by using a series of carbazole 

derivatives having chlorine substitution at different positions.53 A combined 

experimental and calculated results revealed that 24CPhCz (Scheme 1.1.2) with 

robust intermolecular coupling between carbazoles exhibited long p of 1.06 s and 

p of 2.5%. Studying the crystal structure of 24CPhCz showed that the existence 

of intermolecular interactions played the main role in enhancing the lifetime. The 

molecules were rigidly restricted by abundant interactions, including CCl···π, 

C=O···Cl, CCl···H-C, Cl···Cl, and C-H···π. The restricted non-radiative 

transitions through molecular packing in the crystal state prolong the lifetime. 

However, a very weak interchromophoric coupling between carbazoles resulted 

in weak phosphorescence for the other derivatives in the series.  

Tunable emission organic phosphors are rare and are difficult to achieve in 

a single component phosphor. A tunable phosphorescence under different 

excitation wavelengths was reported by Gu et al., utilizing the available multiple 

emitting centers in a single-component phosphor (Figure. 1.1.5a).54 A triazine 

derivative, 2-chloro-4,6-dimethoxy-1,3,5-triazine DMOT (Figure. 1.1.5a, b), 

contains various hetero atoms that improve the kisc to boost triplet excitons. The 

planar structure of the molecule strongly supports H-aggregation through 

multiple intermolecular interactions such as N···C, CH···C, and π-π interactions 

with the surrounding six molecules (Figure. 1.1.5a). Besides, H-aggregation 

assisted restricted molecular motion in the crystal ensures excellent 

phosphorescence features with p of 2.45 s and p of 31.2% (Figure. 1.1.5b-d). 

Interestingly, upon changing the excitation wavelength from 250 to 400 nm, the 



Chapter-1 Section: 1 Introduction- Phosphorescence 

 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 48 

emission colour of DMOT was tuned from violet to sky blue, arising from single-

molecule and H-aggregate phosphorescence, respectively (Figure. 1.1.5c). Such 

tunable emission smart RTP material will be useful for displays, sensors, and 

imaging applications. 

 

Figure 1.1.5. a) Top-view crystal structure of DMOT showing detailed 

information on the intermolecular interactions. b) Proposed mechanism and 

molecular design for excitation-dependent colour-tunable URTP. c) Excitation-

phosphorescence mapping of DMOT. d) Phosphorescence decay profiles of 

emission bands at 430 and 470 nm for DMOT. Reproduced with permission from 

ref. 54. Copyright 2019, Springer Nature Limited. 

Similarly, Yuan and co-workers worked on an unexplored pyrimidine 

molecule hydantoin (HA) (Figure. 1.1.6a) with tunable emission colour by 

changing excitation wavelength.55 The available synergistic effect of through-

a) b)

c) d)
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space conjugation between nitrogen heteroatoms and carbonyls as well as 

intermolecular interactions through various hydrogen-bonds enabled HA as an 

excellent RTP emitter. Most importantly, HA exhibited tunable URTP efficiency 

with p up to 21.8% and p 1.74 s, respectively. Crystals of HA displayed sky-

blue to yellowish-green afterglows persisting for over 10 s upon exciting with 

312 and 365 nm UV irradiation, respectively. A stable self-assembled network 

with the adjacent molecules using various H-bonds, O=C···C=O π-π, C=O···H, 

and interactions at a relatively shorter distance strengthen the assembly and imply 

extended through-space delocalization. A dimer of HA, 1,1'-

methylenedihydantoin MDHA, also exhibited tunable URTP with comparatively 

lower efficiency consisting of p of 1.27 and p of 3.6%. The tunable RTP feature 

is supported by the clustering-triggered emission mechanism, where the presence 

of different clusters with efficient through-space conjugation and formation of 

rigidification resulted in tunable RTP. In 2020, Shan and co-workers reported 

URTP of organic micro rods of OMR-h, which is synthesized by heating the 

mixture of melamine and benzoic acid in an aqueous solution (Figure. 1.1.6a).56 

In the presence of water, the micro rods form a hydrogen-bonded network and 

rigidify the molecular motion. A significant enhancement in RTP features with p 

of 1.64 s and p of 11.4% was observed in the wet condition. The observed 

lifetime of the hydrogen-bonded structure of OMR-h is one of the extended 

lifetimes of ORTP materials in water. 

Very recently, Babu and co-workers came up with a new strategy of 

stabilizing triplet excitons by helical molecular packing (Figure. 1.1.6).39 An N-

alkylated carbazole decorated with phenylmethanone units PCz (Figure. 1.1.6a) 

exhibited URTP with high efficiency (p> 4.1 s and p of 11%) (Figure. 1.1.6b, 

c). A helical molecular array of PCz in the crystal state enabled to mix up the 

singlet-triplet states to create hybrid triplets to enhance ISC.  
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Figure 1.1.6. a) Chemical structure of HA, MDHA, OMR-h, and PCz. b) 

Steady-state photoluminescence (blue line) in solution and phosphorescence (red 

line) spectra in crystal state of PCz. c) Phosphorescence decay profile of PCz 

crystals. d) The solid-state CD spectrum of PCz crystals. e) Six adjacent helical 

arrays of PCz leading to extended columnar packing in the c-axis. f) Schematic 

of the helical array of PCz leading to triplet exciton migration. Reproduced with 

permission from ref. 39. Copyright 2020, WILEY-VCH. 

A right-handed helical array of PCz acts as a trap and manifests triplet 

exciton migration to deliver an outstandingly long lifetime (Figure. 1.1.6d, e). An 

extended molecular array was formed by the arrangement of molecules mainly 
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through π-π interaction (3.34 Å) between carbazole and phenylmethanone units 

of adjacent molecules. Thus, the formed 1D-helical array is stabilized by CH···π 

interaction between the alkyl chain on carbazole and phenylmethanone unit in the 

adjacent helical columns.  The formation of space-filled packing in molecular 

packing rigidifies and remarkably blocks the non-radiative decay. A combination 

of experimental and theoretical investigation sheds light on the stabilization of 

the triplet state by the helical arrays, and the presence of triplet exciton migration 

results in the efficient RTP (Figure. 1.1.6f). 

Similar to single-component RTPs, many attempts have been reported to 

stabilize the triplet state through multiple interactions between two different 

structural units with complimentary recognition parts. This section primarily 

summarizes the developments in the area of efficient two-component RTP 

systems. An, Huang, and co-workers reported that co-crystals formed by the 

assembly of melamine MA and IPA resulted in a stable framework via multiple 

interactions (Figure. 1.1.7).57 The two-component assembly MA-IPA exhibited 

URTP with p of 1.91 s and p of 24.3% under ambient conditions (Figure. 1.1.7c-

d). The rigid framework confined the molecules in a three-dimensional network 

(Figure. 1.1.7e) and thus helped to limit knr of the triplet excitons and improved 

kisc. Similarly, the co-crystals of MA-TPA also presented excellent RTP features 

with p of 1.09 s and p of 19.4. The efficient RTP of the co-crystal is confirmed 

by the faster kisc (9.3 x 107 s-1) of MA-IPA framework than that of the individual 

components MA (1.7 x 106 s-1) and IPA (8.7 x 106 s-1). It has to be noted that the 

SOC ξ(S1,Tn) of MA-TPA and MA-IPA increased to 16.1 cm-1 and 33.9 cm-1, 

respectively, compared to the relatively lower values of monomers. It indicates 

that two-component crystalline assemblies promote the singlet to triplet ISC and 

enable them to display efficient RTP. However, the co-assembly of MA-PA 

exhibited comparatively less efficient RTP features with p of 0.68 s and p of 

0.82%. Further, a detailed mechanistic aspect of this significantly high RTP 
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feature of the co-crystals was explained by Yan and co-workers through TADF-

assisted Förster resonance energy transfer from the energy donor MA to the 

phosphor acceptor acids leading to a longer lifetime.47 This study also explained 

the triplet state stabilization by additional charge-mediated hydrogen bonding and 

π-π stacking. If we compare MA-IPA and MA-TPA, the knr and kp varied as 0.13, 

0.18 s-1 and 0.39, 0.74 s-1, respectively. The advantages of two-component 

phosphor enabled to have simultaneous enhancement of p and p. 

 

Figure 1.1.7. a) Chemical structure of MA, TPA and PA. b) Photographs of 

emission (top) and phosphorescence (bottom) of MA-IPA co-crystal. c) Steady-

state photoluminescence (blue dotted line) and phosphorescence (red line) spectra 

along with d) phosphorescence decay of the emission bands at 466 and 488 nm, 

respectively, of MA-IPA. Reproduced with permission from ref. 57. Copyright 

2018, American Chemical Society. 

b)

e)

c) d)

a)
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The above section pointed out the recent developments in the area of 

organic crystalline phosphorescent materials. Many single and multi-component 

assemblies have been examined to understand the underlying design principles 

for achieving high quantum yield and extended lifetime up to seconds. However, 

crystalline RTP materials lack processability and require tedious optimizations 

for practical applications. This situation demands alternate candidates to 

troubleshoot the problems in such materials. Hence the organic materials 

chemists took up this challenge and introduced various new methods to improve 

RTP features, and the recent developments will be discussed in the following 

sections.58 

1.1.4.2. Host-Guest Based Organic Phosphors 

In the field of supramolecular chemistry, the effective control of the host 

and guest assemblies to create a wide variety of soft materials gathered attention. 

Recently, researchers have accomplished RTP of pure organic host-guest systems 

through controlling various noncovalent interactions.59 The host-guest 

interactions are particularly selective because various factors like shape, size, 

polarity, charge etc. restrict the host's inclusion behaviour on the guests. Hence, 

the selection of an appropriate host and guest combination is very critical. In 

general, the cavity of the host molecule recognized by the guest molecule and 

gives a rigid environment, and restricts the vibration of the guest molecules. The 

support is obtained not only from cavitants but other hosts such as small 

molecules and frameworks that also efficiently support phosphors. Organic host-

guest based persistent RTP materials are mainly developed by minimizing knr of 

triplet excitons and keeping it smaller than the small kp.
59 Since the triplet 

deactivation pathways heavily depend on non-radiative deactivation of the guest 

and quenching by the diffusional motion of the host as well as molecular oxygen, 

the selection of a suitable host-guest combination remains challenging. Herein, 
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the development of ORTP systems that rely on interactions between hosts and 

guests is reviewed.  

Alfimov and co-workers realized long-lived RTP in the presence of oxygen 

from arene--cyclodextrin (-CD) cage-hydrocarbon complexes.60 Among the 

different combinations, the complex Naphthalene-d8--CD (Scheme 1.1.3) cage 

with various hydrocarbons showed variable RTP lifetime as 11.9 s for 

diadamantyl, 9.4 s for diamantine, and 10.3 s for adamantine in the presence of 

oxygen. However, the RTP lifetime of these complexes further increased in the 

absence of oxygen. The ternary complexes aggregated in water to form micro-

particles, which prevents molecular motions and reduces the quenching effect 

from oxygen to achieve a large lifetime. In another attempt, the same group 

demonstrated URTP from the supramolecular complex of Naphthalene-d8--

CD-cyclohexane (I) with a lifetime of around 16 s while Naphthalene-d8--CD-

cyclohexane-benzophenone (II) complex showed 14.7 s.61 More interestingly, the 

high lifetime of complex (II) is attributed to the triplet-triplet (T-T) energy 

transfer from benzophenone (donor) to naphthalene-d8 (acceptor).  

Another work in the field of host-guest supramolecular systems was 

reported by Liu and coworkers using cucurbit[6]uril (CB[6]) as host and 

phenylmethylpyridinium as guest (Figure. 1.1.8a).62 The complex PBC/CB[6] 

formed by grinding showed a phosphorescence band at 510 nm having ultralong 

p of 2.62 s with 9.7% of p (Figure. 1.1.8b-d). The encapsulation in CB[6] 

facilitate ISC in phenylmethylpyridinium, which enhances the prevalence of 

triplet states. Moreover, CB[6] provides a rigid matrix for the guest molecule to 

suppress the molecular motions such as vibrations, rotations, and inter-collisions 

as well as to prevent the quencher oxygen. Eventually, the successful PBC/CB[6] 

complex prolonged the phosphorescence lifetime. Notably, the unique lifetime 

and strong phosphorescence features of PBC/CB[6] enabled the triple lifetime-

encoding for anti-counterfeiting and information encryption applications. 
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Scheme 1.1.3. Chemical structure of -estradiol, CzSte and DMAP (host) and 

Naphthalene-d8, Dyes14-19, Coronene, Coronene-d12, D3-5,Tmb (guest) 

molecules. 

The steroidal compound -estradiol gives rigidity and oxygen blocking 

properties (Scheme 1.1.3) with high T1 energy motivated the research group of 

Adachi to use them used as host material to suppress the triplet quenching.63,64 

Besides, the use of deuterated aromatic hydrocarbon as the guest minimized non-

-
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radiative deactivation. Red-green-blue persistent emission with RTP p> 1 s and 

p> 10% were observed for dyes 14-19 (Scheme 1.1.3).63 The persistent RTP 

emission for dyes was noticed for several seconds with single exponential decay. 

In 2016, the same group reported 3-(N-carbazolyl)-androst-2-ene (CzSte) as a 

new host molecule (Scheme 1.1.3) to enhance the performance of afterglow light-

emitting diodes (LEDs).64 To maximize the p of afterglow emission, the authors 

used Coronene-d12 as the emitter and found significant improvement in RTP 

features. Coronene-d12 planar structure was found ideal for building a rigid host 

matrix through CH-π intermolecular interactions with steroid moiety of CzSte. 

The inhibitions of molecular vibration and non-radiative decay of the guest 

emitter resulted in an extended p of 4.7 s and p of 5.3%. Furthermore, the 

prepared host-guest system was found useful in LEDs exploring higher external 

quantum efficiency and longer afterglow.  

Hirata and co-workers reported a new heavy atom-free organic molecular 

design consisting of a secondary amine as an RTP antenna substituted with 

different RTP centers D3-5 (Scheme 1.1.3) having smaller T1 energy, exhibiting 

persistent RTP properties (Scheme 1.1.3).65 The notable feature of the molecular 

design is the steric hindrance introduced between the RTP antenna and the RTP 

center that decreases kf and thereby enables efficient isc. The authors cleverly 

extended the conjugation of the RTP antenna in anticipation of obtaining kp>knr. 

To validate the design strategy, RTP candidates (0.3 wt%) were dispersed in -

estradiol host and observed a persistent emission from 470 to 800 nm. The p and 

τp of the host-guest systems varied as 11, 50 and 46%, and 1.60, 1.00, and 1.40 s 

for D3, D4, and D5, respectively.  
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Figure 1.1.8. a) Schematic illustration of the solid-state supramolecular strategy 

of PBC and CB[6] for URTP. b) Excitation, emission and phosphorescence 

spectra of PBC/CB[6] in the solid state. c) Phosphorescence decay of 

PBC/CB[6] at 510 nm. d) Photographs of PBC/CB[6] powder under 365 nm UV 

irradiation and at different time intervals after removal of the ultraviolet lamp. 

Reproduced with permission from ref. 62. Copyright 2019, Royal Society of 

Chemistry. 

Recently, an efficient thermoresponsive RTP has been reported by taking 

advantage of intermolecular charge transfer and energy transfer between N,N‐

dimethylpyridin‐4‐amine DMAP (host) and N,N,N′,N′‐tetramethylbenzidine 

Tmb (guest) (Scheme 1.1.3).66 The cocrystals of DMAP and Tmb displayed 

efficient blue RTP emission with p 2.08 s and p up to 13.4%, respectively.  In 

addition, the authors studied the concentration-dependent emission changes by 

incorporating an additional energy acceptor fluorescein Fluc (Scheme 1.1.3) into 

c)
PBC

CB[6]a)

b)

d)
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a ternary blend. Upon changing the concentration of Fluc, blue to yellow colour-

tunable afterglow was noticed.  More interestingly, on heating, both DMAP‐Tmb 

and DMAP-Tmb‐Fluc exhibited turn‐on RTP with an increasing lifetime from 

1.39 s to 1.97 s. Here the enhanced intermolecular interactions in DMAP‐Tmb 

and DMAP-Tmb‐Fluc played a significant role in enhancing phosphorescence 

lifetime. Further, the thermoresponsive nature of the host-guest RTP materials 

has been used for multicolour thermal printing.  

 

Figure 1.1.9. a) Steady-state emission (left) and phosphorescence (right) spectra 

of IPA/LDH nanohybrids (Insets show the corresponding photographs). b) 

Phosphorescence decay profile of IPA/LDH (λmon= 489 nm, λex= 320 nm). c) The 

letter ‘A’ made with IPA/LDH can be unmistakably identified by the naked eye 

after the excitation is switched off. d) Schematic representation of the proposed 

c)a)

b)

d)
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mechanism for PET. Reproduced with permission from ref. 68.Copyright 2017, 

Royal Society of Chemistry. 

Metal-organic frameworks (MOFs) are capable of encapsulating guest 

species in their cavities, and guest confinement can deliver significant 

improvement in RTP. In this line, Kabe, Adachi, and co-workers describe a long-

lived emission by encapsulating Coronene in ZIF-8 host.67 It is confirmed that 

the entire coronene found in pores of the ZIF-8 MOF suppresses the non-

radiative decay and molecular vibration motions, enabling the long-lived RTP. 

The Coronene@ZIF-8 exhibited p of 7.4 s, However, under the same 

experimental conditions, Coronene-d12@ZIF-8 was able to reach an extended 

lifetime of 22.4 s. The C-D stretching mode has lower vibrational energy than C-

H stretching mode, and hence it assists Coronene-d12@ZIF-8 to show an 

enhanced lifetime. Moreover, the suppression of non-radiative deactivation of 

Coronene was confirmed by temperature-dependent lifetime measurement. 

In 2017, Yan and co-workers explored a phosphorescence energy transfer 

(PET) by incorporating donor and acceptor guest molecules in the interlayer 

nanogallery of layered double hydroxide (LDH) as an inorganic graphene-like 

host material (Figure. 1.1.9).68 The authors used different benzene dicarboxylic 

acid isomers, namely, IPA (Scheme 2), TPA, and PA (Figure. 1.1.7a), as 

potential donors assembled via co-precipitation method into interlayer of Zn-Al-

LDH host. Interestingly, among the nanohybrids, the IPA/LDH nanohybrid 

showed a green phosphorescence emission with the longest p up to 1.23 s and p 

of 3.02% (Figure. 1.1.9b-d). An H-type aggregation between IPA dimers and 

LDH nanosheets stabilized the lowest triplet excited state and minimized the non-

radiative decay to prolong the RTP lifetime. Besides, IPA/LDH showed 

thermoresponsive RTP by varying the temperature between 295 to 335 K. 

Subsequently, co-intercalation of IPA as donor and Eosin Y as an acceptor into 
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the nanogalleries of LDH nanosheets imparted efficient triplet-triplet energy 

transfer (EP = 99.7%) (Figure. 1.1.9e). 

1.1.4.3. Polymer-Based Organic Phosphors 

The crystal-based URTP materials have problems with reproducibility, 

processability, and flexibility, which significantly impede the development of 

crystalline URTP materials for practical applications.69 Special attention has been 

made to progress in polymeric organic materials susceptible of URTP in order to 

overcome these fundamental barriers. Recently, significant improvements have 

been made in extending the lifetime of organic polymeric materials through 

homopolymerization, ring-opening polymerization, radical binary co-

polymerization, and covalent cross-linking reaction, as well as embedding rigid 

polymer matrix with small molecules.63 Polymer-based RTP materials have been 

receiving increased attention because of the large molecular weight of the 

polymer and the availability of functional group chains that can help to rigidify 

the molecular vibrational and rotational motions of the phosphors. Moreover, it 

can decrease the effects of oxygen and moisture from the surrounding 

environment, enabling the triplet excitons to achieve prolonged lifetimes. More 

importantly, polymer-based RTPs exhibit easy processability, excellent 

flexibility, and high thermal stability as well. 

In 2016, Chen et al., reported the intramolecular charge transfer (ICT) state 

of polylactic acid-based N-substituted naphthalimide polymers to obtain RTP 

enhancement.35 It has been noticed that either the ICT state or a heavy atom i.e., 

Cl, Br promotes efficient ISC and results in strong RTP. In this series, polymer 

1,2-OPh-OLA (Scheme 1.1.4) showed strong ICT and, thereby, a favourable 

ΔEST to support RTP. The presence of ICT state served as a link between excited 

singlet and triplet states and hence increased ISC leading to p of 1.12 s. 

Additionally, N-substituted naphthalimides conjugated with natural 
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biomacromolecules like i) chitosan and ii) bovine serum albumin also displayed 

RTP and found useful applications in time-resolved bioimaging.  

Ogoshi and coworkers reported URTP with a lifetime of up to 1.22 s from 

poly(styrene sulfonic acid)-based polymers in the dry solid-state (Scheme 

1.1.4).70 The measured lifetime is one of the longest RTP lifetimes for non-doped 

ORTP polymers. The sulfonic acid group in the polymer can form strong 

inter/intrachain hydrogen bonds in the solid state that reduce the non-radiative 

decay and eventually lead to ultralong RTP. The RTP lifetime was affected by 

the introduction of sulfonic acid groups into polymers. The phosphorescence 

lifetime extended with an increasing ratio due to efficient hydrogen bond 

formation between sulfonic acid groups. Furthermore, the reversible RTP 

observed by the uptake and removal of water into the polymer contributed to the 

encoding application. Detailed studies revealed that the deuteration of SO3H and 

exchanging SO3Na or SO3K for SO3H resulted in an increased RTP lifetime. In 

contrast, a decrease in RTP lifetime was noticed when PSS was neutralized by 

NaOH or KOH.  

Cai et al., demonstrated that the ionic cross-linking between chromophores 

is critically supportive of suppressing non-radiative transitions for URTP, and by 

extending the concept, a lifetime of 2.1 s for an amorphous polymer is obtained.71 

The replacement of PSS with different ions such as Li+, K+, Rb+, NH4+, Mg2+, 

Ca2+, Al2+, and Gd2+ imparted a significant effect on the URTP of polymers. The 

size of the ionic radius controls RTP features, and as the size increases, the URTP 

lifetimes gradually decrease. The replacement with Li+ and Mg2+ resulted in a 

lifetime of 1.3 and 1.1 s, respectively, and thereafter a gradual decrease in the 

lifetime is observed. It has been concluded that even though the large ionic radius 

prevents the prolonged URTP, the high ion charge state is found supportive. 

Hence a balance between the ionic radius and charge state can significantly alter 

the lifetime values. Here the knr is at least one order of magnitude higher than kp, 
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indicating the former played a dominant role in manipulating the URTP of ionic 

polymer phosphors. The results of ionic cross-linking assisted URTP have even 

been extended to nonaromatic ionic polymers and found that PAANa (Scheme 

1.1.4) with blue URTP exhibited a p of 1.4 ms and 2.1 s, respectively, when 

monitored at 450 nm and 480 nm bands.  

Recently, boronic acid/ester-based organic phosphors also excelled as 

strong RTP candidates. In this line, Kubo and co-workers reported boronate 

particles BP (Scheme 1.1.4) as a self-assembled system showing URTP in both 

solid and dispersion in water.72 Solid BP showed phosphorescence peaks located 

between 450 to 550 nm with a long lifetime of 1.95 s and p of 5% under ambient 

conditions. The RTP properties of BP were compared with a model derivative 

3,9-dibenzo-2,4,8,10-tetraoxa-3,9-diboraspiro [5.5] undecane B1 (Scheme 1.1.4). 

Theoretical calculation and crystal structure of B1 suggest that boron-containing 

CT interactions and the presence of intermolecular electron coupling facilitate 

RTP. Notably, When Rhodamine B fluorophores were grafted onto the surface, 

the ET process from the triplet excited state of BP to the singlet state of the 

fluorophore was made possible, producing an afterglow with dual luminescence 

at 500 and 600 nm. 

 

Scheme 1.1.4. Chemical structure of polymers 1,2-OPh-PLA, BP, PSS, 

PAANa, G1, PAM-N1, and model derivative B1. 
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In 2020, Ling and co-workers reported the colourful afterglow through 

regulation of clusterization-triggered RTP of non-conjugated amorphous 

polyacrylamides (PAMs).73 The emission features of these non-conjugated 

polymers containing carbonyl and amine groups depend on the aggregation, 

which can result in electronic interactions by n-π and π-π interactions. 

Furthermore, the clusterization of amides can form a rigid conformation of 

polymer chains, which is helpful in inhibiting the non-radiative decay of excitons 

and stabilizing the excited state through hydrogen bonding. When PAM was 

blended with naphthalimide G1 (Scheme 1.1.4), URTP with p up to 1.7 s and p 

of 13.4% was observed in solid powders. Computational studies revealed the 

possibility of such a clusterization-triggered phosphorescence mechanism. When 

naphthalimide was covalently linked with the PAMs, PAM-N1 (Scheme 1.1.4) 

exhibited an efficient visible-light-excited URTP with p of 1.5 s and p of 12%.  

 

a) b)

c) d)
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Figure 1.1.10.  a) Chemical structure of PDNA. b) Schematic illustration of the 

proposed mechanism of colour-tunable URTP of PDNA c) Excitation-

phosphorescence mapping of PDNA under ambient conditions, inset displays the 

phosphorescence spectra excited by 254 nm (blue) and 365 nm (yellow). d) CIE 

chromaticity diagram for PDNA with excitation varied from 270 to 370 nm; inset 

shows the UOP photographs of PDNA excited at various wavelengths. 

Reproduced with permission from ref. 74. Copyright 2020, Springer Nature 

Limited. 

In 2020, Gu et al., discovered the colour-tunable URTP in polymers 

through multi-component cross-linked polymerization by using acrylic acid and 

multiple luminophores.74 A copolymer PDNA (Figure. 1.1.10a) prepared using 

vinyl derivatives of naphthalene (MND), and benzene (MDP), acrylic acid 

(MND/MDP/AA ratio 1/200/10,000) displayed excitation-dependent multicolour 

RTP emission spanning from blue to yellow with a long-lived p of 1.1 s and p 

of 23.2% (Figure. 1.1.10b-d). As the ratio of MND/MDP/AA varied, the 

phosphorescence intensity has gradually decreased. Two other polymers with 

varying ratios of MND/MDP/AA, namely, PDNA-5 (1/5/1000) and PDNA-10 

(1/10/1000), also exhibited excellent RTP features with p of 1.22, 1.07 s and p 

of 13, 37.5%, respectively. The excitation spectra of PDNA revealed that the 

origin of blue and yellow emission bands is from two entirely different excited 

triplet states of benzene and naphthalene components in the polymer and is 

confirmed by the detailed analysis of the individual polymers. The numerous 

carbonyl and hydroxyl groups of PDNA assist in forming inter or intramolecular 

hydrogen bonds with polyacrylic acid chains. Thus, eventually, created rigid 

environment suppressed the non-radiative decay of the excited state and 

prevented the quenching of triplet excitons. The presence of hydrogen bonding 

assisted RTP in PDNA was revealed by the significant decrease in RTP features 

in the presence of moisture, which leads to the breakage of the hydrogen bonds 
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among polymer chains. The overall tunable emission URTP achieved by PDNA 

is demonstrated in Figure. 1.1.10d.  

1.1.4.4. Polymer Supported Organic Phosphors 

Apart from incorporating the functional phosphors as a part of the polymer 

backbones, polymer-supported phosphors also found URTP active. In 2019, Zhao 

and co-workers achieved URTP from 2-HC (Figure. 1.1.11a) by co-assembling 

with polyvinyl alcohol (PVA).75 The confinement of 2-HC in PVA restricts the 

molecular motions to stabilize the triplet state and thereby generate URTP (p = 

1.21 s and p = 16%) with afterglow lasting for more than four seconds in the 

dark.  

 

a) b)

d)

c)
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Figure 1.1.11. a) Chemical structure of monomers 2-HC, 4-HC, and polymers 

P2 and P4. b) Excitation wavelength-dependent phosphorescence spectra and c) 

temperature-dependent phosphorescence decay curves of PVA-100-P4-1 film. d) 

Photographs of persistent luminescence of PVA-100-P4-1 film under ambient 

conditions. Reproduced with permission from ref. 70. Copyright 2020, WILEY-

VCH. 

The same group demonstrated the excitation-dependent persistent emission 

by constructing multiple emission centers in polymeric systems with the help of 

hydrogen bonding.76 A polyphosphazene derivative P4 containing carbazole unit 

4-HC was synthesized and mixed with PVA to develop a composite PVA-100-

P4-1 (Figure. 1.1.11a).  

As shown in Figure. 1.1.11b, an excitation wavelength-dependent (340 to 

370 nm) redshift of phosphorescence (468 to 522 nm) was observed for PVA-

100-P4-1. The afterglow of PVA-100-P4-1 persisted for 12 s, and the 

corresponding p reached up to 1.29 s with p of 1.0% (Figure. 1.1.11c). The 

presence of strong hydrogen bonding between the polyphosphazene polymer 

chains and PVA plays a critical role in the afterglow. The knr for PVA-100-P4-1 

film has significantly come down to 0.77 s-1 as compared with that of PVA-100-

4HC-1 precursor film (2.59 s-1). An excitation wavelength-dependent persistent 

luminescence colour from blue to green obtained indicates the presence of 

multiple radiation channels in the system (Figure. 1.1.11d). Even though the 

monomer 2-HC-PVA composite exhibited a longer lifetime, the corresponding 

polymer PVA-100-P2-1 failed to extend the lifetime. 

Recently, George and co-workers reported a delayed sensitization assisted 

triplet to singlet energy transfer in polymer-supported donor-acceptor pairs.77 The 

authors used PVA matrix to host Coronene tetracarboxylate salt CS as a triplet 

energy donor and fluorescent dyes Sulpharhodamine101 SR101 and 
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Sulpharhodamine G SRG as acceptors to demonstrate PET (Figure. 1.1.12a). 

Since both the donor and acceptors are water-soluble dyes having polar side-

groups, it facilitates co-assembly with PVA via ion-dipole and hydrogen bonding 

interactions. The hybrid of CS in PVA matrix showed a phosphorescence band 

in the range of 500 to 700 nm with an average ultralong p of 2.46 s with p 23.4% 

(Figure. 1.1.12b, c). The emission spectra of SR101/SRG doped CS-PVA films 

showed a gradual decrease of CS phosphorescence emission with an 

enhancement of acceptor emission in 550-700 nm regions due to ET from the 

triplet state of a donor to the singlet state of the acceptors. The hybrid thin films 

are self-standing and flexible with stable afterglow features (Figure. 1.1.12d). The 

same group reported deep blue URTP form triazatruxene TAT (Figure. 1.1.12a) 

with an average p of 2.26 s and p of 17.5% in PVA matrix.78 The deep-blue 

emission of TAT-PVA hybrid films persisted over 10 s points to the efficient 

RTP from the spatially isolated TAT in PVA matrix, supported by strong 

hydrogen-bonding interaction between TAT and PVA. Interestingly, a mixed 

RTP hybrid of CS-TAT-PVA exhibited excitation-dependent multicolour 

afterglow emission, including ambient white afterglow with the CIE coordinates 

of (0.29, 0.33).  

With the understanding of ORTP of amorphous polymer materials, 

Reineke and coworkers reported a new family of halogen-free organic 

luminescent derivatives called aromatic phosphonates (Figure. 1.1.12a).79 A 

series of aromatic phosphonates 4,4’-bis(diethylphosphonomethyl)biphenyl 

BDPB and its derivatives BDPB-Ac and BDPD-PPT were embedded in 

polymethyl methacrylate (PMMA) host matrix and covered with Exceval to 

prepare a hybrid RTP system (Figure. 1.1.12e-g). The presence of PMMA and 

Exceval ensures hydrogen bonding to rigidify the matrix, acts as an oxygen 

barrier layer, and efficiently suppresses vibrational dissipation to achieve bright 

long-lived RTP. In the PMMA matrix, when excited at 300 nm, p varied as 
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BDPB-Ac = 1.7 s, BDPB = 1.8 s, and BDPD-PPT = 2.1 s and further varied as 

2.0 s, 2.4 s, and 2.6 s, respectively when excited at 275 nm (Figure. 1.1.12f). 

Furthermore, the RTP of the aromatic phosphonates revealed that the main reason 

for the long lifetimes is the presence of diethyl-phosphonomethyl units. 

Interestingly, the lifetime is increased by around 250 ms upon rising from two to 

three phosphonate groups.  

 

a)

b) e)

c) f)

d) g)
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Figure 1.1.12. a) Chemical structure of CS, SRG, SR101, TAT, and aromatic 

phosphonates BDPB, BDPB-Ac, BDPD-PPT. b) Steady-state and gated 

emission spectra, and c) phosphorescence decay profile of CS-PVA film. d) 

Photographs of SRG/SR101 doped CS-PVA hybrid films showing ambient 

afterglow properties. e) Emission spectra of aromatic phosphonates under aerated 

(light colour) and nitrogen atmosphere (dark colour) (left), and delayed spectra 

showing RTP in Exceval, aerated atmosphere (right) along with corresponding f) 

phosphorescence decays. g) Photographs of BDPB-Ac, BDPB, BDPD-PPT in 

Exceval, and delayed phosphorescent image written by masked UV illumination 

in a PMMA:BDPB sample covered with Exceval. Reproduced with permission 

from a)-d) ref. 77. Copyright 2020, WILEY-VCH, and e)-g) ref. 79.Copyright 

2020, WILEY-VCH. 

1.1.5. Applications  

As mentioned in the introduction, the sudden developments of URTPs in 

recent years have engaged them in various potential applications, including 

organic electronics, optical recording, anti-counterfeiting, bioimaging, and 

sensing.80-85 Since many reviews have already summarized the applications of 

various ORTPs,21-25,59,80-85 we discuss only the recent developments of very 

efficient ORTPs. Li and co-workers utilized the strong interactions of the aryl 

boronic acids via hydrogen bonds to develop an inkjet printing technology 

suitable for optoelectronic displays.36 The comparable intensities of the RTP 

crystals and samples from solvent evaporation enabled to use the aryl boronic 

acid-derived phosphors as a low-cost ink. The fluorescence colour and intensity 

difference associated with the thermally formed boroxines tPBA-MeO, tPBA-

Cl and tPBA-Br (Scheme 1.1.5) from different monomer phosphors PBA-MeO 

(Scheme 1.1.2), PBA-Cl and PBA-Br (Scheme 5) helped to make distinguishable 

RTP patterns (Figure. 1.1.16a). As a significant advantage, the brightness of the 

inkjet-printed designs can be improved by cyclic printing (Figure. 1.1.16b). The 
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scalable synthesis of phosphors, and stability, accuracy, and reproducibility of the 

images point to impressive printing technology. Besides, PBA-MeO exhibited 

less toxicity when fed to Bombyxmori silkworms and enabled it as a potential 

candidate for biological applications. 

 

Figure 1.1.16. a) Demonstration of security documents with tPBA-MeO, tPBA-

Cl and tPBA-Br before and after heating. b) A pattern of panda printed with 

PBA-MeO for 8 cycles after stopping excitation. The schematic diagram of c) 

encryption to decryption and d) back-free fingerprint identification and 

luminescent images of the fingerprint with a special ink pad under UV excitation 

and after stopping UV excitation using IPA, MA, and IPA-MA. Reproduced with 

permission from a), b) ref. 36. Copyright 2017, Royal Society of Chemistry and 

c), d ref. 48. Copyright 2019, WILEY-VCH. 

An encryption algorithm having three different modes of operation has 

been used to develop information safety applications using URTP materials.48 As 

a)

c) d)

b)
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shown in Figure. 1.1.16c, different modes “a”, “b”, and “c”, were encrypted by 

using IPA-ME and MA and IPA (Scheme 1.1.2), respectively, and the 

encryption algorithm enables hiding the real information. Besides, the URTP of 

IPA-MA was effectively used to prove personal identity through fingerprints. An 

inkpad prepared using IPA-MA with polyacrylic acid was used to develop the 

fingerprint on paper (Figure. 1.1.16d). The supramolecular framework of MA-

IPA has been used to create a 2-dimensional barcode pattern on filter paper by 

screen-printing.58 The blue-green URTP of MA-IPA enabled to identify the 

information by scanning the barcode in darkness. RTP emission helps in 

recording the detailed fingerprint characteristics, which can be identified in the 

darkness. Similarly, the distinctly different lifetime, quantum yield, and robust 

RTP features of PBC/CB[6], PCC/CB[6] (Figure. 1.1.8a), and PYCl/CB[6] 

(Scheme 1.1.5) complexes were used for triple encoding (Figure. 1.1.17a).63 The 

initial colourless pattern turned to a bright green display after excitation with 365 

nm due to the high quantum yield of PYCl/CB[6]. The difference in lifetime 

enabled sequential phosphorescence displays of PYCl/CB[6], PCC/CB[6], and 

PBC/CB[6].  

URTP of amorphous PSS (Scheme 1.1.4) and it's off/on switching by water 

vapour has been used for lifetime-encoding application (Figure. 1.1.17b).70 The 

green RTP emission of PSS film can be masked by making patterns using water. 

Since the fluorescence remains intact, no change is observed under UV light, even 

in the presence of water. However, the pattern “KU” created by the water is no 

anymore RTP active and can be observed by the naked eye. The reversibility of 

the water-induced patterns increases the applicability of this method. The 

excitation-dependent UOP emission property has been used for multilevel 

information encryption using polymers PDA (Scheme 1.1.5) and PDNA (Figure. 

1.1.10a).74 As shown in Figure. 1.1.17c, the patterns NTU and RP in the encrypted 

information “RNTUP” was fabricated using the polymers PDNA and PDA, 
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respectively, as inks. The initial blue emission under 254 nm irradiation was 

changed to long-lived blue luminescence to show false information upon turning 

off the excitation source. However, after excitation with 365 nm UV light, the 

correct information of “NTU” was visualized as long-lived yellow emission. 

Interestingly, the reversibility of encryption has been achieved by erasure using 

water and regain by thermal treatment. Similarly, the difference in persistent 

luminescence intensity of PVA-100-2HC-1 and PVA-100-P4-1 (Figure. 1.1.11a) 

inks has also been used for anti-counterfeiting applications.76 In another attempt, 

the excellent afterglow property of PAM-N1 (Scheme 4) films was found 

advantageous for the detection of volatile solvent vapors (Figure. 1.1.17d).73 The 

strong URTP and green afterglow disappeared in the presence of vapors, and NH3 

imparted drastic quenching. The afterglow restoration achieved by thermal 

removal of NH3 ensures an afterglow switch using NH3 vapour and temperature. 

Moreover, the security ink developed using PAM-N1 was found useful for anti-

counterfeiting applications.      
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Scheme 1.1.5. Chemical structure of the supporting phosphors used for various 

applications. 

 

 

Figure 1.1.17. Lifetime-encoding for security applications using a) PYCl/CB[6], 

PCC/CB[6] and PBC/CB[6], and b) PSS. c) Process of information encryption 

by using the multi-component copolymer PDNA (NTU) and PDA (RP) as 

encryption ink and long-lived luminescence photographs of letters (RNTUP and 

NTU) before and after switching off the UV light of 254 and 365 nm. d) 

a)

d)

c)

b)
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Photographs of PAM-N1 films in NH3 vapors, taken under 365 nm UV light, and 

after turning off the UV light and afterglow switching based on PAM-N1 films 

obtained by stimuli of NH3 vapour and heating. Reproduced with permission from 

a) ref. 53. Copyright 2019, Royal Society of Chemistry and b) ref. 70.Copyright 

2018, WILEY-VCH, and c), ref. 74, Springer Nature Limited and d) ref. 73, 

Copyright 2020, Royal Society of Chemistry. 

1.1.6. Future Perspectives 

At the moment, crystallization is a prerequisite for small molecule-based 

organic phosphors to exhibit RTP with a long lifetime and high quantum yield. 

One of the limitations associated with crystalline assembly is the processability 

of such materials in developing optoelectronic devices. There has been a 

continuous search for noncrystalline RTP materials, and significant progress has 

been achieved by using amorphous systems such as polymers,70-75 polymers 

supported phosphors76-79 and organic solvent-free liquids.86 However, in most of 

the systems, the amount of optically inactive molecular components used as a 

support unit is high, leading to the content of active luminophores being very low. 

It points to the need for new concepts and designs to develop processable 

luminogens having excellent RTP efficiency. 

ORTPs have exhibited many fascinating features useful for imaging and 

anti-counterfeiting applications. One of the areas that need to be improved is the 

stimuli-responsive RTP features, which will enable to develop tunable emission 

smart RTP materials. More concrete demonstrations in the field of multi-stimuli 

sensitive RTP materials are highly required to widen the scope.87-89 Another area 

that can be explored is the nonlinear optical properties of RTP materials, which 

will bring out newer concepts in a demonstration. Even though a few attempts are 

there with lasing and waveguiding applications of ORTPs, more detailed studies 

are envisioned for RTP materials.  
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ORTPs with emissions spanning from blue to orange colours have been 

mainly reported, and the red emissive phosphorescence is rare for metal-free 

systems. The availability of red or NIR emissive RTP systems will be appropriate 

to explore the applications of organic phosphors in biological applications. 

However, such a target seems to be the most awaited due to the many hurdles 

associated with ORTPs. Besides, biological applications demand the 

biocompatibility of organic phosphors, which is another challenge due to the 

current scarcity of high-performing RTPs under physiological conditions. It 

provides an opportunity to explore further the exciting molecular design of 

ORTPs suitable for biological applications. In the same line, RTP molecules with 

two-photon and multi-photon induced emissions also will be highly beneficial 

due to the possible operation of NIR excitation. Recently Liu and co-workers 

reported the effect of impurity on the afterglow features of carbazole 

derivatives.90 It imposes a serious concern on the efficiency of organic phosphors. 

An isomer present in the commercially available carbazole imparts a significant 

effect on RTP. Hence it is advised to check the purity of the samples before 

analysis thoroughly.  

1.1.7. Conclusions 

In summary, ORTPs have been widely exploited in the last decade due to 

the advancement in molecular design, control over intermolecular interactions, 

and fundamental understanding. In this review, we explained the various 

successful strategies adopted to improve the efficiency of RTP in metal-free 

organic systems and attempted to discuss the exceptionally high RTP lifetime 

above 1 s along with quantum efficiency, and remarkable afterglow properties. 

The major experiments were centered on important aspects such as the population 

of the triplet excited state through efficient ISC (isc), suppression of non-

radiative decay (knr) pathways, and slowing down the decay rate of the triplet 

excited state (kp). The successful examples pointed out the incorporation of heavy 
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atoms, hetero atoms, and carbonyls groups to improve SOC and control the non-

radiative decay of the triplet excitons through crystallization, framework 

formation, host-guest interactions, and polymer support to obtain efficient RTP 

candidates. The most interesting observation is the use of such efficient RTPs in 

applications from organic electronics, anti-counterfeiting, and bioimaging to 

sensing. Even though many improvised ways to elevate the efficiency of organic 

phosphors are in place, the fundamental understanding of mechanistic aspects is 

still missing. Hence this area is expected to have serious revelations shortly 

through combined experimental and theoretical investigations. The recent 

increase in the quality and quantity of publications indicates that RTPs have a 

bright future. Similarly, the latest developments in this area also highlight the 

vital role of organic functional materials in futuristic applications. 
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1.2.1 Introduction 

Thermally activated delayed fluorescence (TADF) of organic molecules recently 

emerged as an effective method for harvesting triplet states and converting them 

to light. Hence the area has emerged as promising emitting material for OLEDs. 

Many organic TADF molecules have been screened to boost the efficiency of 

OLEDs by transforming non-emitting T1 into emitting S1 states. Through prompt 

(PF) and delayed fluorescence (DF), TADF materials can harvest both S1 and T1 

states. The DF is owing to a thermally induced reverse intersystem crossing 

process that converts the lowest T1 to S1 states. Purely fluorescent-based OLEDs 

have a 25% internal quantum efficiency limit because of 1:3 singlet-triplet ratio 

caused by charge recombination by negatively charged electrons and positively 

charged holes. OLEDs based on TADF molecules have nearly 100% IQEs and 

are mainly manufactured in the green emission range. Blue TADF emitters also 

made significant improvements. Nevertheless, the red emissive TADFs still 

perform with low efficiency. Despite notable progress in recent years, 

considerable obstacles remain in attaining a complete understanding of the TADF 

mechanism and improving the material stability. TADF materials have mainly 

been used in the field of OLEDs so far, although applications in other areas, such 

as sensing and fluorescence microscopies, are also being considered.1  

Perrin et. al.2 firstly introduced the concept of DF, also called E-type DF, 

in 1929 and later by Lewis3 in 1941 in fluorescein solutions. Parker and 

Hatchard4,5 discovered E-type DF in eosin and benzyl in 1961, and in 1968, 

Wilkinson and Horrocks6 identified the delayed luminescence as TADF. This 

popular and conceptually novel TADF was reawakened by Adachi,7 who 

explained that TADF is a phenomenon in which non-emissive triplet states can 

harvest in OLEDs. 

Based on the spin statistics, upon electrical excitation, the 1:3 ratio of 

singlet and triplet states are formed. Hence, in OLEDs, the yield of singlet state 

formation via charge recombination is restricted to 25%, while the remaining 
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75% produces triplet states that are generally non-emissive at ambient 

temperature. This demonstrates a significant mechanism for OLED efficiency 

degradation, which has led to the investigation of alternative triplet harvesting 

techniques in organic materials. Organic molecules containing heavy/halogen 

atoms are commonly used to overcome this constraint. The presence of 

heavy/halogen atoms increases SOC and enables efficient mixing between the 

singlet and triplet states, allowing radiative decay of the triplet state.8 Hence, 

heavy/halogen atoms containing organic molecules became very admired 

because they made it possible for OLEDs internal quantum efficiency (IQEs) to 

achieve 100%. Still, metals containing materials, mostly iridium and platinum, 

assuredly have several benefits. In addition, they exhibit the following significant 

drawbacks in OLEDs: (1) unstable in the blue spectral range, (2) being expensive 

because of scarcity, and (3) harmful.  

Therefore, transition metals containing iridium or platinum-based 

materials are not appropriate for applications requiring high output, e.g., display 

and lighting, to non-economical viability and scarcity worldwide.10 The 

introduction of copper-containing compounds aims to replace rare metals. 

Surprisingly, certain complexes have considerable contributions.11 Yersin 

research group,12 have recently reviewed their photophysics and demonstrated 

how molecular design and host rigidity affect emission properties of Cu(I)-

complexes. However, depending on their scarcity, availability, and lack of 

flexibility of metal complexes, metal-free organic TADF molecules are the 

favourite.  

Another approach for harvesting triplet states in OLEDs is to use triplet 

fusion, which results from triplet-triplet annihilation (TTA).13 In the TTA 

process, two colliding triplet states interact, forming one singlet excited state that 

will decay radiatively and result in delayed fluorescence. Woefully, the TTA 

process mainly depends on the energy alignment of the energy levels and the 

ordering of S1 and T1 excited states.14 Although the contribution of TTA to the 
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electroluminescence in OLED has previously been established,15 still, this 

process has not yet wholly demonstrated its benefits. 

Another way of harvesting triplets excitons in OLED is reverse intersystem 

crossing in hot excitons, also known as the hot-exciton rISC process.16,17 

Molecules synthesized for effective hot-exciton rISC have strong CT and higher 

lying Sn and Tn excited states with nearer energy levels. As a result, the rate of 

internal conversion within various triplets can compete with rISC rate constant, 

which occurs between Tn and Sn states. Therefore, higher-level Tn states can be 

converted into Sn states and subsequently to the lowest S1 state, from where the 

emission comes. In short, the rISC hot-exciton process depends on the rate of 

reverse intersystem crossing between upper Tn and Sn levels having CT character 

to provide a higher S1 yield. Thus, the hot-exciton rISC can attain 100% IQE by 

converting the 75% Tn states into emissive Sn states, although designing 

molecules having efficient hot-exciton rISC is extremely difficult.18  

Contrary to the hot-exciton mechanism, the design of TADF molecules 

needs to do in such a way that energy levels between the lowest S1 and T1 excited 

states should be much closer, so rISC will take place easier from the lowest T1 to 

S1 states. This ensures that the issues caused by rISC in the hot-exciton 

mechanism are prevented. Most of the molecules have a comparatively large 

energy gap between T1 and S0 states, it will effectively compete with rISC 

process. Many compounds that emit in the green22,23 and blue19,21 spectral areas 

may achieve triplet harvesting efficiency near 100%; however, in the red-emitting 

range, the triplet harvesting yields are often lower because non-radiative decay is 

more prominent. Generally, designing TADF molecules often involves ensuring 

a narrow energy gap between the lowest S1 and T1 states while simultaneously 

reducing internal conversion and sustaining high fluorescent yields. Covalently 

connected donor (D) and acceptor (A) components make it relatively simple to 

create molecules with a minimal S1-T1 energy gap. This results in S1 and T1 

excited states exhibiting high CT features, which causes little overlap between 



Chapter-1 Section: 2 Introduction- Thermally Activated Delayed Fluorescence 

 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 87 

the HOMO and LUMO orbitals and decreases the electronic exchange energy, 

resulting in a narrow energy gap between S1 and T1 states.24 Although this purpose 

appears to be fairly straightforward, it is not an easy task to simultaneously reduce 

internal conversion and acquire strong fluorescent yield in molecules with potent 

CT character. Several factors, including molecular geometry, dielectric mixture, 

and the existence of reduced energy situated in the donor or acceptor components, 

may affect photophysics and the effectiveness of the TADF molecules.22,25 

 

1.2.2 Fundamental Principles for the Designing of TADF Emitters - 

Organic molecules require a narrow energy gap between the S1 and T1 excited 

states (ΔEST) and the most negligible non-radiative decay for effective TADF. 

This will improve the probability that the triplet states will last long in order to 

be produced by the thermally activated rISC, enhancing the fluorescent yield 

(Figure 1.2.1). A narrow ΔEST is important for increasing the rate of rISC (krISC) 

mentioned in equation (1).  

When estimating the energy of the lowest S1 and T1 excited states, the 

following three distinct aspects are generally taken into consideration: 1) Orbital 

Energy (Eorb) 2) Electron Repulsion Energy (K), and 3) First-order quantum 

mechanical correction, known as Exchange Energy (J) is caused by the Pauli 

principle and includes electron-electron repulsion.26 

 Above mentioned aspects contribute equally to S1 and T1 excited states. 

However, S1 and T1 states have different spin arrangements, exchange term 

enhances energy in singlet states while reducing in triplet states by a similar 

proportion, based on eq.n 2 & 3.18 Therefore, the ΔEST is given in equation 4. 

 

𝒌𝐫𝐈𝐒𝐂 = 𝑨 𝐞𝐱𝐩 (−
𝚫𝑬𝑺𝑻

𝒌𝑻
)                          (𝟏) 
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Figure 1.2.1. A simplified illustration of the electronic energy levels, rate 

constants, and kinetics of the TADF. 

 

 

 

 

 

Equation 4 denotes that the ΔEST must be reduced by minimising the exchange 

energy J, which is determined using equation 5. Here, ϕ denotes HOMO and ѱ 

denotes LUMO wavefunctions, and e is the electron charge. From equation 5, it 

is revealed that J can be reduced by minimising the interaction between HOMO 

and LUMO orbitals. Therefore, TADF molecules often consist of D and A moiety 

connected by bridging aromatic compounds to generate characteristic CT 

characters in excited states. Furthermore, keeping a twist in donor and acceptor 

around the molecule, achieving donor and acceptor nearly orthogonal or 

maximising the distance between donor and acceptor using an aromatic bridge 

can reduce ΔEST. 27 

 

 

1.2.2.1 Evidence for the Existence of Charge Transfer States- 

E
S1

 = E
orb

 + K + J,                                                       (2) 

E
T1

 = E
orb

 + K - J,                                                        (3) 

ΔE
ST

 = E
S1 

- E
T1

 = 2J                                                   (4) 

𝑱 = ∬ 𝝓 (𝒓𝟏)𝝍(𝒓𝟐) (
𝐞𝟐

𝒓𝟏−𝒓𝟐
) 𝝓(𝒓𝟐)𝝍(𝒓𝟏)𝒅𝒓𝟏𝒅𝒓𝟐              (5) 
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The presence of solvatochromism in emission provides experimental proof 

that a particular TADF material produces excited states with charge transfer 

characteristics. The noticeable spectrum change upon increased solvent polarity 

is mainly caused by the dipole of excited states, which mainly results from 

electronic density redistribution attributed to the charge transfer state.28,29  

The impact of solvatochromism on a donor-acceptor-donor molecule on 

the fluorescence spectrum (Figure 1.2.2), with fluorene as the electron donor, and 

the electron acceptor units are dibenzothiophene-S, and S-dioxide, (FASAF) 

produces excited states of charge transfer nature. The emission of FASAF is 

highly resolved in a non-polar solvent, i.e., in hexane, but when the polarity 

increases, the emission of FASAF redshifted.30  

 

 

Figure 1.2.2. Solvatochromism of FASAF in different solvents (Reproduced with 

permission from ref. 30. Copyright, 2006, American Chemical Society). 

The intensity of the singlet-triplet energy splitting is strongly connected to the 

charge transfer nature of the excited state. For example, materials having intense 

charge transfer excited states display broad emissions even in non-polar solvents, 
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and ΔEST values are usually below 100 meV.22 But there have been reports on 

discrepancies in the relationship between the HOMO-LUMO overlap obtained by 

computations and the EST analyses, which may indicate that other variables may 

have a substantial impact on the EST, thus the need for further research.31 

1.2.2.2 Molecular Design - 

The most significant influence on the photophysical characteristics of TADF 

molecules comes from the inclusion of donor and acceptor units used to build 

TADF emitters. Hence these components should be carefully chosen. The ΔEST 

and rate of intersystem crossing are similarly impacted by the coupling between 

the donor and acceptor units. According to a report by Dias et al.,22 the impact of 

molecular isomerization on TADF material, a noticeable difference in the 

efficiency of TADF between donor-acceptor-donor isomers that only differ in the 

position at which carbazole or diphenylamine serve as donor part and 

dibenzothiophene-S, S-dioxide acceptor moiety. Substitution at the C-2, C-8 of 

acceptor unit produces TADF, whereas substitution at the C-3, C-7 positions of 

acceptor unit turns off TADF. (Figure 1.2.3). 

 

Figure 1.2.3. TADF emitters (1-4) have effect of D-A connectivity, molecules 1 

and 3 show strong TADF, while molecules 2 and 4 are insufficient to show TADF 

(Reproduced with permission from ref. 22. Copyright, 2006, American Chemical 

Society). 

The comparison of energy between S1 and T1 states in molecules 1-4 was 

significantly impacted by the host and varied by links between D and A units. 

TADF 

ON

TADF 

OFF



Chapter-1 Section: 2 Introduction- Thermally Activated Delayed Fluorescence 

 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 91 

(Figure 1.2.3). The highest TADF contributions are made by compounds 1 and 3, 

which have the lowest energy gaps. Mainly, the S-T energy gap minimised by 

incorporating strong D and A units. Yet, another way is twisted geometries with 

nearly orthogonal orientation around donor-acceptor linker to achieve an even 

smaller ΔEST.23,25,32 Similarly, a small ΔEST can be produced by enhancing the 

distance between donor and acceptor.33,34 Finely confined HOMO and LUMO 

orbitals are produced by these molecule geometries, which results in reduced 

ΔEST values. While negligible HOMO and LUMO orbitals overlap results in 

small ΔEST, additionally, it causes low radiative rates, which results in lower 

fluorescence yields (Φf).
32 However, weak D and A units cause little localization 

of HOMO and LUMO, which causes a longer S-T energy gap and reduces the 

contribution of TADF. In such cases, Lee and co-workers showed the mixing of 

bicarbazole as a weak donor and diphenyltriazine as a strong acceptor are used to 

improve the donor nature of TADF molecule with retaining reasonably high Φf.
35 

Adachi7 group utilised the above-mentioned strategies and prepared a series 

of TADF emitters (Scheme 1.2.1) by using carbazolyl dicyanobenzene (CDCB) 

molecule, where dicyanobenzene serves as the electron acceptor and carbazole as 

the donor. The wavelength of emission maxima and Φf of CDCBs are greatly 

influenced by the number of substitution and their positions in dicyanobenzene. 

For instance, the emission peak varied from 450 nm to 580 nm for 6 to 10.  Device 

fabrication using these compounds gave the efficiencies for green, orange, and 

sky-blue emission OLEDs 19%, 11%, and 8%, respectively. 
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Scheme 1.2.1. Chemical structure of CDCBs.7 

Figure 1.2.4 represents the most commonly used derivatives of the 

molecules having a mixture of donor and acceptor moieties in TADF molecules. 

Figure 1.2.4. Electron donor and acceptor units molecular structure used in 

TADF molecules.1 

1.2.3 Mechanism and Basic Understanding 

The luminescence in TADF molecules shows a fast component, identified 

as prompt fluorescence (PF) after excitation with a fast laser pulse, and the PF is 

due to the radiative decay of singlet excited states that were directly formed by 

excitation, according to the scheme in Figure 1.2.1. This fast decay occurs 

typically within a few nanoseconds and is followed by an emission tail due to the 
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presence of DF. This happens due to thermally activated reverse intersystem 

crossing from T1 to S1 and is known as TADF.18,22,23,36,37 The equilibrium between 

singlet and triplet excited states due to intersystem crossing (kISC) and reverse 

intersystem crossing (krISC) plays the key role in the observation of TADF. The 

molecules with a relatively strong yield of triplet formation show strong TADF, 

whereas the yield of singlet states formed depends on the rate of reverse 

intersystem crossing. 

𝜱𝒓𝑰𝑺𝑪 =  
𝒌

𝒌rISC + 𝒌IC𝑻 + 𝒌PH
 ≈ 𝟏 

These situations occur in compounds where the vibrational decay paths 

influence the inhibition of triplet excited states., that is, krISC >> kPH + kIC
T, and 

the energy difference between S1 and T1 states is very small, typically just around 

0.1 eV. Then, the maximum emission of TADF emitters (ΦF) is thoroughly 

investigated by equation 6, which considers the recycling of S1 and T1 states.  

 

 

 

 

 

The photophysical measurement of TADF emitters with ΦDF/ΦPF ≥ 4 is thus made 

simpler, and the triplet yields may be measured based from equation (7) with 

great accuracy in such circumstances. 

 

 

 

 

The following determination demonstrates all of the other significant 

photophysical characteristics determined from relatively easy measurements that 

are given in the following sections. 

𝝓𝐅 
= 𝝓𝑷𝑭 + 𝝓𝑫𝑭  = ∑ 𝝓𝑷𝑭(𝝓𝑰𝑺𝑪𝝓𝒓𝑰𝑺𝑪)𝒏

𝒊=𝟎
𝒊
 

 

                = 𝝓𝑷𝑭 
𝟏

𝟏 −𝝓
𝑰𝑺𝑪

𝝓
𝒓𝑰𝑺𝑪

                                             (6) 

𝝓𝑰𝑺𝑪 =  
𝝓𝑫𝑭/ 𝝓𝑷𝑭

1+𝝓𝑫𝑭/ 𝝓𝑷𝑭
 

 

                                          = 
𝝓𝑫𝑭

𝝓𝑷𝑭 + 𝝓𝑫𝑭
                         (7) 
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1.2.3.1 Prompt Fluorescence Yield (ΦPF) and Lifetime (τPF)- 

The PF yield (ΦPF) and its lifetime (τPF) are determined in non-degassed 

solution, or solid films are crucial methods for the photophysical analysis of 

TADF emitters. The radiative rate constant (kF) is determined by knowing ΦPF 

and τPF, as per equation 8. 

 

In the presence of oxygen, effective TADF molecules usually have less 

fluorescence yields. However, upon degassing the sample, ΦF = ΦPF + ΦDF 

increases significantly, this is because of DF contribution. 

1.2.3.2. Delayed-to-Prompt Fluorescence ratio, (ΦDF/ΦPF)- 

For efficient TADF emitters, the triplet yield is measured directly from 

equation (7). Thus, determining the ΦDF/ΦPF fluorescence ratio is of fundamental 

significance. There are two ways to determine ΦDF/ΦPF: a first method is by 

collecting the prompt and DF components using degassed samples. The prompt 

and delayed components are measured in single-time-resolved fluorescence 

decay. In this case, the fluorescence decay is usually well fitted by the sum of two 

exponentials, one describing the PF and DF decays, see equation (9).36 

 

 The ratio of ΦDF/ΦPF can thus be simply calculated by integrating the PF and DF 

components, as shown in equation 10. 

 

A second method to determine ΦDF/ΦPF ratio is to use steady-state 

fluorescence data, and the second method could be much better precise than the 

first. In view of the fact that the presence of oxygen intensely quenches triplet 

excited states and generally, the delayed fluorescence is reduced in non-degassed 

kF =   
𝝓

𝑷𝑭 𝝉
𝑭

⁄                        (8) 

I
fl
 (t)  =  A

PF
 exp(−  𝒕|𝝉𝑷𝑭) + A

DF
 exp (−  𝒕|𝝉𝑫𝑭)                   (9) 

𝝓𝑫𝑭
𝝓𝑷𝑭

⁄    = ADF
 𝝉𝑫𝑭 A

PF
 𝝉𝑷𝑭

⁄                        (10) 
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solution/films, based on the oxygen sensitivity of the host. As a result, intrinsic 

steady-state fluorescent spectra are proportional to ΦPF obtained in air-

equilibrated conditions. Furthermore, both prompt and delayed fluorescence 

contributes to overall emission in degassed conditions. Thus, in degassed 

conditions, the integral of the emission spectrum is proportional to the sum ΦPF + 

ΦDF. 

After determining the ΦDF/ΦPF ratio, the triplet yields is obtained from 

equation 7. The intersystem crossing rate (kISC), radiative rate constant (kF), and 

internal conversion rate (kIC) are all readily calculated by using fluorescence 

quantum yield and equations 8, 11 and 12.23 

 

 

 

1.2.3.3 Reverse Intersystem Crossing Rate Constant (krISC)- 

 For photophysical characterisation of TADF molecules, calculating the reverse 

intersystem crossing rate constant (krISC) is undoubtedly very important. Keeping 

fluorescence decay of TADF molecules in equation 9 provides ADF, APF, τPF and 

τDF. Since krISC τPF << 1 is usually examined and reverse intersystem crossing rate 

constant (krISC) can be measured with the help of equations 13 or 14.36 

 

 If ΦrISC ≈ 1, equation 14 improves to equation 15. 

 

 

1.2.3.4 Temperature Dependence of TADF- 

k
ISC

 = 𝝓𝑰𝑺𝑪/ 𝝉𝑷𝑭 = 
𝟏

𝝉𝑷𝑭
 

𝝓𝑫𝑭
𝝓𝑷𝑭 + 𝝓𝑫𝑭

            (11) 

      = 
𝟏

𝝉𝑷𝑭
 - (k

f
 + k

isc
)                                  (12) 

k
ISC

 = 
𝟏

𝝉𝑫𝑭
 

𝝓𝒓𝑰𝑺𝑪
𝟏−𝝓𝑰𝑺𝑪𝝓𝒓𝑰𝑺𝑪

   =  
𝝓𝒓𝑰𝑺𝑪

𝝉𝑫𝑭
(

𝝓𝑷𝑭 + 𝝓𝑫𝑭
𝝓𝑷𝑭

)       (13) 

k
rISC

 = 
𝟏

𝝉𝑫𝑭
 

𝟏

𝟏−𝝓𝑰𝑺𝑪
   =  

𝟏

𝝉𝑫𝑭
(

𝝓𝑷𝑭 + 𝝓𝑫𝑭
𝝓𝑷𝑭

)       (14) 
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By measuring the temperature-dependent fluorescence decay, rate of reverse 

intersystem crossing can be determined. The energy gap associated with the 

reverse intersystem crossing mechanism is estimated by using an Arrhenius type 

plot of krISC by utilizing temperature-dependent decay and equation 1. The energy 

gap related to TADF is usually identical to the S1 and T1 energy gap, which is 

easily measured using S1 and T1 energies determined from fluorescence and 

phosphorescence spectra. 

 

Figure 1.2.5. Fluorescence decay of PTZ-DBTO2 in MCH, as a function of 

temperature. (Reproduced with permission from ref. 25 Copyright, 2016, 

Published by John Wiley and Sons, WILEY‐VCH). 

For proving the TADF mechanism, the temperature-dependent DF is also 

important to prove that the DF is because of the TADF mechanism. In the case of 

the TADF mechanism, when temperature increases, the intensity of DF also will 

increase, which will appear in time-resolved data as decay or integrated DF. 

Figure 1.2.5 indicates that in the temperature-dependent fluorescence decay of 

PTZ-DBTO2, the PF decay is unaffected by temperature, whereas the delayed 



Chapter-1 Section: 2 Introduction- Thermally Activated Delayed Fluorescence 

 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 97 

fluorescence perceives temperature change which is compatible with a thermally 

activated mechanism responsible for the delayed emission.25  

The most difficult part is to calculate ΦISC once ΦDF/ΦPF ratio is not big and 

below 3. In such cases, ΦISC ≈ 1 can’t be presumed, and a fitting approach has to 

be applied to estimate ΦISC. Nonetheless, Berberan-Santos and co-workers38,39 

described in detail methods to determine ΦISC. The most suitable way is 

mentioned in equation 15, where τ0
p is a temperature-dependent phosphorescence 

lifetime where rISC is not active. 

 

 

With the help of equation 16, τ0
p and ΦISC are able to calculate from linear 

plot of τDF Vs ΦDF/ΦPF, acquired at various temperatures.38 The reverse 

intersystem crossing rate constant is then calculated using equation 16, which is 

stated a little differently than equation 15. 

 

 

1.2.3.5 Dependence of TADF with Excitation Dose- 

Along with temperature dependency, the variability of the DF integrated 

intensity with excitation dose is crucial in determining the intramolecular origin 

of the DF, and it is helpful to distinguish between the TADF and TTA.37 The DF 

intensity varies with excitation dose in the context of TTA because of a conflict 

between the rate of collisional quenching of triplets (kTTA) and with the rate of 

monomolecular decay of triplet states (kPH + kIC
T) that is influenced by diffusion, 

that means, the triplets are deactivated quicker than they are annihilated., the DF 

due to TTA display a quadratic dependence, and TADF has a linear dependence 

𝝉𝑫𝑭  = 𝝉𝟎
𝑷 – (

𝟏

𝝓𝑰𝑺𝑪
 - 1) 𝝉𝟎

𝑷 
𝝓𝑫𝑭
𝝓𝑷𝑭

                     (15) 

k
ISC

 = 
𝟏

𝝉𝑫𝑭 𝝓𝑰𝑺𝑪
 (

𝝓𝑫𝑭
𝝓𝑷𝑭

 )                 (16) 
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with excitation dose. Nevertheless, when TTA dominates, the dependence 

changes to a linear regime with larger triplet concentrations.40,41 In fact, generated 

DF in the TADF mechanism is exclusively intramolecular, so TADF intensity 

changes linearly with the excitation dose. Figure 1.2.6 shows such a type of 

dependence.22,23,25,37  

 

Figure 1.2.6. a) Power-Intensity dependence delayed fluorescence of the DPTZ-

DBTO2 in MCH solution, b) DF intensity linear fit of DPTZ-DBTO2 as a 

function of excitation power (Reproduced with permission from ref. 23. 

Copyright, 2006, Published by John Wiley and Sons, WILEY‐VCH). 

However, a mixture of TADF and TTA has been found in some cases.42 

Those are demonstrated through the power dependences of the emission intensity 

a) b)

c) d)
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having slopes between 1 and 2. It happens largely in molecules wherein an rISC 

rate constant will not be quick enough to entirely evacuate the triplet population 

before annihilating via TTA and is normally caused by the captivity of triplets by 

host. 

1.2.4 Organic TADF Emitters and Applications 

1.2.4.1 Diphenyl Sulfone Based TADF Emitters- 

Diphenyl sulfone is a prominent acceptor in the development of blue-

emissive TADF materials. The electron accepting ability of the diphenyl sulfone 

is due to the presence of oxygen atoms which is highly electronegative. 

Furthermore, the diphenyl sulfone group contains a tetrahedral shape, and sulphur 

has an isolating character, subsequently blocking the conjugation within a 

molecule.43 Because of this, researchers aim to design TADF emitters of the 

electron-accepting DPS group. In 2012, Adachi and co-workers published TADF 

emitters based on blue emissive DPS (11-13).44 The molecular structures of 11-

13 are mentioned in Scheme 1.2.2, while Table 1.2.1 shows related OLED 

characteristics. 

The D-A-D arrangement has been adapted for all of the compounds, where 

diphenylamine moiety acts as the electron donor in 11 and 12. In example 13, the 

donor is the carbazole group. Based on the fluorescence spectra, their triplet states 

might be localised on donor groups and attributed to 3π-π* transitions. The ∆EST 

energy for 11 is 0.54 eV, 12 is 0.45 eV and for 13 is 0.32 eV, respectively. Greater 

electron-donating characteristics of the 12 relative to 11 were observed after the 

incorporation of bulky tert-butyl groups on the diphenylamine unit, which shows 

a red-shift in the CT band shifting to the visible range and reducing CT energy as 

well as ∆EST. Destabilization of 3π-π* state in 13 was demonstrated when the 

diphenylamine donor was replaced with the carbazole group, and upon keeping 

carbazole as a strong donor, a further increase in energy level and decrease in 
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∆EST of molecule 13 was observed. With evidence of TD-DFT computational 

calculations, larger HOMO-LUMO orbital spacing was observed in 13 with 

respect to 11 and 12 because of the higher dihedral angle of 13, which is 49o, 

compared to 32o for 11 and 12, which results in the decrease of ∆EST. When 

multilayer OLEDs were fabricated and employed as dopants, optimum EQEs for 

11-13 were 2.9% EQE of 11 < 5.6% EQE of 12 < 9.9% EQE of 13, respectively. 

The best EQE procured for OLED is based on 13, at a high current density, with 

low-efficiency roll-off for OLED devices. To get a better of efficiency roll-off, 

emitter 14 was developed by substituting methoxy groups selected for improved 

electron-donating ability.45 Upon inserting methoxy group, ∆EST reduced by 0.32 

eV to 0.21 eV from 13 to 14, resulting in a decrease in TADF lifetime along with 

efficiency roll-off. By methoxy addition, the S1 and T1 states of 14 could be lower 

than those of 13, thus lowering ∆EST. As a benefit to OLEDs, a delayed lifetime 

of 14 was estimated to be 93 µs, which is significantly lesser than 13, which was 

270 µs. Using an identical device structure and manufacturing condition, the 

OLED based on 14 achieved a high EQE of 14.5% with a low-efficiency roll-off. 

The enhancement of OLED performance is because of narrow ∆EST and lesser 

TADF lifetime. 

Furthermore, Sun and co-workers45 proposed 15, a solution-processable and 

thermally cross-linkable version of 14. Although the approach looks viable for 

addressing stability difficulties, the device efficiencies of 15-based OLEDs were 

still lower than those of OLEDs made by vacuum-processed, with an EQE of just 

close to 2.0%. The selection of a host matrix with a higher energy gap is important 

for TADF emitters having small molecules to prevent quenching of emission of 

device.46 Such OLED doping method may be the cause of insufficient hole and 

electron injection into an emitting layer.47 Moreover, it is necessary to make a 

less complicated structure, low fabrication costs, and relevant management of 

doping concentration. Therefore, creating reliable TADF emitters exhibiting 
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reduced ∆EST values and solution processability in non-doped devices is essential. 

To address such issues, Li and co-workers48 developed new TADF emitters using 

sulfone-based dendrimers (16-17, Scheme 1.2.2). Dendrimers revealed many 

advantages compared to monomeric sulfone-based precise molecular structure, 

specifically tunable molecular diameter and occupied molecular connections.49,50 

However, dendrimers having TADF showing greenish-blue or green emissions 

employed in the fabrication for OLEDs with non-doped solution-processed 

method with satisfactory electroluminescent results.51-54 The TADF emitters 16 

and 17 were blue-emitting and had similar triplet energy levels of 13, but better 

in smaller ∆EST to facilitate the RISC process. Authors explored such dendrimers 

in the development of blue-emitting OLED devices by a solution-processed non-

doped method having small roll-off efficiency with higher current density. 16-

based OLEDs as non-doped solution-processed blue-emitting OLED devices 

showed 4.1 cd/A CE. Similarly, the OLED device based on 17 showed minor 

roll-off efficiency with greater current density. 

Sun et al. employed azasiline as an electron donor in concert with DPS to 

synthesize compound 18, which shows push-pull effect having deep blue 

emission with CIE coordinates 0.15, 0.11.55 Azasiline contains a six-membered 

core ring, which allows to induce the blockage without resorting to substitution. 

As a result, azasiline is a suitable donor unit for building TADF materials. 

Currently, a significantly less number of literature reports based on azasiline-

based TADF emitters are available. Sun et al.55, showed that the extremely 

distorted structure of 18 helped to lower ∆EST, enhancing colour purity with 

improving the performance of electroluminescent devices. A deep blue emitting 

OLED employing 18 with colour coordinates of (0.15, 0.11) and resulting low 

EQE of 2.3%. 
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Scheme 1.2.2. Diphenylsulfone-based (11-18) and bis(phenylsulfonyl)benzene-

based (19-21) TADF emitters. 

Later, Liu et al. reported an interesting approach that consists of one and/or 

more DPS groups in TADF materials.56 The electrical parameters are finely 

controlled while maintaining a broad bandgap and a large triplet energy level by 

increasing the number of acceptors and adjusting the connectivity among donors 

and acceptors. Liu et al. effectively synthesized two blue TADF molecules 19-20 

containing bis(phenylsulfonyl)benzene group with extremely low ∆EST through 

the covalent bonding of interchanged carbazoles (Scheme 1.2.2). Both theoretical 

and experimental data indicate that adding bis-sulfone units in TADF 

molecule could significantly minimise ∆EST relative to structures with a mono-

sulfone linker (13). However, the authors further demonstrate that molecule 19, 

having p-substitution induces a bathochromic shift in emission and 



Chapter-1 Section: 2 Introduction- Thermally Activated Delayed Fluorescence 

 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 103 

electroluminescent properties of 19 shown greater than 20. In contrast to the prior 

estimate of 0.32 eV for 13, the ∆EST values for 19 was 0.05 eV and 0.24 eV for 

20. The values obtained using DFT are consistent with those found 

experimentally, and lower values of ∆EST demonstrate the viability of the design 

approach for creating TADF emitters with minimal energy splitting. Devices 

based on 20 generated a blue colored EL having CIE values of 0.15, 0.08, with 

high CE = 4.4 cd A-1, and EQE = 5.5%. The efficiency of devices based on 19 

was more than 20-based devices with EQE of 11.7% and higher CE of 19.4 cd A-

1. The authors attributed the above enhancement to the rISC process being made 

easier by the comparatively small ∆EST. Because of the faster ICT and a higher 

degree of coupling between HOMO and LUMO energy states in 19, the red-

shifted emission was observed, and an EL with sky-blue CIE coordinates of (0.18, 

0.19) was found. Later, Jürgensen and co-workers reported a series of extremely 

soluble triarylamine/bis(phenylsulfonyl)benzene for printable OLEDs 

application and emitter 21 having the bluest emission shown in Figure 1.2.2.57 

Compound 21 showed a modest ∆EST as low as 0.32 eV and considerable steric 

barrier of the amine donor unit. Compound 21 shows deep-blue emission 

spanning from 436 to 466 nm with a low CIE value = 0.08. Using such TADF 

emitters in solution-processed OLEDs resulted in exceptional brightness of 

around 10,000 cd/m2, CE of around 9.5 cd/A, and EQE of around 8.5%. In 

conclusion, it has been demonstrated that bis(phenylsulfonyl)benzene as an 

acceptor is an acceptable building block for creating TADF emitters that can be 

processed in solutions. 

1.2.4.2 Triazine-Based TADF Materials- 

Along with diphenyl sulfone, triazine is a further extensively used acceptor 

component in the production of TADF materials. OLEDs using the azasiline 

donor/triazine acceptor (22, 23) groups exhibited exceptional EQE = 22.3%.58 As 

described in the last section, azasiline is a heterocycle compound having a six-
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membered ring in which silicon is exchanged with a carbon atom. Thus, azasiline 

consequently has a lower HOMO energy level and a larger HOMO-LUMO 

energy gap than the analogous carbon-atom-containing compounds. As the 

silicon atom is sp3 hybridised, different groups can be introduced onto the silicon 

bridge to increase the solubility, rigidify structure, and offer steric hindrance "on-

demand". 

Sun and co-workers synthesized triazine connected with azasiline moiety 

22 and 23 (Scheme 1.2.3)55. In terms of structure, 22 differs by π- conjugated 

bridged length from 23. Emitter 22 has delayed luminescence of lifetime 25.4 µs 

and ∆EST of 0.14 eV. OLEDs were fabricated by using 22 as the dopant and 

mCP:TSPO1 as co-host. EL was observed with emission at 463 nm, followed by 

slight roll-off efficiency. Further, Sun and co-workers modified the structure of 

22 with a biphenyl bridge producing 23. Upon keeping a biphenyl bridge between 

donor and acceptor, the HOMO and LUMO orbitals of 23 decreased as the 

distance between the donor and acceptor increased. Consequently, the ∆EST 

dramatically dropped to 0.04 eV (Table 1.2.1). OLEDs fabricated using 23 gives 

blue EL emission with an EQE = 4.7% and CIE = 0.15, 0.09.  

A prominent electron donor used in the development of TADF emitters is 

carbazole. However, because carbazole has a centre 5-membered ring advancing 

the two peripheral aromatic rings, the steric barrier generated by a functional 

group can be significantly decreased. Several strategies have been proposed to 

address this problem, such as keeping a large appropriate dihedral angle to reduce 

electronic interaction with acceptor. The group of Adachi59 synthesized a series 

of carbazole and triazine-containing molecules 24-27 (Scheme 1.2.3) with methyl 

groups substituted on carbazole (24, 25) or on central phenyl bridge to assure 

steric hindrance (26, 27). 
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DFT calculations showed that the dihedral angle for 24-27 varied as 49.9, 

86.8, 71.4, and 82.4◦, respectively. Interestingly, ∆EST shows entirely diverse 

behaviour (Table 1.2.1). Remarkably, the optical bandgap was significantly 

reduced when the hydrogen was replaced by methyl groups, which considerably 

altered the HOMO energy level and redox potential of the system also. On the 

other hand, the optical bandgap of carbazole remained unchanged when methyl 

substituents were inserted into the spacer, allowing emitters to keep their wide 

bandgap. As a result, molecule 24 has the flattest structure and showed the highest 

∆EST in the experiment. The delayed lifetime for 25-27 was found to be 3.5, 13.0, 

and 10.3 µs, respectively. Since there was no delayed contribution in its 

photoluminescence, 24-based device provided an EQE of only 7.2%. This 

performance is significantly worse than that of devices fabricated using 25-27, 

for which maximum EQEs of 22.0, 19.2, and 18.3%, respectively, were observed. 

 

Scheme 1.2.3. Triazine-based (22-27) TADF emitters. 

1.2.4.3 Phosphine Oxide Derivatives for TADF materials 

The reported acceptors for TADF emitters are typically restricted to N-

heterocycles, carbonyl, benzonitrile, and sulfone, limiting the versatility of 

molecular structures. Therefore, the advancement of the acceptors will be 

essential, and many extremely effective TADF molecules with innovative 

acceptor units, including phosphine oxides, will be emerged. In this direction, 

Duan, et al., connected a weak electron-withdrawing group triphenylphosphine 

oxide (TPPO) to the strong electron-donating group, which is a phenoxazine 
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(POZ). A series of strong donor-weak acceptor type emitters 28, 29, and 30 

(Scheme 1.2.4) was synthesized and thus examined their photophysical 

properties.60 It was interesting to note that the ratio of POZ to peak emission 

intensity was consistent. The three compounds showed PL spectra that were 

nearly identical, with reasonably high PLQYs of 45, 57, and 65% for 28 to 30, 

respectively. The ∆EST values of 28-30, 0.26, 0.19, and 0.11 eV were found to be 

in accordance with the TD-DFT values. According to these findings, fluorescence 

lifetimes of 28-30 improved from 8 ns to 13 ns to 20 ns. However, delayed 

contributions were noticed to be 95, 31, and 17 µs for 28-30, respectively. 

Simultaneously, the delayed quantum yields also rose from 36% for 28 to 45% 

for 29, and to 51% for 30, respectively. OLEDs fabricated using 29 gives blue EL 

at 460 nm, while OLEDs based on 30 emitted blue EL at 464 nm with an EQE 

=15.3%. 

 

Scheme 1.2.4. Phosphine-oxide-based (28-30) TADF emitters. 

1.2.4.4 Cyano and Benzonitrile Substituted TADF Emitters- 

In search of additional acceptors, benzonitrile was found to be a viable 

candidate that could help to synthesize blue TADF molecules. The cyano group 

is one of the strongest electron-accepting groups available to chemists, and it 

precisely limits the shape of the acceptor group by its capacity. Cyano group as 

an acceptor and carbazole as a donor group involved in the production of effective 

TADF molecules. Cho and co-workers developed new TADF molecules using 
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the carbazole/cyano (donor-acceptor) combination, demonstrating a novel design 

strategy to enhance the colour purity and broad emission range of TADF 

molecules.61 The biphenyl core of compounds 31-33 shown in Scheme 1.2.5 

contains a combination of electron-donating and accepting moieties. Comparing 

the rational structure of 32 against a model compound 31 indicated that an 

interconnecting donor structure is required for decreasing the FWHM and 

achieving deep-blue emission, along with high EQE. Although the geometrical 

structures of the two these compounds differ, both have a nearly similar ∆EST of 

0.27 eV (Table 1.2.1).  

The interlocking carbazole units' impact was visible in the PL of 31 and 32. 

Molecule 32 exhibited a sharper PL spectrum than 31. Compared to other TADF 

emitters, molecule 32 has a substantially reduced FWHM of 55 nm. The TADF 

emitter 31 has large FWHM (71 nm) than 32, which means TADF emitter 32 

exhibits a narrow emission spectrum. The newly constructed TADF molecule 32 

worked as planned to produce OLED shows a deep-blue EL having FWHM of 

48 nm with EQE = 14.0%. 

 

Scheme 1.2.5. Cyano-substituted TADF emitters (31-37).  

Later, Pan et.al. showed cyano moiety as an acceptor 

while designing TADF emitter 33 (Scheme 1.2.5).62 OLED devices of 

33 emitted deep blue light with a CIE of (0.16, 0.06). However, the OLED 

device showed EQE of roughly 1.6% because of its short TADF properties, 

including a high ∆EST = 0.40 eV and a low delayed lifetime = 0.01 µs 

(Table 1.2.1). A rationalisation of the chemical design to generate a deep blue 
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colour emission combined carbazole as a donor and benzonitrile as an acceptor 

in TADF emitters 34-37 .63 The four substituents hydrogen, methyl, t-Butyl, and 

methoxy were examined. The ∆EST was reduced from 0.31 eV to 0.14 eV by 

increasing the electron ability of molecules 34 to 37. The TADF lifetimes of 34 

to 37 are collectively decreased from 18 to 5.5 µs, respectively. After fabricating 

OLEDs fabrication, deep-blue EL achieved, λEL = 418 nm for 34, λEL = 436 nm 

for 35 and λEL = 428 nm for 36. OLEDs based on 34 show 2.5% EQE, while 

OLEDs fabricated from 36 showed an improvement of EQE to 10.3%. 

Molecules 40, 41 having highly twisted structures were made by adding 

nitrogen at α- and δ-positions to the core nitrogen atom in carbazole-derived α- 

and δ-carboline.65 This was accomplished by mixing benzonitrile with the 

carbazole group and adding a nitrogen atom to the donor (Scheme 1.2.6). 

Carbolines have been recently discovered as an electron-transport substance with 

significant triplet energy, which justifies the inclusion of carbolines in these two 

molecules. Even though adding heteroatoms to aromatic compounds can promote 

molecular relaxation, doing so will concurrently raise bandgap as well as triplet 

energy, which lowers the ∆EST. 

 

Scheme 1.2.6. Benzonitrile-based  TADF emitters (40-45). 
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As an improvement of TADF materials, Adachi and co-workers reported 

four molecules with extremely twisted structures 42 to 45, including the 

combination of a donor unit of 9,9-diphenylacridane linked to a central core of 

benzonitrile (Scheme 1.2.6).66 In this case, the ΔEST values were almost the same 

for molecules 42 to 45 (ΔEST  = 0.03 eV), demonstrating that the substituting 

position seems to have no impact on the up-conversion capabilities. In addition, 

analysis of the PL spectra of 42 to 45 revealed that the meta-substituted 44 emits 

at 433 nm, while the para-substituted 45 emits at 428 nm, whereas the PL maxima 

for 42 and 43 were found to be at 454 and 441 nm, respectively. Thus, it was 

determined that the ortho-substitution maximised the π-conjugation, and adding 

two donor units to 42 enhanced the delayed emission intensity, leaving 42 as a 

good candidate for device testing. OLEDs fabricated using 42 produce blue EL 

at 463 nm with a high EQE = 15.9%. 

1.2.4.5 Triarylborane-based TADF Emitters- 

Boron-based TADF molecules have been the research subject over the past 

ten years, particularly in organic electronics. Many such materials have 

exceptional electron mobility due to the boron atom's unoccupied p-orbital. 

Bulkiness and strong electron-withdrawing properties are two other properties of 

triarylboron derivatives. An innovative method for developing better deep blue 

emitters, triarylboron-based molecules 38 and 39 (Scheme 1.2.7), was recently 

reported by Hatakeyama et al.64 
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Scheme 1.2.7. Triarylborane-based (38-39) TADF emitters. 

To achieve a pure blue emission, most commercially available OLEDs 

currently use a colour filter. By using a new design approach to reduce the 

materials' ∆EST without extending the PL peaks, Hatakeyama et al. overcame 

these problems by effectively separating HOMO-LUMO. The authors produced 

pure blue TADF molecules by using the multiple resonance effect. Molecule 38 

depicted in Scheme 1.2.7 is made up of two triphenylamine acceptors fused to a 

triphenylboron donor. By lengthening the π-conjugated system and adding more 

electron donors, molecule 39 was created. According to DFT calculations, the 

HOMOs are localised on the triphenylamine portions, whereas the LUMOs are 

focused on the triphenylboron moiety. OLEDs fabricated based on 38 showed EL 

emission at 459 nm including narrow FWHM of 28 nm with EQE = 13.5%, 

whereas an enhanced OLED device performance was noticed for 39 showing 

emission at 467 nm with an EQE of 20.2% and FWHM of 28 nm.64 

1.2.4.6 Benzoylpyridine and Di(pyridinyl)methanone-Carbazole 

Derivatives- 

One of the most potential candidates for OLED is the compounds containing 

acceptor group as phenyl(pyridin-4-yl)methanone because of efficient rISC and 

high PLQY. As a first report, the two carbazole donors were initially inserted into 

the acceptor's phenyl ring at o- and m-substitution as in 46 and 47 (Scheme 

1.2.8).67 The codoped films of 46 showed low ΔEST = 0.03eV and 88% PL 

efficiency whereas codoped films with 47 showed 0.04 eV and high PL efficiency 

91.4%, respectively. These numbers are larger than those found for the two 

molecules in the solution, showing that thin films suppressed the interparticle and 

intra-molecular quenching. Nonetheless, the carbazole insertion arrangement 

significantly altered the emission wavelengths and adding tert-butyl substituents 

to 47 resulted in a bathochromic shift of about 20 nm. Repeated CV scans 
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revealed that 47 exhibited better electrochemical stability because the tert-butyl 

groups blocked the C3 and C6 positions. Notably, sky-blue emitting 46-based 

OLEDs showed maximum efficiency of 24% with an EL peak wavelength of 488 

nm.  

In 2016, the same authors altered their approach and merged all donors, 

replacing the previous D-A-D triads with D-A diads.68 To fine-tune the ability to 

donate electrons, increasing the unit of carbazoles in the donor helps to minimize 

the ΔEST alongside increasing the carbazole group per donor and expanding the 

size of the donating component. Hence, consequently, ΔEST decreased from 0.29 

to 0.07 to 0.05 eV for 48, 50, and 51, which is compatible with higher HOMO 

and LUMO orbital separation and a wider molecular distribution of HOMO 

orbitals. 

 

Scheme 1.2.8. Benzoylpyridine-carbazole derivatives based (46-51) TADF 

emitters. 

OLED employing 49 as emitter exhibited 9.4% EQE, and further 

optimisation of the device structure resulted in EQE of 18.4% for 48 based OLED 

device.69 By changing the substitution of the N-atom in the pyridine group of 52-

54, the same authors created a sequence of three fluorescent compounds that were 

inspired by the structure of 47.70 All compounds had excellent PLQY in thin film 

ranging between 92 to 97%, as well as very low ΔEST for 52-54. Despite these 

attractive photophysical properties, EL peaks for 52 to 54-based devices occurred 

at 490, 476, and 490 nm, respectively. OLED fabricated using 52 to 54 showed 
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an increase in EQE of 2.1, 24.6, and 28.0%, respectively (Table 1.2.1). In 2017, 

Cheng et al. reported a highly efficient pure blue TADF emitter containing 

pyridines groups in bis(6-(3,6-di-tert-butyl9H-carbazol-9-yl)pyridin-3-

yl)methanone (55),71 which are nearly planar with very small ΔEST and within the 

co-doped emissive layer, encouraging horizontal molecular orientation. OLEDs 

manufactured using 55 show EL of 464 nm and achieved a high EQE = 32% 

despite a comparatively low dopant concentration. 

 

Scheme 1.2.9. Benzoylpyridine and di(pyridinyl)methanone-carbazole 

derivatives based (52-55) TADF emitters.  

1.2.4.7 Triazole Derivatives- 

 

Scheme 1.2.10. Triazole-based (56 and 57) TADF emitters. 

In addition to being an excellent electron acceptor and outstanding electron-

transport material, 3,4,5-triphenyl-4H-1,2,4-triazole is used in several TADF 

molecules, spanning from charge-transport to OLED materials. Rationally, an 

electron-donor phenoxazine in combination with 3,4,5-triphenyl-4H-1,2,4-

triazole produce TADF emitters when it is appropriately connected, and these 
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molecules were firstly described in 2013 as shown in Figure 19.72 By comparing 

structures 56 and 57 shown in Scheme 1.2.10, 57 is more luminescent than 56 

because of the presence of extra phenoxazine moiety. The PLQYs of 56 is 29.8%, 

whereas it varied to 43.1% for 57. The OLED device made with highly 

luminescent 57 shows sky-blue EL emission (λEL = 456 nm) with an EQE of 

around 6.4%. 

1.2.4.8 Triphenylamine Derivatives- 

Triphenylamine seems to be a unique electron-donating molecule that has 

been used in various research areas, including organic photovoltaics and OLEDs. 

Triphenylamine moieties connected to the thioxanthone core were prepared by 

Kim and coworkers. Molecule 58 containing triphenylamine units on 9H-

thioxanthen-9-one displayed blue PL (Scheme 1.2.11). Theoretical calculations 

demonstrated a small HOMO/LUMO overlap due to this particular substitution. 

The PLQY reached 35% in neat or doped films state under ambient conditions, 

despite the symmetrical substitution on 58. Utilizing an emissive layer with 

minimum loading concentration of 1 wt% in a conventional device stacking, 

OLEDs achieved a high EQE value = 23.7%. In 2017, Kim and co-workers used 

malononitrile as an electron acceptor in the TADF emitters to produce blue 

OLEDs.73 The emitting material's molecular orientation is crucial for optimising 

the electroluminescent properties. If the molecules are horizontally aligned, light-

outcoupling effects can be produced that can boost external efficiency by up to 

46%.74,75 In this study, 59 and 60 share comparable ΔEST and PL characteristics. 

However, significant discrepancies were noticed when these two materials were 

used to fabricate OLEDs. Notably, the current efficiency of 60-based OLEDs was 

around nine times higher than that of 59-based OLEDs. The excellent horizontal 

alignment of 60 in doped films, in contrast to the poor crystallinity and irregular 

orientation of 59, helps to explain these differences and justifies the improved 

performance of 60-based devices. 
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Scheme 1.2.11. Triphenylamine-based TADF emitters (58-60). 

Table-1.2.1 TADF emitters with OLED characterization- 

TADF 

Emitter 
ΔE

ST
 

(eV) 

τ
d
 

(µs) 

PE 

(Lm/w) 
EQE (%) Reference 

11 0.54 90.0 n/a 2.9 44 

12 0.45 140.0 n/a 5.6 44 

13 0.32 270.0 n/a 9.9 44 

14 0.21 93.0 n/a 14.5 45 

15 0.31 50.0 n/a 2.0 45 

16 0.25 464.0 1.6 n/a 48 

17 0.17 814.0 0.49 n/a 48 

18 0.07 n/a n/a 2.3 55 

19 0.05 1.23 n/a 11.7 56 

20 0.24 1.16 n/a 5.5 56 

21 0.42 70.0 3.2 8.5 57 

22 0.14 25.4 30.4 22.3 58 

23 0.04 n/a n/a 4.7 55 

24 0.43 n/a n/a 7.2 59 

25 0.07 3.5 n/a 22.0 59 

26 0.17 13.0 n/a 19.2 59 

27 0.15 10.3 n/a 18.3 59 
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28 0.26 95.0 7.6 6.3 60 

29 0.19 31.0 16.9 10.6 60 

30 0.11 17.0 23.6 15.3 60 

31 0.27 24.34 n/a 4.8 61 

32 0.27 48.22 n/a 14.0 61 

33 0.40 0.01 0.8 1.6 62 

34 0.31 18.0 0.6 2.5 63 

35 0.22 11.2 2.7 7.7 63 

36 0.36 13.5 3.5 10.3 63 

37 0.14 5.50 19.0 19.0 63 

38 0.013 93.7 8.3 13.5 64 

39 0.041 65.3 15.1 20.2 64 

40 0.28 57 n/a 4.2 65 

41 0.13 180 n/a 22.5 65 

42 0.02 n/a n/a 15.9 66 

46 0.03 0.6 n/a 24.0 67 

47 0.04 1 n/a 27.2 67 

48 0.29 n/a n/a 4.2 68 

49 0.07 n/a n/a 11.0 68 

50 0.05 0.65 n/a 23.9 68 

51 0.13 n/a n/a 9.4 68 

52 0.01 18 n/a 28.1 70 

53 0.05 7.3 n/a 24.6 70 

54 0.02 6.9 n/a 28.0 70 

55 0.02 0.27 n/a 31.9 71 
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56 n/a 0.016 n/a n/a 72 

57 0.03 28.88 n/a 6.4 72 

58 0.38 n/a n/a 23.7 73 

59 0.114 10 n/a 1.38 cd/A 73 

60 0.098 10 n/a 12.62 cd/A 73 

 

1.2.5 Future Perspective 

The above-described section summarizes the recent progress of TADF 

molecules and the photophysical characterization of these molecules. At the 

moment, having an extension of electron donor and acceptor combination along 

with interruption of π-conjugation for producing orthogonality between donor 

and acceptor in small organic molecules showed efficient TADF with high 

PLQY. The development of the TADF phenomenon triggered a turning point in 

the field of OLEDs because TADF molecules are able to achieve 100% internal 

electroluminescent quantum efficiency by converting non-emissive triplet 

excitons to emissive in OLEDs. The present research focus on TADF molecules 

is still on OLED applications. Despite the fact that understanding the 

photophysics of these systems is still in its early stages, new applications in 

sensing and biological imaging are currently being investigated. In the upcoming 

years, a fundamental mechanical understanding, especially by using improved 

photophysical techniques, will undoubtedly emerge, inspiring creative 

applications.  

Organic TADF materials having emission blue and green colours have been 

mainly reported, and the red emissive TADF materials are rare for metal-free 

systems. The availability of red or NIR emissive TADF systems will allow 

researchers to investigate the use of TADF materials in biological applications. 
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  In recent years, organic TADF materials for flexible display and lighting 

applications have seen a boom in development. In the case of emissive molecules 

in solution, the emission for thin films will be altered due to emission quenching 

by aggregation or photo-bleaching. As a result, novel emitters with higher 

processability and luminescent properties are required for technologically 

advanced lighting and display applications. In this regard, solvent-free organic 

liquids (SOLs) have been extensively researched as a new soft material that can 

address the aforementioned challenges to some extent. 

1.2.6 Conclusion 

To summarise, various strategies are now being investigated to generate 

TADF emitters. The following points obtained from the above-mentioned studies 

results can serve as a guide to design TADF molecules; (1) Orthogonality 

between the donor and acceptor to prevent π-conjugation and reduce the 

connection between the two components, (2) Necessity to keep proximity 

between the donor and acceptor to avoid proper separation of the donor and 

acceptor, (3) Extending electron donor and/or electron acceptor π-conjugated 

system to enhance oscillator strength to increase PLQY, (4) Optimize the rate of 

reverse intersystem crossing by minimising ∆EST, (5) Design of OLED materials 

having a delayed component of TADF lifetime as short as feasible to avoid the 

issue of excited states annihilation, (6) A precise selection of the linkage built 

between the electron donor and/or electron acceptor units, as evidenced by the 

variation in EL performances for materials changing by substitutions  (ortho-, 

meta- and para-position of aromatic rings). TADF materials continue to excite 

the scientific community with excellent features suitable for efficient OLED 

devices. The dedicated searches for new efficient candidates improve the 

performance of the lighting and display devices.   
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1.3.1 Introduction 

Many new organic emitters with excellent quantum efficiencies have been 

developed using advanced synthetic techniques in organic chemistry. However, 

with the help of a large π-surface, π-conjugated molecules tend to aggregate and 

change their optical features. Moreover, it has been demonstrated that 

aggregation will cause a significant change in electrical and optical properties 

according to the characteristics of the π-conjugated core and its surroundings.1 

The solvent and its polarity also play a crucial role in the variation of emission. 

Hence, it is still difficult to find straightforward and facile processing procedures 

for these emissive organic materials. As a replacement for the current solid 

organic emitters, room-temperature solvent-free luminous organic liquids 

(SLOL) have been proposed due to their attractive features described below. In 

the last decade, much work has been done on SLOLs by isolating the "π-cores" 

by wrapping them with low-viscosity organic chains.  

1.3.2 Features of SLOL- 

1. Long and branched side chains support SLOLs by acting as a shield, which 

results in high stability. Additionally, the side reactions caused by light, 

molecule oxidation, and heavy atom quenching processes are considerably 

reduced by these side chains.2 

2. Because of the fluidic/honey-type nature, SLOLs have excellent 

processability as a functional material.3 

3. The free-flowing SLOLs can accept a variety of shapes under twisting, 

bending and stretching conditions. 

4. Due to their liquid characteristic, SLOLs may easily accommodate a 

variety of useful dopants. 

5. The donor-acceptor interactions are improved by the nonpolar fluid matrix 

of SLOLs to deliver effective charge/energy transfer. 
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6. The free-flowing nature of SLOLs supports using a paintable material to 

coat several substrates, such as glass, wood, paper, etc., to make large-area 

thin films. 

From 1948 onwards, the research on SLOLs has been started with 2-n-

decylnaphthalene with a melting point of 13 °C.4 Many alkylated liquid 

derivatives have been reported in the last decade, comprising the details of their 

synthesis, characterisation, photophysical characteristics, and applications 

(Figure 1.3.1).  

 

Figure 1.3.1. Chemical structures of naphthalene-based liquid derivatives. 

In the solid, crystal or condensed state, it is ntt easy to maintain the same 

photophysical property as a monomer due to the strong interchromophoric 

interactions. The long alkyl side chains introduced in SLOLs reduce the 

aggregation through π-π interactions, although some molecular systems still have 

weak interactions, that significantly impact the photophysical properties. For 

example, Shinoda and co-workers studied an alkylated benzothiadiazole liquid 

(BZT2) having red emission in a solution state with 75 % PLQY. The same 

molecule exhibits 12% PLQY in the neat condensed state, which is very low 
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compared to the solution state (Figure 1.3.2a and 1.3.2b).5 Later, Norioke and co-

workers synthesized the oligo(p-phenyleneethynylene) liquid (OPE1) which 

demonstrated an efficient energy transfer with the C60 molecule in the liquid 

mixture (Figure 1.3.2b and 1.3.e).6 Additionally, Allain and co-workers 

developed two tetrazine liquid derivatives (TTZ1 and TTZ2), in which TTZ1 

was substituted with a branched alkyl chain on one side, while TTZ2 was 

substituted on both sides (Figure 1.3.2c and 1.3.2f).7 Both molecules showed a 

similar absorption and emission spectra pattern in solution and neat state. 

Nevertheless, TTZ1 showed a significant decrease in fluorescence QY from the 

solution (33%) to the neat liquid state (2.1%). In contrast, TTZ2 exhibited a 

similar fluorescence quantum yield in both states (6.6% in solution and 6.9% in 

neat liquid) (Figure 1.3.2f). The stable fluorescence quantum yield of TTZ2 in 

both states is most likely due to the additional side chains, which suppress the 

interchromophoric interaction.  

The restriction of intramolecular interactions typically controls the emission 

of aggregation-induced emissive compounds (AIE). As a result, AIEgens are 

weakly emissive in solution but remain strongly emissive when intramolecular 

interactions are restricted in solvent-free conditions. In 2017, Machida and co-

workers successfully synthesized tetraphenylethene (TPE)-based AIEgen liquids 

(TPE1-4). Tetraphenylethene liquids were synthesised by covalently linking long 

branched alkyl chains (Figure 1.3.3a).8 In this case, the high viscosity of the liquid 

medium plays a crucial role in restricting intramolecular motions. In another 

work, Takeda et al., synthesized another SLOL of TPE-based chromophore 

(TPE-5) by attaching linear tetraethylene glycol (TEG) chains (Figure 1.3.3c).9 

TPE5 has an exceptionally low Tg (-60 °C) due to the bent skeleton of TPE core 

and the viscous nature of TEG chains. 
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Figure 1.3.2. a) Chemical structures and d) photographs of BZT1 and BZT2 

under UV light. Reproduced with permission from ref. 5. Copyright 2013, 

Elsevier. b) Chemical structure of OPE1 (top) and e) fluorescence spectra in 

CHCl3 (dotted line: bulk liquid: solid line: CHCl3 solution) of OPE1. Reproduced 

with permission from ref. 6. Copyright 2014, the Chemical Society of Japan. c) 

Chemical structures and f) photographs of TTZ1 and TTZ2 under visible (left) 

and UV (right) lights. Reproduced with permission from ref. 7. Copyright 2016, 

American Chemical Society.  

The mixing of SLOLs with a small amount of conventional dopants adds 

more tunability without changing the inherent liquid nature. Sensible choice of 

the dopants, masterly tuning ratio of the dopant, and efficient mixing convey 

exceptional value addition. Babu et al. in 2012 reported the blending nature of 

blue-emitting liquids OPV2 or OPV4 (Figure 1.3.4a) with tris(8-

hydroxyquinolinato)aluminum (Alq3) as a green-emitting and rubrene as a red-

emitting dopants.10 A logical mixing of blue, green, and red-emitting materials 

produces a white-light-emitting liquid mixture with emissions spanning from 

400-700 nm, and the resulting mixture can be painted on a surface with a large 

a) b) c)

d) e) f)

BZT1 BZT2 TTZ1 TTZ2 TTZ1 TTZ2
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surface (Figure 1.3.4.c). Further, Machida et al., illustrated the white light-

emitting liquid composite in a similar way by use of TPE3 as the host liquid and 

Nile red used as the dopant.10 

 

Figure 1.3.3. a) Chemical structures of TPE1- 4, and c) TPE5. b) Photograph of 

TPE3 under UV light. Reproduced with permission from ref. 8. Copyright 2017, 

Royal Society of Chemistry. d) Photograph of TPE5 under UV light irradiation in 

CHCl3 and neat state. e) Tyndall scattering and image under UV light (λex = 365 

nm) of TPE5 in H2O. Reproduced with permission from ref. 9. Copyright 2018, 

American Chemical Society. 

Later in 2013, Babu and co-workers, reported a series of liquid composites 

encompassing the entire visible area emission color by using blue-emitting DPA1 

liquid through doping of commercially accessible dyes D1 and tris(1,3-diphenyl-

1,3-propanedionato)(1,10-phenanthroline)europium(III) (D2) (Figure 1.3.4b).11 

The tunable color emission is achieved by the efficient FRET from DPA1 to 

dopants (Figure 1.3.4.f). 

a) b)

c) d) e)
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Figure 1.3.4. a) Chemical structures of OPV1-OPV4. c) Illustration of the 

preparation of a solvent-free white-emitting liquid composite. Reproduced with 

permission from ref. 10. Copyright, 2012, WILEY-VCH Verlag GmbH & Co. 

a) b)

d)

e)

c)

f)
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KGaA. b) Chemical structures of DPA1-3, , dopants D1 and D2. Photographs of 

DPA2 under d) visible and e) UV light. f) Photographs of the luminescence colour 

tunability and thermoresponsive feature of the composites of DPA1, D1 (0.5 

mol%) and D2 (5 mol%). Reproduced with permission from ref. 11. Copyright 

2013, Springer Nature Publishing AG. 

Figure 1.3.5. a) Chemical structures of liquid host 1 and dopants A1-A3. b) 

Phosphorescence spectral changes of 1 with increasing equivalents of A2 at RT 

in air. Variation of the c) phosphorescence quantum yield and d) phosphorescence 

11111 1

a)

b)

d)c)
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lifetime of 1 upon composite formation with A3 and A2. (Adapted with 

permission from ref. 12, copyright 2019, Wiley-VCH). 

Organic room temperature phosphors (RTP) have been extensively studied 

in the recent past. It has been emphasised that crystalline molecular ordering is 

highly required for effective intersystem crossing and to exhibit excellent RTP 

features. In this context, Goudappagouda et al. investigated the RTP 

characteristics of an SOL phosphor in air.12 Upon varying alkyl chain, the 

physical nature of bromonaphthalimides changed; however, the phosphorescence 

of solvent-free liquid 1 in the air remained unaltered. RTP organic liquid was 

made by introducing a long-branched alkyl chain on bromonaphthalimide. As a 

novel method, by combining the liquid phosphor 1 with carbonyl guests A2 and 

A3, a paintable RTP composite with greatly increased phosphorescent lifetime 

and quantum yield was produced. (Figure 1.3.5b). As a result, a large area of 

paintable phosphorescent liquid composite with a longer lifetime and higher 

quantum yield was prepared (Figure. 1.3.5c,d). A 10x10 cm large area RTP 

coating could be realized using liquid composite paint. 

Very recently, Wakchaure et al. reported the SLOL by combining donor-

acceptor units through exciplex emission and RTP at very low acceptor loading.13 

The present study showed that D-A interactions in SLOL by using carbazole 

(Cbz) as a donor with naphthalenemonoimide (NMI) and naphthalenediimide 

(NDI) derivatives as acceptors in a solvent-free liquid state (Figure. 1.3.6a). As a 

new strategy, the formation of exciplex was demonstrated with a mixture of Cbz 

and NMI, while RTP was shown by a mixture of Cbz with NDI at a very low 

loading of the acceptor. This demonstration shows the versatility of doping-

assisted tuning of emission features (Figure. 1.3.6c-f). 
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Figure. 1.3.6. a) Chemical structures of Cbz, NMI, and NDI and corresponding 

photographs under visible light. b) Phosphorescence spectra of Cbz:NDI (1:1) at 

RT in air (λex = 350 nm). c) Variation of steady-state emission of Cbz with an 

increasing equivalence of NMI and corresponding (e) photographs under UV 

light ((λex = 365 nm). d) Variation of the steady-state emission of Cbz with an 

increasing equivalence of NDI (λex = 342 nm); inset shows the corresponding 

spectral change by exciting at 370 nm and (f) corresponding photographs under 

UV light (λex = 365 nm). (Adapted with permission from ref. 13, copyright 2022, 

The Royal Society of Chemistry). 

1.3.3 Conclusion 
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In the past few decades, room temperature metal-free organic phosphors and 

TADF materials have been extensively studied in crystalline and the amorphous 

state. The liquefaction of such luminophores will provide promising candidates 

for large-area lighting and display applications. The realization of technologically 

high potential organic materials as an inventive replacement for the currently used 

ones requires aesthetic molecular designs. The concept “Solvent-free organic 

phosphorescent and TADF liquid” is still at the concept level. We aim to 

accomplish such new diverse methodologies to advance in the research field. 

Hence, it is anticipated that the SLOLs will lead to the realization of new 

functional materials. Furthermore, to improve the processability of SLOLs, a step 

towards processable polymers will be one of the successful candidates. It is 

obvious that connecting a long/branched alkyl chain to the chromophore allows 

one to alter the physical state of small molecules or polymers. Such alterations 

not only change the physical characteristics of the resulting derivatives but also 

improves processability as well. Hence, a step toward polymerizable SLOLs will 

be attempted using a large area of paintable solvent-free organic liquid 

monomers. 
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Chapter-2 

Self-assembled Helical Arrays for Stabilizing the 

Triplet State 

 

Room-temperature phosphorescence of metal and heavy atom-free organic 

molecules has emerged as an area of great potential in recent years. A rational 

design played a critical role in controlling the molecular ordering to impart 

efficient intersystem crossing and stabilize the triplet state to achieve room-

temperature ultralong phosphorescence. However, in most cases, the strategies to 

strengthen phosphorescence efficiency have resulted in a reduced lifetime, and 

the available nearly degenerate singlet-triplet energy levels impart a natural 

competition between delayed fluorescence and phosphorescence, with the former 

one having the advantage. Herein, an organic helical assembly supports the 

exhibition of an ultralong phosphorescence lifetime. Contrary to other molecules, 
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3,6-phenylmethanone functionalized 9-hexylcarbazole exhibits a remarkable 

improvement in phosphorescence lifetime (> 4.1 s) and quantum yield (11%) 

owing to an efficient molecular packing in the crystal state. A right-handed helical 

molecular array act as a trap and exhibits triplet exciton migration to support the 

exceptionally longer phosphorescence lifetime.  

Publication: Angew. Chem. Int. Ed. 2020, 59, 13079-13085. 

2.1. Introduction 

Room-temperature phosphorescence (RTP) of organic molecules has been 

enthusiastically investigated recently for various applications such as 

electroluminescence, sensing, bio-imaging, etc. [1,2] It has been demonstrated that 

the incorporation of heavy atoms and functional moieties equipped with lone pair 

of electrons facilitate intersystem crossing (ISC) rate (kST) through strong spin-

orbit coupling (SOC), leading to efficient RTP.[3-6] In this direction, diverse 

molecular designs have been explored for ultralong organic phosphorescence 

(UOP).[7-10] Hence, successful strategies such as molecular units with n orbitals, 

which can reduce the singlet–triplet (S-T) splitting energy (ΔEST) and stabilize 

the triplet excited state through various interactions, have been widely 

employed.[5f] Significant advancement has been noticed in the area of UOP 

materials, and the maximum lifetime reported for crystalline small molecule-

based organic phosphor is circa 2.5 s (Figure 2.1a, Table 1).[11] Mostly, longer 

lifetimes under ambient conditions are achieved by stabilization of the triplet state 

through H-aggregation (Figure 2.1b). However, the already established strategies 

to improve the phosphorescence efficiency often lead to shortening the lifetime. 

Moreover, the molecular designs to enhance the nearly degenerate triplet 

manifolds can, in turn, facilitate reverse intersystem crossing (RISC) to exhibit 

delayed fluorescence (DF).[12] Hence it demands a new alternate plan of action to 

control the competitive decay pathways and efficiently manage the triplet 
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excitons to enhance phosphorescence lifetime. It can be achieved only through 

unexplored molecular designs and with the rigorous assistance of molecular 

packing. Helical arrays of organic small molecules and polymers exhibit exciting 

optoelectronic properties by controlling the spatial organization of the structural 

units.[13] Hence, the design of a helical assembly to modulate the triplet state to 

achieve a longer phosphorescence lifetime will be highly appreciated. Our 

continuous attempts in this direction enabled us to successfully utilize the 

crystalline helical arrays of phenylmethanone functionalized alkylated carbazole 

to achieve a longer lifetime of above 4 s.  

 

Figure 2.1. a) Recent developments in the area of small molecule-based organic 

phosphors with lifetime above 2 s and the present work with above 4.17 s. b) 

Schematic of the stabilization of the triplet state, leading to ultralong 

phosphorescence. 
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Ground (S0) state calculations were performed using restricted density functional 

theory (DFT). Singlet and triplet excited states were investigated using time-

dependent density functional theory (TD-DFT).23 The ground state singlet (S0) 

state was calculated using the B3LYP/6-31+G(d)24 level of theory. Also, the 

TDDFT calculations were done with same level of theory. All the geometries of 

the complexes in the S0 state were optimized. The optimized Cartesian 

coordinates and total energies are listed below. On the basis of the Frank-Condon 

principle, the absorption properties were evaluated using the optimized S0 state 

structure. The Gaussian09 software25 was used in all the DFT and TD-DFT 

calculations.  

2.2.2. Crystallization 

All the single crystal samples were obtained by crystallization using a slow 

evaporation method from the CH2Cl2 solution. To further check the purity of the 

samples, all the single crystals were dissolved in acetonitrile-water (85:15) 

mixture (50 μM) and analyzed by HPLC. 

2.2.3. Phosphorescence waveguiding 

Crystalline rods of 3a were placed on a glass slide. Home built upright 

microscope was used for performing the phosphorescence waveguiding 

experiment. The 532 nm solid-state laser was expanded using a beam expander 

and was focused onto one of the ends of crystal rods of 3a using 0.3 NA 10X 

objective lens. Backscattered light was collected using the same objective lens. 

The collected light is focussed on the CCD or spectrometer with 150 grooves/mm 

grating. 

2.2.4. X-ray intensity data measurements 

X-ray intensity data measurements of all the samples were carried out on a 

Bruker D8 VENTURE Kappa Duo PHOTON II CPAD diffractometer 

equipped with Incoatech multilayer mirrors optics. The intensity 
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measurements were carried out with Mo micro-focus sealed tube diffraction 

source (MoK= 0.71073 Å) at 100(2) K temperature. The X-ray generator 

was operated at 50 kV and 1.4 mA. A preliminary set of cell constants and 

an orientation matrix were calculated from three sets of 36 frames. Data 

were collected with  and  scan width of 0.5° at different settings of ,   

and 2 keeping the sample-to-detector distance fixed at 5.00 cm.  The X-

ray data collection was monitored by the APEX3 program (Bruker, 2016).26 

All the data were corrected for Lorentzian, polarization, and absorption 

effects using SAINT and SADABS programs (Bruker, 2016). Using the 

APEX3 (Bruker) program suite, the structure was solved with the ShelXS-

97 (Sheldrick, 2008)27 structure solution program, using direct methods. 

The model was refined with a version of ShelXL-2013 (Sheldrick, 2015)28 

using Least Squares minimization.  All the hydrogen atoms were placed in 

a geometrically idealized position and constrained to ride on its parent 

atoms. An ORTEP III29 view of the compound was drawn with 50% 

probability displacement ellipsoids, and H atoms are shown as small 

spheres of arbitrary radii. The compound 3a crystallized in monoclinic 

chiral space group P21 containing three molecules in the asymmetric unit 

which are labelled as unprimed, primed, and double primed.  

2.2.5. Phosphorescence experiments 

All phosphorescence experiments of all crystals have done by keeping the same 

experimental parameters. The window of maximum delay after flash was kept 

0.3-2 ms for RT phosphorescence measurements. 

The photophysical parameters were calculated using the following equations. 

 

kr
Fluo = φFluo/τFluo 
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                                                   knr
Fluo = (1-φPhos-φFluo)/τFluo  

                                                   kisc = φPhos/ τFluo 

                                                   kr
Phos = φPhos/ τPhos 

                                                   knr
Phos = (1-φPhos)/τPhos 

Where, 

kr
Fluo = Radiative rate constant of fluorescence 

knr
Fluo = Non-radiative rate constant of fluorescence 

kr
Phos = Radiative rate constant of phosphorescence 

knr
Phos = Non-radiative rate constant of phosphorescence 

φFluo = Fluorescence quantum yield  

φPhos = Phosphorescence quantum yield 

τFluo = Fluorescence lifetime 

τPhos = Phosphorescence lifetime 

 

2.3. Synthesis 

Synthesis and characterization of molecule carbazole30 and 131 are conducted 

according to the reported procedures. 

2.3.1. Procedure for synthesis of 9H-carbazole-30 

In a microwave tube, 2-aminobiphenyl (100 mg, 456.57 µmol) was dissolved in 

glacial acetic acid (5 mL) and then Pd(OAc)2 (26.53 mg, 118.18 µmol), IMes·HCl 

(9 mg, 29.55 µmol), and H2O2 (35 %, 0.158 mL, 2.36 mmol) were added. The 

vial was sealed, whereupon a magnetic stirrer bar was transferred to the tube. The 

tube was submerged in the microwave cavity for 20 min at 120 °C. Then, the 

acetic acid solvent was removed under reduced pressure. The crude product was 

dissolved in EtOAc (25 mL) and washed with water (20 mL). The aqueous phase 
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was extracted with EtOAc (2x20 mL). The combined layer was washed with 

aqueous NaHCO3 (20 mL). The organic layer was filtered through a pad of Celite 

and dried with Na2SO4. The solvent was evaporated under reduced pressure. The 

crude product was purified by column chromatography using petroleum 

ether:EtOAc mixture to obtain the target compound, as white coloured solid, 

Yield-62.4 mg, 80%. 

 

 

Scheme 1. Synthetic Scheme for carbazole and target molecules 1-3b. 
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1H NMR (DMSO-d6, 400MHz): δ = 11.24 (br. s., 1 H), 8.10 (d, J = 7.8 Hz, 2 H), 

7.48 (d, J = 8.0 Hz, 2 H), 7.34 - 7.41 (m, 2 H), 7.12 - 7.18 (m, 2 H) ppm. 

13C NMR (DMSO-d6, 100MHz): δ = 139.7, 125.5, 122.4, 120.1, 118.5, 110.9 

ppm. 

 

2.3.2. Procedure for synthesis of 9-hexyl-9H-carbazole (1)-31 

In two-neck round bottom flask were placed carbazole (5.00 g, 0.0299 mol), 1-

bromohexane (3.53 mL, 0.0389 mol), KOH (2.18 g, 0.0389 mol), TBAB 

(tetrabutylammonium bromide, 0.964 g, 0.00299 mol), and DMF (50 mL). 

Obtained mixture was stirred at 70 oC for 24 hours. After cooling down, water 

and chloroform were added (each 100 mL) and thoroughly shaken. Organic layer 

was separated, and inorganic layer was extracted again with chloroform (100 

mL). Combined organic extracts were washed with water (100 mL), two times 

with NaCl saturated solution (2 x 100 mL) and finally dried with anhydrous 

Na2SO4. Yellowish oil was subjected to column chromatography on silica gel, 

using petroleum ether as a mobile phase as a white solid, yield-5.56 gm, 89 %. 

 

1H NMR (400MHz, CDCl3, 25 oC): δ = 8.15 (d, J = 8.0 Hz, 2 H), 7.48 - 7.53 

(m, 2 H), 7.44 (d, J = 8.0 Hz, 2 H), 7.25 - 7.29 (m, 2 H), 4.33 (t, J = 7.4 Hz, 2 H), 

1.91 (quin, J = 7.4 Hz, 2 H), 1.40 - 1.47 (m, 2 H), 1.31 - 1.39 (m, 4 H), 0.91 (t, J 

= 7.1 Hz, 3 H) ppm. 

13C NMR (100MHz, CDCl3, 25 oC): δ = 140.66, 125.78, 123.05, 120.56, 118.91, 

108.87, 43.31, 31.83, 29.16, 27.21, 22.78, 14.24 ppm. 

HR-MS-(ESI+): calculated for C18H22N [M+H]+ = 252.3730, found 252.1747. 
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2.3.3. Procedure for synthesis of (9-Hexyl-9H-carbazol-3-

yl)(phenyl)methanone (2)- 

Benzoyl chloride (462 L, 3.98 mmol) and anhydrous aluminium chloride (530 

mg, 3.98 mmol) in dry CH2Cl2 (15 mL) were placed in two-neck round bottom 

flask at 0 oC for 30 min. to this reaction mixture add dropwise 9-hexyl-9H-

carbazole (1 gm, 3.98 mmol) CH2Cl2 solution for 15 min. Keep reaction mixture 

for 24 hours at 30 oC. Reaction mixture was quenched by slow addition of 

saturated ammonium hydroxide (caution: reaction is highly exothermic). The 

reaction mixture was extracted with CH2Cl2 (3x100 mL), and dried with 

anhydrous Na2SO4. After evaporation of the solvent, the crude product was 

purified by column chromatography using petroleum ether: CH2Cl2 mixture (1:1), 

as off white coloured solid, Yield-0.85 gm (60%). 

 

1H-NMR (400 MHz, CDCl3, 25 oC): δ 8.60 (s, 1 H), 8.10 (d, J = 7.9 Hz, 1 H), 

8.03 (d, J = 8.5 Hz, 1 H), 7.84 (d, J = 7.3 Hz, 2 H), 7.56 - 7.62 (m, 1 H), 7.50 (t, 

J = 7.6 Hz, 3 H), 7.41 - 7.47 (m, 2 H), 7.24 - 7.29 (m, 1 H), 4.32 (t, J = 7.3 Hz, 2 

H), 1.89 (quin, J = 7.3 Hz, 2 H), 1.37 - 1.42 (m, 2 H), 1.25 - 1.34 (m, 4 H), 0.83 

- 0.90 (t, J = 7.1 Hz, 3 H) ppm. 

13C-NMR (100 MHz, CDCl3, 25 oC): δ = 196.6, 143.0, 141.1, 139.1, 131.6, 

129.9, 128.4, 128.4, 128.1, 126.4, 124.0, 123.1, 122.4, 120.7, 119.9, 109.2, 108.2, 

43.3, 31.5, 28.9, 26.9, 22.5, 14.0 ppm. 

HR-MS-(ESI+): calculated for C25H26NO [M+H]+ = 356.4810 found 356.2009. 

 

General procedure for 3a-b. 
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Benzoyl chloride and anhydrous aluminium chloride in dry CH2Cl2 were placed 

in two-neck round bottom flask at 0 oC for 30 min. to this reaction mixture add 

dropwise 9-hexyl-9H-carbazole CH2Cl2 solution for 15 min. Keep reaction 

mixture for 24 hours at 30 oC. Reaction mixture was quenched by the slow 

addition of saturated ammonium hydroxide (caution: reaction is highly 

exothermic). The reaction mixture was extracted with CH2Cl2 (3X100 mL), and 

dried with anhydrous Na2SO4. After evaporation of the solvent, the crude product 

was purified by column chromatography using petroleum ether:CH2Cl2 mixture. 

 

2.3.4. Synthesis of (9-hexyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) 3a-  

9-hexyl-9H-carbazole (1 gm 3.98 mmol), Benzoyl chloride (1.3 mL, 11.93 

mmol), anhydrous aluminium chloride (2.65 gm, 19.89 mmol), dry CH2Cl2 (30 

mL), yellow coloured solid, Yield-1.25 gm (68%). 

 

1H NMR (400 MHz, CDCl3, 25 oC): δ = 8.60 (s, 2 H) 8.09 (d, J = 8.54 Hz, 2 H) 

7.85 (d, J = 7.32 Hz, 4 H) 7.59 - 7.64 (m, 2 H) 7.53 (t, J = 7.32 Hz, 6 H) 4.40 (t, 

J = 7.32 Hz, 2 H) 1.90 - 1.99 (m, 2 H) 1.41 - 1.48 (m, 2 H) 1.28 - 1.38 (m, 4 H) 

0.86 - 0.92 (t, J = 7.1 Hz, 3H) ppm. 

13C NMR (100MHz, CDCl3, 25 oC): δ = 196.7, 144.0, 138.9, 132.2, 130.2, 

129.9, 129.3, 128.6, 124.4, 123.0, 109.2, 44.0, 31.8, 29.2, 27.2, 22.8, 14.3 ppm. 

HR-MS-(ESI+): calculated for C32H30NO2 [M+H]+ = 460.5890 found 460.2271. 

 

2.3.5. Synthesis of (9-hexyl-9H-carbazole-3,6-diyl)bis((4-

bromophenyl)methanone) (3b)- 
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9-hexyl-9H-carbazole (1 gm, 3.98 mmol), 4-bromobenzoyl chloride (2.01 gm, 

9.15 mmol) anhydrous aluminium chloride (2.65 gm, 19.89 mmol), dry CH2Cl2 

(30 mL),  light yellow coloured solid, Yield-1.72 gm (70%). 

 

 

1H NMR (500 MHz, CDCl3, 25 oC): δ = 8.56 (s, 2 H), 8.05 (dd, J = 8.4, 1.5 Hz, 

2 H), 7.72 (d, J = 8.4 Hz, 4 H), 7.67 (d, J = 8.4 Hz, 4 H), 7.53 (d, J = 8.4 Hz, 2 

H), 4.41 (t, J = 7.2 Hz, 2 H), 1.89 - 2.00 (m, 2 H), 1.39 - 1.47 (m, 2 H), 1.29 - 

1.38 (m, 4 H), 0.88 (t, J = 7.1 Hz, 3 H) ppm. 

13C NMR (125MHz, CDCl3, 25 oC): δ = 195.5, 144.1, 137.6, 131.9, 131.7, 129.5, 

129.2, 127.2, 124.2, 122.9, 109.3, 44.0, 31.7, 29.2, 27.1, 22.7, 14.2 ppm. 

HR-MS-(ESI+): calculated for C32H28Br2NO2 [M+H]+ = 618.3810 found 

618.0461.  
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2.4. Result and discussions 

Among the potential RTP candidates, carbazole has undergone diverse 

functionalization using various combinations of heavy atoms and other functional 

groups to achieve UOP (Table 2).[8c,9b,10d,10e] We planned to study the effect of 

phenylmethanone functionalization on the RTP features of 9-hexylcarbazole, 

which exhibits a very low RTP lifetime.[14] Our design strategy comprised of, i. 

N-alkylation of carbazole to enhance the solubility and impart alkyl-π interaction 

to promote crystallization, ii. phenylmethanone unit to support a (strain-induced) 

crystalline assembly formation and stabilize the triplet state by providing hybrid 

(n,π*) and (π,π*) configurations for UOP.[15] Accordingly, a series of 9-

hexylcarbazole molecules with phenylmethanone units at 3 and 3,6-positions 

were synthesized and unambiguously characterized by 1H and 13C nuclear 

magnetic resonance spectroscopies and high-resolution mass spectrometry 

(Scheme 1). The presence of multi-step synthesis and purification by silica gel 

column chromatography enabled us to achieve the target molecules in pure form. 

While our study was progressing, Chen et al., reported the effect of impurity on 

the afterglow property of carbazoles.[16] In the purview of this report, we 

synthesized carbazole in our lab using reported protocols[17] and confirmed the 

purity by high-performance liquid chromatography (HPLC) using acetonitrile-

water mixture (same condition described in the report) (Scheme 1). After 

purification by silica gel column chromatography and confirmation of the purity, 

the lab synthesized carbazole was used for further functionalization. The final 

molecules were also purified similarly and confirmed the purity by HPLC before 

starting optical experiments. We compared the results of target molecules 

synthesized using (purified) commercial and lab synthesized carbazoles, and no 

appreciable differences were observed. Hence, we would like to mention that the 

concerns related to the effect of impurity on the present work, if any, are not valid. 
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Figure 2.2. Thermogravimetric analysis of 1-3b. 

 

 
Figure 2.3. DSC thermograms of a) 1, b) 2, c) 3a, d) 3b in the heating trace 

(second cycle) at a scanning rate of 10 oC/min. 
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After the complete characterization of the molecules, we checked the 

thermal stability and followed by optical properties. Thermogravimetric analysis 

indicated the enhanced stability upon moving from molecule 1 to 3b, indicating 

the importance of substitution on 9-hexylcarbazole (Figure 2.2). We observed a 

similar trend in the melting point of 1-3b in differential scanning calorimetry 

experiments as well (Figure 2.3). 

 

Figure 2.4. Normalized a) absorption, steady-state emission spectra at b) RT c) 

77 K of 1-3b in MTHF solution (C = 1 x 10-5 M, l = 1 cm, λex = 294 nm for 1 and 

352 nm for 2-3b). d) Emission lifetime decay profile of 1-3b in MTHF solution 

(C = 1 x 10-5 M, l = 1 cm, λex = 374 nm, λmon = 368 nm for 1 and 408 nm for 2-

3b). 

Absorption features of all the luminogens 1-3b in 2-methyltetrahydrofuran 

(MTHF) have not varied significantly (Figure 2.4a), compared to 1, the 

fluorescence spectra of 2-3b showed a bathochromic shift of 50 nm due to the 

increasing electron-withdrawing ability of the carbonyl groups (Figure 2.4b and 
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Table 3). An increase in the number of benzoyl groups did not alter the 

fluorescence maximum of 2-3b in MTHF. Fluorescence lifetime decay profiles 

in MTHF show that the higher lifetime component varied as 4.11 ns (1), 6.39 ns 

(2), 6.04 ns (3), and 6.38 ns (4) (Figure 2.4d, Table 4 and Table 6). Both red-

shifted fluorescence maximum and enhanced fluorescence lifetime for molecules 

2-3b points to the effect of benzoylation on carbazole. A comparison of the 

fluorescence spectra of the MTHF solution at RT (298 K) and 77 K indicates that 

1 exhibited additional long-wavelength peaks (400-550 nm) along with a 

fluorescence peak at 370 nm, whereas a completely red-shifted fluorescence peak 

appeared for molecules 2-3b (Figure 2.4c). The fluorescence spectra of 2-3b both 

at RT and 77 K match with the red-shifted peak of 1 between 400-550 nm at 77 

K (Figure 2.4c). 

 

Figure 2.5. Fluorescence microscope images of the crystals of a) 1, b) 2, c) 3a, 

d) 3b grown from CH2Cl2, λex = 445 nm for 1 and 515-565 nm for 2-3b. 

a) b)

c) d)
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In order to study further, all molecules were crystallized from CH2Cl2, and the 

morphology was visualized by fluorescence microscopy (FM) (Figure 2.5), 

scanning and transmission electron microscopy (SEM and TEM) images. It was 

found that molecules 1-3a formed crystalline rods, whereas flat sheets were 

formed by 3b. The bulk purity and ordering of the molecules were confirmed by 

matching the experimental and theoretical powder X-ray diffraction patterns. 

 

Figure 2.6. Normalized solid-state a) absorption b) emission spectra of 1-3b 

crystals at RT. c) Photographs of 1-3b under UV light (365 nm). 
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(λmax = 390 nm), 2 and 3b (λmax = 425 and 490 nm) (Figure 2.6b). Similarly, 
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lifetime was monitored at the fluorescence maxima. Hence, to find out the 

fluorescence lifetime, the measurement was carried out by monitoring at lower 

wavelengths and the longer lifetime component varied as 11.1 ns (87%) for 1, 

1.88 ns (17%) for 2, 3.37 ns (59%) for 3a, and 3.23 ns (75%) for 3b (Table 4). 

 

Figure 2.7. Comparison of the normalized crystal state emission spectra of a) 1, 

b) 2, c) 3a and d) 3b at RT and 77 K. 
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visualized by phosphorescence lifetime measurement, and it varied as 5.1, 16.6, 

4171, and 114.5 ms for 1-3b, respectively (Figure 2.8c-f and Table 5,6). Molecule 

3a exhibited a longer phosphorescence lifetime with afterglow for  12 s upon 

excitation after just dipping in liquid nitrogen. The phosphorescence quantum 

yield of the crystals varied as 1 (3.36 %), 2 (0.85 %), 3a (11.25 %) and 3b 

(5.15 %) (Table 6). The observed enhancement in the phosphorescence lifetime 

of 3a raised curiosity about the excited triplet state of this particular molecule, 

and hence we decided to study it in detail.  

Time-dependent density functional theory (TD-DFT) computations at the 

B3LYP/6-31G(d) level of theory for single-molecule in vacuum show that the 

electron density of the HOMO is located on the carbazole moiety and the LUMO 

is delocalized over the entire molecule with a considerable extension to the 

phenylmethanone group (Figure 2.9). The low-lying excited electronic states 

mainly result from well-described π-π* transitions along with a significant 

contribution from the n-π* character. On examining the relative computed 

energies for the singlet (Sn) and triplet (Tn) states for 3a, it has been found that 

there are many triplet states (T4-T9) nearly degenerate with the first singlet excited 

state (S1) (Figure 2.9). As the phenylmethanone functionalization increases, an 

intense mixing of nearly degenerate excited singlet and triplet states were 

observed, which could bring out a natural competition between ISC and RISC 

(Figure 2.9). The energetic proximity of the singlet and the triplet manifold 

potentials established a small ΔEST. Thus it appears that molecules 2-3b have 

energetically well-matched states that enable efficient singlet-triplet or triplet-

singlet crossings. Once T4-T9 levels are populated, relaxation through the triplet 

manifold to the T1 state leads to phosphorescence. Besides, we have to consider 

the strong possibility of RISC in a competitive pathway to exhibit DF. The ΔES1T1 

values calculated for the monomer from DFT and phosphorescence spectra varied 

as 0.72 and 0.32 eV, respectively (Figure 2.8a and 2.9). It shows that the 
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aggregation of 3a with the assistance of intermolecular interactions reduces 

ΔES1T1 to facilitate both ISC and RISC. 

 

Figure 2.8. a) Phosphorescence spectra and corresponding b) normalized spectra 

of 1-3b crystals at RT in air, Phosphorescence lifetime decay of c) 1, d) 2, e) 3a, 

f) 3b at RT (λex = 352 nm, λmon = 390 nm for 1, 425 nm for 2, 517 for 3a, and 480 

nm for 3b). 

τ = 16.6 ms

0 20 40 60 80 100

1

2

3

R
2
 = 0.93

L
o

g
 C

o
u

n
ts

Time (ms)

 2

 Fit

0 10 20 30 40

100

1000

L
o

g
 C

o
u

n
ts

Time (ms)

 1

 Fit

R
2
 = 0.98

τ = 5.1 ms

0 4000 8000 12000

2000

3000

4000

5000

R
2
 = 0.99

L
o

g
 C

o
u

n
ts

Time (ms)

 3a

 Fit

τ = 4171 ms

0 100 200 300 400

200

400

600

R
2
 = 0.96

L
o

g
 C

o
u

n
ts

Time (ms)

 3b

 Fit

τ = 114.5 ms

c) d)

e) f)

400 500 600 700
0

2

4

 1

 2

 3a

 3b

 

 

In
te

n
s

it
y

 (
P

h
o

s
.)

Wavelength (nm)
400 500 600 700

 

 1

 2

 3a

 3b

 

N
o

rm
. 
P

h
o

s
. 
In

te
n

s
it

y

Wavelength (nm)

a) b)



Chapter-2 Self-assembled Helical Arrays for Stabilizing the Triplet State 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 153 

 

Figure 2.9. Calculated a) energy level diagram showing ΔEST for 3a from DFT 

calculations along with b) probable electronic transitions and c) involved frontier 

molecular orbitals. 
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Single-crystal X-ray analysis has been employed to get a deeper structure-

property correlation of 1-3b (Figure 2.10 and 2.11). The unit cell of 3a contains 

six molecules arranged in a helical way in two rows along b axis using various 

intermolecular interactions (Figure 2.10b). An extended molecular array was 

formed by the arrangement of molecules mainly through π-π interaction (3.34 Å) 

between carbazole and phenylmethanone units of adjacent molecules (along b-

axis) (Figure 2.10a-c). This one-dimensional (1D) helical array is stabilized with 

the help of CH···π interaction (2.88 Å) between the alkyl chain on carbazole and 

phenylmethanone unit in the adjacent helical columns to form a three-

dimensional network structure. We strongly believe that this kind of space-filled 

packing (Figure 2.10c) rigidifies the molecular conformations and remarkably 

blocks the nonradiative decay pathways. The dihedral angle between the aryl 

groups and carbonyl subunits was found to be around 30° and it enables efficient 

electronic communication between carbazole and phenylmethanone via 

conjugation (Figure 2.10d). It can be anticipated that better communication 

between the (n,π*) from the ˃C=O and (π,π*) of carbazole could result in hybrid 

triplet states. The helical array of 3a was confirmed by the solid-state circular 

dichroism (CD) spectrum (Figure 2.10e). A bisignated CD signal observed points 

to the right-handed helical array of molecules (Figure 2.10a,e). However, no such 

helical array is present in the case of 1, 2, and 3b, and mainly, a loosely packed 

crystalline assembly was observed (Figure 2.11). Especially 3b packs in a kind 

of slipped molecular arrangement with a carbazole-carbazole distance of 5.7 Å 

(Figure 2.11c). Hence, the helical array of 3a is responsible for the enhanced RTP 

through an efficient space-filled molecular packing by using maximum 

intermolecular interactions (Figure 2.10a-c). 
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Figure 2.10. (a) The extended molecular packing of 3a forming the helical 1D-

array in the b-axis. (b) Six adjacent helical arrays of 3a leading to extended 

columnar packing in the c-axis. (c) All possible intermolecular interactions in a 

unit cell of 3a and (d) crystal structure of 3a showing the dihedral angles. (e) The 

solid-state CD spectrum of 3a crystals at RT. 
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coworkers reported the impact of a strain-induced helical twist on the electronic 

structure that leads to triplet state stabilization of cethrene, a dibenzo-annulated 

[5]helicene derivative.[18c,d] Hence, the stabilization of the triplet state of 3a is 

strongly supported by the presence of strained helical arrays. In addition, we have 

tested the emission of 3a in poly(methyl methacrylate) (PMMA) matrix and 

found that the spectral feature has been significantly changed, and the lifetime 

also drastically decreased (8.15 ms) due to the lack of specific molecular 

ordering. 

 

Figure 2.11. The molecular packing of (a) 1 (b) 2 and (c) 3b in the unit cell. 
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at 532 and 633 nm using a 10X, 0.3 NA objective lens[20] and found that the micro 

rods exhibited intense green and red emissions at the distal end, respectively, with 

characteristic features of the optical WG (Figure 2.12a). The maximum 

phosphorescence intensity at the distal end was observed when it is excited with 

polarization along the long axis of the rod, and it has been significantly reduced 

in the perpendicular polarization. Since molecule 3a is RTP active, it is obvious 

that the phosphorescence of 3a propagates along the long axis of the single crystal 

rods (Figure 2.12b). The self-waveguided phosphorescence was imaged on a rod 

with an excitation spot (λ = 532 nm) positioned at different distances from the 

end of the rod (Figure 2.12b).  
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Figure 2.12. (a) Passive waveguiding properties of the crystal of 3a upon 

excitation at 532 (above) and 633 nm (below). (b) Phosphorescence waveguiding 

by the single crystalline rods of 3a. (c) The red-shifted phosphorescence observed 

at the distal end of the crystal compared to the body (λex = 532 nm). (d) Schematic 

of the helical array of 3a leading to triplet exciton migration. 

The propagation loss coefficient calculated for phosphorescence of 3a by 

measuring the intensity at the distal end and the distance from the excitation point 

is approximately 0.028 dB/m. In order to distinguish between the optical WG 

and exciton migration, we checked the difference in emission from the body and 

tip of the rods. A red-shifted phosphorescence at the distal end of the crystal 

compared to the body at RT was observed (Figure 2.12c).[21] The red-shifted 

emission is due to the triplet exciton migration[21,22] from the body to the tip of 3a 

single crystal rods and thereby actively supports the long-lived phosphorescence 

(Figure 2.12d). In the case of other molecules, only waveguiding and no exciton 

migration was observed, and it points to the critical supportive role of molecular 

packing assisted exciton migration in achieving a longer phosphorescence 

lifetime.  

TD-DFT studies revealed a qualitative picture of the equal possibility of ISC 

and RISC for 3a due to the presence of energetically matching singlet and triplet 

levels. Even though a shorter component is noticed, the unambiguously 

confirmed long-lived phosphorescence decay supersedes it with the support of 

triplet exciton migration through helical molecular arrays. The afterglow 

observed for more than 12 s after just dipping in liquid nitrogen supports the 

suppression of RISC and thereby endorses improved radiative decay through the 

triplet manifolds at low temperatures. The efficient molecular ordering in the 

helical array of 3a ensures that the populated triplet decays very slowly. Here T1 

acts as a trap state and plays a vital role in triplet exciton migration, as revealed 

by the WG results. Hence, it can be concluded that the peculiar helical molecular 

packing results in a long phosphorescence lifetime of 3a compared to other 
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molecules in the series, and it is substantiated by the crystal structure and 

phosphorescence lifetime. In all other cases, the triplet states mostly undergo 

nonradiative internal conversions compared to radiative transitions. 

Table 1. Details of the organic phosphors exhibiting phosphorescence lifetime 

above 1 s.  

 
Sl. 

No

. 

Molecule Lifetime Reason Reference 

1.   

 

1.05 s 

(DPhCzT) 

 

1.35 s (DECzT) 

Effective stabilization 

of triplet excited states 

through strong 

coupling in H-

aggregated molecules 

Nat. Mat., 

2015, 14, 685-

690. 

2.  

 
Cocrystal of molecule 1CA and 

trichloromethane 

1.7 s  

(1CA) 

Strong interaction 

between 1CA and 

trichloromethane 

through hydrogen 

bonding. 

Adv. Opt. 

Mater., 2015, 

3, 1184-1190. 

3.  

 

0.99 s  

(IPA) 

1.1 s  

(PMA) 

Nuclear spin 

magnetism-assisted 

spin exchange of a 

radical ion pair 

Phys. Chem. 

Chem. Phys., 

2015, 17, 

15989-15995. 

4.  

 

1.2 s  

(PB) 

 

1.6 s  

(PDBEG) 

Charge transfer (CT) 

assist for the 

prolonged 

phosphorescence 

lifetime 

ChemPhotoCh

em., 2017, 1, 

102 -106 

5.  

 

2.24 s 

(PBA-MeO) 

1.11 s 

(PBA-EtO) 

1.28 s 

(PBA-BuO)  

1.34 s 

(PBA-F) 

1.96 s 

(tPBA-F) 

 

Rigid conformation 

and expanded 

conjugation induced 

by molecular 

alignment contribute 

to the persistent RTP. 

And strong 

intermolecular 

interactions via 

hydrogen bonding. 

Chem. Sci., 

2017, 8, 8336-

8344. 
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6.  

 

2.5 s 

(24FPB) 

Stabilisation of triplet 

excited state by H-

aggregation and 

additional O-H…F 

interactions in crystal 

state 

Adv. Optical 

Mater., 2019, 

1800820. 

 

7.   

 

 

2.00 s 

(ME-IPA) 

 

Thermally activated 

delayed florescence 

(TADF)-assisted 

Förster resonance 

energy transfer upto 

76% leads to 2 s 

lifetime. 

J. Am. Chem. 

Soc., 2018, 

140, 10734-

10739. 

 

Adv. Funct. 

Mater., 2019, 

29, 1807599. 

8.   

 

2.45 s (DMOT) 

 

Molecular movement 

in the same plane and 

H-aggregation are 

responsible for the 

tunable UOP under 

study. 

Nat. 

Photonics, 

2019, 13, 406-

411. 

9.  

 

1.74 s 

(Hydantoin) 

1.27 s 

(MDHA) 

Stabilisation of triplet 

state by abundant 

intermolecular 

interactions and 

fragmental packing in 

the crystal state 

Mater. Horiz. 

2020, 7, 2105-

2112. 

10.  

 

4171 ms 

 

Triplet exciton 

migration in helical 

arrays 

This work 

 

 

Table 2. Details of the carbazole-based phosphors exhibiting phosphorescence 

lifetime above 500 ms.  
 

Molecules λem (nm) p (%) τ (ms) Reference 

 

 

555 

 

 

- 

 

 

910 

 

 

J. Phys. Chem. Lett. 2018, 9, 

335-339. 

 

 

550 

 

 

- 

 

 

540 

 

 

Chem. Commun. 2015, 51, 

10381-10384. 

 

 

530 

 

 

 

 

0.7 

 

 

 

 

646 

 

 

 

 

 

 

Adv. Mater. 2017, 29, 

1606829. 
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570 

 

8.3 

 

847 

 

 

 

 

 

536 

 

 

 

 

3.4 

 

 

 

 

667 

 

 

 

 

Adv. Mater. 2017, 29, 

1701244. 

 

 

 

 

552 

 

 

 

1.4 

 

 

 

518 

 

 

 

Adv. Mater. 2015, 27, 6195-

6201. 

 

 

553 - 1.7 s  

 

Adv. Opt. Mater. 2015, 3, 

1184-1190. 

 

 

 

530 

 

 

 

 

529 

 

 

1.25 

 

 

 

 

0.3 

 

 

1066 

 

 

 

 

710 

 

 

 

 

Nat. Mater. 2015, 14, 685-

690. 

 

 

 

 

534 

 

 

 

1.59 

 

 

 

861 

 

 

 

Adv. Mater. 2017, 29, 

1606665. 

 

 

 

546 

 

 

38.1 

 

 

560 

 

 

J. Phys. Chem. Lett. 2019, 10, 

595-600. 
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546 

 

 

 

 

534 

 

 

 

 

553 

 

 

 

1.36 

 

 

 

 

1.70 

 

 

 

 

1.63 

 

 

 

650 

 

 

 

 

789 

 

 

 

 

632 

 

 

 

 

 

 

 

 

J. Mater. Chem. C 2018, 6, 

226-233. 

 

 

 

 

550 

 

 

 

 

545 

 

 

2.0 

 

 

 

 

2.1 

 

 

619.2 

 

 

 

 

795 

 

 

 

 

Angew. Chem. Int. Ed. 2018, 

57, 7997-8001. 

 

 

 

529 

 

5.7 

 

 

710.6 

 

Adv. Mater. 2019, 1807222. 

 

550 - 603 Angew. Chem. Int. Ed. 2020, 

59, 4756-4762. 

 

545 3.42 530 Angew. Chem. Int. Ed. 2020, 

59, 17451-17455. 

 

550 21.3 846.4 Adv. Optical Mater. 2020, 

2001685. 

 

556 7.5 764 J. Mater. Chem. C, 2020, 8, 

17410-17416. 



Chapter-2 Self-assembled Helical Arrays for Stabilizing the Triplet State 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 163 

 

553 5.1 810 Adv. Optical Mater. 2021, 

2001549. 

 

543 - 610 Angew. Chem. Int. Ed. 2021, 

60, 24984-24990. 

 

 

 

521 

 

 

30 

 

 

4171 

 

 

This work 

 

Table 3. Photophysical properties of compounds 1-3b in MTHF (1x10-5 M) and 

solid. 

Compound  λab (nm) Log ε λem (nm)  (%) 

1 

Solution 294 4.74 368 - 

Solid 296 - 390 59.00 

2 

Solution 352 3.99 408 - 

Solid 313 - 425 03.68 

3a 

Solution 352 4.11 408 - 

Solid 315 - 517 13.58 

3b 

Solution 352 4.33 408 - 

Solid 310 - 480 27.14 

 

Table 4. Fluorescence lifetime of 1-3b in MTHF solution and crystal-state. 



Chapter-2 Self-assembled Helical Arrays for Stabilizing the Triplet State 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 164 

Compound λex 
Lifetime (ns) 

(solution) 
λex 

Lifetime (ns) 

(crystal-state) 

1 368 nm 
0.034 (64.37%) 

4.11 (35.63%) 
390 nm 11.09 

2 408 nm 
1.21 (43.17%) 

6.39 (56.83%) 
425 nm 1.36 

3a 408 nm 
1.15 (46.42%) 

6.04 (53.58%) 
517 nm 2.92 

3b 408 nm 
1.24 (42.85%) 

6.38 (57.15) 
480 nm 2.53 

 

Table 5. Phosphorescence lifetime of 1-3b in crystal state.  

Compound λex Lifetime (ms) R2 

1 390 nm 
0.71 (16.87%) 

5.11 (83.13%) 
0.98 

2 425 nm 
2.00 (22.98%) 

16.63 (77.02%) 
0.93 

3a 517 nm 
106.47 (84.36%) 

4171.00 (15.64%) 
0.99 

3b 480 nm 
10.66 (76.5%) 

114.46 (23.5%) 
0.96 

 

Table 6. Photophysical parameters of compounds 1-3b based on fluorescence 

and phosphorescence experiments in the crystal state.  

 

Molecules 
QYFl 

[%] 

Fl 

[ns] 

knr, Fl [× 

109 S-1] 

kr,Fl [× 

109 S-1] 

kisc [× 

107 S-1] 

QYPhos 

[%] 

Phos 

[ms] 

knr, Phos 

[S-1] 

kr, Phos  

[S-1] 

1 59.00 11.09 0.033 0.053 0.302 3.36 5.1 189.4 6.50 

2 03.68 1.36 0.701 0.027 0.625 0.85 16.6 59.72 0.51 

3a 13.58 2.92 0.257 0.046 3.85 11.25 4171 0.212 0.026 
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3b 27.14 2.53 0.267 0.107 2.03 5.15 114.5 8.28 0.44 

 

2.5. Conclusion  

In summary, we have reported a new series of phenylmethanone functionalized 

N-alkylated carbazoles exhibiting UOP. A helical array by the peculiar molecular 

packing of 3,6-bis(phenylmethanone) substituted 9-hexylcarbazole in the crystal 

state enabled to mix-up of the singlet-triplet states to create hybrid triplets to 

enhance the intersystem crossings. By optimizing the molecular structure and a 

strained crystal packing, a metal- and heavy atom-free carbazole derivative 

resulted in a significant improvement of phosphorescence lifetime and quantum 

yield. A combined experimental and theoretical study sheds light on the 

stabilization of the triplet state by the helical arrays, and the presence of triplet 

exciton migration results in the longer phosphorescence lifetime, so far reported 

for a single molecule crystal. The findings put forth a new strategy of helical 

arrays to support long-lived phosphorescence under ambient conditions and 

definitely will invoke the development of new organic phosphors. 
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Chapter-3 

Room-Temperature Phosphorescence from Metal-

Free Organic Phosphors 

 

 

 

The room-temperature phosphorescence of metal and heavy atom-free organic 

molecules has attracted increasing attention due to its peculiar photophysical 

properties. Besides, organic phosphors found potential applications in organic 

optoelectronics, anti-counterfeiting, organic light-emitting diodes, chemo- and 

biosensors, bioimaging, data recording, and security protection in recent years. A 

logical design of organic molecules played an important role in controlling the 

molecular ordering to provide efficient intersystem crossing and stabilize the 

triplet state to achieve room-temperature ultralong phosphorescence. As an 

extension of the previous chapter, herein, we explored the variation of the alkyl 

chain and chirality-induced room temperature phosphorescence from 

phenylmethanone containing carbazole-based organic phosphors. The variation 

of alkyl chains made an impact on photophysical properties assisted by it’s the 

molecular packing in the crystal-state. We studied not only the effect of aliphatic 

chains on 3,6-bis(phenylmethanone) substituted carbazole molecules but also the 

substitution on phenylmethanone unit to tune RTP features. Compared to other 
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candidates, molecule 14 decorated with a chiral chain shows green 

phosphorescence color spanning from 420 nm to 600 nm with a lifetime of 582 

ms. Single-Crystal structure helps to find the molecular packing involved in these 

phosphors. We believe that chiral phosphors can be explored in the circularly 

polarized phosphorescence which have received attention due to their wide 

potential applications in various research fields, including 3D-displays, optical 

data storage, information storage and processing, spintronics devices, sensors, 

security inks, and biological probes and so forth. 

 

Publication: Manuscript under Preparation  
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3.1. Introduction 

The large Stokes shift, high lifetime, and strong afterglow of RTP organic 

molecules have grabbed scientific interest because they enable applications in 

organic optoelectronics, bioimaging, sensing, anti-counterfeiting etc.[1,2] It has 

been shown that adding heavy atoms and functional groups with a lone pair of 

electrons increases the intersystem crossing rate (kISC) through strong spin-orbit 

coupling (SOC), which results in effective RTP.[3-6] Hence, diverse molecular 

designs for ultralong organic phosphorescence (UOP) have been investigated in 

this direction.[7-10] As a result, effective ways such as using molecules with n 

orbitals to lower the singlet-triplet (S-T) splitting energy and stabilise the triplet 

excited state via various interactions have been widely used.[5d] UOP materials 

have advanced significantly, and the highest lifetime reported for crystalline 

small molecule-based organic phosphor is approximately 4.1 s (Figure 3.1).[11] 

Interestingly, strategies such as H-aggregation, hydrogen bonding, energy 

transfer, charge transfer, radical ion pair, exciton migration, helical arrays etc. 

have been employed for stabilization of triplet state for a longer lifetime.[12]  

Additionally, circularly polarised luminescence (CPL) has gained popularity 

due to its potential use in optoelectronic devices,23 probes,24 3D display,25 and 

CPL lasers.26 In order to improve device performance, CPL materials should have 

strong luminescence intensity and a high dissymmetry factor (glum). The 

connection between molecular orbitals and transition dipole moments is essential 

to design CPL molecules because it is directly related to the magnitude of glum.27 

In view of this, we aim to develop a luminescent molecule containing chiral 

centers and to study how chirality affects the luminescence properties, especially 

RTP. The chirality of excited states is a powerful tool and attracts growing interest 

in the development of new optoelectronic devices. While circularly polarized 

RTP has been observed from many metal complexes, it has not been widely 

studied for metal-free aromatics molecules. Among the potential RTP candidates, 
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carbazole has undergone diverse functionalization using various combinations of 

heavy atoms and other functional groups to achieve UOP. Hence, we aim to 

develop chiral organic phosphors materials by using carbazole as the basic 

building block. 

 

Figure 2.1. a) Recent developments in the area of small molecule-based organic 

phosphors with lifetime above 4 s b) Schematic of the stabilization of the triplet 

state, leading to ultralong phosphorescence in organic molecules. 

3.2. Experimental section 

3.2.1. Crystallization 

All the single crystal samples were obtained by crystallization using a slow 

evaporation method from the CH2Cl2 solution.  

3.2.2. X-ray intensity data measurements 
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X-ray intensity data measurements of all the samples were carried out on a 

Bruker D8 VENTURE Kappa Duo PHOTON II CPAD diffractometer 

equipped with Incoatech multilayer mirrors optics. The intensity 

measurements were carried out with Mo micro-focus sealed tube diffraction 

source (MoK= 0.71073 Å) at 100(2) K temperature. The X-ray generator 

was operated at 50 kV and 1.4 mA. A preliminary set of cell constants and 

an orientation matrix were calculated from three sets of 36 frames. Data 

were collected with  and  scan width of 0.5° at different settings of ,   

and 2 keeping the sample-to-detector distance fixed at 5.00 cm.  The X-

ray data collection was monitored by the APEX3 program (Bruker, 2016).15 

All the data were corrected for Lorentzian, polarization, and absorption 

effects using SAINT and SADABS programs (Bruker, 2016). Using the 

APEX3 (Bruker) program suite, the structure was solved with the ShelXS-

97 (Sheldrick, 2008)16 structure solution program, using direct methods. 

The model was refined with a version of ShelXL-2013 (Sheldrick, 2015)17 

using Least Squares minimization. All the hydrogen atoms were placed in 

a geometrically idealized position and constrained to ride on its parent 

atoms. An ORTEP III18 view of the compound was drawn with 50% 

probability displacement ellipsoids, and H atoms are shown as small 

spheres of arbitrary radii. 

3.2.3. Phosphorescence experiments 

All phosphorescence experiments of all crystals have done by keeping the same 

experimental parameters. The window of maximum delay after flash was kept 

0.3-2 ms for RT phosphorescence measurements. 

 

3.3. Synthesis 

General procedure for the synthesis of 1-5.19 
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In a two-neck round bottom flask were placed carbazole, 1-bromoalkane, KOH, 

TBAB (tetrabutylammonium bromide), and DMF. The obtained mixture was 

stirred at 70 oC for 24 hours. After cooling down, water and CH2Cl2 were added 

and thoroughly shaken. Organic layer was separated, and inorganic layer was 

extracted again with CH2Cl2. Combined organic extracts were washed with water, 

two times with NaCl saturated solution and finally dried with anhydrous Na2SO4. 

Crude product as a yellowish oil was subjected to column chromatography on 

silica gel, using petroleum ether as a mobile phase as a white solid. 

3.3.1. Synthesis of 9-propyl-9H-carbazole (1)- 

Carbazole (100 mg, 598.05 µmol), 1-bromopropane (70.62 µL, 777.46 µmol), 

KOH (44 mg, 777.46 µmol), TBAB (20 mg, 59.80 µmol) and DMF (5 ml), white 

coloured solid, yield-110 mg (88%). 

 

1H NMR (400MHz, CDCl3, 25 oC): δ = 8.12 (d, J=8.4 Hz, 2 H), 7.42 - 7.50 (m, 

4 H), 7.21 - 7.27 (m, 2 H), 4.28 - 4.32 (t, 2 H), 1.91 - 1.98 (m, 2 H), 0.98 - 1.01 

(t, 3 H) ppm. 

13C NMR (100MHz, CDCl3, 25 oC): δ = 140.5, 125.5, 122.8, 120.3, 118.7, 108.7, 

44.6, 22.3, 11.8 ppm. 

HR-MS-(ESI+): calculated for C15H15N [M]+ = 209.2920, found 209.1199. 
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Scheme 3.1. Synthetic Scheme for target molecules 1-13. 

 

Scheme 3.2. Synthetic Scheme for target molecules 14. 



Chapter-3 RTP from Metal-free Organic Phosphors 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 178 

3.3.2. Synthesis of 9-butyl-9H-carbazole (2)- 

Carbazole (100 mg, 598.0 µmol), 1-bromobutane (83.88 µL, 777.4 µmol), KOH 

(100 mg, 1.79 mmol), TBAB (20 mg, 59.8 µmol) and DMF (5 ml), white coloured 

solid, yield- 120 mg (90%). 

 

1H NMR (400MHz, CDCl3, 25 oC): δ = 8.15 (d, J = 7.8 Hz, 2 H), 7.44 - 7.53 

(m, 4 H), 7.25 - 7.29 (m, 2 H), 4.34 (t, J = 7.1 Hz, 2 H), 1.86 - 1.94 (m, 2 H), 1.41 

- 1.49 (m, 2 H), 0.96 - 1.02 (t, 3 H) ppm. 

13C NMR (100MHz, CDCl3, 25 oC): δ = 140.4, 125.5, 122.8, 120.3, 118.7, 108.6, 

42.8, 31.1, 20.6, 13.87 ppm. 

HR-MS-(ESI+): calculated for C16H17N [M]+ = 223.3190, found 223.1356. 

 

3.3.3. Synthesis of 9-pentyl-9H-carbazole (3)- 

Carbazole (100 mg, 598.0 µmol), 1-bromopentane (96.41 µL, 777.4 µmol), KOH 

(100 mg, 1.79 mmol), TBAB (20 mg, 59.8 µmol) and DMF (5 ml), white coloured 

solid, yield-131 mg (92%). 

 
1H-NMR (400 MHz, CDCl3, 25 oC): δ = 8.13 (d, J = 7.8 Hz, 2 H), 7.51-7.47 (m, 

2 H), 7.43 (d, J = 8.2 Hz, 2 H), 7.23 - 7.27 (m, 2 H), 4.32 (t, J = 7.3 Hz, 2 H), 

1.87 - 1.95 (m, 2 H), 1.35 - 1.43 (m, 4 H), 0.88 - 0.94 (t, 3 H) ppm. 

13C-NMR (100 MHz, CDCl3, 25 oC): δ = 140.4, 125.5, 122.8, 120.3, 118.7, 

108.6, 43.0, 29.4, 28.7, 22.5, 13.9 ppm. 
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HR-MS-(ESI+): calculated for C17H19N [M]+ = 237.3460 found 237.1512. 

 

3.3.4. Synthesis of 9-heptyl-9H-carbazole (4)- 

Carbazole (100 mg, 598.0 µmol), 1-bromoheptane (122.14 µL, 777.4 µmol), 

KOH (100 mg, 1.79 mmol), TBAB (20 mg, 59.8 µmol) and DMF (5 ml), white 

coloured solid, yield- 144 mg (91%). 

 
1H NMR (400MHz, CDCl3, 25 oC): δ = 8.15 (d, J = 7.6 Hz, 2 H), 7.44 - 7.53 

(m, 4 H), 7.25 - 7.30 (m, 2 H), 4.34 (t, J = 7.2 Hz, 2 H), 1.92 (q, J = 7.6 Hz, 2 H), 

1.29 - 1.44 (m, 8 H), 0.89 - 0.92 (m, 3 H) ppm. 

13C NMR (100MHz, CDCl3, 25 oC): δ = 140.4, 125.5, 122.8, 120.3, 118.6, 108.6, 

43.1, 31.7, 29.1, 29.0, 27.3, 22.6, 14.0 ppm. 

HR-MS-(ESI+): calculated for C19H23N [M]+ = 265.4000, found 265.1825. 

3.3.5. Synthesis of 9-octyl-9H-carbazole (5)- 

Carbazole (100 mg, 598.0 µmol), 1-bromooctane (134.3 µL, 777.4 µmol), KOH 

(100 mg, 1.79 mmol), TBAB (20 mg, 59.8 µmol) and DMF (5 ml), white coloured 

solid, yield- 151 mg (90%). 
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1H NMR (400MHz, CDCl3, 25 oC): δ = 8.13 (dd, J = 7.8, 0.9 Hz, 2 H), 7.46 - 

7.51 (m, 2 H), 7.41 - 7.44 (m, 2 H), 7.22 - 7.27 (m, 2 H), 4.31 (t, J = 7.3 Hz, 2 H), 

1.85 - 1.92 (m, 2 H), 1.26 - 1.43 (m, 10 H), 0.87 - 0.92 ppm (t, 3 H). 

13C NMR (100MHz, CDCl3, 25 oC): δ = 140.4, 125.5, 122.8, 120.3, 118.6, 108.6, 

43.0, 31.8, 29.4, 29.2, 28.9, 27.3, 22.6, 14.1 ppm. 

HR-MS-(ESI+): calculated for C20H25N [M]+ = 279.4270, found 279.1979. 

 

General procedure for 6-12. 

Benzoyl chloride and anhydrous aluminium chloride in dry CH2Cl2 were placed 

in two-neck round bottom flask at 0 oC for 30 min. To this reaction mixture, added 

dropwise 9-hexyl-9H-carbazole CH2Cl2 solution for 15 min. Keep reaction 

mixture for 24 hours at 30 oC. The reaction mixture was quenched by slow 

addition of saturated ammonium hydroxide (caution: reaction is highly 

exothermic). The reaction mixture was extracted with CH2Cl2 (3x50 mL), and 

dried with anhydrous Na2SO4. After evaporation of the solvent, the crude product 

was purified by column chromatography using petroleum ether:CH2Cl2 mixture. 

 

3.3.6. Synthesis of (9-propyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) 

(6)-  

9-propyl-9H-carbazole (100 mg, 477.80 µmol), Benzoyl chloride (111.94 µL, 

1.00 mmol), anhydrous aluminium chloride (318 mg, 2.39 mmol), dry CH2Cl2 

(10 mL), yellow coloured solid, Yield- 150 mg (75%). 

 
1H NMR (400 MHz, CDCl3, 25 oC): δ = 8.60 (d, J=1.4 Hz, 2 H), 8.09 (dd, J = 

8.7, 1.8 Hz, 2 H), 7.82 - 7.87 (m, 4 H), 7.59 - 7.65 (m, 2 H), 7.55 (d, J = 2.3 Hz, 
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2 H), 7.50 - 7.54 (m, 4 H), 4.39 (t, J = 7.3 Hz, 2 H), 1.95 - 2.04 (m, 2 H), 1.03 (t, 

J = 7.6 Hz, 3 H) ppm. 

13C NMR (100MHz, CDCl3, 25 oC): δ = 196.4, 143.8, 138.6, 131.9, 129.9, 

129.6, 129.0, 128.3, 124.1, 122.7, 109.0, 45.2, 22.3, 11.7 ppm 

HR-MS-(ESI+): calculated for C29H23NO2 [M+H]+ = 418.5080 found 418.1802. 

 

3.3.7. Synthesis of (9-butyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) (7)-  

9-butyl-9H-carbazole (100 mg, 447.7 µmol), Benzoyl chloride (208.0 µL, 1.79 

mmol), anhydrous aluminium chloride (298.5 mg, 2.24 mmol), dry CH2Cl2 (10 

mL), yellow coloured solid, Yield-139 mg (72%). 

 
1H NMR (400 MHz, CDCl3, 25 oC): δ = 8.60 (d, J=1.8 Hz, 2 H), 8.06 - 8.12 (m, 

2 H), 7.82 - 7.87 (m, 4 H), 7.59 - 7.64 (m, 2 H), 7.52 - 7.55 (m, 4 H), 7.50 - 7.52 

(m, 2 H), 4.41 (t, J = 7.1 Hz, 2 H), 1.89 - 1.97 (m, 2 H), 1.41 - 1.49 (m, 2 H), 0.99 

ppm (t, J = 7.3 Hz, 3 H). 

13C NMR (100MHz, CDCl3, 25 oC): δ = 196.4, 143.7, 138.6, 131.9, 129.9, 

129.5, 129.0, 128.3, 124.1, 122.7, 108.9, 43.4, 31.0, 20.5, 13.8 ppm. 

HR-MS-(ESI+): calculated for C30H25NO2 [M+H]+ = 432.5350 found 432.1958. 

 

3.3.8. Synthesis of (9-pentyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) 

(8)-  

9-pentyl-9H-carbazole (100 mg, 421.3 µmol), Benzoyl chloride (195.7 µL, 1.69 

mmol), anhydrous aluminium chloride (224.7 mg, 1.69 mmol), dry CH2Cl2 (10 

mL), yellow coloured solid, Yield-137 gm (73%). 
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1H NMR (400 MHz, CDCl3, 25 oC): δ = 8.60 (d, J = 1.4 Hz, 2 H), 8.09 (dd, J = 

8.5, 1.6 Hz, 2 H), 7.82 - 7.88 (m, 4 H), 7.59 - 7.64 (m, 2 H), 7.52 - 7.55 (m, 4 H), 

7.50 - 7.52 (m, 2 H), 4.40 (t, J = 7.3 Hz, 2 H), 1.90 - 2.00 (m, 2 H), 1.36 - 1.45 

(m, 4 H), 0.87 - 0.93 (m, 3 H) ppm. 

13C NMR (100MHz, CDCl3, 25 oC): δ = 196.4, 143.7, 138.6, 131.9, 129.9, 

129.5, 129.0, 128.3, 124.1, 122.6, 108.9, 43.6, 29.3, 28.6, 22.4, 13.9 ppm. 

HR-MS-(ESI+): calculated for C31H27NO2 [M+H]+ = 446.5620 found 446.2111. 

 

3.3.9. Synthesis of (9-heptyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) 

(9)-  

9-heptyl-9H-carbazole (100 mg, 376.7 µmol), Benzoyl chloride (175.0 µL, 1.51 

mmol), anhydrous aluminium chloride (251.1 mg, 1.88 mmol), dry CH2Cl2 (10 

mL), yellow coloured solid, Yield-134 mg (75%). 

 
1H NMR (400 MHz, CDCl3, 25 oC): δ = 8.60 (d, J = 1.4 Hz, 2 H), 8.09 (dd, J = 

8.5, 1.6 Hz, 2 H), 7.81 - 7.89 (m, 4 H), 7.59 - 7.65 (m, 2 H), 7.52 - 7.56 (m, 4 H), 

7.51 (s, 2 H), 4.40 (t, J = 7.1 Hz, 2 H), 1.94 (quin, J = 7.3 Hz, 2 H), 1.35 - 1.45 

(m, 4 H), 1.24 - 1.32 (m, 4 H), 0.85 - 0.90 (m, 3 H) ppm. 
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13C NMR (100MHz, CDCl3, 25 oC): δ = 196.6, 143.8, 138.7, 132.0, 130.0, 

129.7, 129.1, 128.4, 124.2, 122.8, 109.0, 43.8, 31.7, 29.8, 29.1, 27.3, 22.6, 14.1 

ppm. 

HR-MS-(ESI+): calculated for C33H31NO2 [M+H]+ = 474.6160 found 474.2428. 

 

3.3.10. Synthesis of (9-octyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) 

(10)-  

9-octyl-9H-carbazole (100 mg, 357.8 µmol), Benzoyl chloride (166.3 µL, 1.43 

mmol), anhydrous aluminium chloride (238.5 mg, 1.79 mmol), dry CH2Cl2 (10 

mL), yellow coloured solid, Yield-129 mg (74%). 

 
1H NMR (400 MHz, CDCl3, 25 oC): δ = 8.59 (d, J = 1.4 Hz, 2 H), 8.09 (dd, J = 

8.5, 1.6 Hz, 2 H), 7.80 - 7.89 (m, 4 H), 7.58 - 7.65 (m, 2 H), 7.52 - 7.56 (m, 4 H), 

7.51 (s, 2 H), 4.40 (t, J = 7.1 Hz, 2 H), 1.94 (quin, J = 7.2 Hz, 2 H), 1.34 - 1.44 

(m, 4 H), 1.26 - 1.32 (m, 6 H), 0.87 (t, J = 6.9 Hz, 3 H) ppm. 

13C NMR (100MHz, CDCl3, 25 oC): δ = 196.4, 143.6, 138.6, 131.9, 129.9, 

129.5, 129.0, 128.2, 124.1, 122.6, 108.9, 43.6, 31.7, 29.2, 29.1, 28.9, 27.2, 22.5, 

14.0 ppm. 

HR-MS-(ESI+): calculated for C34H33NO2 [M+H]+ = 488.6430 found 488.2584. 

 

3.3.11. Synthesis of (9-hexyl-9H-carbazole-3,6-diyl)bis(p-tolylmethanone) 

(11)-  
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9-hexyl-9H-carbazole (1 gm 3.98 mmol), p-toluoyl chloride (1.59 mL, 11.93 

mmol) anhydrous aluminium chloride (2.65 gm, 19.89 mmol), dry CH2Cl2 (30 

mL), light yellow coloured solid, Yield-1.41 gm (72%).  

 

1H NMR (400 MHz, CDCl3, 25 oC): δ = 8.57 (d, J = 1.3 Hz, 2 H), 8.07 (dd, J = 

8.6, 1.6 Hz, 2 H), 7.77 (d, J = 8.1 Hz, 4 H), 7.51 (d, J = 8.6 Hz, 2 H), 7.33 (d, J = 

7.8 Hz, 4 H), 4.40 (t, J = 7.3 Hz, 2 H), 2.48 (s, 6 H), 1.89 - 1.99 (m, 2 H), 1.35 - 

1.48 (m, 2 H), 1.26 - 1.34 (m, 4 H), 0.86 - 0.92 ppm (t, 3 H) ppm.  

13C NMR (100MHz, CDCl3, 25 oC): δ = 196.3, 143.6, 142.6, 135.9, 130.2, 129.9, 

129.0, 128.9, 124.0, 122.6, 108.8, 43.6, 31.5, 28.9, 26.9, 22.5, 21.6, 14.0 ppm.  

HR-MS-(ESI+): calculated for C34H34NO2 [M+H]+ = 488.6430 found 488.2584. 

3.3.12. Synthesis of (9-hexyl-9H-carbazole-3,6-diyl)bis((4-

chlorophenyl)methanone) (12)-  

9-hexyl-9H-carbazole (1 gm 3.98 mmol), 4-cholobenzoyl chloride (1.54 mL, 

11.93 mmol) anhydrous aluminium chloride (2.65 gm, 19.89 mmol), dry CH2Cl2 

(30 mL), off white coloured solid, Yield-1.22 gm (77%). 
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1H NMR (400MHz, CDCl3, 25 oC): δ = 8.56 (s, 2 H), 8.04 (d, J=8.5 Hz, 2 H), 

7.79 (d, J = 7.9 Hz, 4 H), 7.47 - 7.58 (m, 6 H), 4.40 (t, J = 7.0 Hz, 2 H), 1.88 - 

2.01 (m, 2 H), 1.29 - 1.49 (m, 6 H), 0.84 - 0.95 ppm (t, 3 H) ppm.  

13C NMR (100MHz, CDCl3, 25 oC): δ = 195.1, 143.8, 138.3, 136.8, 131.3, 129.3, 

128.9, 128.6, 123.9, 122.7, 109.1, 43.7, 31.5, 28.9, 26.9, 22.5, 13.9 ppm.  

HR-MS-(ESI+): calculated for C32H28Cl2NO2 [M+H]+ = 528.4730 found 

528.1492. 

3.3.13. Synthesis of 4,4'-(9-hexyl-9H-carbazole-3,6-

dicarbonyl)dibenzonitrile (13).20 

A mixture of 9-hexyl-9H-carbazole-3,6-diyl)bis((4-bromophenyl)methanone 

(500 mg, 809.87 μmol), tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4, 

93.59 mg, 80.99 μmol), and zinc cyanide (Zn(CN)2, 475 mg, 4.05 mmol) in 

anhydrous DMF (10 mL) was stirred at 110 oC for 22 h. After the completion of 

the reaction, the reaction mixture was cooled to room temperature, excess 

chloroform was added and washed with distilled water. The organic layer was 

washed with brine, dried over anhydrous sodium sulphate and the solvent was 

evaporated under reduced pressure. The crude product was purified by silica-gel 

column chromatography using Petroleum ether:CH2Cl2 mixture gave 13 (253 mg, 

61%) as a yellow solid.  



Chapter-3 RTP from Metal-free Organic Phosphors 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 186 

 

1H NMR (400MHz, CDCl3, 25 oC): δ = 8.59 (d, J = 1.5 Hz, 2 H), 8.02 (dd, J = 

8.8, 1.5 Hz, 2 H), 7.91 (d, J = 8.4 Hz, 4 H), 7.81 - 7.86 (m, 4 H), 7.55 (d, J = 8.8 

Hz, 2 H), 4.42 (t, J = 7.1 Hz, 2 H), 1.91 - 1.99 (m, 2 H), 1.39 - 1.46 (m, 2 H), 1.29 

- 1.38 (m, 4 H), 0.88 ppm (t, J = 7.1 Hz, 3 H) ppm.  

13C NMR (100MHz, CDCl3, 25 oC): δ = 194.5, 144.1, 142.3, 132.2, 130.1, 129.2, 

128.6, 124.0, 122.9, 118.1, 115.3, 109.3, 43.8, 31.4, 28.9, 26.8, 22.5, 13.9 ppm.  

HR-MS-(ESI+): calculated for C34H28N3O2 [M]+ = 510.6090 found 510.2176. 

3.3.14. Synthesis of (S)-2-methylbutyl methanesulfonate (13a).21 

In two-neck round bottom flask were placed (S)-2-methylbutan-1-ol (500 mg, 

5.67 mmol), triethylamine (1 mL, 7.65 mmol) in anhydrous CH2Cl2 (10 mL) at 0 

oC for 30 min. Methanesulfonyl chloride (500 mmL, 6.51 mmol) was syringed 

into the flask and the reaction mixture was stirred at room temperature for 

additional 12 h. The reaction was quenched with water and the crude product was 

extracted with CH2Cl2. The organic fractions were washed with distilled water, 

dried over anhy. Na2SO4 and concentrated under reduced pressure. The crude 

product was used without purification for further step. 
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1H NMR (200MHz, CDCl3, 25 oC): δ = 3.96 - 4.18 (m, 2 H), 3.01 (s, 3 H), 1.82 

(dq, J = 13.0, 6.5 Hz, 1 H), 1.39 - 1.57 (m, 1 H), 1.14 - 1.34 (m, 1 H), 0.87 - 1.04 

(m, 6 H) ppm. 

3.3.15. Synthesis of (S)-9-(2-methylbutyl)-9H-carbazole (13b)22 

In 100 ml two-neck round bottom flask was added carbazole (360 mg, 2.17 mmol) 

and sodium hydride (87 mg, 3.61 mmol) under argon. Anhydrous DMF (10 mL) 

was then added to the flask and the suspension was stirred at 0o C for 30 min. (S)-

2-methylbutyl methanesulfonate (300 mg, 1.80 mmol) in 5 ml anhy. DMF was 

dropwise syringed into the flask and the reaction mixture was stirred at room 

temperature for additional 15 h. The reaction was quenched with water and the 

crude product was extracted with CH2Cl2. The organic fractions were washed 

with distilled water, dried over anhy. Na2SO4 and concentrated under reduced 

pressure. The crude product was then purified by silica gel chromatography using 

Petroleum ether:Ethyl acetate mixture gave 15 (360 mg, 84% ) as a white solid. 

 

1H NMR (200 MHz, CDCl3, 25 oC): δ = 8.11 (d, J = 7.7 Hz, 2 H), 7.35 - 7.55 

(m, 4 H), 7.17 - 7.29 (m, 2 H), 4.13 (qd, J = 14.5, 7.4 Hz, 2 H), 2.16 (dd, J = 12.0, 

6.7 Hz, 1 H), 1.38 - 1.55 (m, 1 H), 1.21 - 1.36 (m, 1 H), 0.87 - 1.05 (m, 6 H) ppm. 

HR-MS-(ESI+): calculated for C17H19N [M]+ = 237.3460 found 237.1512. 

3.3.16. Synthesis of (S)-(9-(2-methylbutyl)-9H-carbazole-3,6-

diyl)bis(phenylmethanone) (14) 

Benzoyl chloride (340 mg, 2.54 mmol) and anhydrous aluminium chloride (295 

mmL, 2.54 mmol) in 10 mL dry CH2Cl2 were placed in two-neck round bottom 
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flask at 0 oC for 30 min. to this reaction mixture add dropwise (S)-9-(2-

methylbutyl)-9H-carbazole (200 mg, 842.65µmol) CH2Cl2 solution for 15 min. 

Keep reaction mixture for 24 hours at 30 oC. The reaction mixture was quenched 

by slow addition of saturated ammonium hydroxide (caution: reaction is highly 

exothermic). The reaction mixture was extracted with CH2Cl2 (3x50 mL), and 

dried with anhydrous Na2SO4. After evaporation of the solvent, the crude product 

was purified by column chromatography using petroleum ether:CH2Cl2 mixture 

gives white coloured solid, Yield-338 mg (90%). 

 
1H NMR (400MHz, CDCl3, 25 oC): δ = 8.57 - 8.64 (m, 2 H), 8.06 - 8.12 (m, 2 

H), 7.81 - 7.90 (m, 4 H), 7.59 - 7.65 (m, 2 H), 7.49 - 7.56 (m, 6 H), 4.31 (dd, 

J=14.63, 6.88 Hz, 1 H), 4.18 (dd, J=14.63, 8.25 Hz, 1 H), 2.15 - 2.25 (m, 1 H), 

1.49 - 1.55 (m, 1 H), 1.34 (dt, J=13.63, 7.75 Hz, 1 H), 0.94 - 1.05 (m, 6 H) ppm. 

13C NMR (100MHz, CDCl3, 25 oC): δ = 196.6, 144.2, 138.7, 132.0, 130.0, 129.7, 

129.1, 128.4, 124.2, 122.7, 109.4, 50.0, 35.4, 27.6, 17.6, 11.6 ppm. 

HR-MS-(ESI+): calculated for C31H27NO2 [M]+ = 445.5620 found 446.2115. 

3.4. Result and discussions 

Carbazole is one of the promising RTP candidates which has undergone 

extensive functionalization through combinations of a variety of heavy atoms and 

other functional groups to achieve UOP.[8b,9b,10b,10d] We planned to study the effect 

of alkyl chain on carbazole and vary the substitution of phenylmethanone 

functionalization on the RTP features of 9-alkylcarbazole, which exhibits 

phosphorescence features with low RTP lifetime. In order to facilitate 
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crystallization and support the formation of strain-induced crystalline assemblies, 

our design strategy includes: 1) N-alkylation of carbazole with varying alkyl 

chain to evaluate alkyl-π interaction; and (2) keeping functional group on 4-

position of phenylmethanone unit to stabilize the triplet state by contributing 

hybrid (n,π*) and (π,π*) configurations for UOP.[13] As a result, a group of 9-

alkylcarbazole compounds having phenylmethanone units at 3,6-positions was 

prepared and characterized by using 1H and 13C nuclear magnetic resonance 

spectroscopies and high-resolution mass spectrometry (Scheme 3.1, 3.2). We 

were able to achieve the target molecules in pure after multi-step synthesis and 

purification by silica gel column chromatography. After the complete 

characterization of the molecules, we examined the photophysical properties of 

all molecules in solution and crystal state. 

 

 

Scheme 3.3. Chemical structure of all the molecules under study in this chapter. 
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Figure 3.2. Normalized a), b) absorption, c), d) steady-state emission spectra at 

RT, e), f) emission lifetime decay profile of 1-5 and 6-10 in MTHF solution, 

respectively (C = 1 x 10-5 M, l = 1 cm, λex = 342 nm for 1-5, λex = 356 nm for 6-

10). 

 

Characteristic absorption spectral features of the luminogens 1-5 have not 

varied significantly in 2-methyltetrahydrofuran (MTHF) (Figure 3.2a). Similarly, 

320 340 360 380 400 420

 1

 2

 3

 4

 5

N
o

rm
. 

A
b

s
o

rb
a

n
c

e

Wavelength (nm)

350 400 450 500 550

 1

 2

 3

 4

 5

N
o

rm
. 
In

te
n

s
it

y

Wavelength (nm)

0 5 10 15 20 25
10

0

10
1

10
2

10
3

10
4

 Prompt

 1

 2

 3

 4

 5

 Fit

N
o

rm
. 

C
o

u
n

ts

Time (ns)

320 340 360 380 400 420

 6

 7

 8

 9

 10

N
o

rm
. 

A
b

s
o

rb
a

n
c

e

Wavelength (nm)

400 450 500 550 600

 6

 7

 8

 9

 10

N
o

rm
.I

n
te

n
s

it
y

Wavelength (nm)

0 5 10 15 20 25 30
10

0

10
1

10
2

10
3

10
4

 Prompt

 6

 7

 8

 9

 10

 Fit

N
o

rm
. 

C
o

u
n

ts

Time (ns)

a) b)

c) d)

e) f)



Chapter-3 RTP from Metal-free Organic Phosphors 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 191 

luminogens 6-10 also didn’t alter their absorption. By comparing the absorption 

of luminogens from 1-5 to 6-10, the later one shows a broad absorption peak 

ranging from 320-380 nm. Comparied to 1-5, the steady-state emission spectra of 

6-10 showed a bathochromic shift of 50 nm due to the increasing electron-

withdrawing ability of the carbonyl groups (Figure 3.2c,d and Table 1). 

Fluorescence lifetime decay of 6-10 in MTHF show that the lifetime varied as 

3.01 (94%) for 6, 0.93 (87%) for 7, 0.92 (91%) for 8, 0.96 (86%) for 9 and 0.94 

ns (88%) for 10 (Figure 3.2e,f and Table 1).  

 

Figure 3.3. Normalized solid-state a) absorption, steady-state emission spectra of 

6-10 crystals at b) RT c) 77 K (λex = 375 nm for 6-10). 
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300-420 nm, having an additional absorption band located around 360-380 nm 

(Figure 3.3a). The fluorescence spectra of 6-10 crystals at RT exhibits a red-

shifted peak ranging from 400-630 nm  (Figure 3.3b). Similarly, molecules 6-10 

exhibited a marked difference in fluorescence features at 77 K in the crystalline 

state (Figure 3.3c). When the lifetime was monitored at the fluorescence maxima, 

the presence of a long-lived component in the fluorescence lifetime decay of 6-

10 was realised. The red-shifted fluorescence of 6-10 crystals at RT is nearly 

identical to the corresponding spectra at 77 K, implying RTP for 6-10 in the 

crystalline assembly (Figure 3.4c).  

Phosphorescence spectra were measured to confirm the presence of RTP 

in crystals of 6-10 and confirmed that the observed red-shifted peak at RT is due 

to phosphorescence (Figure 3.3d). Furthermore, the presence of enhanced RTP 

for 6-10 was observed by measurements of phosphorescence lifetime, and it 

varied as 146 ms (6), 14 ms (7), 11 ms (8), 14 ms (9) and 14 ms (10), respectively 

(Figure 3.5b and Table 2). Molecule 6 had a longer phosphorescence lifetime with 

an afterglow lasting for 6 seconds after UV light excitation after dipping in liquid 

nitrogen. The photoluminescence quantum yield of the crystals varied as 6 (5.57 

%), 7 (2.38 %), 8 (2.29 %), 9 (2.58 %) and 10 (3.42 %) (Table 1). The observed 

phosphorescence lifetime of 6-10 raised curiosity about the excited triplet state 

of this particular molecule, and further we studied the presence of intermolecular 

interaction by analysing the crystal packing. 
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Figure 3.4. Comparison of the normalized crystal state emission spectra of a) 6, 

b) 7, c) 8, d) 9 and e) 10 at RT and 77 K (λex = 375 nm for 6-10). 
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Figure 3.5. a) Normalized Phosphorescence spectra of 6-10 crystals at RT in air 

(λex = 375 nm for 6-10), and b) phosphorescence lifetime decay of 6-10 at RT. 
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profile in MTHF shows that the higher lifetime component varied from 6.42 ns 

(11), 6.99 ns (12) and 6.59 ns (13) (Figure 3.6b, Table 1). 

  

Figure 3.6. Normalized a) absorption, and emission spectra of 11, 12 and 13 at 

b) RT and c) 77 K in MTHF solution (C = 1 x 10-5 M, l = 1 cm, λex = 338 nm for 

11, 352 nm for 12, 356 nm for 13). d) Emission lifetime decay profile of 11, 12 

and 13 in MTHF solution (C = 1 x 10-5 M, l = 1 cm, λex = 374 nm, λmon = 381 nm 

for 11, 397 nm for 12 and 498 nm for 13) respectively. 
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features at 77 K in the crystal state (Figure 3.7c, 3.8). To measure the fluorescence 

lifetime, the measurement was carried out by monitoring at wavelength maxima 

and the longer lifetime component varied as 4.40 ns (91%) for 11, 4.84 ns (76%) 

for 12 and 3.23 ns (80%) for 13 (Figure 3.7d and Table 1). 

 

Figure 3.7. Normalized solid-state a) absorption, steady-state emission spectra of 

11, 12, 13 crystals at b) RT and c) 77 K (λex = 374 nm for 11, 378 nm for 12 and 

390 nm for 13). d) Crystal state emission lifetime decay profile of 11, 12 and 13 

(λex = 374 nm, λmon = 491 nm for 11, 516 nm for 12 and 472 nm for 13). 
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Figure 3.8. Comparison of the normalized crystal state emission spectra of a) 11, 

b) 12, c) 13 at RT and 77 K (λex = 374 nm for 11, 378 nm for 12, and 390 nm for 

13). 
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Figure 3.9. Phosphorescence spectra and corresponding phosphorescence 

lifetime decay profile of 11-13 in the crystal state (λex = 374 nm, λmon = 520 nm 

for 11, 508 nm for 12 and 530 nm for 13).  
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synthetic transformations and all the molecules were characterized by 1H and 13C 

NMR spectrometry and high-resolution mass spectrometry (HRMS). 

 

Figure 3.10. a) Normalized absorption and emission spectrum of molecule 14 in 

MTHF solution b) Fluorescence lifetime decay profile of molecule 14 in MTHF 

solution monitored at 440 nm wavelength (C = 10-5 M, l = 1 cm, λex = 360 nm for 

14). 
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Figure 3.11. Crystal-state fluorescence spectrum of 14 at a) RT and b) 77 K, c) 

Phosphorescence spectrum (λex = 360 nm for 14), d) Phosphorescence lifetime 

decay profile of 14 monitored at 542 nm at RT. 

Molecule 14 is well studied for its absorption, emission, phosphorescence 

and corresponding lifetime in solution as well as in crystal state. From the 

absorption spectra, it can be seen that compound 14 absorbs in the UV region 

ranging from 280-380 nm and the absorption peak at 280 nm is attributed to (π,π*) 

transition and peak at 346 nm are due to (n,π*) transition (Figure 3.10a). The 

emission spectra of compound 14 measured by exciting at different wavelengths 

show a broad emission in the range of 390 to 520 nm (Figure 3.10a). Furthermore, 

the fluorescence spectra of crystals at RT exhibits a red-shifted peak than the 

solution, which has a broad peak from 400 nm to 620 nm range. A slightly broad 

phosphorescence spectrum in the same spectral range was noticed (Figure 3.11c). 

The enhanced RTP for molecule 14 was visualized by phosphorescence lifetime 

measurement, and it is found as 582 ms for molecule 14.  

Single-crystal X-ray analysis was used to obtain a more detailed structure-

property correlation of 6, 8, 11-13 and 14 (Figures 3.12 and 3.13). The unit cell 

of molecule 6 contains four molecules arranged in an alternate way along the a-

axis which having intermolecular interactions. The extended packing of molecule 

6 involves >C=O···π intermolecular interaction with 3.19 Å distance (Figure 

3.12a). Similarly, molecule 8 exhibits various kinds of intermolecular interaction 

in the unit cell packing. The molecule 8 involves >C=O···π = 3.22 Å, Ar C-H···π 

= 2.89 Å and Alkyl C-H···C=O = 2.67 Å interaction (Figure 3.12b). Alike 

intermolecular interaction seen in the case of molecule 14 in unit cell packing. 

The unit cell of molecule 14 contains two molecules arranged alternately along 

the a-axis using various intermolecular interactions. An extended one-

dimensional molecular array was formed by the arrangement of molecules mainly 

through CH···π interaction (2.89 Å) between the chiral alkyl chain on carbazole 
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and phenylmethanone unit in the adjacent columns to form a one-dimensional 

network structure (Figure. 3.12c). 

Figure 3.12. Molecular packing of a) 6, b) 8 and c) 14 in the unit cell. 

However, the molecular packing of molecules 11, 12, and 13, on the other 

hand, shows a loosely packed crystalline assembly with various types of 

intermolecular interactions (Figure. 3.13). Particularly, molecule 13 is packed in 

a slipped molecular arrangement with a large distance between two carbazole-

carbazole molecules (Figure. 3.13c). As a result of such a loosely packed 

molecular arrangement between molecules, they have insufficient RTP 

properties. Most importantly, no helical array packing in crystalline assembly was 

observed in the whole series of molecules studied. It indicates the lack of 

enhanced RTP properties even after changing from various alkyl chains as well 

as substitution of phenylmethanone group. Hence, it can be concluded that the 

peculiar helical molecular packing results in a long phosphorescence lifetime of 

>C=O···π = 3.19 Å

>C=O···π = 3.17 Å

Ar C-H···π = 2.73 Å 

Alkyl C-H···π = 2.88 Å

>C=O···π = 3.22 Å

Ar C-H···π = 2.89 Å 

Alkyl C-H···C=O = 2.67 Å

a)

b)

c)
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3,6-phenylmethanone functionalized 9-hexylcarbazole compared to other 

molecules in the series and this is supported by the crystal structure and 

phosphorescence lifetime. 

 

 

Figure 3.13. Molecular packing of a) 11, b) 12 and c) 13 in the unit cell. 

Time-dependent density functional theory (TD-DFT) computations at the 

B3LYP/6-31G(d) level of theory for single-molecule in vacuum show that the 

electron density of the HOMO is located on the carbazole moiety and the LUMO 

is delocalized over the entire molecule with extension to the phenylmethanone 

group (Figure 3.14 and 3.15). The low-lying excited electronic states mainly 

result from well-described π-π* transitions along with a significant contribution 

from the n-π* character. On studying the relative computed energies for the 

Cl···Cl = 3.45 Å 

C=O···H = 2.54 Å

C=O···π = 3.17 Å 

Ar C-H···π = 2.87 Å

Alkyl C-H···Cl = 2.92 Å 

C=O···H = 2.52 Å

Ar C-H···π = 2.81 Å 

Ar C-N···π = 3.19 Å

C=O···H = 2.49 Å

C=O···π = 3.17 Å 

Ar C-H···π = 2.82 Å

Ar C-H···Alkyl C-H = 2.09 Å

a)

b)

c)
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singlet (Sn) and triplet (Tn) states for 14, it has been found that T4-T9 triplet states 

nearly degenerate with the first singlet excited state (S1) (Figure 3.15d). The 

energetic proximity of the singlet and the triplet manifold potentials established 

a small ΔEST. Thus, it appears that molecules 11-13 have energetically well-

matched states that enable efficient singlet-triplet or triplet-singlet crossings. 

Once T4-T9 levels are populated, relaxation through the triplet manifold to the T1 

state leads to phosphorescence. The ΔES1T1 value were calculated for 14 from 

DFT as 0.71 eV (Figure 3.15d). It shows that the aggregation of 14 with the 

assistance of intermolecular interactions reduces ΔES1T1 to facilitate both ISC and 

RISC. 
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Figure 3.14. HOMO and LUMO frontier molecular orbitals of a) 11 c) 12 and 

calculated energy level diagram showing ΔEST for b) 11 d) 12 from DFT 

calculations. 

 

Figure 3.15. HOMO and LUMO frontier molecular orbitals of a) 13 c) 14 and 

calculated energy level diagram showing ΔEST for b) 13 d) 14 from DFT 

calculations. 

Table 1. Photophysical properties of compounds 1-14 in MTHF (1x10-5 M) and 

crystal state. 

Compound  λab (nm) λem (nm) PL (%) 
Lifetime (ns) 
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1 Solution 342 nm 370 nm - 
0.69 (08.45 %) 

4.12 (91.55 %) 

2 Solution 342 nm 370 nm - 
1.08 (12.54 %) 

4.33 (87.46 %) 

3 Solution 342 nm 370 nm - 
0.66 (08.50 %) 

4.12 (91.50 %) 

4 Solution 342 nm 370 nm - 

1.50 (38.03 %) 

4.26 (45.27 %) 

0.05 (16.70 %) 

5 Solution 342 nm 370 nm - 

1.80 (38.43 %) 

4.45 (49.36 %) 

0.07 (12.21 %) 

6 Solution 356 nm 434 nm - 
0.84 (05.73 %) 

3.01 (94.27 %) 

7 Solution 356 nm 434 nm - 
0.10 (11.40 %) 

0.93 (88.60 %) 

8 Solution 356 nm 434 nm - 
0.12 (09.45 %) 

0.92 (90.55 %) 

9 Solution 356 nm 434 nm - 
0.09 (14.42 %) 

0.96 (85.58 %) 

10 Solution 356 nm 434 nm - 
0.08 (11.73 %) 

0.94 (88.27 %) 

11 

Solution 352 nm 397 nm - 

1.49 ns (24.50%) 

6.42 ns (49.13%) 

0.02 ns (26.37%) 

Solid 360 nm 500 nm 3.52 

4.40 ns (91.80%) 

3.30 ns (0.64%) 

0.06 ns (7.56%) 

12 

Solution 342 nm 381 nm - 

1.66 ns (25.86%) 

6.99 ns (50.29%) 

0.02 ns (23.85%) 

Solid 360 nm 520 nm 4.14 

1.02 ns (20.56%) 

4.84 ns (75.65%) 

0.12 ns (3.79%) 
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13 

Solution 360 nm 498 nm - 

1.55 ns (24.48%) 

6.59 ns (51.72%) 

0.09 ns (23.80%) 

Solid 380 nm 450 nm 4.47 

3.23 ns (80.13%) 

  0.02 ns (02.38%) 

0.13 ns (17.49%) 

14 

Solution 356 nm 434 nm - 
0.10 ns (24.81 %) 

0.93 ns (75.19 %) 

Solid 370 nm 480 nm 4.70 

1.02 ns (20.56%) 

6.84 ns (3.79%) 

0.12 ns (75.65%) 

 

Table 2. Phosphorescence lifetime of 6-14 in crystal state.  

Compound λex Lifetime (ms) CHISQ  
Phos (%) 

 

6 515 nm 146 ms 1.23 2.85 

7 495 nm 14 ms 0.91 1.09 

8 520 nm 11 ms 1.12 1.78 

9 510 nm 14 ms 0.61 1.56 

10 525 nm 14 ms 0.88 2.22 

11 510 nm 6.59 ms 0.40 2.69 

12 505 nm 45.3 ms 0.25 2.61 

13 515 nm 11.9 ms 0.21 2.01 

14 512 nm 582 ms  1.13 2.32 

 

3.5. Conclusion  

In conclusion, we have successfully synthesized and characterized the 

series of N-alkylated and phenylmethanone functionalized carbazole molecules 

exhibiting RTP. The prepared molecules show light green to green color 

phosphorescence spanning from 420 nm to 650 nm with the highest 

phosphorescence lifetime of 582 ms. The molecular packing in the crystal shows 
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multiple interactions between phenylmethanone unit and alkyl hydrogen atoms 

that are helping to enhance the ISC and triplet state of the molecule leading to a 

moderate lifetime. Crystal structures help in understanding the molecular packing 

involved in the molecules. It has been concluded that the C-6 alkyl chain plays a 

crucial role in the helical packing of 3,6-bis(phenylmethanone) substituted 9-

hexylcarbazole in the crystal lattice. No such helical molecular packing was 

observed in other alkyl-substituted carbazole molecules. Hence, helical packing 

of the metal-free, heavy atom-free 3,6-diphenylmethanone substituted carbazole 

resulted in a significant improvement of phosphorescence lifetime along with 

phosphorescence waveguiding. However, molecular chirality also played an 

essential role in imparting a long phosphorescence lifetime. However, 

supramolecular chirality is superior to molecular chirality in enhancing the RTP 

features of phenylmethanone substituted carbazoles in the series.  
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Chapter-4 

Thermally Activated Delayed Fluorescent Solvent-

free Organic Liquid Hybrids for Tunable Emission 

Applications 

 

The synthetic feasibility and excellent luminescence features of organic 

molecules attracted much attention and were eventually found useful in lighting 

applications. In this context, a solvent-free organic liquid having attractive 

thermally activated delayed fluorescence features in bulk along with high 

processability has prime importance. Herein, we report a series of naphthalene 
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monoimide-based solvent-free organic liquids exhibiting blue to red thermally 

activated delayed fluorescence with luminescence quantum yields up to 80% and 

lifetimes between 8 to 45 s. An effective approach explored energy transfer 

between liquid donors with various emitters exhibiting tunable emission colours, 

including white. The high processability of liquid emitters improved the 

compatibility with polylactic acid and was used for developing multicolour 

emissive objects using 3D printing. Besides, the first example of a thermally 

activated delayed fluorescent liquid as an emitter in OLED with moderate 

performance is promising. Our demonstration will be much appreciated as a 

processable alternate emissive material suitable for large-area lighting, display, 

and related applications. 

Publication: Manuscript communicated 

4.1. Introduction 

Organic molecules exhibiting thermally activated delayed fluorescence 

(TADF)1-8 and room temperature phosphorescence (RTP)9-14 that efficiently 

harvest triplet excitons and convert to light have emerged as promising light-

emitting materials. The advantages of both intersystem crossing (ISC) in RTP and 

reverse intersystem crossing (rISC) in TADF materials heavily supported 

achieving an internal quantum efficiency of 100%.1,14 Still, conventional 

fluorescent emitters are preferred due to the comparatively high freedom and 

simplicity in molecular design. Nonetheless, the inherently reduced internal 

quantum efficiency (25%) of fluorescent organic light-emitting diodes (OLEDs) 

and concerns related to the device stability of phosphorescent LEDs urge TADF-

sensitized devices.15 Besides, energy transfer (ET) between the TADF sensitizer 

and emissive dopants is a promising strategy to achieve tunable emission without 

compromising the efficiency and operational stability of the devices.16  
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Recent years have witnessed a surge in developing organic materials for 

flexible display and lighting devices.17-20 Mainly, in the case of molecules 

emissive in the solution, the emission will be altered for thin films upon solvent 

evaporation due to emission quenching by aggregation or photo-bleaching.21-22 

Hence, the technologically advanced lighting and display applications demand 

newer emitters with improved processability and luminescence features.23-26 In 

this direction, solvent-free organic liquids (SOLs) have been keenly investigated 

as a new soft material to undertake the above-mentioned challenges to a certain 

extent.27,28-48 The recent examples of emissive SOLs project them as a possible 

alternate soft material to address the balance between efficiency and 

processability. The present work introduces TADF liquids and efficient ET-

assisted tunable emission by doping with emitters (Figure 4.1a). The use of TADF 

host and fluorescent emitters is proven to improve the device performance by 

suppressing the efficiency roll-off and reducing the density of triplet excitons of 

the host.1-8,16 Hence, our approach to TADF SOLs and ET-assisted tunable 

emission offers a new approach to improve the device performance using a 

processable soft material. Moreover, an inefficient ET due to spin forbidden 

transition from T1 of a phosphorescent donor to S1 of the acceptor also supports 

ET between TADF and TADF/fluorescent emitters.16 

4.2. Experimental section 

4.2.1 RTP and TADF Experiments 

The window of maximum delay after flash for phosphorescence measurements 

was kept as 3 ms for 77 K and 0.1 ms for 298 K (λex = 350 nm for 1). 

Phosphorescence lifetimes were measured at room temperature (298 K) in the air 

by keeping a 10% delay component and 10% trigger pulse duration, using 355 

nm excitation source. All experiments have been done in air by keeping the same 

experimental parameters.  
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4.2.2 Temperature-Dependent Emission and Lifetime Decay Measurements  

The PTI spectrofluorometer is equipped with thermoelectric cuvette holders, 

heating stages, and cryostats which allows the measurements to be carried out 

over a temperature range of 77 K to 353 K. The fluorescence emission and 

lifetime decays of 1 and 5 from 77 K to 298 K were measured using liquid 

nitrogen Dewar module.  

 

4.2.3 Preparation of TADF Hybrids for Energy Transfer  

The acceptor liquids (3-6) were dissolved in dichloromethane (5 mL) to prepare 

a stock solution (C = 1x10-3 M), and the required amounts were added to the donor 

liquids to prepare the required composition. The sample was mixed well to get a 

uniform mixture, and the added dichloromethane was evaporated before TADF 

measurements by heating the hybrid liquid to 80 oC in a vacuum oven for 12 

hours. The absence of dichloromethane in the hybrid liquid was confirmed by 1H 

NMR experiments in CDCl3. The homogeneity of the composite is confirmed by 

the physical appearance and DSC measurements. The experiments were repeated 

even by mixing the donor and acceptor liquids and obtained comparable results. 

 

4.2.4 Preparation of PLA/ SOL Filaments 

All PLA/SOL filaments were prepared by solution mixing followed by melt 

extrusion. PLA pellets were first dried in a vacuum oven for 4 h at 80 °C to 

eliminate residual traces of moisture. Dried PLA pellets were dissolved in 

chloroform, and then the required quantity of SOL was added to it to get a 1wt % 

SOL/PLA blend. The PLA/SOL solution was mechanically stirred at ambient 

temperature for 7-8 h to ensure uniform mixing. The PLA/SOL solution was then 

cast on a glass petri dish and kept for drying at 60 °C under vacuum for 48 h. The 

completely dried films were then melt compounded in a Haake Mini CTW twin-

screw extruder at 210 °C for 5 min. The filaments having a diameter of 2.75 +/- 

0.2 mm were extruded from the die of the extruder by tuning the screw speed.  
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4.2.5 Computational Methods 

Ground (S0) state geometries of all the molecules were optimized using density 

functional theory (DFT). Singlet and triplet excited states were investigated using 

time-dependent density functional theory (TDDFT). Ground (S0) state 

geometries of all the molecules were optimized using density functional theory 

(DFT). Singlet and triplet excited states were investigated using time-dependent 

density functional theory (TDDFT).72 B3LYP/6-31+G(d)73 level of theory was 

employed for the optimization of S0, S1 and T1 states of all the molecules. The 

Gaussian09 software74 was used in all the DFT and TDDFT calculations. To save 

computational cost, R2 group was truncated to methyl moiety, for 5. Single point 

calculations for the optimized S0, S1, and T1 states were carried out by employing 

CAM-B3LYP/6-311++G(d,p)75 level of theory and PCM76 solvation model to 

take account of long-range interactions as well as the solvation effect of DCM, 

respectively. The optimized Cartesian coordinates and the related energies are 

listed below. 

 

4.2.6 Fused Filament Fabrication (FFF) 3D Printing of PLA/SOL Filaments 

Prior to 3D printing, the prepared PLA/SOL filaments were dried in a vacuum 

oven at 80 °C for 4 h. Ultimaker 3 FFF type 3D printer was used to print 3D 

objects with the following parameters. Nozzle temperature of 210 °C, nozzle 

diameter of 0.4 mm, bed temperature ~60 °C, Infill density -100%, printing 

orientation angle of crossed +/-45°, and layer thickness of 0.2 mm. The optimal 

printing conditions for PLA/SOL blend are given below. 

 

Process parameters 

Bed Glass plate 

Nozzle size (mm) 0.4 

Nozzle temperature (°C) 210 

Bed temperature (°C) 60 
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Infill degree (%) 100 

Orientation angle (°) Crossed ± 45 

Layer thickness, t (mm) 0.2 

Print speed (mm/s) 60 

 

4.2.7 Experimental Details of the OLED device 

The OLEDs were fabricated with structures of ITO/PEDOT:PSS(35 nm) /Poly(9-

vinylcarbazole) (PVK)(20 nm)/1,3-Bis(N-carbazolyl)benzene(mCP):4 (60 nm)/ 

2,2′,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) TPBi(50 

nm)/LiF(1nm)/Al (100 nm). The energy levels and device structure are shown in 

Figure.4.16.  

Indium tin oxide (ITO)-coated glass substrates (Kintec Company, Hong Kong) 

were cleaned in a liquid detergent solution (Alkanox) and subsequently sonicated 

in deionized water and 2-propanol. After drying, the substrates were UV-ozone-

treated (Novascan). The PEDOT:PSS layer was spincoated on the substrates 

followed by spincoating of PVK in chlorobenzene in a N2 filled glovebox. Then 

mCP:NMI ( 20 w% of 4 in mCP ) blend in toluene (42 mg/mL) was spin-coated 

on top of PVK followed by vaccum annealing for 3 hours. An electron 

transporting layer of TPBi and Al were deposited by thermal evaporation 

(Angstrom Inc.) The evaporation process was automatically controlled by Inficon 

software and thickness of films were optimized using Dektak XT stylus 

profilometer. 

 

 

4.3. Synthesis 

Synthesis of 6-bromo-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione and 6-bromo-2-butyl-1H-benzo[de]isoquinoline-1,3(2H)-dione were 

performed according to the literature procedure.77 
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Scheme 4.1. Synthesis of molecules 1 and 1a. 

 

 

Scheme 4.2. Synthesis of molecules 2 and 3. 
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Scheme 4.3. Synthesis of molecule 4. 



Chapter-4 TADF SOLs for Tunable Emission Applications 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 219 

 

Scheme 4.4. Synthesis of molecule 5. 

 

 

 

Scheme 4.5. Synthesis of molecule 6. 
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4.3.1 Synthesis of 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-

(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (1)77 

A mixture of 6-bromo-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (2 gm, 3.34 mmol), bis(pinacolato)diboron (B2pin2) (1.01 gm, 4.01 mmol), 

anhydrous potassium acetate (393.42 mg, 4.01 mmol) was weighed and taken in 

a two neck flask with anhydrous 1,4-dioxane (50 mL). This flask was degassed 

by repeated freeze-pump-thaw cycles. After this, dichloro[1,1'-

bis(diphenylphospheno)-ferrocene]palladium(II) (245.10 mg, 0.33 mmol) was 

added to the reaction mixture and kept for reflux at 110 oC under argon for 12 

hours. The progress of the reaction was monitored by TLC (n-hexane-CH2Cl2). 

The crude mixture was filtered through celite and washed with CH2Cl2. After the 

removal of CH2Cl2 on a rotary evaporator, the resulting residue was purified by 

silica column chromatography (100-200 mesh) using n-hexane:CH2Cl2 (50:50) 

(Rf = 0.3) as eluent to yield 1 (1.38 g, 64%) as a brown colored liquid.  

 

1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 9.13 (d, J = 7.93, 1H), 8.58 (d, J 

= 7.93, 2H), 8.35(d, J = 8.55, 1H), 7.78 (t, J = 8.55, 1H), 5.16 (m, 1H), 2.25 (m, 

2H), 1.86 (m, 2H), 1.45 (s, 12H), 1.19 (s, 36H), 0.86 (t, J = 6.71, 6H). 

13C NMR (100 MHz, CDCl3), δ (TMS, ppm): 165.54, 165.47, 135.77, 135.15, 

134.60, 131.23, 130.43, 130.13, 129.34, 128.05, 127.06, 84.50, 54.44, 32.36, 

31.87, 29.56, 29.53, 29.51, 29.29, 26.90, 24.94, 22.64, 14.09. 

HR-MS (ESI+): calcd for C41H64BNO4 [M+H]+ 645.4928, found: 646.5015. 
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4.3.2 Synthesis of 2-butyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

1H-benzo[de]isoquinoline-1,3(2H)-dione (1a) 

A mixture of 6-bromo-2-butyl-1H-benzo[de]isoquinoline-1,3(2H)-dione (2 gm, 

6.02 mmol), bis(pinacolato)diboron (B2pin2) (1.83 gm, 7.22 mmol), anhydrous 

potassium acetate (709.04 mg, 7.22 mmol) was weighed and taken in a two neck 

flask with anhydrous 1,4-dioxane (50 mL). This flask was degassed by repeated 

freeze-pump-thaw cycles. After this, dichloro[1,1'-bis(diphenylphospheno)-

ferrocene]palladium(II) (441.74 mg, 0.60 mmol) was added to the reaction 

mixture and kept for reflux at 110 oC under argon for 12 hours. The progress of 

the reaction was monitored by TLC (n-hexane-CH2Cl2).   The crude mixture was 

filtered through celite and washed with CH2Cl2. After the removal of CH2Cl2 on 

a rotary evaporator, the resulting residue was purified by silica column 

chromatography (100-200 mesh) using n-hexane:CH2Cl2 (75:25) (Rf = 0.6) as 

eluent to yield 1a (1.46 g, 51%) as a pale yellow crystals.  

 

1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 9.06 (d, J = 8.16, 1H), 8.54 (t, J = 

7.32, 2H), 8.28 (d, J = 6.48, 1H), 7.75 (d, J = 8.73, 1H), 4.16 (t, J = 7.51, 2H), 

1.72 (m, 2H), 1.45 (s, 12H), 1.24 (m, 2H), 0.97 (t, J = 6.54, 3H).  

13C NMR (100 MHz, CDCl3), δ (TMS, ppm): 164.32, 135.73, 135.25, 134.88, 

133.83, 131.17, 130.82, 129.72, 127.06, 126.91, 124.76, 122.64, 84.31, 40.27, 

30.20, 29.68, 29.35, 25.01, 24.96, 24.56, 20.38, 14.11, 13.85. 
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FTIR (υmax in cm-1): 3351.60, 3019.30, 2925.30, 2858.21, 1700.36, 1659.39, 

1589.86, 1515.28, 1455.00, 1363.76, 1270.98, 1222.11, 1144.65, 1077.50, 

962.60, 855.41, 763.26, 666.87. 

HR-MS (ESI+): calcd for C22H26BNO4 [M+H]+ 380.2033, found: 380.2029. 

4.3.3 Synthesis of 6-methoxy-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione78 

Compound NMIBr 6-bromo-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (665 mg, 2.0 mmol, 1.0 eq) and K2CO3 (1.40 g, 10.0 mmol, 5.0 

eq) were dissolved in 30 mL anhydrous MeOH. The mixture was heated to reflux 

and stirred overnight. After the total consumption of compound 2 (monitored by 

TLC), the reaction was cooled down. The precipitated solid was filtered and 

washed with distilled water for several time. 

 

1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 8.57 - 8.64 (m, 1H), 8.54 (dd, J = 

8.4, 1.1 Hz, 2H), 7.70 (dd, J = 8.2, 7.4 Hz, 1H), 7.05 (d, J = 8.3 Hz, 1H), 5.12 - 

5.21 (m, 1H), 4.13 (s, 3H), 2.18 - 2.28 (m, 2H), 1.77 - 1.87 (m,2 H), 1.17 - 1.35 

(m, 36H), 0.86 ppm (t, J = 6.9 Hz, 6H). 

13C NMR (101 MHz, CDCl3), δ (TMS, ppm): 165.7, 164.7, 133.8, 133.0, 131.1, 

129.6, 128.3, 125.9, 123.4, 105.2, 56.2, 54.1, 32.4, 31.9, 29.6, 29.6, 29.6, 29.5, 

29.3, 26.9, 22.7, 14.1. 

HR-MS (ESI+): calcd for C36H55NO3 [M+H]+ 549.4182, found: 550.4262. 

 

4.3.4 Synthesis of 6-(diethylamino)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione79 

Compound 6-bromo-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (0.66 g, 2.0 mmol), diethylamine (3 mL, 29.1 mmol) and CuSO45H2O (0.01 
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g, as catalyst) in DMF (5 mL) were stirred at 90 oC for 12 h. The solvent was 

evaporated under reduced pressure, and the crude product was purified by column 

chromatography on silica to afford 3 as a yellow oil (0.24 g, 38.2 %). 

 

 
 
1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 8.48 - 8.59 (m, 2H), 8.45 (d, J = 

8.4 Hz, 1H), 7.66 (t, J = 7.8 Hz, 1H), 7.22 (d, J = 8.4 Hz, 1H), 5.16 (br. s, 1H), 

3.41 (q, J = 7.0 Hz, 4H), 2.18 - 2.29 (m, 2H), 1.76 - 1.87 (m, 2H), 1.19 - 1.35 (m, 

36H), 1.18 -1.16 (m, 6H), 0.86 ppm (t, J = 7.1 Hz, 6H). 

13C NMR (126 MHz, CDCl3), δ (TMS, ppm): 165.3, 164.4, 154.7, 132.4, 131.6, 

131.5, 130.5, 130.3, 127.3, 125.2, 116.9, 54.2, 47.4, 32.4, 31.9, 29.6, 29.3, 27.0, 

22.7, 14.1, 12.3. 

HR-MS (ESI+): calcd for C39H62N2O2 [M+H]+ 590.4811, found: 591.4879. 

 

 

4.3.5 Synthesis of 6-(4-(dimethylamino)phenyl)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione80, 81 

 

A sealed tube was charged with 6-bromo-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (500 mg, 1 eq.) and 4-(N,N-

dimethylamino)phenylboronic acid (207 mg. 1.5 eq.). Both the compounds 

dissolved in toluene (10 mL) under argon condition. Mixture of 2 M K2CO3 (3 

mL) added to the sealed tube followed by 

tetrakis(triphenylphosphine)palladium(0) (97 mg, 0.1 eq.). The mixture was 

purged with argon for 30 min and then heated to 120 oC for 24 h. The progress of 

the reaction was monitored by TLC (n-hexane-CH2Cl2). The crude mixture was 
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extracted with CH2Cl2 and combined organic layer dried over Na2SO4, filtered 

and concentrated on a rotary evaporator, the resulting residue was purified by 

silica column chromatography (100-200 mesh) using n-hexane:CH2Cl2 (40:60) 

as eluent to yield 4 (382 mg, 71%) as a as a orange coloured liquid. 

 

1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 8.52 (br. d, J = 9.1 Hz, 2H), 8.33 

(dd, J = 8.5, 1.1 Hz, 1H), 7.57 - 7.64 (m, 2H), 7.32 - 7.38 (m, 2H), 6.78 - 6.84 (m, 

2H), 5.07 - 5.15 (m, 1H), 3.00 (s, 6H), 2.14 - 2.23 (m, 2H), 1.71 - 1.79 (m, 2H), 

1.12 - 1.28 (m, 36H), 0.76 - 0.80 (t, 6H). 

13C NMR (101 MHz, CDCl3), δ (TMS, ppm): 167.3, 166.2, 150.5, 132.8, 130.9, 

130.6, 130.0, 129.2, 127.4, 126.5, 126.4, 112.2, 54.4, 40.4, 32.5, 31.9, 30.2, 29.7, 

29.6, 29.6, 29.6, 29.3, 27.0, 22.7, 14.1. 

HR-MS (ESI+): calcd for C43H62N2O2 [M+H]+ 638.4811, found: 639.4871. 

 

4.3.6 Synthesis of (E)-6-(4-(bis(2-ethylhexyl)amino)styryl)-2-(tricosan-12-

yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5)82-85  

A mixture of aniline (1 equiv., 37.58 mmol, 3.44 mL), 2-ethylhexyl bromide (2.2 

equiv., 82.68 mmol, 14.65 mL) and potassium carbonate (3 equiv., 112.75 

mmol,15.58 g) in dry DMF (50 mL) was stirred upon heating at 160 °C for 12 

hours. After cooling to room temperature, the excess of potassium carbonate was 

filtered off and the volatiles were removed under vacuum. To the residue water 

(100 mL) was added and the mixture was extracted three times with CH2Cl2. The 

organic layer was dried over sodium sulfate and concentrated under vacuum. The 
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residue was purified by column chromatography on silica gel (eluted with pet 

ether) to give the product 4a as a colorless liquid (5.70 g, 48%). 

 

 

1H NMR (500 MHz, CDCl3), δ (TMS, ppm): 7.20 (dd, J = 8.8, 7.2 Hz, 2 H), 

6.67 (d, J = 8.4 Hz, 2 H), 6.62 (t, J = 7.2 Hz, 1 H), 3.14 - 3.28 (m, 4 H), 1.75 - 

1.85 (m, 2 H), 1.26 - 1.41 (m, 16 H), 0.86 - 0.94 (m, 12 H). 

13C NMR (126 MHz, CDCl3), δ (TMS, ppm): 148.4, 128.9, 115.0, 112.8,56.4, 

36.7, 36.7, 30.7, 30.7, 28.7, 28.7, 24.0, 23.2, 14.1, 10.7, 10.7. 

HR-MS (ESI+): calcd for C22H39N [M+H]+ 317.3083, found: 317.5610. 

 

To a cooled solution of N,N-dimethylformamide (5 mL) at 0 °C, was added 

phosphorous oxytrichloride (POCl3) (1 mL, 10 mmol) dropwise under argon gas 

atmosphere. After stirring at that temperature for 1 h, N,N-bis(2-

ethylhexyl)aniline (1.25 g, 4 mmol) was introduced into the reaction flask. The 

reaction mixture was heated at 100 °C for a period of 12 h. After the completion 

of the reaction, the reaction mixture was neutralized with 2M NaOH solution. 

The organic mixture was extracted into dichloromethane. The combined organic 

extracts were dried over anhydrous Na2SO4, filtered and evaporated to give the 

crude product which was further purified by a short-pad filtration using silica-gel. 

The collected fractions were evaporated to afford the pure product 4b as yellow-

oil. Yield: 91%. 
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1H NMR (500 MHz, CDCl3), δ (TMS, ppm): 9.71 (s, 1 H), 7.64 - 7.76 (d, J = 

8.8 Hz, 2 H), 6.64 - 6.72 (d, J = 8.9 Hz, 2 H), 3.25 - 3.40 (m, 4 H), 1.77 - 1.89 

(m, 2 H), 1.26 - 1.41 (m, 17 H), 0.90 (t, J=6.7 Hz, 12 H). 

13C NMR (125 MHz, CDCl3), δ (TMS, ppm): 190.0, 152.8, 131.9, 124.5, 

111.6,56.3, 36.9, 30.6, 28.6, 23.9, 23.1, 14.0, 10.7. 

HR-MS (ESI+): calcd for C23H39NO [M+H]+ 345.3032, found: 346.3089. 

 

Methyltriphenyl-phosphonium bromide (2.58 g, 7.23 mmol) and THF (20 mL) 

were added to a 100 mL round-bottom flask. The flask was cooled to −78 °C in 

a dry ice−acetone bath. A solution of n-BuLi (2.5 M solution in hexane, 3 mL) 

was added via syringe under nitrogen. The reaction mixture was allowed to stir 

at −78 °C for 1 h and then was warmed to room temperature for another 1 h. A 

solution of 4-(bis(2-ethylhexyl)amino)benzaldehyde (4b) (1.25 g, 3.62 mmol) in 

10 mL of THF was added dropwise. The reaction mixture was stirred at room 

temperature overnight. After the reaction, most of the THF was evaporated and 

the solution was diluted with hexane. The compound was purified using a basic 

alumina column yielding product 4c (1.07 g, yield 86%) as a colorless oil. 

 

1H NMR (400 MHz, CDCl3), δ (TMS, ppm): d = 7.29 (d, J = 4.6 Hz, 2 H), 6.57 

- 6.69 (m, 3 H), 5.52 (dd, J = 17.6, 1.0 Hz, 1 H), 4.99 (dd, J = 10.9, 0.9 Hz, 1 H), 

3.13 - 3.32 (m, 4 H), 1.76 - 1.85 (m, 2 H), 1.25 - 1.40 (m, 16 H), 0.85 - 0.94 (m, 

12 H). 

13C NMR (101 MHz, CDCl3), δ (TMS, ppm): 148.0, 136.6, 127.1, 124.7, 112.4, 

108.5, 56.4, 36.8, 30.7, 28.7, 23.9, 23.2, 14.1, 10.7. 

HR-MS (ESI+): calcd for C24H41N [M+H]+ 343.3239, found: 344.3312. 

 



Chapter-4 TADF SOLs for Tunable Emission Applications 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 227 

Compound 6-bromo-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (500 mg, 1.0 eq), Pd(OAc)2 (18.75 mg, 0.1 eq.), tris-(ortho-tolyl)phosphine 

(25.42 mg, 0.1 eq.), triethylamine (0.5 ml) and N,N-bis(2-ethylhexyl)-4-

vinylaniline (316 mg, 1.1 eq.) in dry DMF (15 ml) was  stirred at 120 °C during 

16 h under argon atmosphere. The mixture was cooled to ambient temperature 

then diluted with water and extracted with CH2Cl2. The organic layer was dried 

with Na2SO4 and evaporated in vacuum. the resulting residue was purified by 

silica column chromatography (100-200 mesh) using pet ehter:CH2Cl2 (40:60) as 

eluent to yield 5 (531 mg, 74%) as a red coloured liquid. 

 

1H NMR (500 MHz, CDCl3), δ (TMS, ppm): 8.50 - 8.66 (m, 3 H), 7.97 (d, J = 

8.0 Hz, 1 H), 7.75 (t, J = 7.9 Hz, 1 H), 7.68 (d, J = 16.0 Hz, 1 H), 7.49 - 7.56 (d, 

J = 8.9 Hz, 2 H), 7.31 (d, J = 15.8 Hz, 1 H), 6.68 - 6.75 (d, J = 8.9 Hz, 2 H), 5.15 

- 5.21 (m, 1 H), 3.30 (quind, J = 14.8, 7.3 Hz, 4 H), 2.17 - 2.31 (m, 2 H), 1.77 - 

1.89 (m, 4 H), 1.25 - 1.43 (m, 28 H), 1.20 (br. s., 26 H), 0.89 - 0.95 (m, 12 H), 

0.86 (t, J=7.0 Hz, 6 H). 

13C NMR (126 MHz, CDCl3), δ (TMS, ppm): 165.7, 164.7, 148.9, 142.3, 135.6, 

130.7, 129.8, 129.3, 129.1, 128.5, 126.3, 123.6, 122.8, 117.7, 112.5, 56.3, 54.3, 

36.9, 32.5, 31.9, 30.7, 29.6, 29.3, 28.7, 27.0, 24.0, 23.2, 22.7, 14.1, 10.7. 

HR-MS (ESI+): calcd for C59H92N2O2 [M+H]+ 860.7159, found: 861.7200. 

 

4.3.7 Synthesis of 2,9-di(tricosan-12-yl)anthra[2,1,9-def:6,5,10-

d'e'f']diisoquinoline-1,3,8,10(2H,9H)-tetraone (6)86  
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In a 100 mL round-bottom flask, perylene-3,4,9,10-tetracarboxylic dianhydride 

(1g, 2.55 mmol) and tricosan-12-amine (2.16g, 6.37 mmol) was added to 

imidazole (4.3g, 63.72 mmol). The mixture was stirred at 160 °C for 8 h and then 

cooled to room temperature. In to that 2N HCl solution (50 mL) was added and 

stirred for further 2 h, filtered. The precipitate was washed with excess amount 

of MeOH, and extracted with CH2Cl2, and then the compound was purified by 

silica gel chromatography using CH2Cl2 to yield 6 as a red coloured low-melting 

solid (2.5 g, 95 %). 

 

1H NMR (400MHz, CDCl3), δ (TMS, ppm) = 8.68-8.61 (m, 8H), 5.23-5.15 (m, 

2H), 2.29-2.21 (m, 4H), 1.90-1.83 (m, 4H), 1.32-1.20 (m, 72H), 0.84 (t, 12H, J = 

6.67Hz). 

13C NMR (101 MHz, CDCl3, 25 oC): δ [ppm] = 164.64, 163.55, 134.49, 131.89, 

131.12, 129.59, 126.44, 123.94, 123.20, 123.17, 123, 54.75, 32.34, 31.88, 30.92, 

29.58, 29.56, 29.52, 29.30, 26.94, 22.65, 14.08. 

MALDI-TOF : m/z calcd for C70H102N2O4 [M]+ 1035.5960, found: 1036.79. 

 

4.4. Result and Discussions 

We have chosen an alkylated 1,8-naphthalimide44-46 with boronate ester (BPin) 

group 1 (Figure 4.1a), a simple molecular design, for exploring TADF in the 

liquid state. Molecule 1 was synthesized by the Miyaura borylation reaction of 

the RTP liquid34 and characterized unambiguously (Scheme 4.1). The purity of  
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Figure 4.1. a) Chemical structures of TADF emitters 1-5 and fluorescent emitter 

6. b) Comparison of the normalized absorption and emission spectra of 1 in 

MTHF solution (C = 1 x 10-5 M, λex = 342 nm) and neat liquid (λex = 360 nm); 

insets show the photographs of 1 forming thin film inside a round bottom flask 

(top) and on glass (10x10 cm2) (bottom) under UV light (365 nm). Comparison 

of the normalized emission (298 and 77 K) and phosphorescence spectra (298 K) 

of c) 1 neat liquid and d) 1a crystals. e) Temperature-dependent TADF lifetime 

decay curves of 1 (λex = 360 nm and λmon = 450 nm). f) Excitation intensity-

dependent emission profile (λex = 355 nm) and g) emission decay profile of 1 

showing prompt fluorescence at an early time and delayed fluorescence at longer 

time delays, respectively.   

the compounds has been confirmed by CHN analysis. The free-flowing, viscous 

and amorphous nature of 1 was characterized by differential scanning 

calorimetry, thermogravimetric analysis, rheology (Figure 4.2), and X-ray 

diffraction experiments. The amorphous feature seen in 1 is confirmed by two 

halos at 2  = 19.47 and 4.77 o corresponding to branched alkyl chains in the 

molten state and the random distance among the aromatic moieties. 

UV-Vis absorption spectrum of 1 in 2-methyltetrahydrofuran (MTHF) 

solution shows structured absorption bands located at 344 and 358 nm, and the 

corresponding steady-state emission has a single band (λmax = 421 nm) (Figure 

4.1b). Fluorescence lifetime measurements of 1 in solution showed a 

triexponential decay with major lifetimes of 3.73 ns (84 %) and 1.92 ns (11 %) 

with no high lifetime component (Table 2). Though an extended lifetime 

component is missing in the solution, emission intensity and lifetime decreased 

after purging with oxygen (Table 3). Absorption (λmax = 350 nm) and emission 

(λmax = 456 nm) of 1 as a neat liquid offer slightly broad spectra (Figure 4.1b). 

Molecule 1 shows a redshifted (35 nm) blue emission with a quantum yield (QY) 

of 66 % (Table-1 & 4) in the neat state (Figure 4.1b). Interestingly, the free-
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flowing nature of 1 allowed to form a thin layer inside the round bottom flask and 

on a large area glass surface (10x10 cm2) (Figure 4.1b; insets). It indicates the 

enhanced processability and option to handle 1 as paint to apply on large areas. 

 

Figure 4.2. Variation of a) loss modulus (Gʺ) (circles), and storage modulus (Gʹ) 

(squares), b) complex viscosity (ŋ*) versus angular frequency on double 

logarithmic scale, of 1. c) Photographs of the free-flowing liquid feature of 1.  

 

A higher magnitude of G'' in the Rheology plot indicates the presence of an 

appreciable viscous nature having complex viscosity of 1.87 Pa·s at 1 rads-1 in 

the liquid state due to the highly dynamic molecular interactions. The rheology 
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experiments helped to confirm that the identified liquid possesses a certain degree 

of viscoelasticity (Figure 4.2). We studied the importance of the liquid matrix in 

imparting TADF for 1 in detail. As shown in Figure 4.1c, a similar spectral feature 

was noticed for 1 in the steady-state emissions at 298 and 77 K. The exciting fact 

was the presence of a peak located at 453 nm when 0.1 ms detector delay was 

applied in the phosphorescence spectral measurement (Figure 4.1c). The 

similarity and significant overlap between the fluorescence and phosphorescence 

spectra confirm the minimal singlet-triplet energy gap (EST).47-48 However, a 

structural analogue 1a (Scheme 4.1) exhibits both TADF and RTP emissions in 

the crystalline assembly via radiative decay from both singlet and triplet states to 

display TADF and RTP, respectively (Figure 4.1d). Though the steady-state 

emissions at 298 and 77 K look identical, it differs from the phosphorescence 

spectrum. It validates the support of molecular design and liquid feature in 

imparting TADF for 1 with a lifetime (TADF) of 7.9 μs (Table-1, 6). Besides, not 

much change is observed in the prompt (PF), delayed (DF) fluorescence, and RTP 

spectra, and it shows the narrow energy gap between the singlet and triplet energy 

levels supporting TADF. 

TADF properties of 1 were further confirmed by the changes in the emission 

spectra and lifetime in the presence of oxygen (Table 7). Here we noticed that the 

liquid matrix acts as a supportive layer to protect from oxygen, and hence the 

intensity changes are minimum. Additionally, it has been supported by the 

temperature-dependent lifetime decay profile of 1, and it demonstrates the origin 

of a typical TADF feature (Figure 4.1e and Table 8). Molecule 1 shows an 

increase in TADF upon increasing the temperature from 77 to 298 K (Figure 4.1e). 

A linear dependence of the DF intensity with excitation power observed for 1 

clearly shows that the emission is due to TADF and not by triplet-triplet 

annihilation (Figure 4.1f). Besides, the long-range lifetime decay profile points 

to the PF at an early time and DF at longer time delays (Figure 4.1g). Hence, all 
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these characterizations unambiguously confirm the TADF property, indicating the 

existence of a thermal activation energy barrier for TADF, and thus more 

favourable rISC of excitons from triplet to singlet excited state by gradual 

warming. The kISC and krISC for 1 were found to be 3.87 x 108 s-1 and 2.83 x 105 s-

1, respectively. However, considering the active support of the liquid matrix in 

protecting the triplet state, the calculated krISC may not be accurate to account for 

the low TADF of 1. The overlap of the emission and RTP spectra, oxygen and 

temperature-dependent lifetime, together with high QY, support molecule 1 as a 

potential TADF candidate.49-54  

Further, a series of TD-DFT computations were carried out for 1 by using 

Gaussian 09 program. It has been noticed that HOMO is located on the 

naphthalene ring (π-type), and LUMO is delocalized between the B-C p-orbital 

with significant overlap supporting a partially separated frontier energy level for 

a small ΔEST (Figure 4.3a). On examining ΔEST, triplet states T3 and T2 are nearly 

degenerate with the first singlet excited state (S1) having ΔEST of 0.06 and 0.25 

eV, respectively.40-41 Thus, it is clear that molecule 1 has well-matched singlet and 

triplet energy states and hence helps in efficient rISC from triplet to the singlet 

state. Natural transition orbitals (NTO) reveal the presence of a reasonable charge 

transfer (CT) character for S1 and thereby resulting in CT emission (f = 0.4663) 

(Figure 4.3a). The energetically closer, substantial locally excited (LE) and CT 

nature of the triplet states and 1CT support small ΔEST and subsequently rISC 

(Figure 4.3a).49-54 
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Figure 4.3. a) Natural transition orbitals (NTO) for the emission from the singlet 

and triplet excited states of 1. b) Normalized emission spectra of 1-5 (λex = 360 

nm (1), 370 nm (2), 430 nm (3), 440 nm (4), 520 nm (5)) along with the 

corresponding c) CIE coordinate values. d) Photographs of thin films (top) and 

neat SOLs (bottom) of 1-5 under UV light (365 nm). 
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Figure 4.4. DSC thermograms of 1-6 at a scanning rate of 10 oC/min, showing 

the Tg offset values. 
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Figure 4.5. TGA analysis of 1-6 at a scanning rate of 10 oC/min, showing the Tg 

offset values. 
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(Figure 4.3b-d). The emission maxima of 2-5 were varied as 483, 510, 545, and 

620 nm, respectively (Figure 4.6 and Table 1). As shown in Figure 4.3d, no 

significant difference in emission colour was noticed for the thin film and neat 

SOLs. It points to the monomer-like optical properties in the neat liquid state due 

to -core isolation by the long-branched alkyl chains. All SOL molecules showed 

delayed fluorescence of TADF nature in the neat liquid state, as demonstrated by 

the lifetime and spectral pattern at 77 and 298 K and high emission QY (Figure 

4.8, 4.9 and Table 2-8).  

 

Figure 4.6. Normalized a) absorption and steady-state emission spectra of 1-5 in 

MTHF solution b) at RT c) at 77 K (C = 1 x 10-5 M, l = 1 cm), Normalized d) 

absorption and e) steady-state emission spectra of 1-5 (neat liquid) (λex = 355 nm 

for 1, λex = 360 nm for 2,  λex = 424 nm for 3, λex = 434 nm for 4,  λex = 480 nm 

for 5). f) Photograph of MTHF solution of 1-5 under UV (365 nm) light.  
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Figure 4.7. Fluorescence lifetime decay profiles of 1-5 in a) in MTHF solution 

(C = 1 x 10-5 M) and b) in neat state at 298 K (λex = 374 nm, λmon = 420 nm for 1, 

420 nm for 2, 524 nm for 3, 564 nm for 4, 620 nm for 5). 

A detailed analysis has been performed to establish the TADF feature of 

molecules 2-5 as well (Figures 4.8-4.11). Temperature-dependent lifetime (Figure 

4.10), a linear dependence of the DF intensity with excitation power (Figure 

4.11a) and long-range lifetime decay profile (Figure 4.11b) further confirmed 

TADF of molecules 2-5. Similar to 1, the decrease in emission intensity for 2-5 
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a CT state in TADF. As the solvent polarity increases, max redshifts with a 

decrease in intensity indicates that the emission originates from S1 state with a 

strong CT character.49-54 Similar to 1, other molecules also exhibit small ΔEST to 

facilitate rISC supported by vibrational coupling between 3LE and 3CT states.49-

54 Hence, donor connected naphthalimides are proven to be efficient TADF 

candidates due to many supportive structural features.55-58 All the molecules 

exhibited reasonably high optical stability upon direct irradiation with UV light 

for five hours. 
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Figure 4.8. Comparison of the emission spectra in of 1-5 in neat state at 298 K 

and 77 K (λex = 355 nm for 1, λex = 360 nm for 2,  λex = 424 nm for 3, λex = 434 

nm for 4,  λex = 480 nm for 5). 
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Figure 4.9. Comparison of the PF and DF spectra of 1-5 in neat state at 298 K. 
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4a-c, 4.12, 4.14 Table 9-19). An extremely low amount of acceptor molecules is 

only required almost completely to quench the donor emission (4 acceptors for 

1000 donors). TADF lifetime of donor gradually reduced with a concomitant 

increase in acceptor lifetime upon increasing the concentration of dopants due to 

efficient ET from donor to dopants. 

 

Figure 4.10. Temperature-dependent TADF lifetime for molecule a) 1, b) 2, c) 3, 

d) 4 and e) 5 in the neat state. 
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Figure 4.11. a) Excitation intensity-dependent emission profile (λex = 355 nm) 

and b) emission decay profile of 2-5 showing prompt fluorescence at an early 

time and delayed fluorescence at longer time delays, respectively. 
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Figure 4.12. ET studies of 1 with increasing equivalents of a) 3, b) 4, c) 5 and d) 

white light emission achieved by 1+3+5 (1:0.0009:0.0008) and 2+5 (1:0.002). e) 

The schematic diagram for the ET process. PF-prompt fluorescence, DF-delayed 

fluorescence, and FET-Förster energy transfer, DET-Dexter energy transfer. The 

desirable processes are indicated by solid arrows, while the undesirable ones are 

by dotted arrows. Processes resulting in a loss in efficiency are marked with a 

cross. 
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Further, ET between 2 and fluorescent liquid dopant 6 (Figure 4.1a) was 

also attempted, and ET efficiency of 88% was observed (Figure 4.13 and Table 

20). The ET and overall light emission processes are described schematically in 

Figure 4.12e. Two important facts, such as the significantly low quantity of the 

acceptors used and the presence of bulky side groups that separate the host and 

dopants from each other, are expected to manage the Dexter energy transfer loss 

efficiently. It has to be noticed that the available nonpolar liquid matrix of 1 and 

2 shows excellent compatibility with the dopants without any sign of phase 

separation. Interestingly, an enhanced ET provides an additional relaxation path 

for TADF donors and thus leads to a reduced exciton concentration and lifetime.16 

In addition, ET of the TADF host is also beneficial for lowering the T1-related 

annihilation process.66-71 

 

 

Figure 4.13. a) Energy transfer between 2 and 6, upon increasing the amount of 

6 and b) corresponding lifetime decay profile (λex = 360 nm,  λmon = 480 nm).  
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Figure 4.14. TADF lifetime decay of a mixture of 1+3 at 298 K monitored at a) 

450 nm (donor) and b) 520 nm (acceptor). TADF lifetime decay of a mixture of 

1+4 at 298 K monitored at c) 450 nm (donor) and d) 550 nm (acceptor). TADF 

lifetime decay of a mixture of 1+5 at 298 K monitored at e) 450 nm (donor) and 

f) 580 nm (acceptor). 
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The liquid matrix of SOLs allowed facile mixing with polylactic acid 

(PLA), a bio-based polymer, to yield solid filament materials ideal for 3D printing 

applications. We have optimized the minimum amount of SOL as 1 wt% for 

satisfactory luminescence features with excellent quantum yields for thin films 

(Figure 4.15a, Table 4). The photographs of the SOL doped (1 wt%) thin films 

under UV light (365 nm) show similar emission features as the neat SOLs, and it 

points to the excellent dispersibility of TADF SOLs in the PLA matrix. SOL 

hybrids individually and in combinations have been used to make a cube having 

sides with blue (1), cyan (2), green (3), orange (4), and red (5) along with white 

(2+5) emissions under UV light (365 nm) excitation (Figure 4.15b). PLA-1 

hybrid has been used to 3D print the CSIR and NCL logos, exhibiting deep blue 

emission (Figure 4.15c). Besides, a flower vase (2-5 and 2+5) and a mushroom 

lamp (2, 5) were also prepared (Figure 4.15d). SOLs exhibited excellent thermal 

stability and processability when melt compounded with thermoplastic polymers 

such as PLA, rendering their uniform distribution in the PLA matrix. Compared 

to the solid emitters, the long branched aliphatic chains and liquid matrix of SOLs 

support the uniform distribution throughout the matrix without any phase 

separation. The 3D printed objects are stable and retain the emission features for 

more than one year.  

We have attempted the TADF SOLs for light-emitting application, and as 

a representative example, the LED device was fabricated using 4 as an emitter 

(Figure 4.16-4.18). The LED device of 4 exhibits reasonably good performance 

and the details are provided below. To improve the performance, mCP has been 

selected as the host because of the good overlap of its emission with the 

absorption of 4 (Figure 4.16). The device showed excellent diode characteristics 

with a turn-on voltage for light emission around 9V (Figure 4.17). A typical J-V-

L characteristic of the LED has been given in Figure 4.17. The device exhibited 

a maximum luminance of 653 cd/m2 at 17 V with a current density of 73 mA/cm2. 
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The electroluminescent spectra showed a peak at 552 nm with CIE coordinates 

of (0.41,0.56). The emission from mCP is not seen, confirming ET between mCP 

and 4. The current efficiency, power efficiency, and external quantum efficiency 

of 1.26 cd/A, 0.3 lm/W, and 0.33%, respectively, were obtained at 176 cd/m2 (at 

13V). The variation of the above device parameters with luminescence is shown 

in Figure 4.18. Further optimization of the transport layers and the doping 

concentration are expected to improve the device performance. 

 

Figure 4.15. a) Photograph of the SOL (1-5)-PLA hybrid sheets under visible 

(top) and UV (365 nm) (bottom) lights, and b) a cube with different emission 

colours (2-5), including white (2+5) (1:0.002) made out of hybrid sheets under 

UV (365 nm) light. Photographs of the 3D printed objects using PLA-TADF SOL 

(1 wt%) hybrids under UV light (365 nm). c) CSIR and NCL logo using 1-PLA 

and d) colourful flower vase (2-5 and 2+5) and mushroom lamp (2, 5). 

a) c)

d)b)
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Figure 4.16. Energy levels and device structure of OLED device using 4 as the 

emitting layer.  

 

Figure 4.17. a) Current density (J)-Voltage (V)- Luminance (L) characteristics, 

b) Current(I)-Volatge (V) characteristics, c) Electroluminescene spectra, d) 

photograph of the device. 
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Figure 4.18. a) Current Efficiency and Power Efficiency Vs Luminance plot b) 

External Qunatum Efficiency (EQE) Vs Luminance plot. 

Table 1. Photophysical parameters of TADF SOLs 

No. λabs 

(nm) 

(Sol.n)a 

λabs 

(nm) 

(Neat)a 

λem 

(nm) 

(Sol.n)b 

λem 

(nm) 

(Neat)b 

τ (ns) 

(Neat)c 

τ (µs) 

(Neat)d 

ΦPL(%) 

(Sol.n)e 

ΦPL(%) 

(Neat)f 

S1 

(eV)g 

T1 

(eV)g 

ΔEST 

(eV)g 

1 356 358 418 428 12.9 7.90 70 66 3.160 3.126 0.034 

2 360 364 424 483 24.7 10.1 59 68 3.091 3.038 0.053 

3 404 424 508 510 5.56 28.0 82 79 2.689 2.572 0.117 

4 420 430 590 545 7.69 44.8 91 83 2.479 2.388 0.091 

5 476 490 620 622 4.50 12.1 95 81 2.254 2.175 0.079 

a) Absorption maxima, b) Emission maxima, c) Emission lifetime in Neat State, d) TADF 

lifetime in Neat State, Photoluminescence Quantum Yield in e) Solution State f) Neat State, g) 

Experimental S1 and T1 energies estimated from the Fluorescence and Phosphorescence 

spectra in Neat State. 

Table 2. Emission lifetime of 1-5 in MTHF solution (C = 10-5 M) at 298 K. 
 

Molecules Lifetime (ns) CHISQ (χ2) values 

1 1 = 3.73 (84 %) 

2 = 1.92 (11 %) 

        3  = 0.30 (5 %) 

 

1.10 

2 1 = 6.62 (98 %) 

        2 = 0.23 (2 %) 

1.24 
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3 1 = 4.61 (90 %) 

2 = 1.44 (06 %) 

3 = 0.03 (03 %) 

 

1.07 

4 1 = 5.01 (95 %) 

        2 = 0.64 (3 %) 

        3 = 0.04 (2 %) 

 

1.12 

5         1 = 0.31 (5 %) 

2 = 3.36 (95 %) 

0.94 

 

Table 3. Emission lifetime of 1-5 in MTHF solution (C = 1 x 10-5 M before and 

after purging with oxygen at 298 K. 

 

Molecules Condition Lifetime (ns) CHISQ (χ2) values 

1 Before 
1
 = 0.54 (20 %) 


2
 = 1.85 (71 %) 


3
 = 4.69 (9 %) 

 

1.21 

After 
1
 = 0.32 (10 %) 


2
 =  1.08 (43 %) 


3
 = 2.27 (47 %) 

 

1.07 

2 Before 1 = 0.84 (23 %) 

2 = 7.27 (77 %) 

1.18 

After 1 = 0.67 (16 %) 

2 = 5.22 (84 %) 

1.16 

3 Before 1 = 0.41 (4 %) 

2 = 3.72 (17 %) 

3 = 8.34 (79 %) 

 

1.19 

After 1 = 0.31 (5 %)  

     2 = 2.66 (62 %) 

3 = 4.48 (33 %) 

 

1.12 

4 Before      1 = 1.32 (3 %) 

2 = 6.42 (95 %) 

     3 = 0.16 (2 %) 

 

1.17 

After      1 = 0.31 (7 %) 

2 = 3.38 (93 %) 

1.13 
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5 Before      1 = 0.34 (5 %) 

2 = 3.59 (95 %) 

1.15 

After      1 = 0.34 (6 %) 

2 = 3.03 (94 %) 

1.09 

 

Table 4. Emission quantum yield of 1-5 in neat state at 298 K. 

 

Compounds Quantum Yield (%) 

Neat Liquid PLA Hybrid Sheets 

1 66 60 

2 68 64 

3 79 76 

4 83 79 

5 81 76 

 

 

 

Table 5. Emission lifetime of 1-5 in the neat state at 298 K. 

 

Molecules Lifetime (ns) CHISQ (χ2) values 

1 1 = 12.9 (51 %) 

2 = 1.88 (22 %) 

3 = 0.55 (27 %) 

 

1.16 

2 1 = 24.7 (82 %) 

2 = 2.13 (10 %) 

3 = 0.82 (8 %) 

 

1.24 

3 1 = 5.56 (73 %) 

2 = 2.02 (22 %) 

3 = 0.31 (5 %) 

 

1.20 

4 1 = 7.69 (52 %) 

2 = 2.77 (36 %) 

3 = 0.52 (12 %) 

 

1.24 

5 1 = 1.78 (47 %) 

2 = 0.28 (8 %) 

3 = 4.50 (45 %) 

 

1.00 
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Table 6. TADF lifetime of 1-5 in the neat state at 298 K. 

 

Samples TADF lifetime (μs)   CHISQ (χ2) values 

1  
1
 = 7.90 (25 %) 


2
 = 0.27 (75 %) 

1.18 

2  1 = 10.1 (45 %) 

2 = 0.09 (55 %) 

0.80 

3  1 = 28.0 (49 %) 

2 = 0.73 (15 %) 

3 = 0.04 (36 %) 

 

1.16 

4  1 = 44.8 (60 %) 

 2 = 5.33 (29 %) 

3 = 0.10 (11 %) 

 

1.20 

5  1 = 12.1 (31 %) 

2 = 0.55 (69 %) 

1.09 

 

 

Table 7. Variation of TADF lifetime decay of 1-5 in the neat state in the presence 

of oxygen at 298 K. 

 

Molecules Condition Lifetime (μs) CHISQ (χ2) values 

1 Before 
1
 = 7.90 (25 %) 


2
 = 0.27 (75 %) 

1.18 

After 
1
 = 0.36 (100 %) 1.16 

2 Before 1 = 9.47 (77 %) 

2 = 0.33 (23 %) 

0.94 

After 1 = 8.22 (43 %) 

2 = 0.31 (57 %) 

1.22 

3 Before 1 = 13.4 (46 %) 

2 = 0.54 (54 %) 

1.24 
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After 1 = 11.7 (40 %) 

2 = 0.48 (60 %) 

1.09 

4 Before 1 = 10.0 (34 %) 

2 = 0.44 (66 %) 

1.10 

After 1 = 8.09 (33 %) 

2 = 0.43 (67 %) 

1.19 

5 Before 1 = 12.4 (31 %) 

2 = 0.55 (69 %) 

1.26 

After 1 = 11.6 (29 %) 

2 = 0.55 (71 %) 

1.28 

 

Table 8. Temperature-dependent TADF lifetime decay of 1-5 in the neat state. 

 

Molecules Condition Lifetime (μs) CHISQ (χ2) values 

1 298 K 
1
 = 7.90 (25 %) 


2
 = 0.27 (75 %) 

1.18 

77 K 1 = 0.45 (75 %) 

2 = 0.08 (25 %) 

1.21 

2 298 K 1 = 10.1 (45 %) 

2 = 0.09 (55 %) 

0.80 

77 K 1 = 0.39 (48 %) 

2 = 0.05 (52 %) 

0.76 

3 298 K 1 = 28.0 (49 %) 

2 = 0.73 (15 %) 

3 = 0.04 (36 %) 

 

1.16 

77 K 1 = 11.3 (23 %) 

2 = 0.37 (12 %) 

3 = 0.04 (65 %) 

 

0.66 

4 298 K 1 = 44.8 (60 %) 

 2 = 5.33 (29 %) 

3 = 0.10 (11 %) 

 

1.20 

77 K 1 = 11.5 (25 %) 

2 = 0.47 (75 %) 

1.30 

5 298 K 1 = 12.1 (31 %) 

2 = 0.55 (69 %) 

1.09 
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77 K 1 = 2.88 (39 %) 

2 = 0.19 (61 %) 

0.75 

 

Table 9. Variation of the emission lifetime of 1 with increasing equivalents of 3 

in the neat state monitored at 450 nm. 

Ratio of 1 and 3 Lifetime (ns) CHISQ (χ2) values 

1 1 = 12.9 (51 %) 

2 = 1.88 (22 %) 

3 = 0.55 (27 %) 

 

1.16 

1 : 0.0006 1 = 1.67 (66 %) 

2 = 0.44 (20 %) 

3 = 11.1 (14 %) 

 

0.33 

1 : 0.0012 1 = 1.56 (63 %) 

2 = 0.43 (25 %) 

3 = 10.6 (12 %) 

 

0.34 

1 : 0.0024 1 = 1..04 (54 %) 

2 = 8.43 (11 %) 

3 = 0.02 (35 %) 

 

0.31 

1 : 0.0036 1 = 0.64 (37 %) 

2 = 6.97 (11 %) 

3 = 0.14 (53 %) 

 

0.33 

 

Table 10. Variation of the emission lifetime of 1 with increasing equivalents of 

3 in the neat state monitored at 520 nm. 

 

Ratio of 1 and 3 Lifetime (ns) CHISQ (χ2) values 

1 1 = 12.9 (51 %) 

2 = 1.88 (22 %) 

3  = 0.55 (27 %) 

 

1.16 

1 : 0.0006 1 = 2.18 (62 %) 

2 = 0.77 (21 %) 

3 = 14.1 (17 %) 

 

1.00 

1 : 0.0012 1 = 3.97 (36 %) 

2 = 14.4 (29 %) 

3 = 1.10 (35 %) 

 

1.02 

1 : 0.0024 1 = 5.63 (44 %)  
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2 = 15.0 (31 %) 

3 = 1.26 (25 %) 

1.05 

1 : 0.0036 1 = 5.37 (40 %) 

2 = 15.2 (31 %) 

3 = 1.30 (29 %) 

 

1.06 

Table 11. Variation of TADF lifetime of 1 with increasing equivalents of 3 in the 

neat state monitored at 450 nm.  

Ratio of 1 and 3 Lifetime (μs) CHISQ (χ2) values 

1 1 = 7.90 (25 %) 

2 = 0.27 (75 %) 

1.18 

1 : 0.0006 1 = 6.79 (36 %) 

2 = 0.31 (64 %) 

0.80 

1 : 0.0012 1 = 5.02 (18 %) 

2 = 0.32 (82 %) 

0.98 

1 : 0.0024 1 = 4.94 (17 %) 

2 = 0.35 (83 %) 

0.99 

1 : 0.0036 1 = 4.19 (14 %) 

2 = 0.33 (86 %) 

0.88 

 

 

Table 12. Variation of TADF lifetime of 1 with increasing equivalents of 3 in the 

neat state monitored at 520 nm.  

 

Ratio of 1 and 3 Lifetime (μs) CHISQ (χ2) values 

1 1 = 5.96 (29 %) 

2 = 0.39 (71 %) 

1.16 

1 : 0.0006 1 = 7.67 (36 %) 

2 = 0.40 (64 %) 

1.27 

1 : 0.0012 1 = 8.59 (33 %) 

2 = 0.41 (67 %) 

1.09 

1 : 0.0024 1 = 12.4 (48 %) 

2 = 0.48 (52 %) 

0.98 

1 : 0.0036 1 = 0.52 (52 %)  

2 = 16.2 (48 %) 

0.79 

Table 13. Variation of the emission lifetime of 1 with increasing equivalents of 

4 in the neat state monitored at 450 nm. 
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Ratio of 1 and 4 Lifetime (ns) CHISQ (χ2) values 

 1 1 = 12.9 (51 %) 

2 = 1.88 (22 %) 

3  = 0.55 (27 %) 

 

1.16 

1 : 0.0006 1 = 0.34 (7 %) 

2 = 1.25 (74 %) 

3 = 5.33 (19 %) 

1.09 

1 : 0.0012 1 = 0.32 (6 %) 

2 = 1.13 (71 %) 

3 = 4.84 (23 %) 

1.15 

1 : 0.0024 1 = 0.24 (7 %) 

2 = 0.93 (69 %) 

3 = 3.97 (24 %) 

1.17 

1 : 0.0036 1 = 0.53 (55 %) 

2 = 2.22 (38 %) 

3 = 0.10 (7 %) 

1.20 

 

Table 14. Variation of the emission lifetime of 1 with increasing equivalents of 

4 in the neat state monitored at 550 nm. 

 

Ratio of 1 and 4 Lifetime (ns) CHISQ (χ2) values 

 1 1 = 12.9 (51 %) 

2 = 1.88 (22 %) 

3  = 0.55 (27 %) 

1.16 

1 : 0.0006 1 = 1.51 (17 %) 

2 = 4.56 (68 %) 

3 = 14.0 (15 %) 

1.20 

1 : 0.0012 1 = 4.44 (67 %) 

2 = 1.19 (18 %) 

3 = 15.0 (15 %) 

1.18 

1 : 0.0024 1 = 4.57 (65 %) 

2 = 1.32 (20 %) 

3 = 15.6 (15 %) 

1.20 

1 : 0.0036 1 = 4.46 (57 %) 

2 = 16.1 (16 %) 

3 = 1.21 (27 %) 

1.19 
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Table 15. Variation of TADF lifetime of 1 with increasing equivalents of 4 in the 

neat state monitored at 450 nm. 

 

Ratio of 1 and 4 Lifetime (μs) CHISQ (χ2) values 

 1 1 = 7.90 (25 %) 

2 = 0.27 (75 %) 

1.18 

1 : 0.0006 1 = 7.54 (31 %) 

2 = 0.35 (69 %) 

0.91 

1 : 0.0012 1 = 6.22 (28 %) 

2 = 0.31 (72 %) 

0.75 

1 : 0.0024 1 = 5.83 (29 %) 

2 = 0.32 (71 %) 

0.88 

1 : 0.0036 1 = 5.02 (18 %) 

2 = 0.32 (82 %) 

1.30 

 

Table 16. Variation of TADF lifetime of 1 with increasing equivalents of 4 in the 

neat state monitored at 550 nm. 

 

Ratio of 1 and 4 Lifetime (μs) CHISQ (χ2) values 

 1 1 = 11.5 (36 %) 

2 = 0.49 (64 %) 

1.30 

1 : 0.0006 1 = 13.7 (38 %) 

2 = 0.58 (62 %) 

1.21 

1 : 0.0012 1 = 0.67 (51 %) 

2 = 27.6 (49 %) 

0.88 

1 : 0.0024 1 = 0.70 (49 %) 

2 = 28.8 (51 %) 

1.26 

1 : 0.0036 1 = 0.72 (51 %) 

2 = 32.6 (49 %) 

1.23 

 

 

 

Table 17. Variation of the emission lifetime of 1 with increasing equivalents of 

5 in the neat state monitored at 450 nm. 
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Ratio of 1 and 5 Lifetime (ns) CHISQ (χ2) values 

1 1 = 12.9 (51 %) 

2 = 1.88 (22 %) 

3  = 0.55 (27 %) 

1.16 

1 : 0.0008 1 = 0.32 (7 %) 

2 = 1.22 (75 %) 

3 = 5.18 (18 %) 

1.18 

1 : 0.0016 1 = 0.28 (7 %) 

2 = 1.01 (68 %) 

3 = 4.25 (25 %) 

1.13 

1 : 0.0032 1 = 0.17 (7 %) 

2 = 0.72 (64 %) 

3 = 2.92 (29 %) 

1.07 

1 : 0.0048 1 = 0.51 (56 %) 

2 = 2.20 (39 %) 

3 = 0.14 (5 %) 

1.01 

 

 

Table 18. Variation of the TADF lifetime of 1 with increasing equivalents of 5 

in the neat state monitored at 450 nm. 

Ratio of 1 and 5 Lifetime (μs) CHISQ (χ2) values 

1 1 = 7.90 (25 %) 

2 = 0.27 (75 %) 

1.18 

1 : 0.0008 1 = 7.45 (35 %) 

2 = 0.33 (65 %) 

0.91 

1 : 0.0016 1 = 5.58 (26 %) 

2 = 0.33 (74 %) 

0.85 

1 : 0.0032 1 = 5.29 (32 %) 

2 = 0.29 (68 %) 

0.96 

1 : 0.0048 1 = 3.33 (22 %) 

2 = 0.30 (78 %) 

0.98 

 

 

Table 19. Variation of TADF lifetime of 1 with increasing equivalents of 5 in the 

neat state monitored at 580 nm. 

 

Ratio of 1 and 5 Lifetime (μs) CHISQ (χ2) values 
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1 1 = 0.61 (58 %) 

2 = 24.7 (42 %) 

1.21 

1 : 0.0008 1 = 0.76 (52 %) 

2 = 33.6 (48 %) 

1.32 

1 : 0.0016 1 = 0.74 (53 %) 

2 = 33.7 (47 %) 

1.31 

1 : 0.0032 1 = 0.73 (53 %) 

2 = 35.3 (47 %) 

1.28 

1 : 0.0048 1 = 0.83 (51 %) 

2 = 37.9 (49 %) 

1.30 

 

 

 

Table 20. Variation of TADF lifetime of 2 with increasing equivalents of 6 in the 

neat state monitored at 480 nm. 

 

Ratio of 2 and 6 Lifetime (μs) CHISQ (χ2) values 

1 1 = 10.1 (45 %) 

2 = 0.09 (55 %) 

0.80 

1 : 0.0002 1 = 3.04 (24 %) 

2 = 0.30 (76 %) 

0.76 

1 : 0.0004 1 = 2.93 (30 %) 

2 = 0.28 (70 %) 

0.85 

1 : 0.0006 1 = 2.61 (46 %) 

2 = 0.28 (54 %) 

0.85 

1 : 0.0008 1 = 2.24 (46 %) 

2 = 0.25 (54 %) 

0.84 

1 : 0.0010 1 = 2.09 (36 %) 

2 = 0.26 (64 %) 

0.90 

1 : 0.0020 1 = 1.74 (20 %) 

2 = 0.21 (80 %) 

1.06 

1 : 0.0040 1 = 0.42 (100 %) 1.13 

 

4.5 Conclusion 
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In conclusion, the successful demonstration of the TADF liquid 

accomplished a series of molecules having varying TADF emission colours 

through structural modification. The donor-acceptor combination of TADF liquid 

emitters exhibited ET-assisted tunable emission. A cascade ET between the TADF 

SOLs demonstrated hybrid liquids having tunable emission, including white 

light-emission. The attractive features, such as the capability to form a large-area 

thin luminescent film and tunable emission by doping, enable TADF liquids to be 

a potential candidate in lighting and display applications. Interestingly, the high 

QY and uniform dispersibility of SOLs supported the very low loading of the 

emitters (1 wt%) to deliver 3D printed objects with multicolour light emission. 

The detailed photophysical studies indicate that neither the same SOLs in solution 

nor the crystalline structural analogs exhibit TADF, and it points to the importance 

of molecular design in developing the hitherto unknown TADF liquids. The high 

processability of TADF liquids to form large-area thin films without 

compromising the emission features offer a bright future for TADF SOLs. 
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Chapter-5 

Luminescent Solvent-free Organic Liquid 

Naphthalimides for Lighting Applications 

 

Luminescent organic materials have prime importance because of their high 

colour tunability, stability, processability, and hence have a high demand for 

processable large-area devices. Recently, an efficient harvest of triplet excitons 

and convert them into light have emerged for lighting applications. Organic 

molecules exhibiting thermally activated delayed fluorescence (TADF) have 

been extensively studied in a short period and gathered much attention. However, 

organic TADF materials suffer from aggregation caused by quenching in both 

crystalline and amorphous states. In this context, solvent-free organic liquids with 

TADF features in bulk with high processability will be promising for practical 

demonstrations. Herein, we designed and synthesized a series of naphthalimide-

based solvent-free TADF liquids exhibiting cyan to yellow colour emission with 

a delayed lifetime of up to 79 s. We sensibly attached a polymerizable group to 

one of the solvent-free TADF liquids to further utilize for polymerization. The 

polymerizable liquid can be coated on surfaces to get a stable large area coating 

after exposure to heat or light. Hence, we aim to develop a polymerizable organic 

hybrid liquid capable of forming large-area films as a potential candidate for 

flexible and foldable electronic devices. 

Publication: Manuscript under Preparation 
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5.1. Introduction 

Self-organization of molecules is an essential tool in organic electronics to 

control the charge transport features.1-3 Over the last several decades, organic 

electronics have seen dramatic advancements, resulting in the invention of 

organic electronic devices such as solar cells, transistors, light-emitting diodes, 

and so on.4 The organised arrangement of molecules to produce a precise 

transport channel for the generation of holes and electrons has been seen to play 

a crucial role in determining the efficiency of such devices. However, organic 

material has restrictions such as stability, crystalline ordering requirements, etc., 

which slowed down the manufacturing of low-cost, energy-efficient, large-area 

devices.5-7 It emphasises the significance of an alternate candidate in this research 

path, and non-volatile solvent-free organic liquid (SOL) is being examined as a 

potential candidate. As discussed in earlier chapters on SOLs, the main objective 

is to tune functional properties by synthetic modification or blending with other 

dopants to fulfill the demand for organic electrical devices.  

SOLs have been investigated as a new soft material to undertake the 

aforementioned challenges to a certain extent.8-11 SOLs are expected to replace 

solid crystalline samples, which restrict the manufacturing of large-area thin films 

with no defects.12 In this context, luminescent SOLs that can be coated on various 

surfaces to form continuous thin films are highly promising.8-11 However, the 

limitations, including the surface stickiness and the least curability of the films 

have to be rectified. To overcome the drawbacks of the SOLs without affecting 

their physical/photophysical properties,13-16 polymerizable SOLs can be used to 

make stable luminescent polymer films. The envisaged polymerizable SOL 

strategy will allow us to overcome the present hurdles associated with using 

luminescent organic materials in device applications. In this direction, we aim to 

develop novel polymerizable luminescent SOLs. In this chapter, we introduce 

new TADF liquids and a polymerizable version of it. 
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5.2. Experimental section 

5.2.1 RTP and TADF Experiments 

The window of maximum delay after flash for phosphorescence measurements 

was kept as 3 ms for 77 K and 0.1 ms for 298 K. Phosphorescence lifetimes were 

measured at room temperature (298 K) in the air by keeping a 10% delay 

component and 10% trigger pulse duration, using 355 nm excitation source. All 

experiments have been done in the air by keeping the same experimental 

parameters.  

 

5.2.2 Emission and Lifetime Decay at 77 K and 298 K Temperature 

Measurements  

The PTI spectrofluorometer is equipped with thermoelectric cuvette holders, 

heating stages, and cryostats which allows the measurements to be carried out 

over a temperature of 77 K. The fluorescence emission and lifetime decays of all 

molecules at 77 K and 298 K were measured using a liquid nitrogen Dewar 

module.  

 

5.2.3 Preparation of Polymerizable Hybrid Liquids  

The molecule Diallyl-NMI and crosslinker (CL) with varying equivalents in 

glass vials were stirred well with a spatula to get a homogenous hybrid liquid. 

 

5.2.4 Preparation and Purification of Polymer Films17  

The homogenous hybrid liquid was uniformly cast on a glass plate using the 

doctor blade technique and exposed to UV-visible light (400-800 nm) with 300 

Watts power for about 3 hours for photopolymerization to get a stable polymer 

film. The polymer film was prepared by thermochemical method as well. The 

homogenous hybrid liquid on a glass plate was kept at 80 oC for 2 hours in the 

glove box. The polymerization results in stable 2D-sheet films of controllable 

thickness. 
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5.3. Synthesis 

Synthesis of 6-bromo-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione were performed according to the literature procedure.9b 

 

Scheme S1. Synthetic scheme of Naphthalimide-based molecules. 

5.3.1 Synthesis of 6-(10,11-dihydro-5H-dibenzo[b,f]azepin-5-yl)-2-(tricosan-

12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (Az-NMI)18 

A mixture of 6-bromo-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (200 mg, 334.05 µmol), 10,11-dihydro-5H-dibenzo[b,f]azepine (80 mg, 
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401 µmol), tri(o-tolyl)phosphine (11 mg, 33.41 µmol), anhydrous potassium t-

butoxide (75 mg, 668.10 µmol) was weighed and taken in a two neck flask with 

anhydrous toluene (10 mL). This flask was degassed by repeated freeze-pump-

thaw cycles. After this, and Pd(dba)2 [Tris(dibenzylideneacetone)dipalladium(0)] 

(19 mg, 33.41 µmol) was added to the reaction mixture and kept for reflux at 120 

oC under argon for 24 hours. The reaction progress was monitored by TLC in a 

mixture of n-hexane-CH2Cl2. The reaction mixture was extracted with CH2Cl2 

and dried with anhydrous Na2SO4.. The CH2Cl2 was removed by a rotary 

evaporator, and the resulting residue was purified by silica column 

chromatography using a mixture of n-hexane:CH2Cl2 to yield Az-NMI (153 mg, 

64%) as a brown-coloured liquid.  

 

1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 8.29 - 8.55 (m, 2 H), 7.89 (d, J = 

8.6 Hz, 1 H), 7.29 - 7.32 (m, 2 H), 7.25 - 7.28 (m, 4 H), 7.20 - 7.25 (m, 4 H), 5.15 

(br. s., 1 H), 3.21 (s, 4 H), 2.15 - 2.29 (m, 2 H), 1.75 - 1.87 (m, 2 H), 1.27 (d, J = 

6.8 Hz, 12 H), 1.21 (br. s., 24 H), 0.87 (t, J = 6.9 Hz, 6 H) ppm. 

 13C NMR (100 MHz, CDCl3), δ (TMS, ppm): 165.8, 165.0, 149.5, 145.5, 136.5, 

133.0, 132.2, 131.4, 131.1, 127.5, 127.2, 127.1, 124.2, 122.6, 114.5, 54.2, 32.5, 

32.4, 31.9, 31.3, 29.6, 29.6, 29.3, 26.9, 22.7, 14.1 ppm. 

HR-MS (ESI+): calcd for C49H64N2O2 [M+H]+ 714.0630, found: 715.0715. 

 

5.3.2 6-(3-chloro-10,11-dihydro-5H-dibenzo[b,f]azepin-5-yl)-2-(tricosan-12-

yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione18 

 



Chapter-5 Luminescent SOL Naphthalimides for Lighting Applications 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 272 

A mixture of 6-bromo-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (200 mg, 334 µmol), 3-chloro-10,11-dihydro-5H-dibenzo[b,f]azepine (85 

mg, 367.46 µmol), tri(t-butyl)phosphine (7 mg, 33.41 µmol), anhydrous sodium 

t-butoxide (65 mg, 668.10 µmol) was weighed and taken in a two neck flask with 

anhydrous toluene (10 mL). This flask was degassed by repeated freeze-pump-

thaw cycles. After this, Pd(OAc)2 [Palladium (II) acetate] (8 mg, 33.41 µmol) 

was added to the reaction mixture and kept for reflux at 120 oC under argon for 

24 hours. The reaction progress was monitored by TLC in a mixture of n-hexane-

CH2Cl2. The reaction mixture was extracted with CH2Cl2 and dried with 

anhydrous Na2SO4 The CH2Cl2 was removed by rotary evaporator, the resulting 

residue was purified by silica column chromatography using a mixture of n-

hexane:CH2Cl2 to yield Cl-Az-NMI (167 mg, 67%) as a brown-coloured liquid.  

 
1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 8.38 - 8.58 (m, 2 H), 7.93 (d, J = 

8.9 Hz, 1 H), 7.31 - 7.40 (m, 2 H), 7.29 (br. s., 1 H), 7.18 - 7.24 (m, 4 H), 7.13 - 

7.17 (m, 2 H), 5.15 (br. s., 1 H), 3.20 (s, 4 H), 2.19 - 2.27 (m, 2 H), 1.78 - 1.86 

(m, 2 H), 1.21 (br. s., 36 H), 0.87 (t, 6 H) ppm. 

13C NMR (101 MHz, CDCl3), δ (TMS, ppm): 165.7, 164.7, 145.2, 136.3, 134.3, 

133.6, 132.4, 132.2, 131.5, 130.9, 129.7, 127.5, 127.0, 126.5, 125.0, 116.6, 54.1, 

32.5, 31.9, 29.6, 29.3, 27.0, 22.7, 14.1 ppm. 

HR-MS (ESI+): calcd for C49H63ClN2O2 [M+H]+ 748.5050, found: 749.6150. 

 

5.3.3 Synthesis of 6-((1H-benzo[d][1,2,3]triazol-1-yl)oxy)-2-(tricosan-12-yl)-

1H-benzo[de]isoquinoline-1,3(2H)-dione 



Chapter-5 Luminescent SOL Naphthalimides for Lighting Applications 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 273 

Compound 6-bromo-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (200 mg, 334.05µmol), 1-Hydroxybenzotriazole (68 mg, 501.08µmol) in 

DMF (10 mL) were stirred at 120 oC for 12 h. The solvent was evaporated under 

reduced pressure, and the crude product was purified by column chromatography 

on silica to afford HOBT-NMI as a dark yellow-coloured liquid (88 mg, 38 %). 

 

 
 
1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 8.90 - 8.99 (m, 1 H), 8.80 (d, J = 

8.4 Hz, 1 H), 8.68 (d, J = 10.9 Hz, 1 H), 8.18 (d, J = 6.8 Hz, 1 H), 8.01 - 8.12 (m, 

2 H), 7.85 (t, J = 7.8 Hz, 1 H), 7.72 (t, J = 7.7 Hz, 1 H), 7.56 (t, J = 7.4 Hz, 1 H), 

5.19 (br. s., 1 H), 2.17 - 2.33 (m, 2 H), 1.86 (dt, J = 13.5, 4.9 Hz, 2 H), 1.19 - 1.31 

(m, 36 H), 0.85 (t, J = 6.9 Hz, 6 H) ppm. 

13C NMR (126 MHz, CDCl3), δ (TMS, ppm): 165.3, 164.6, 164.2, 163.5, 151.2, 

145.6, 133.0, 132.2, 131.9, 129.9, 129.5, 128.5, 127.1, 125.9, 124.2, 120.8, 119.4, 

111.3, 54.6, 32.4, 31.9, 29.7, 29.6, 29.6, 29.6, 29.3, 27.0, 22.7, 14.1ppm.  

HR-MS (ESI+): calcd for C41H56N4O3 [M+H]+ 653.9240, found: 654.8410. 

5.3.4 Synthesis of 6-(4-(dimethylamino)phenyl)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione 

 

Synthesis of 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(tricosan-12-yl)-

1H-benzo[de]isoquinoline-1,3(2H)-dione were performed according to the 

literature procedure.19 

A sealed tube was charged with 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (200 mg, 309.70 

µmol), 4,7-dibromobenzo[c] [1,2,5]-thiadiazole (365 mg, 1.24mmol), anhy. 
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K2CO3 (214 mg, 1.55mmol) and tetrakis(triphenylphosphine)palladium (0) (36 

mg, 30.97 µmol) dissolved in toluene (10 mL) under argon condition. The 

mixture was purged with argon for 30 min and then heated to 120 oC for 24 h. 

The reaction progress was monitored by TLC (n-hexane-CH2Cl2). The crude 

mixture was extracted with CH2Cl2 and the combined organic layer dried over 

Na2SO4, filtered and concentrated on a rotary evaporator, the resulting residue 

was purified by silica column chromatography using n-hexane:CH2Cl2 as eluent 

to yield Br-Bz-NMI (132 mg, 58%) as a pale-yellow coloured liquid. 

 
1H NMR (400 MHz, CDCl3), δ (TMS, ppm): 8.72-8.62 (br., 2 H), 8.06 (d, J = 

7.38 Hz, 1 H), 7.83 - 7.90 (m, 2 H), 7.59 - 7.69 (m, 2 H), 5.15 - 5.26 (m, 1 H), 

2.20 - 2.33 (m, 2 H), 1.77 - 1.91 (m, 2 H), 1.20 - 1.30 (m, 36 H), 0.85 - 0.89 (t, 6 

H) ppm. 

13C NMR (101 MHz, CDCl3), δ (TMS, ppm): 153.7, 153.5, 147.1, 132.0, 131.6, 

130.9, 130.1, 128.9, 128.8, 127.1, 124.5, 124.0, 115.2, 54.6, 34.9, 32.4, 31.9, 

31.4, 30.2, 29.6, 29.6, 29.6, 29.3, 26.9, 22.7, 14.1 ppm. 

HR-MS (ESI+): calcd for C41H54BrN3O2S [M+H]+ 733.8660, found: 734.8740. 

 

5.3.5 Synthesis of 6-(diallylamino)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione20 

Compound 6-bromo-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (200 mg, 334 µmol), diallylamine (65 mg, 668.10µmol) in 2-

methoxyethanol (10 ml) was stirred at 120 °C during 24 h under argon 

atmosphere. The mixture was cooled to ambient temperature, diluted with water, 
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and extracted with CH2Cl2. The organic layer was dried with Na2SO4 and 

evaporated in a vacuum. The resulting residue was purified by silica column 

chromatography using petroleum ether:CH2Cl2 (40:60) as eluent to yield Diallyl-

NMI (64 mg, 31%) as a yellow-coloured liquid. 

 
1H NMR (500 MHz, CDCl3), δ (TMS, ppm): 8.51 - 8.61 (m, 1 H), 8.39 - 8.50 

(m, 2 H), 7.66 (t, J = 7.8 Hz, 1 H), 7.19 (d, J = 8.2 Hz, 1 H), 5.83 - 5.96 (m, 2 H), 

5.34 (d, J = 17.4 Hz, 2 H), 5.27 (d, J = 10.1 Hz, 2 H), 5.16 (br. s., 1 H), 3.99 (d, 

J = 5.2 Hz, 4 H), 2.17 - 2.29 (m, 2 H), 1.76 - 1.87 (m, 2 H), 1.23 - 1.36 (m, 12 H), 

1.20 (br. s., 24 H), 0.86 (t, J = 6.9 Hz, 6 H) ppm. 

13C NMR (126 MHz, CDCl3), δ (TMS, ppm): 165.8, 165.2, 164.7, 164.3, 154.2, 

133.6, 132.4, 131.6, 130.7, 130.3, 130.1, 126.4, 125.4, 123.9, 123.2, 118.2, 116.5, 

115.8, 56.0, 54.3, 54.0, 32.5, 32.4, 31.9, 29.6, 29.3, 27.0, 22.7, 14.1 ppm. 

HR-MS (ESI+): calcd for C41H62N2O2 [M+H]+ 615.6590, found: 616.9240. 

 

5.4. Result and discussions 

Herein, we prepared a series of TADF liquids, including a new 

polymerizable SOL (Figure 5.1a). The synthesis of TADF liquids and 

polymerizable SOLs is shown in Scheme 5.1. The TADF liquids and 

polymerizable derivatives were obtained in moderate to good yields and 

characterized by 1H and 13C NMR and HR-MS spectroscopy. All the molecules 

are viscous liquids in nature at 30 oC.  
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Scheme xx. Chemical structures of naphthalimide-based TADF molecules. 

UV-Visible absorption spectra of TADF liquids in 2-methyltetrahydrofuran 

(MTHF) solution (C = 1 x 10-5 M, l = 1 cm) show structured absorption bands 

ranging from 340 and 480 nm. The absorption maxima were varied as 425, 418, 

360, 355 and 402 nm, respectively, for Az-NMI, Cl-Az-NMI, HOBT-NMI, 4-

Br-Bz-NMI, and di-allyl-NMI molecules. Whereas the corresponding steady-

state emission in MTHF solution (C = 1 x 10-5 M, l = 1 cm) displayed an emission 

band covering from 390-800 nm (Figure 5.1b, c). Single emission band located 

at 470 and 494 nm was observed for 4-Br-Bz-NMI and di-allyl-NMI, 

respectively. At the same time, structured emission bands were noticed in the case 

of Az-NMI (493 nm and 615 nm), Cl-Az-NMI (491 nm and 575 nm), and 

HOBT-NMI (432 nm and 492 nm). In accordance with the absorption spectra, 

Az-NMI and Cl-Az-NMI exhibited a red-shifted emission peak. Fluorescence 

lifetime measurements of naphthalimide-based liquids in solution showed a 

lifetime decay with major lifetimes of 10 ns (98.81 %) for Az-NMI, 9.35 ns 

(64.74 %) for Cl-Az-NMI, 9.19 ns (59.51 %) for HOBT-NMI, 4.13 ns (51.34 %) 

for 4-Br-Bz-NMI and 8.03 ns (95.87 %) for di-allyl-NMI (Figure 5.1c and Table 

2).  
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Figure 5.1. Normalized a) absorption and b) emission spectra of naphthalimide-

based TADF molecules in MTHF solution (C = 1 x 10-5 M). c) Emission lifetime 

decay profile of naphthalimide-based molecules at 298 K. 
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Figure 5.2. Normalized a) absorption and c) emission spectra of naphthalimide-

based molecules in a neat liquid state (λex = 425 nm for Az-NMI, λex = 410 nm 

for Cl-Az-NMI, λex = 450 nm for HOBT-NMI, λex = 360 nm for 4-Br-Bz-NMI, 

λex = 410 nm for di-allyl-NMI). d) Emission lifetime decay profile of 

naphthalimide-based molecules in a neat liquid state at 298 K (λex = 374 nm, λmon 

= 580 nm for Az-NMI, 580 nm for Cl-Az-NMI, 610 nm for HOBT-NMI, 500 

nm for 4-Br-Bz-NMI, 505 nm for di-allyl-NMI). 

Furthermore, the photophysical properties of TADF liquids in solvent-free 

conditions were also investigated. The absorption spectra of TADF liquids in a 

neat liquid state offer slightly broad spectra in the range of 290-500 nm, and the 

corresponding emission bands cover the range of 400-800 nm (Figure 5.2a, b). 
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The spectral characteristics of TADF liquids in a neat state slightly vary from that 

of the solution state due to the possible molecular aggregation via weak 

intermolecular interaction in bulk liquid conditions. Naphthalimide-based 

solvent-free TADF liquids exhibit cyan to yellow colour emission with the 

highest quantum yield (QY) of 72 % for di-allyl-NMI in the neat liquid state 

(Table-1, 3). Fluorescence lifetime measurements in the neat state showed 

lifetime decay with major lifetimes of 14.4 ns (79.72 %) for Az-NMI, 11.5 ns 

(73.16 %) for Cl-Az-NMI, 4.24 ns (49.00 %) for HOBT-NMI, 1.06 ns (67.45 %) 

for 4-Br-Bz-NMI and 5.10 ns (62.41 %) for di-allyl-NMI, respectively (Figure 

5.2c and Table 1, 4). 

As shown in Figure 5.3, a similar spectral feature was noticed for 

naphthalimide-based liquid in the steady-state emissions at 298 K and 77 K 

(Figure 5.3a-e). The identical emission spectra at 298 and 77 K points to the 

existence of a relatively small energy gap between the lowest singlet and triplet 

energy levels. The emission maxima of naphthalimide-based liquid varied as 570, 

550, 530, 475, and 515 nm, respectively (Figure 5.3 and Table 1). No significant 

difference in emission colour was noticed for the thin film and neat SOLs. All 

naphthalimide-based liquid molecules showed delayed fluorescence of TADF 

nature in the neat liquid state, as demonstrated by the lifetime and spectral pattern 

at 77 K and 298 K (Figures 5.3, 5.4 and Tables 1, 5 and 6).  
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Figure 5.3. Comparison of the emission spectra of naphthalimide-based liquid in 

neat state at 298 and 77 K (λex = 425 nm for Az-NMI, λex = 410 nm for Cl-Az-

NMI, λex = 450 nm for HOBT-NMI, λex = 360 nm for 4-Br-Bz-NMI, λex = 410 nm 

for di-allyl-NMI). 
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A detailed analysis has been performed to establish the TADF feature of 

naphthalimide-based liquid molecules. A comparison of the PL and 

phosphorescence emission spectra (Figure 5.4), temperature-dependent lifetime 

(Figure 5.5), and excitation intensity-dependent emission profile (Figure 5.6) 

further confirmed the TADF feature of these molecules. Interestingly,  a 

phosphorescence peak resembling the steady-state emission, located at 585 nm 

(Az-NMI), 575 nm (Cl-Az-NMI), 560 nm (HOBT-NMI), 480 nm (4-Br-Bz-

NMI) and 520 nm (di-allyl-NMI) was observed when 0.1 ms detector delay was 

applied in the phosphorescence spectral measurement (Figure 5.4a-e). It has to be 

noticed that similarity and significant overlap between the fluorescence and 

phosphorescence spectra exist, and it confirms the minimal singlet-triplet energy 

gap (EST) supporting TADF.21 Though the steady-state emissions at 298 and 77 

K look identical, it slightly differ from the phosphorescence spectra.  

Additionally, it has been supported by the temperature-dependent lifetime 

decay profile of naphthalimide-based liquid, and it demonstrates the origin of a 

typical TADF feature (Figure 5.5a-e and Tables 1, 5 and 6). Naphthalimide-based 

liquid molecules show an increase in TADF upon increasing the temperature from 

77 to 298 K (Figure 5.5a-e). The precisely linear dependence of TADF with 

excitation intensity confirms the intramolecular origin of the delayed emission. 

Thus, the source of the delayed emission is conclusively attributed to a thermally 

activated process, rather than triplet-triplet annihilation (Figure 5.6a-e).  
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Figure 5.4. Comparison of the PL and phosphorescence emission spectra of 

naphthalimide-based liquid in neat state at 298 K (λex = 425 nm for Az-NMI, λex 

= 410 nm for Cl-Az-NMI, λex = 450 nm for HOBT-NMI, λex = 360 nm for 4-Br-

Bz-NMI, λex = 410 nm for di-allyl-NMI). 
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Figure 5.5. Temperature-dependent TADF lifetime for molecule a) Az-NMI, b) 

Cl-Az-NMI, c) HOBT-NMI, d) 4-Br-Bz-NMI and e) di-allyl-NMI in the neat 

state. 
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Figure 5.6. Excitation intensity-dependent emission profile of TADF liquids 
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Figure 5.7. HOMO and LUMO frontier molecular orbitals of a) Az-NMI b) Cl-

Az-NMI and calculated energy level diagram showing ΔEST for c) Az-NMI d) 

Cl-Az-NMI from DFT calculations.  

Further, a series of TD-DFT computations were carried out for 
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Az-NMI, HOBT-NMI, and 4-Br-Bz-NMI molecules, HOMO is located on the 

naphthalene ring (π-type), and LUMO is delocalized between the B-C p-orbital 

with significant overlap (Figure 5.7b, 5.8 a and b). On examining ΔEST of Az-

So

S1

T1

T4

ΔEST = 0.19 eV

2
.2

5
 e

V

2
.0

5
 e

V

T2

T5

T3

T6

T9

T7

T10

T8

ΔEST = -0.16 eV

ΔEST = -0.97 eV

ΔEST = -1.04 eV

ΔEST = -1.20 eV

ΔEST = -1.28 eV

ΔEST = -1.33 eV

ΔEST = -1.35 eV

ΔEST = -1.38 eV

ΔEST = -1.44 eV

HOMO LUMO HOMO LUMO

a) b)

c) d)

So

S1

T1

T4

ΔEST = 0.15 eV

2
.1

2
 e

V

1
.9

6
e
V

T2

T5

T3

T6

T9

T7

T10

T8

ΔEST = -0.24 eV

ΔEST = -1.11 eV

ΔEST = -1.16 eV

ΔEST = -1.34 eV

ΔEST = -1.43 eV

ΔEST = -1.43 eV

ΔEST = -1.47 eV

ΔEST = -1.50 eV

ΔEST = -1.51 eV



Chapter-5 Luminescent SOL Naphthalimides for Lighting Applications 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 286 

NMI molecule, triplet states T1 is nearly degenerate with the first singlet excited 

state (S1) having ΔEST of 0.15 eV. Similarly, ΔEST for Cl-Az-NMI is 0.19 eV, 

ΔEST for HOBT-NMI is 1.26 eV, and for 4-Br-Bz-NMI ΔEST is 0.95 eV, 

respectively. The triplet states T3 and T4 of HOBT-NMI are nearly degenerate, 

with the first singlet excited state (S1) having ΔEST of 0.13 and 0.05 eV, and triplet 

state T2 of 4-Br-Bz-NMI is degenerate with the first singlet excited state (S1) 

having ΔEST of 0.76 eV, respectively. Thus, it is clear that naphthalimide-based 

liquid molecules have well-matched singlet and triplet energy states and hence 

help in efficient rISC from triplet to the singlet state.  

 

Figure 5.8. HOMO and LUMO frontier molecular orbitals of a) HOBT-NMI b) 

4-Br-Bz-NMI and calculated energy level diagram showing ΔEST for c) HOBT-

NMI d) 4-Br-Bz-NMI from DFT calculations. 
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Figure 5.9. a) HOMO and LUMO frontier molecular orbitals of di-allyl-NMI b) 

calculated energy level diagram showing ΔEST for di-allyl-NMI from DFT 

calculations. 
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was prepared, and later photo initiator (PI), benzoyl peroxide, was added. SOL 

hybrid was cast on a quartz plate by the doctor blade method, and the 

polymerization was carried out by thermal and photo-polymerization. Further, the 

film was photopolymerized by irradiating with visible light (400-800 nm) 

irradiation for about 3 hours.  

The polymerizable blends were prepared by using 10 mg of liquid di-allyl-

NMI with varying amounts of CL (2, 5, and 10 mol%) in the presence of PI (1 

wt%) and irradiated for 3 h (NMI2VB). No effective polymerization has been 

observed in the first two cases. An increase in the amount of CL from 5 to 10 

mol% is the optimum concentration to form a reasonably stable and uniform 

NMI2VB film. The emission spectrum of NMI2VB shows emissions ranging 

from 480 to 680 nm (Figure. 5.10b, d). Further, to improve the polymerization 

and to reduce the photobleaching of the polymer, the liquid blend was 

polymerised without using PI by both methods (Photo and thermal), and we could 

able to achieve a stable and uniform film. In the thermal polymerization method, 

a quartz plate having SOL coating was heated on a hot plate at 80 oC for 3 hours 

under an inert atmosphere. Optimizing the polymer blend by varying the amount 

of CL and PI has enabled stable NMI2VB polymer films (Table 7). The emission 

spectrum of NMI2VB polymer film without the use of PI shows broad emission 

covering from 500 to 650 nm (Figure 5.10b, d). The corresponding photograph 

of the NMI2VB polymer films under UV light (λex = 365 nm) after 

photopolymerization and thermal polymerization are shown in Figure 5.10a,b. 
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Figure 5.10. Photograph of the NMI2VB polymer films under UV light (λex = 

365 nm) in the dark a) after photopolymerization, b) thermal polymerization. 

Comparison of the steady-state emission spectra of NMI2VB before and after b) 

photopolymerization d) thermal polymerization (λex = 425 nm). 

Table 1. Photophysical parameters of naphthalimide-based TADF SOLs. 

Molecules λabs 

(nm) 

(Sol.n)a 

λabs 

(nm) 

(Neat)a 

λem 

(nm) 

(Sol.n)b 

λem 

(nm) 

(Neat)b 

τ (ns) 

(Neat)c 

τ (µs) 

(Neat)d 

ΦPL(%) 

(Neat)f 

S1 

(eV)g 

T1 

(eV)g 

ΔEST 

(eV)g 

Az-NMI 425 430 612 570 14.4 26.9 42 2.683 2.604 0.079 

Cl-Az-

NMI 

415 420 575 550 11.5 78.6 47 2.724 2.695 0.029 

HOBT-

NMI 

440 450 495 530 4.24 77.4 32 2.683 2.637 0.046 

4-Br-Bz-

NMI 

355 360 470 475 1.06 11.5 67 3.061 3.056 0.005 

di-allyl-

NMI 

400 410 497 515 5.10 62.7 72 2.610 2.540 0.069 

a) Absorption maxima, b) Emission maxima, c) Emission lifetime in Neat State, d) TADF 

lifetime in Neat State, Photoluminescence Quantum Yield in e) Solution State f) Neat State, g) 

Experimental S1 and T1 energies estimated from the Fluorescence and Phosphorescence 

spectra in Neat State. 
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Table 2. Emission lifetime of naphthalimide-based liquid in MTHF solution (C 

= 10-5 M) at 298 K. 
 

Molecules Lifetime (ns) CHISQ (χ2) values 

Az-NMI 1 = 0.17 (01 %) 

2 = 10.0 (99 %) 

 

1.23 

Cl-Az-NMI 1 = 0.93 (33 %) 

2 = 9.35 (65 %) 

3 = 0.10 (02 %)  

 

1.10 

HOBT-NMI 1 = 1.91 (35 %) 

2 = 9.19 (60 %) 

3 = 0.18 (05 %) 

 

1.19 

4-Br-Bz-

NMI 
1 = 1.21 (39 %) 

2 = 4.13 (51 %) 

3 = 0.17 (10 %) 

 

1.13 

di-allyl-NMI 1 = 0.69 (04 %) 

2 = 8.03 (96 %) 

1.02 

 

 

Table 3. Emission quantum yield of naphthalimide-based liquid in neat state at 

298 K. 

Compounds Quantum Yield (%) 

Az-NMI 42 

Cl-Az-NMI 47 

HOBT-NMI 32 

4-Br-Bz-

NMI 

67 

di-allyl-

NMI 

72 

 

Table 4. Emission lifetime of naphthalimide-based liquid in the neat state at 298 

K. 

 

Molecules Lifetime (ns) CHISQ (χ2) values 
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Az-NMI 1 = 5.71 (19 %) 

2 = 14.4 (80 %) 

3 = 0.16 (01 %) 

 

1.25 

Cl-Az-NMI 1 = 3.29 (21 %) 

2 = 11.5 (73 %) 

3 = 0.45 (06 %) 

 

1.22 

HOBT-NMI 1 = 1.15 (34 %) 

2 = 4.24 (49 %) 

3 = 0.11 (17 %) 

 

1.19 

4-Br-Bz-NMI 1 = 0.16 (33 %) 

2 = 1.06 (67 %) 

 

1.14 

di-allyl-NMI 1 = 0.42 (10 %) 

2 = 2.01 (28 %) 

3 = 5.10 (62 %) 

 

1.04 

 

Table 5. TADF lifetime of naphthalimide-based liquid in the neat state at 298 K. 

 

Molecules TADF lifetime (μs)   CHISQ (χ2) values 

Az-NMI 
1
 = 0.67 (44 %) 


2
 = 26.9 (56 %) 

1.14 

Cl-Az-NMI 1 = 7.16 (17 %) 

2 = 78.6 (44 %) 

3 = 0.60 (39 %) 

 

1.16 

HOBT-NMI 1 = 6.42 (16 %) 

2 = 77.4 (44 %) 

3 = 0.66 (40 %) 

 

1.20 

4-Br-Bz-NMI 1 = 11.5 (53 %) 

 2 = 0.44 (47 %) 

1.08 

di-allyl-NMI 1 = 6.37 (19 %) 

2 = 62.7 (43 %) 

3 = 0.58 (38 %) 

1.10 

 

Table 6. Temperature-dependent TADF lifetime decay of naphthalimide-based 

liquid in the neat state. 

 

Molecules Condition Lifetime (μs) CHISQ (χ2) values 
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Az-NMI  

298 K 
1
 = 0.67 (44 %) 


2
 = 26.9 (56 %) 

1.14 

77 K 1 = 0.63 (43 %) 

2 = 25.2 (57 %) 

1.21 

 

 

Cl-Az-

NMI  

298 K 1 = 7.16 (17 %) 

2 = 78.6 (44 %) 

3 = 0.60 (39 %) 

 

1.16 

77 K 1 = 7.38 (19 %) 

2 = 77.6 (43 %) 

3 = 0.62 (38 %) 

1.20 

 

 

HOBT-

NMI   

298 K 1 = 6.42 (16 %) 

2 = 77.4 (44 %) 

3 = 0.66 (40 %) 

 

1.20 

77 K 1 = 5.57 (16 %) 

2 = 72.2 (44 %) 

3 = 0.59 (40 %) 

 

1.24 

4-Br-Bz-

NMI 

298 K 1 = 11.5 (53 %) 

 2 = 0.44 (47 %) 

1.08 

77 K 1 = 6.12 (68 %) 

2 = 0.39 (32 %) 

1.01 

 

 

di-allyl-

NMI  

298 K 1 = 6.37 (19 %) 

2 = 62.7 (43 %) 

3 = 0.58 (38 %) 

 

1.10 

77 K 1 = 7.87 (24 %) 

2 = 59.4 (41 %) 

3 = 0.59 (35 %) 

1.10 

 

Table 7. Optimization of the polymerization condition for the preparation of 

NMI2VB. 

NMI2VB Di-allyl-

NMI 

CL PI Time 

(hours) 

a 10 mg 2 mol% 1 wt% 3 h 
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b 10 mg 5 mol% 1 wt% 3 h 

c 10 mg 10 mol% 1 wt% 3 h 

d 10 mg 10 mol% - 3 h 

       CL = Cross-linker, PI = Photoinitiator 

5.5 Conclusion 

In conclusion, an attempt toward the TADF liquid accomplished a series of 

solvent-free organic liquid molecules having TADF through minor structural 

modifications. The solvent-free TADF liquid exhibit cyan to yellow colour 

emission with a delayed lifetime of up to 79 s. Furthermore, a polymerizable 

group on one of the solvent-free TADF liquid was utilised for both thermal and 

photo-polymerizations. Di-allyl-NMI liquid provides a low viscous fluid matrix 

for crosslinker (CL) by physical mixing to develop polymerizable blends. The 

hybrid liquid films enabled to develop stable polymer films on glass surface by 

photo as well as thermal polymerization. Even though we are able to prepare 

polymer film, our efforts will be continued to make free-standing stable polymer 

film and its further applications. The high processability of TADF liquids to form 

large-area thin films without compromising the emission features offer a bright 

future for TADF SOLs and will emerge as a potential candidate in lighting and 

display applications. 
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Characterization details of the synthesized compounds 

 

 

 
1H (top) and 13C (bottom) NMR spectra of 9-hexyl-9H-carbazole (1). 



Characterization details of the synthesized molecules 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 298 

 

 
1H (top) and 13C (bottom) NMR spectra of (9-Hexyl-9H-carbazol-3-yl)(phenyl)methanone (2). 
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1H (top) and 13C (bottom) NMR spectra of (9-hexyl-9H-carbazole-3,6-

diyl)bis(phenylmethanone) (3a). 
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1H (top) and 13C (bottom) NMR spectra of (9-hexyl-9H-carbazole-3,6-diyl)bis((4-

bromophenyl)methanone) (3b). 
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HR-MS spectrum of 9-hexyl-9H-carbazole (1). 

 

 

 

HR-MS spectrum of (9-hexyl-9H-carbazol-3-yl)(phenyl)methanone (2). 
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HR-MS spectrum of (9-hexyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) (3a). 

 

 

HR-MS spectrum of (9-hexyl-9H-carbazole-3,6-diyl)bis((4-bromophenyl)methanone) (3b). 

CBZ-2 #373 RT: 1.67 AV: 1 NL: 5.09E8
T: FTMS + p ESI Full ms [133.4000-2000.0000]

440 450 460 470 480 490 500 510 520 530 540

m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

460.2264
R=52807

C 32 H30 O2 N = 460.2271

-1.5118 ppm

462.2319
R=52302

523.2347
R=49007 540.7396

R=47607

482.2069
R=49507

C 32 H29 O2 N Na = 482.2091

-4.5037 ppm
433.2297
R=54107

498.1820
R=43702

512.2365
R=43206

529.2315
R=41405

464.2397
R=34000

505.2862
R=32500

Calculated = 460.2271

CBZ-4 #527 RT: 2.35 AV: 1 NL: 1.49E7
T: FTMS + p ESI Full ms [133.4000-2000.0000]

580 590 600 610 620 630 640 650 660 670

m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

618.0455
R=45106

C 32 H28 O2 N Br 81Br = 618.0461

-0.9919 ppm

620.0435
R=44403

663.4530
R=42707

622.0491
R=42802

604.4052
R=42707

648.4307
R=42107

677.0461
R=38002

654.6107
R=38000

633.5053
R=36000

609.3605
R=32700

638.0032
R=30000

576.4114
R=32100

590.4250
R=34600

Calculated = 618.0461



Characterization details of the synthesized molecules 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 303 

 

a-d) SEM and e-h) TEM images of the crystals of 1, 2, 3a, 3b, respectively. 

e)

f)

g)

h)

a)

b)

c)

d)
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Comparison of the experimental (left) and theoretical (right) PXRD patterns of a) 1, b) 2, c) 3a 

and d) 3b. The theoretical PXRD pattern is obtained from the single-crystal XRD.  
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Photographs of the crystals of 1 in a quartz tube (3 mm) (at 77 K for 1 min) recorded at different 

time intervals upon turning off the excitation source (365 nm) after 3 s exposure. 

 

Photographs of the crystals of 2 in a quartz tube (3 mm) (at 77 K for 1 min) recorded at different 

time intervals upon turning off the excitation source (365 nm) after 3 s exposure. 

 

Photographs of the crystals of 3a in a quartz tube (3 mm) (at 77 K for 1 min) recorded at 

different time intervals upon turning off the excitation source (365 nm) after 3 s exposure. 

 

Photographs of the crystals of 3b in a quartz tube (3 mm) (at 77 K for 1 min) recorded at 

different time intervals upon turning off the excitation source (365 nm) after 3 s exposure. 
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Calculated a) energy level diagram showing ΔEST for 1 from DFT calculations along with b) 

probable electronic transitions and c) involved frontier molecular orbitals. 

So
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Calculated a) energy level diagram showing ΔEST for 2 from DFT calculations along with b) 

probable electronic transitions and c) involved frontier molecular orbitals.  
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Calculated a) energy level diagram showing ΔEST for 3b from DFT calculations along with b) 

probable electronic transitions and c) involved frontier molecular orbitals. 
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Comparison of the phosphorescence intensity measured at the distal end of the crystal upon 

excitation at the parallel and perpendicular polarization to the long axis of the rods (λex = 532 

nm). 

 
Calculation of propagation loss of crystalline rod of 3a.  
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1H (top) and 13C (bottom) NMR spectra of 9-propyl-9H-carbazole (1). 
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1H (top) and 13C (bottom) NMR spectra of 9-butyl-9H-carbazole (2). 
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1H (top) and 13C (bottom) NMR spectra of 9-pentyl-9H-carbazole (3). 
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1H (top) and 13C (bottom) NMR spectra of 9-heptyl-9H-carbazole (4). 
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1H (top) and 13C (bottom) NMR spectra of 9-octyl-9H-carbazole (5). 
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1H (top) and 13C (bottom) NMR spectra of (9-propyl-9H-carbazole-3,6-

diyl)bis(phenylmethanone) (6). 
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1H (top) and 13C (bottom) NMR spectra of (9-butyl-9H-carbazole-3,6-

diyl)bis(phenylmethanone) (7). 
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1H (top) and 13C (bottom) NMR spectra of (9-pentyl-9H-carbazole-3,6-

diyl)bis(phenylmethanone) (8). 
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1H (top) and 13C (bottom) NMR spectra of (9-heptyl-9H-carbazole-3,6-

diyl)bis(phenylmethanone) (9). 
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1H (top) and 13C (bottom) NMR spectra of (9-octyl-9H-carbazole-3,6-

diyl)bis(phenylmethanone) (10). 
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1H (top) and 13C (bottom) NMR spectra of (9-hexyl-9H-carbazole-3,6-diyl)bis(p-

tolylmethanone) (11). 
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1H (top) and 13C (bottom) NMR spectra of (9-hexyl-9H-carbazole-3,6-diyl)bis((4-

chlorophenyl)methanone) (12). 
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1H (top) and 13C (bottom) NMR spectra of 4,4'-(9-hexyl-9H-carbazole-3,6-

dicarbonyl)dibenzonitrile (13). 
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1H NMR spectra of (S)-2-methylbutyl methanesulfonate (14). 

 

 

 

1H NMR spectra of (S)-9-(2-methylbutyl)-9H-carbazole (15). 
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1H (top) and 13C (bottom) NMR spectra of (S)-(9-(2-methylbutyl)-9H-carbazole-3,6-

diyl)bis(phenylmethanone) (16). 
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HR-MS spectrum of 9-propyl-9H-carbazole (1). 

 

 

 

HR-MS spectrum of 9-butyl-9H-carbazole (2). 

AK-3 #240 RT: 1.95 AV: 1 NL: 1.31E7
T: FTMS + p ESI Full ms [133.4000-2000.0000]
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AN-2 #353 RT: 2.10 AV: 1 NL: 1.28E7
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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HR-MS spectrum of 9-pentyl-9H-carbazole (3). 

 

 

HR-MS spectrum of 9-heptyl-9H-carbazole (4). 

AN-3 #391 RT: 2.32 AV: 1 NL: 3.28E7
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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AN-4 #486 RT: 2.88 AV: 1 NL: 2.04E7
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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HR-MS spectrum of 9-octyl-9H-carbazole (5). 

 

 

HR-MS spectrum of (9-propyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) (6). 

AN-5 #559 RT: 3.31 AV: 1 NL: 2.30E7
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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AK-4 #246 RT: 2.00 AV: 1 NL: 2.96E8
T: FTMS + p ESI Full ms [133.4000-2000.0000]
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HR-MS spectrum of (9-butyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) (7). 

 

 

HR-MS spectrum of (9-pentyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) (8). 

AN-7_191113171542 #387 RT: 2.20 AV: 1 NL: 9.15E8
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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AN-8_191113160450 #410 RT: 2.39 AV: 1 NL: 5.81E8
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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HR-MS spectrum of (9-heptyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) (9). 

 

HR-MS spectrum of (9-octyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) (10). 

 

AN-9_191113161044 #511 RT: 3.01 AV: 1 NL: 4.83E8
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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AN-10_191113161642 #579 RT: 3.42 AV: 1 NL: 1.77E8
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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HR-MS spectrum of (9-hexyl-9H-carbazole-3,6-diyl)bis((4-chlorophenyl)methanone) (12). 

 

HR-MS spectrum of  (9-hexyl-9H-carbazole-3,6-diyl)bis(p-tolylmethanone) (11). 

 

 

HR-MS spectrum of (9-hexyl-9H-carbazole-3,6-diyl)bis((4-chlorophenyl)methanone) (3c) 

CBZ-3 #473 RT: 2.11 AV: 1 NL: 1.40E8
T: FTMS + p ESI Full ms [133.4000-2000.0000]
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HR-MS spectrum of 4,4'-(9-hexyl-9H-carbazole-3,6-dicarbonyl)dibenzonitrile (13). 

 

 

HR-MS spectrum of (S)-9-(2-methylbutyl)-9H-carbazole (15). 

AK-5 #313 RT: 2.27 AV: 1 NL: 7.66E5
T: FTMS + p ESI Full ms [133.4000-2000.0000]
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HR-MS spectrum of (S)-(9-(2-methylbutyl)-9H-carbazole-3,6-diyl)bis(phenylmethanone) 

(16). 

 
1H NMR spectra of 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (1). 

AK-6 #292 RT: 2.37 AV: 1 NL: 2.93E8
T: FTMS + p ESI Full ms [133.4000-2000.0000]
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13C spectrum spectra of  6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(tricosan-12-yl)-

1H-benzo[de]isoquinoline-1,3(2H)-dione (1). 

 

HRMS spectrum of  6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (1). 



Characterization details of the synthesized molecules 

2022-Ph.D. Thesis: Nidhankar Aakash Deepakrao (CSIR-NCL), AcSIR                       P a g e  | 334 

 

1H NMR spectra of 2-butyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (1a). 

 

13C NMR spectra of 2-butyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (1a). 

1a

1a
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HRMS (ESI) spectra of 2-butyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (1a). 

 

 

1H NMR spectra of 6-methoxy-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(2). 

G1_191119120746 #418 RT: 2.59 AV: 1 NL: 1.26E7
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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13C spectrum spectra of 6-methoxy-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (2). 

 

HRMS spectrum of 6-methoxy-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(2). 
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1H NMR spectra of 6-(diethylamino)-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (3). 

 

13C spectrum spectra of 6-(diethylamino)-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (3). 
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HRMS spectrum of 6-(diethylamino)-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (3). 

 

1H NMR spectra of 6-(4-(dimethylamino)phenyl)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (4). 
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13C spectrum spectra of 6-(4-(dimethylamino)phenyl)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (4). 

 

HRMS spectrum of 6-(4-(dimethylamino)phenyl)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (4). 
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1H NMR spectra of N,N-bis(2-ethylhexyl)aniline. 

 

13C NMR spectra of N,N-bis(2-ethylhexyl)aniline. 
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HRMS spectrum of N,N-bis(2-ethylhexyl)aniline. 

 

1H NMR spectrum of 4-(bis(2-ethylhexyl)amino)benzaldehyde. 
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13C NMR spectrum of 4-(bis(2-ethylhexyl)amino)benzaldehyde. 

 

HRMS spectrum of 4-(bis(2-ethylhexyl)amino)benzaldehyde. 
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1H NMR spectrum of N,N-bis(2-ethylhexyl)-4-vinylaniline. 

 

13C NMR spectrum of N,N-bis(2-ethylhexyl)-4-vinylaniline. 
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HRMS spectrum of N,N-bis(2-ethylhexyl)-4-vinylaniline. 

 

1H NMR spectra of (E)-6-(4-(bis(2-ethylhexyl)amino)styryl)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (5). 

ADN-4- #695 RT: 4.87 AV: 1 NL: 1.68E8
T: FTMS + p ESI Full ms [100.0000-1500.0000]
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13C NMR spectra of (E)-6-(4-(bis(2-ethylhexyl)amino)styryl)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (5). 

 

HRMS spectrum of (E)-6-(4-(bis(2-ethylhexyl)amino)styryl)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (5). 
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1H NMR spectra of 2,9-di(tricosan-12-yl)anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-

1,3,8,10(2H,9H)-tetraone (6). 

 

13C NMR spectra of 2,9-di(tricosan-12-yl)anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-

1,3,8,10(2H,9H)-tetraone (6). 
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MALDI-TOF MS spectra of 2,9-di(tricosan-12-yl)anthra[2,1,9-def:6,5,10-

d'e'f']diisoquinoline-1,3,8,10(2H,9H)-tetraone (6). 

 

CHN analysis of 1-5. 

Compound 

 

Chemical 

Formula 

Elemental analysis: 

Theoretical 

Elemental analysis:  

Found 

  C H N C H N 

1 C
41

H
64

BNO
4
 76.26  9.99  2.17 76.51 (+0.25) 9.68 (-0.31) 2.35 (+0.18) 

2 C
36

H
55

NO
3
 78.64  10.08  2.55  78.70 (+0.06) 9.96 (-0.12) 2.65 (+0.10) 

3 C
39

H
62

N
2
O

2
 79.27  10.58  4.74  79.44 (+0.17) 10.46 (-0.12) 4.90 (+0.16) 

4 C
43

H
62

N
2
O

2
 80.83  9.78  4.38  80.95 (+0.12) 9.59 (-0.19) 4.48 (+0.10) 

5 C
59

H
92

N
2
O

2
 82.27  10.77  3.25  82.41 (+0.14) 10.41 (-0.36) 3.49 (+0.24) 

*The deviation of the experimental value from the theoretical value is provided in the bracket. 
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Photographs of 1 in different solvents under a) visible b) UV (365 nm) light. c) absorption, d) 

steady-state emission spectra of 1 in different solvents and corresponding normalized spectra 

e) and f), respectively (C = 1 x 10-5 M, l = 1 cm, λex = 360 nm). Solvents: 1. Cyclohexane, 2. 

Toluene, 3. Chloroform, 4. MTHF, 5. Acetone, 6. DMF, 7. Acetonitrile, 8. DMSO 
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Photographs of 2 in different solvents under a) visible b) UV (365 nm) light. c) absorption, d) 

steady-state emission spectra of 2 in different solvents and corresponding normalized spectra 

e) and f), respectively (C = 1 x 10-5 M, l = 1 cm, λex = 370 nm). Solvents: 1. Cyclohexane, 2. 

Toluene, 3. Chloroform, 4. MTHF, 5. Acetone, 6. DMF, 7. Acetonitrile, 8. DMSO 
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Photographs of 3 in different solvents under a) visible b) UV (365 nm) light. c) absorption, d) 

steady-state emission spectra of 3 in different solvents and corresponding normalized spectra 

e) and f), respectively (C = 1 x 10-5 M, l = 1 cm, λex = 415 nm). Solvents: 1. Cyclohexane, 2. 

Toluene, 3. Chloroform, 4. MTHF, 5. Acetone, 6. DMF, 7. Acetonitrile, 8. DMSO 
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Photographs of 4 in different solvents under a) visible b) UV (365 nm) light. c) absorption, d) 

steady-state emission spectra of 4 in different solvents and corresponding normalized spectra 

e) and f), respectively (C = 1 x 10-5 M, l = 1 cm, λex = 425 nm). Solvents: 1. Cyclohexane, 2. 

Toluene, 3. Chloroform, 4. MTHF, 5. Acetone, 6. DMF, 7. Acetonitrile, 8. DMSO 
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Photographs of 5 in different solvents under a) visible b) UV (365 nm) light. c) absorption, d) 

steady-state emission spectra of 5 in different solvents and corresponding normalized spectra 

e) and f), respectively (C = 1 x 10-5 M, l = 1 cm, λex = 490 nm). Solvents: 1. Cyclohexane, 2. 

Toluene, 3. Chloroform, 4. MTHF, 5. Acetone, 6. DMF, 7. Acetonitrile, 8. DMSO 
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a) CIE coordinate values for white light emission achieved by 1+3+5 (1:0.0009:0.0008) and 

2+5 (1:0.002) and b) corresponding photographs under UV light (365 nm).  

 
1H NMR spectra of 6-(10,11-dihydro-5H-dibenzo[b,f]azepin-5-yl)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (Az-NMI). 
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13C NMR spectra of 6-(10,11-dihydro-5H-dibenzo[b,f]azepin-5-yl)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (Az-NMI). 

 

 
1H NMR spectra of 6-(3-chloro-10,11-dihydro-5H-dibenzo[b,f]azepin-5-yl)-2-(tricosan-12-

yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (Cl-Az-NMI). 
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13C NMR spectra of 6-(3-chloro-10,11-dihydro-5H-dibenzo[b,f]azepin-5-yl)-2-(tricosan-12-

yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (Cl-Az-NMI). 

 

 
1H NMR spectra of 6-((1H-benzo[d][1,2,3]triazol-1-yl)oxy)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (HOBT-NMI). 
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13C NMR spectra of 6-((1H-benzo[d][1,2,3]triazol-1-yl)oxy)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (HOBT-NMI). 

 

 
1H NMR spectra of 6-(4-(dimethylamino)phenyl)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (4-Br-Bz-NMI). 
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13C NMR spectra of 6-(4-(dimethylamino)phenyl)-2-(tricosan-12-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (4-Br-Bz-NMI). 

 

 
1H NMR spectra of 6-(diallylamino)-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (Diallyl-NMI). 
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13C NMR spectra of 6-(diallylamino)-2-(tricosan-12-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (Diallyl-NMI). 
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Luminescence is a fascinating word that attracts everyone’s attention. In the past decades, many 

branches of luminescence flourished with time, and luminescence involving triplet states 

grabbed much attention. For decades, heavy metal complexes have been explored as triplet 

harvesters because of the presence of ligand-metal and metal-ligand charge transfer (CT) and 

strong spin-orbit coupling, which improves the intersystem crossing (ISC) and controls the 

triplet decay rate. Despite many advantages, organometallic complexes have the drawbacks of 

high toxicity, limited resources, and high cost. Hence, this situation promoted the search for 

metal-free organic molecules as alternate candidates. However, for organic materials, the non-

radiative (knr) and quenching (kq) rates of the triplet states are much larger than the radiative 

decay rate (kp) under ambient conditions. Moreover, the triplet states are vulnerable to 

quenching by molecular oxygen, and hence room-temperature phosphorescence (RTP) and 

thermally activated delayed fluorescence (TADF) from metal-free organic molecules under 

ambient conditions continue to be challenging. In this context, we set our approach to develop 

concisely, practically, and synthetically benign organic molecules which are technologically 

advanced for lighting and display applications with improved processability and luminescence 

features. 

The current thesis describes the small molecules exhibiting RTP and TADF features 

and compares their efficiency and processability for lighting applications. This entitled thesis 

is categorized into five chapters. Initially, we describe the general introduction about RTP and 

TADF and a summary of related literature reports along with the objectives of the thesis. The 

important aspects related to two relevant concepts, RTP and TADF, that have emerged as 

promising techniques in light-emitting materials have been discussed in this chapter. RTP and 

TADF organic molecules have attracted scientific interest due to their wide applications in bio-

imaging, organic optoelectronics, anti-counterfeiting, sensing, flexible display and lighting 

devices etc. The advantages of both ISC in RTP and reverse intersystem crossing (rISC) in 

TADF materials that have heavily supported achieving an internal quantum efficiency of 100% 

are explained in detail. The second chapter deals with self-assembled helical arrays for 

stabilizing the triplet state, the third chapter deals with room-temperature phosphorescence 

from metal-free organic phosphors, the fourth chapter deals with thermally activated delayed 

fluorescent solvent-free organic liquid hybrids for tunable emission applications, and the fifth 

chapter deals with the processable luminescent solvent-free organic liquid naphthalimides for 

lighting applications. In short, the present thesis is an attempt toward the development of new 

triplet harvesting luminescent organic candidates with enhanced efficiency and processability. 
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Efficient metal-free organic room temperature
phosphors

Aakash D. Nidhankar,†ab Goudappagouda,†ab Vivek C. Wakchaure ab

and Sukumaran Santhosh Babu *ab

An innovative transformation of organic luminescent materials in recent years has realised the exciting

research area of ultralong room-temperature phosphorescence. Here the credit for the advancements

goes to the rational design of new organic phosphors. The continuous effort in the area has yielded wide

varieties of metal-free organic systems capable of extending the lifetime to several seconds under

ambient conditions with high quantum yield and attractive afterglow properties. The various strategies

adopted in the past decade to manipulate the fate of triplet excitons suggest a bright future for this class

of materials. To analyze the underlying processes in detail, we have chosen high performing organic

triplet emitters that utilized the best possible ways to achieve a lifetime above one second along with

impressive quantum yield and afterglow properties. Such a case study describing different classes of

metal-free organic phosphors and strategies adopted for the efficient management of triplet excitons

will stimulate the development of better candidates for futuristic applications. This Perspective discusses

the phosphorescence features of single- and multi-component crystalline assemblies, host–guest

assemblies, polymers, and polymer-based systems under various classes of molecules. The various

applications of the organic phosphors, along with future perspectives, are also highlighted.

1. Introduction

One of the areas where organic molecules excelled in the recent
past is room temperature phosphorescence (RTP).1–30 RTP
organic molecules have attracted scientic interest due to the

large Stokes shi, long lifetime, and strong aerglow that
enable applications in bio-imaging, organic optoelectronics,
anti-counterfeiting, sensing, etc.24,25,33,34 For the past many
decades, heavy metal complexes were explored as phosphors
because of the presence of ligand–metal and metal–ligand
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charge transfer (CT) and strong spin–orbit coupling, which
improves the intersystem crossing (ISC) and controls the triplet
decay rate.27 Despite many advantages, organometallic
complexes have the drawbacks of high toxicity, limited
resources, and high cost. Hence this situation promoted the
search for metal-free organic molecules as alternative phos-
phors. However, for organic materials, the nonradiative (knr)
and quenching (kq) rates of the triplet states are much larger
than the radiative decay rate (kp) under ambient conditions.
Moreover, the triplet states are vulnerable to quenching by
molecular oxygen, and hence RTP from metal-free organic
molecules under ambient conditions continues to be chal-
lenging.1 Nonetheless, the recent past has witnessed a massive
jump in the exploration of metal-free organic phosphors
through innovative molecular designs and control over the
radiative and nonradiative decay processes associated with
triplet excitons. The critical parameters that are being consid-
ered while designing organic RTP (ORTP) molecules include (1)
populating the triplet state by efficient singlet-to-triplet ISC, (2)
minimizing the nonradiative relaxation pathways, and (3)
delaying the radiative decay. In accordance with that, hetero-
atoms such as N, O, S, Te, and halogens are incorporated as an
integral part of the molecular design of organic phosphors.4–27

Besides, nonradiative relaxation pathways are controlled by
molecular packing in the crystalline state and with the help of
supportive media such as polymers and cavitands. The compact
molecular packing with the assistance of various intermolecular
interactions provided extra stabilization of the triplet excitons
to extend the lifetimes beyond seconds. In this way, a synergistic
effect of all the supportive features resulted in enhanced RTP of
metal-free organic phosphors.5–9 Besides, stabilization of the
triplet excitons is found to be a conceptually new and exciting
strategy to achieve newer heights for RTPs (Fig. 1).20 Many new
concepts such as suppression of the nonradiative deactivation
pathways of the triplet state through hydrogen bonding, H-
aggregation, helical arrays, and excited-state manipulations

such as CT, energy transfer (ET), radical ion pair formation,
energy migration, etc. have been introduced to stabilize the
triplet state.20,21

Until now, many attempts to understand the relationship
between ultralong RTP (URTP) and molecular packing have
been reported.8–10 Those studies uncovered the vital role of
ordered molecular arrays in tailoring lifetime,14–16 emission
efficiency,18 luminescent colour,19 and even realizing the unique
dynamic URTP features. Even though the structure–property
correlation of organic phosphors has been achieved to a certain
extent, the involvement of complex factors limits a complete
understanding of the underlying mechanism of URTP. Hence
a deeper understanding of the supportive role of adequate
molecular packing, rigidication by polymers and hosts, and
related controlling factors is of great signicance. Even though
URTP is a fascinating concept, a slow radiative decay leading to
a long-lived lifetime is not supportive for any device applica-
tions, especially in light-emitting diodes (LEDs).31,32 However,
compared to short-lived uorescent materials, the advantages
of an ultralong lifetime and large Stokes shis make URTP
materials promising candidates for applications such as bio-
imaging, information storage, data encryption, anti-
counterfeiting, sensing, and photodynamic therapy.24,25,33,34

Besides, the most critical aspect of URTP is that the triplet state
excitons are susceptible to deactivation by molecular motions,

Fig. 1 Schematic of stabilization of the triplet state, leading to ultra-
long phosphorescence in organic molecules.
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oxygen, and humidity.1,3,35 Hence it has been extremely chal-
lenging to prolong the phosphorescent emission of organic
materials at room temperature by overcoming all these hurdles.
In this context, URTP of small molecule-basedmetal-free ORTPs
has prime importance as a fundamental challenge. The
numerous design strategies and self-assembly methods have
been found successful in achieving an ultralong lifetime. Here,
we rmly believe that a case study describing the different
classes of organic phosphors and how to manage the triplet
excitons to prolong the lifetime will inspire us to design better
candidates for futuristic applications.

Recently, many reviews have appeared on RTP as an update
of the eld.20–25,29,30 However, the present study will mainly focus
on the strategies adopted to achieve high performing metal-free
organic triplet emitters, including phosphors having lifetimes
of more than one second, high quantum yields, and attractive
aerglow properties. More importantly, we have provided
a comparison of the inuence of radiative and nonradiative
decay rates on the lifetime and quantum yield of each category
of phosphors. Besides, the applications of ORTPs, along with
future perspectives, are highlighted at the end.

2. Ways to improve RTP lifetime and
quantum yield

The main challenges in metal-free ORTPs include weak spin–
orbit coupling (SOC) (<0.1 cm�1) resulting in inefficient ISC,
enhanced knr due to many deactivation pathways, and the
susceptibility of the T1 state to oxygen and temperature.1,3,35

Hence, to design excellent ORTPs and estimate the perfor-
mance, the following discussion can be helpful. The important
parameters, i.e. quantum efficiency of ISC (fisc) (from S1 to T1),
quantum yield (fp), lifetime (sp), and radiative decay (kp), of
phosphorescence can be dened as

fisc ¼ kisc/(kf + kic + kisc) (1)

fp ¼ fisckpsp (2)

sp ¼ 1/kp + knr (3)

kp ¼ (64p4/3h4c2)DE3
T1/S0

rmT1/S0
r2 (4)

where k denotes the rates of the singlet emission process such
as kf, kic and kisc related to the uorescence (from S1 to S0),
internal conversion (IC) (from Sn to S1) and ISC (from S1 to T1),
respectively. At the same time, the rates related to the triplet
state are denoted as kp and knr for radiative and nonradiative
decays (from T1 to S0), respectively. It has to be noted that all
these rate parameters related to singlet and triplet transitions
completely control the characteristic phosphorescence features
of pure ORTPs. An in-depth analysis of eqn (1)–(3) reveals that
an enhanced kisc, a reduced knr, and a slow kp are essential for
an improved RTP lifetime. Another critical parameter not dis-
cussed much is the triplet quenching rate kq which can be
minimized by rigidication of the phosphor using a host or
polymer support.20,29,30 Besides, eqn (1)–(3) indicate that

conditions such as enhanced fisc and kp > knr are required to
improve fp. However, to achieve long sp a reduction of both kp
and knr is needed. Hence the impact of kp is ultimate in
achieving high fp and long sp. Eqn (4) shows that an increment
in the singlet–triplet energy gap DET1/S0 will accelerate kp and
eventually reduce knr. The above two conditions related to kp are
contradictory when looking for a long lifetime and a high
quantum efficiency. It indicates that simultaneous enhance-
ment of both fp and sp is challenging. The below sections
describe the various parameters controlling the RTP features.

2.1. Rate of intersystem crossing kisc

There have been several attempts to obtain an enhanced kisc
necessary for efficient RTP, such as effective SOC and small
DEST.36–38 In this direction, the major directive for a high kisc
through effective SOC has come from El-Sayed's rule, which
states that effective orbital overlapping is possible in a singlet to
triplet transition with different molecular–orbital congura-
tions.39 In other words, compared to the transition from 1(n,p*)
to 3(n,p*) or from 1(p,p*) to 3(p,p*), effective ISC can be
observed in transitions from 1(n,p*) to 3(p,p*) or from 1(p,p*)
to 3(n,p*) states. Many recent successful designs showed that
the presence of n orbitals perpendicular to p orbitals is bene-
cial to facilitate a strong SOC and thereby promote the ISC
from singlet to triplet excited states.12,14 Hence the presence of
hybrid (n,p*) and (p,p*) congurations is supportive for URTP.
An enhanced kisc through SOC signicantly contributed to
achieve high fp. However, a long sp heavily depends on the
stabilization of triplet excitons through multiple pathways.

2.2. Energy gap DEST

One of the reasons for the inefficient RTP in organic molecules
is the large DEST due to inappropriate molecular designs. It has
been noticed that kisc can be signicantly promoted by small
DEST, which depends on the spatial overlap of the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) wavefunctions. A strong CT interac-
tion between the donor and acceptor building units of a phos-
phor can be inuential because CT interaction can control the
spatial overlap. A CT state can be introduced either by bridging
donor–acceptor (D–A) groups or through the assistance of
intermolecular interactions between donor and acceptor mole-
cules. Such examples for enhanced RTP through small DEST
driven by the CT state38 and through aggregation controlled
management of DEST (ref. 40) are available in the literature. The
formation of various aggregates can dictate DEST values and
thereby inuence ISC.

2.3. Rate of nonradiative decay knr

The current era of organic phosphors and the sudden devel-
opments are attributed to crystallization to a greater extent. The
crystallization of phosphors using intermolecular interactions
such as p–p stacking, van der Waals, halogen, and hydrogen
bonding suppresses the nonradiative decay pathways to facili-
tate RTP.41 Besides, host–guest assemblies, immobilization of
phosphors in frameworks, and polymers also protected the

4218 | Chem. Sci., 2021, 12, 4216–4236 © 2021 The Author(s). Published by the Royal Society of Chemistry
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phosphors from nonradiative decay. In this case, the most
celebrated “H-aggregation” was found to be effective in stabi-
lizing the triplet excitons to achieve long-lived RTP.42 As per eqn
(2) and (3), a variation in knr also signicantly alters the values of
both fp and sp. Hence the design strategies should consider the
incorporation of corresponding functional moieties to impart
various noncovalent interactions to regulate knr. Another vital
strategy adopted to reduce knr by decreasing reorganization
energy is deuteration, which blocks the molecular vibrations.43

The high DET1/S0 value was also found to be effective in sup-
pressing the nonradiative decay.2,3,39

2.4. Rate of radiative decay kp

Eqn (4) shows that kp is complicated and mainly determined by
many factors involving both the singlet and triplet states, such
as SOC, transition dipole moment mT1/S0, and energy gap
DET1/S0. A high DET1/S0 accelerates kp to facilitate RTP with
a reduced lifetime and it is the same with the transition dipole
moment as well.2,3,39 It has been found that in ORTPs showing
excellent features, an exceptional stabilization of the triplet
excitons through various supports delays the radiative decay. In
such systems, kp is suppressed to achieve a long lifetime over
seconds. A slow kp, in turn, enhances sp to realize URTP, while it
inversely affects fp.

2.5. Rate of quenching kq

Along with other factors controlling the efficiency of RTP, the
suppression of kq is also equally important. Even though recent
studies have employed crystalline assemblies and the support
of polymers, hosts, and porous structures to avoid the effect of
moisture and oxygen, the quenching rate of the triplet excitons
is found to be crucial to deliver excellent RTP features under
ambient conditions. Hence the deactivation patterns of the
triplet excitons require more attention. The current studies on
ORTPs lack a deeper understanding of the effect of kq, assuming
that stabilization through self-assembly or other supports will
control kq.20

2.6. Triplet exciton diffusion

Recent studies have shown the importance of triplet exciton
diffusion length on persistent RTP.44 It has been suggested that
short-range triplet exciton diffusion can suppress kq by stopping
the excitons from reaching the trap sites. The importance of
exciton diffusion length is more dominant in the case of crys-
talline arrays with more traps. However, a very recent demon-
stration indicated that the triplet exciton diffusion with the
assistance of helical arrays of phosphor played an essential role
in delaying the triplet radiative decay to extend lifetime beyond
4 s.45 Hence the quality of the generated crystals or thin lms
and management of triplet excitons can impart excellent RTP
features. More studies in this direction are required for detailed
understanding and further development. In addition,
hyperne-coupling (HFC) driven intersystem crossing in CT
complexes and radical ion pairs (RIPs),46 singlet ssion,47 etc.
were also found to be useful in controlling the RTP features.

The above sections describe the possible ways for organic
phosphors to achieve enhanced RTP features. The implemented
molecular designs have been found to be successful to a certain
extent and thus delivered some exceptional RTP candidates
exhibiting a lifetime longer than one second. In this Perspec-
tive, we attempt to reveal the special effects in molecular design
and ground state arrangements of metal-free organic phos-
phors to exhibit prodigious RTP qualities. The recent progress
in the lifetime, quantum yield, and aerglow properties of these
unusual candidates promoted metal-free ORTPs as a capable
material in many functional applications. We want to mention
that the dedicated efforts of various research groups worldwide
made signicant contributions in this area to gain an admirable
position for ORTPs in current research.1–30

3. Efficient organic phosphors

RTP of metal-free organic molecules fascinated the scientic
community as early as the 1940s, and the exciting demonstra-
tions in the early stages have been summarised in many
reviews.39,48–50 The initial experiments were limited in solutions,
that too under cryogenic and oxygen-free conditions.51–54 Later,
the developments were focused on RTP of salts of aromatic
carboxylic acids, phenols, amines, and sulfonic acids in rigid
media including boric acid glass,52–54 and lter paper, silica or
alumina,55–59 micelles,60 and hosts such as cyclodextrins,61

zeolites,62 hemicarcerand,63 etc. The rigid matrices prepared
using glucose, sucrose, citric acid, and tartaric acid have sup-
ported the RTP of organic molecules.51,64 Similarly, plastics such
as poly(methylmethacrylate) and poly(vinyl alcohol) also
provided a rigid medium for organic phosphors to excel.65–67

The subsequent investigations on ORTP over a few decades
emerged the area and found it useful for many potential
applications.68,69 In between, RTP of crystals was reported in
1939 by Clapp and coworkers.70 Crystals of tetraphenylsilane
and tetraphenylmethane (Scheme 1) showed RTP aerglow
emission up to 23 s visible to the bare eye. Later, in 1978, Bilen
and coworkers studied the aerglow of carbazole, dibenzo-
thiophene, dibenzofuran, triphenylene (Scheme 1), etc., having
a lifetime up to 4.85 s in the crystal state.71 Aer a long gap, the
technological improvement in materials chemistry during the
last decade resulted in a drastic development in RTP of metal-
free organic molecules.20–25,29,30 Many new molecular designs
and self-assembly models have been experimented with and
eventually URTP was realized. The following sections detail the
recent advancements of ORTPs.

In 2007, the research group of Fraser came up with boron
diuoride dibenzoylmethane (BF2dbm) conjugated poly(lactic
acid) BF2dbmPLA (Scheme 1) having oxygen-sensitive RTP.72

Later in 2010, Tang and coworkers reported RTP of a series of
benzophenone BP derivatives (Scheme 1) and found that the
presence of a carbonyl group or halogen atom, and nonplanar
conformation are supportive factors in RTP.73 RTP of 2,5-
dihexyloxy-4-bromobenzaldehyde BBA (Scheme 1) was reported
by Kim and coworkers in 2011.74 This molecule shows weak
uorescence in solution; however, it exhibits a green phos-
phorescence emission with a lifetime of 5.4 ms in the crystal

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 4216–4236 | 4219
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state. Single-crystal XRD analysis revealed that RTP is due to the
presence of close contact between the bromine and the carbonyl
oxygen of the neighbouring molecule (C]O/Br–C, 2.86 Å).
RTP retains a lifetime longer than 100 ms with an aerglow
approaching seconds aer cessation of excitation. The above
three studies greatly attracted the attention towards organic
phosphors and hence resulted in a visible change in the area.

3.1 Single and two-component crystalline organic
phosphors

Recently, signicant developments have occurred in single-
component crystalline assemblies that exhibit long sp along
with high fp.75 In general, RTP of such single-component
assemblies is enhanced by crystallization mainly because of
the following reasons: (1) availability of specic intermolecular
interaction in the crystal state to improve ISC through SOC; (2)
intact molecular packing suppresses the molecular motions
and eventually helps to minimize knr of triplet excitons, (3)
crystalline assemblies will provide protection from triplet
quenching by oxygen. The recent exciting development of
URTPs is strongly supported by molecular organization in the
crystal state, which stabilizes the excited triplet state by trap-
ping triplet excitons and controls both radiative and non-
radiative decays.

In 2015, Chen, Liu, Huang, and coworkers synthesized
a series of pure organic molecules of carbazole and triazine
containing O, N, and P atoms (Scheme 1).42 Notably, the pres-
ence of heteroatoms facilitates the spin-forbidden transfer of

singlet-to-triplet excited states through n–p* transitions to
populate triplet excitons. In this series, 9-(4,6-diphenyl-1,3,5-
triazin-2-yl)-9H-carbazole DPhCzT and 9-(4,6-diethoxy-1,3,5-tri-
azin-2-yl)-9H-carbazole ECzT (Scheme 1) exhibited sp up to
1.35 s and 1.05 s, respectively. The enhanced ISC in these
molecules is due to the increased number of energy transition
channels supported by the H-aggregated dimers of DPhCzT and
ECzT in the crystals. The strong coupling via p–p stacking in
the H-aggregate dimers with a large transition dipole moment
provides stabilization and thus protects the triplet excitons. The
stabilized triplet excited state ðT*

1Þ functions as an energy trap at
a lower energy level, offering suppressed radiative and non-
radiative deactivation decay rates in favour of long-lived phos-
phorescence. As a continuation, by varying the alkyl chain
length on the triazine unit, the same group achieved photo-
activation assisted smart URTP materials.76 Among the mole-
cules, the lifetime of BCzT (Scheme 1) drastically increased from
1.8 ms to 1.33 s upon photoirradiation for 10 min. The pro-
longed irradiation of molecules with UV light suppresses knr by
controlling the molecular motion to enhance both RTP emis-
sion intensity and lifetime. A signicant difference in the
distances of intermolecular interactions between adjacent
molecules is observed aer photoactivation. As the length of the
alkoxy chain increased, both the lifetime of photoactivation and
deactivation for URTP decreased drastically fromMCzT to FCzT.
This study points to the importance of photo-irradiation assis-
ted control of nonradiative transition in ORTPs.

In 2015, Yuasa and his team explained the nuclear spin
magnetism-assisted spin-exchange of a radical ion pair (RIP).46

In this study, the RTP aerglow of benzoic acid derivatives such
as isophthalic acid IPA and pyromellitic acid PMA (Scheme 2)
was observed for several seconds. Phosphorescence

Scheme 1 Chemical structure of phosphors tetraphenylsilane, tetra-
phenylmethane, carbazole, dibenzothiophene, dibenzofuran, triphe-
nylene, BP, BF2dbmPLA, BBA, DPhCzT, MCzT, ECzTPCzT, BCzT, and
FCzT.

Scheme 2 Chemical structure of benzoic acids IPA and PMA, boron-
containing phosphors PBA-MeO, PBA-EtO, PBA-BuO, PBA-F, tPBA-F,
and PB, and AN-MA, CzPy, and 24CPhCz.

4220 | Chem. Sci., 2021, 12, 4216–4236 © 2021 The Author(s). Published by the Royal Society of Chemistry
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measurements of IPA and PMA revealed the presence of bands
at 532 and 533 nm with 0.970 and 1.1 s lifetime, respectively.
Photoexcitation of these carboxylic acid derivatives leads to the
generation of singlet and further triplet RIPs through hyperne-
coupling (HFC) induced spin conversion, mediated through the
magnetic eld of neighbouring 1H nuclear spins. Here, deute-
rium labeling of carboxylic acids suppressed the phosphores-
cence intensity, conrming the HFC mechanism and a nuclear
spin magnetism-assisted spin conversion (1RIP–3RIP) respon-
sible for URTP. In another report, Yan and coworkers reported
the phosphorescence lifetime of IPA in the crystal state as 1.11 s
and explained that the presence of only one type of hydrogen
bonding interaction in IPA stabilizes the carboxylic acid
dimers.77

Recently, many aryl boronic acids and esters with stable and
extended RTP have been reported. In one of the rst reports,
Nakai, Fukushima, and coworkers reported long-lived RTP of
a series of aryl boronic esters BE-1–5 (Fig. 2a).78 BE-1 displayed
RTP in the solid-state with a green aerglow that lasted for
several seconds (Fig. 2b and c). In this series BE-1–6, the value of
sp varied as 1.85, 1.79, 1.65, 1.73, 1.57, and 1.39 s, respectively
(Fig. 2c). A combined experimental and theoretical study
revealed that an out-of-plane distortion is introduced at the
(pinacol) B–Cipso moiety in the T*

1 state, and it enables the
mixing of p and s orbitals to enhance SOC and thereby lead to
URTP. Later, Li and coworkers studied the RTP of many

commercially available phenylboronic acids and their thermally
prepared triphenylborazine derivatives.41 The phosphorescence
spectrum of 4-methoxyphenyl boronic acid PBA-MeO (Scheme
2) revealed two resolved emission peaks at 457 and 488 nm with
sp of 2.24 and 2.19 s, respectively. The long lifetime is due to
rigid conformation and strong intermolecular interactions via
hydrogen bonds, which decrease knr. An effective p–p stacking
stabilizing the triplet excitons also contributes to bright and
prolonged RTP. The importance of p–p stacking interactions
was further analyzed by theoretical calculations of dimers,
indicating that strong p–p stacking decreases DEST to favour
ISC. The authors studied RTP by varying the length of the alkyl
chain and found that PBA-EtO and PBA-BuO also showed RTP
with sp of 1.11 s and 1.28 s, respectively. In this series of boronic
acids, the support of H-bonds through C–H/F interactions
enabled PBA-F and the thermally prepared triphenylborazine
tPBA-F derivative (Scheme 2) to show a long lifetime of 1.34 and
1.96 s, respectively.

In the same year, HFC driven ISC in CT complexes was re-
ported by Yuasa and coworkers using phenylboronic acid
derivatives (PBs) such as phenyl-mono-boronic acid PB (Scheme
2) and p-phenylenediboronic acid ethyleneglycol ester BE-3
(Fig. 2a) as examples.79 The phosphorescence intensities of PBs
mainly depend on the magnetic-eld and spin-isotope effects
controlled by HFC. Interestingly, PB showed a RT aerglow for
several seconds with sp of 1.2 s. Furthermore, the authors
investigated the effect of steric bulkiness on phosphorescence
by taking BE-3 as an example, which showed a pale blue aer-
glow for about 12 s with sp of 1.6 s. The luminescence quantum
yield of PB and BE-1 was found to be 18 and 77%, respectively.
The phosphorescence mechanism was summarized to follow
the transitions S0 / 1CT / 3CT / T1 / S0, indicating the
direct involvement of both singlet and triplet CT states.
Furthermore, studies on the effect of halogen on RTP of PBs
showed that among the series, only 2-(4-uorophenyl)-1,3,2-

Fig. 2 (a) Chemical structure of aryl boronic esters BE-1–6. (b)
Photographs of BE-1 under ambient light (left) and irradiation with
254 nm UV light in the dark (middle), and after the UV light was turned
off in the dark (right). (c) Fluorescence and phosphorescence spectra
(left) and the corresponding phosphorescence decay profile of BE-1
(right). Reproduced with permission from ref. 78. Copyright 2017,
American Chemical Society.

Fig. 3 (a) Chemical structure of 24FPB and (b) steady-state photo-
luminescence (blue line) and phosphorescence (red line) spectra of
24FPB. (c) Phosphorescence decay profile of the emission band at
515 nm. (d) Photographs of the 24FPB crystal taken at different time
intervals before and after removing the excitation source (a 365 nmUV
lamp). Reproduced with permission from ref. 80. Copyright 2019,
WILEY-VCH.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 4216–4236 | 4221
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dioxaborolane PBA-F exhibited long sp of 1.7 s. In this line,
Huang and his group enhanced sp by introducing multiple
uorine atoms on the phenylboronic acid 24FPB (Fig. 3a and
b).80 The maximum lifetime of 2.50 s was exhibited by 2,4-
diuorophenylboronic acid 24FPB crystals (Fig. 3c). The pro-
longed lifetime is because of the stabilization of the triplet
excited state by H-aggregation and intramolecular O–H/F
hydrogen bonding (2.22 Å) in the crystal. The hydrogen bonding
in crystals xed the dihedral angle (Q) between the benzene ring
and the boronic acid group, resulting in rotation connement
leading to a longer lifetime. Interestingly, a persistent green
luminescence for 24FPB was observed for more than 20 s aer
the UV light was turned off (Fig. 3d).

Since intermolecular interaction assisted packing in the
crystalline assembly plays a critical role in ORTP, the examples
of polymorphs need a special mention.81 Polymorphs offer the
opportunity to develop crystals with varying sizes, shapes, and
optical properties through tuning the cultivation conditions. It
has been noticed that even slight variations in the molecular
packing impart signicant changes in the excited state prop-
erties. In this context, the benet of polymorphism is the
informative correlation between molecular packing and the
resulting functional properties. In another way, it encourages
rational molecular design to improve the optical properties and
hence RTP polymorph is an interesting topic of research.

Yuan and coworkers reported a long lifetime for the cyclo-
addition product AN-MA of anthracene and maleic anhydride
(Scheme 2).82 Out of the two polymorphs form A and form B,
aerglow emission of the latter one lasted for several seconds
with sp of 1.6 s and fp of 8%, because of its much stronger
intramolecular p–p interactions. The presence of the carbonyl
group and oxygen atoms with lone pairs, together with the
effective intra- and intermolecular interactions, helps AN-MA to
achieve bright green RTP emission. The relatively low knr value
resulting from the more rigid conformations signicantly
contributed towards the long lifetime. Cai et al. reported that
out of the three polymorphs formed by hydrogen-bonded
frameworks of benzene-1,3,5-triyltris((9H-carbazol-9-yl)
methanone), only one with two different types of tetragonal
pore in the crystal packing exhibited URTP of 198 ms. The
presence of strong intralayer p–p interactions between carba-
zole units in the framework stabilized the triplet excitons to
achieve URTP.83 Similarly, Yang et al. demonstrated how the
different molecular conformations in the polymorphs of 4-
(4a,10a-dihydro-10H-phenothiazin-10-yl)benzonitrile control
RTP.84 In the series of three polymorphs generated, the one with
the more intermolecular interactions has the more extended
RTP lifetime of 266 ms. These studies showed that the various
modes of packing arising from the different molecular cong-
urations greatly contribute to the incomparable RTP features of
the polymorphs. Due to the lower number of reports and
nominal performance, RTP polymorphs and the related
discussion is restricted in this Perspective.

To understand the effect of a heavy atom to obtain longer
RTP, Sasabe, Kido and coworkers studied the RTP features of
a series of 3-pyridylcarbazole derivatives with H, F, Cl, Br, and I
as substituents on the pyridine ring.85 The crystals of the

uorine-substituted derivative CzPyF (Scheme 2) showed an
ultralong sp of 1.1 s and fp of 1.2%. Theoretical and experi-
mental data revealed the crucial role of n orbital on the central
pyridine ring in enhancing the intersystem crossing between
1CT* and the locally excited triplet (3LE*) states. X-ray crystal-
lographic studies indicated that both the pyridine ring and
uorine atom contributed to the enhancement of RTP through
restricted motion owing to weak C–H/N and H/F hydrogen-
bonding interactions. The presence of a halogen atom with
larger electronegativity enabled a longer RTP lifetime in this
series. Similarly, in 2019, Shi, An, Huang, and coworkers
provided a detailed study related to the critical role of molecular
stacking in generating triplet excitons by using a series of
carbazole derivatives having chlorine substitution at different
positions.86 The combined experimental and calculated results
revealed that 24CPhCz (Scheme 2) with robust intermolecular
coupling between carbazoles exhibited long sp of 1.06 s and fp

of 2.5%. A detailed crystal structure analysis of 24CPhCz
showed that the existence of intermolecular interactions played
an essential role in enhancing the lifetime. The molecules were
restricted by abundant CCl/p, C]O/Cl, CCl/H–C, Cl/Cl,
and C–H/p interactions. The restricted nonradiative transi-
tions through molecular packing in the crystal state prolong the
lifetime. However, a weak interchromophoric coupling between
carbazoles resulted in weak phosphorescence for the other
derivatives in the series.

Tunable emission organic phosphors are rare and are diffi-
cult to achieve in a single-component phosphor. A tunable
phosphorescence under different excitation wavelengths was
reported by Gu et al. utilizing the available multiple emitting
centers in a phosphor (Fig. 4a).87 A triazine derivative, 2-chloro-
4,6-dimethoxy-1,3,5-triazine DMOT (Fig. 4a and b), contains
various heteroatoms that improve the kisc to boost the

Fig. 4 (a) Top-view crystal structure of DMOT showing detailed
information on the intermolecular interactions. (b) Proposed mecha-
nism and molecular design for excitation-dependent colour-tunable
URTP. (c) Excitation-phosphorescence mapping of DMOT. (d) Phos-
phorescence decay profiles of emission bands at 430 and 470 nm for
DMOT. Reproduced with permission from ref. 87. Copyright 2019,
Springer Nature Limited.
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population of triplet excitons. The planar structure of the
molecule strongly supports H-aggregation through multiple
intermolecular interactions such as N/C, CH/C, and p–p

interactions with the surrounding six molecules (Fig. 4a).
Besides, H-aggregation assisted restricted molecular motion in
the crystal ensures excellent phosphorescence features with sp
of 2.45 s and fp of 31.2% (Fig. 4b–d). Interestingly, upon
changing the excitation wavelength from 250 to 400 nm, the
emission colour of DMOT was tuned from violet to sky blue,
owing to single-molecule and H-aggregate phosphorescence,
respectively (Fig. 4c). Such tunable emission smart RTPmaterial
will be useful for displays, sensors, and imaging applications.

Similarly, Yuan and coworkers worked on an unexplored
pyrimidine molecule, hydantoin (HA) (Scheme 3), with tunable
emission colour in response to the excitation wavelength.88 The
synergistic effect of through-space conjugation between
carbonyls (C]O) and nitrogen (N) heteroatoms, and intermo-
lecular interactions through multiple hydrogen-bonds enabled
HA to be an excellent RTP emitter with sp of 1.74 s and fp up to
21.8%. Crystals of HA displayed sky-blue and yellowish-green
aerglows lasting for over 10 s upon excitation with 312 and
365 nm UV lights, respectively. A stable self-assembled network
with the adjacent molecules using multiple H-bonds, C]O/H
and O]C/C]O (p–p) interactions at a relatively shorter
distance strengthens the assembly and implies extended
through-space delocalization. A dimer of HA, 1,10-methyl-
enedihydantoin MDHA (Scheme 3), also exhibited tunable
URTP, but with comparatively lower efficiency having sp of 1.27
and fp of 3.6%. The tunable RTP feature is supported by
a clustering-triggered emission mechanism, where the presence
of different clusters with through-space conjugation and
conformation rigidication resulted in tunable RTP.

Very recently, Babu and coworkers came up with a new
strategy of stabilizing triplet excitons by helical molecular
packing (Fig. 5).45 An N-alkylated carbazole decorated with

phenylmethanone units PCz (Fig. 5a) exhibited URTP with high
efficiency (sp > 4.1 s and fp of 11%) (Fig. 5b and c). A helical
molecular array of PCz in the crystal state enabled the singlet–
triplet states to be mixed up to enhance ISC. A right-handed
helical molecular array of PCz acts as a trap and exhibits
triplet exciton migration to deliver the exceptionally long life-
time (Fig. 5d and e). An extended molecular array was formed by
the arrangement of molecules mainly through p–p interaction
(3.34 Å) between carbazole and phenylmethanone units of
adjacent molecules. The thus-formed 1D-helical array is stabi-
lized by CH/p interaction between the alkyl chain on carbazole
and phenylmethanone unit in the adjacent helical columns.
Space lled packing rigidies the molecular conformations and
remarkably blocks the nonradiative decay pathways. A
combined experimental and theoretical study sheds light on the
stabilization of the triplet state by the helical arrays. The micro
rods of PCz exhibit triplet exciton migration that prolongs RTP
lifetime (Fig. 5f). In contrast to other carbazole based small
molecule phosphors, PCz failed to show aerglow emission
under ambient conditions.

In 2020, Shan and coworkers reported URTP of organic
micro-rods ofOMR-h, which is synthesized by heating amixture
of melamine and benzoic acid in an aqueous solution (SchemeScheme 3 Chemical structure of HA,MDHA,OMR-h, L[4]C and Cy[4]

C.

Fig. 5 (a) Chemical structure of PCz. (b) Steady-state photo-
luminescence (blue line) in solution and phosphorescence (red line)
spectra in the crystal state of PCz. (c) Phosphorescence decay profile
of PCz crystals. (d) The solid-state CD spectrum of PCz crystals. (e) Six
adjacent helical arrays of PCz leading to extended columnar packing in
the c-axis. (f) Schematic of the helical array of PCz leading to triplet
exciton migration. Reproduced with permission from ref. 45. Copy-
right 2020, WILEY-VCH.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 4216–4236 | 4223
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3).89 In the presence of water, the micro-rods form a hydrogen-
bonded network that rigidies the molecular motion. A signif-
icant enhancement in RTP features with sp of 1.64 s and fp of
11.4% was observed under the wet conditions. The observed
lifetime of the hydrogen-bonded structure of OMR-h is one of
the extended lifetimes of ORTPmaterials in water. A cyclization-
driven enhancement of a less RTP active candidate, N-butyl
carbazole (sp of 1.45 ms), is reported by Zhu et al.90 An increase
in the conjugation resulted in an efficient ISC for both linear L
[4]C and cyclic Cy[4]C derivatives of N-butyl carbazole (Scheme
3) and helped to achieve longer lifetimes of 2.24 and 3.41 s,
respectively. The prolonged lifetime is correlated with the
signicantly lower DEST for Cy[4]C with a near-planar structure.
Moreover, the synergistic effect of rigidication also contrib-
uted to suppress the nonradiative decay. The obtained value is
highest among the lifetimes for an organic phosphor without
any heavy atom or a carbonyl group.

Similar to single component RTPs, many attempts have been
reported to stabilize the triplet state through multiple interac-
tions between two different structural units with complemen-
tary recognition parts. This section primarily summarizes the

developments in the area of two-component RTP systems. An,
Huang and coworkers reported that cocrystals formed by the
assembly of melamine ME and IPA resulted in a stable frame-
work via multiple interactions (Fig. 6).91 The two-component
assembly ME–IPA exhibited URTP with sp of 1.91 s and fp of
24.3% under ambient conditions (Fig. 6c and d). The rigid
framework conned the molecules in a three-dimensional
network (Fig. 6e) and thus helped to limit knr of the triplet
excitons and improved kisc. Similarly, the cocrystals of ME–TPA
also presented excellent RTP features with sp of 1.09 s and fp of
19.4%. The RTP of the cocrystal is conrmed by the faster kisc
(9.3 � 107 s�1) of the ME–IPA framework than that of the
individual components ME (1.7 � 106 s�1) and IPA (8.7 � 106

s�1). It has to be noted that the SOC x(S1,Tn) of ME–TPA and
ME–IPA increased to 16.1 cm�1 and 33.9 cm�1, respectively,
compared to the relatively lower values of monomers. If we
compareME–IPA andME–TPA, the knr and kp varied as 0.13 and
0.18 s�1, and 0.4 and 0.74 s�1, respectively. However, the co-
assembly of ME–PA exhibited comparatively less RTP effi-
ciency with sp of 0.68 s and fp of 0.82%. The advantages of the
two-component phosphor enabled a simultaneous enhance-
ment of sp and fp.

A detailed mechanistic aspect of this signicantly high RTP
performance of the acid–amine cocrystals was explained by Yan
and coworkers through TADF-assisted Förster resonance ET
from the energy donor ME to the phosphor acceptor acids
leading to a longer lifetime (Fig. 6f).77 Density functional theory
calculations of the D–A assembly showed that the HOMO is
located on ME, while the LUMO is on PA/IPA/TPA for ME–PA,
ME–IPA, and ME–TPA, respectively. Furthermore, the possi-
bility of ET was supported by the spectral overlap between the
absorption of the acceptors (PA, IPA, and TPA) and the emission
of ME. The emission peaks at 318, 373, and 342 nm have been
shied to 540, 524, and 554 nm in the delayed spectra with
a lifetime of 0.43, 2.00, and 0.77 s, respectively, forME–PA,ME–
IPA, and ME–TPA (Fig. 6g and h). The enhanced RTP lifetime is
strictly due to the TADF assisted efficient ET (76%) in the coc-
rystals. Interestingly, the cocrystals exhibited a strong aerglow
lasting for many seconds (Fig. 6i). Two-component assembly
promotes triplet state stabilization by additional charge-
mediated hydrogen bonding and p–p stacking, resulting in
enhanced RTP. A new strategy of multi-component URTP
material utilizing both TADF and ET raises hope for further
improvement.

The above section pointed out the recent developments in
the area of organic crystalline phosphorescent materials. Many
single- and multi-component assemblies have been examined
to understand the underlying design principles for achieving
high quantum yield and extended lifetime up to seconds.
However, crystalline RTP materials lack processability and
require tedious optimizations for practical applications. This
situation demands alternative candidates to troubleshoot the
existing barriers in such materials. Hence the organic materials
chemists took up this challenge and introduced various new
methods to improve RTP features, and the recent developments
will be discussed in the following sections.92

Fig. 6 (a) Chemical structure of ME, TPA and PA. (b) Photographs of
emission (top) and phosphorescence (bottom) of the ME–IPA coc-
rystal. (c) Steady-state photoluminescence (blue dotted line) and
phosphorescence (red line) spectra along with (d) phosphorescence
decay of the emission bands at 466 and 488 nm, respectively, of ME–
IPA. (e) Molecular packing of ME–IPA showing intermolecular inter-
actions from the same plane with ME as the center and IPA as the
center along with ME and IPA with adjacent planes. (f) Schematic of
TADF-assisted transfer from ME to IPA enhancing the RTP lifetime. (g)
Prompt and delayed fluorescence spectra and corresponding (h) time-
resolved fluorescence decay profiles, and (i) photographs showing the
long-afterglow of ME–PA, ME–IPA, and ME–TPA. Reproduced with
permission from (a–e) ref. 91 (copyright 2018, American Chemical
Society) and (f–h) ref. 77 (copyright 2019, WILEY-VCH).
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3.2 Host–guest based organic phosphors

The effective control of the host and guest units to create a wide
variety of somaterials drew much attention to supramolecular
chemistry. Recently, researchers have successfully achieved RTP
of pure organic host–guest systems by managing various inter-
molecular interactions.93 The host–guest interactions are highly
selective because multiple factors such as size, shape, charge,
polarity, etc. limit the host's inclusion. Therefore the selection
of appropriate host and guest combinations is very critical. In
general, the cavity of the host molecule specically recognizes
the guest molecule and provides a rigid environment to conne
the guest molecules. The support is obtained not only from
cavitands but other hosts such as small molecules and frame-
works, also strongly supported phosphors. Organic host–guest
based persistent RTP materials are mainly developed by mini-
mizing knr of triplet excitons and keeping it smaller than the
small kp.93 Since the fate of the triplet state is heavily dependent
on nonradiative deactivation pathways of the guest and
quenching by the diffusional motion of the host as well as
molecular oxygen, the selection of a suitable host–guest
combination remains challenging. Herein, the research

progress of ORTP systems based on host–guest interactions is
reviewed.

Almov and coworkers achieved long-lived RTP from arene-
b-cyclodextrin (b-CD) cage–hydrocarbon complexes in the
presence of oxygen.94 Among the different combinations, the
complex naphthalene-d8-b-CD cage (Scheme 4) with various
hydrocarbons showed variable RTP lifetime of 11.9 s for dia-
damantyl, 9.4 s for diamantine, and 10.3 s for adamantine in
the presence of oxygen. However, the RTP lifetime of these
complexes further increased in the absence of oxygen. The
ternary complexes aggregate in water to form micro-particles,
which prevent molecular motions and reduce the quenching
effect from oxygen to achieve a longer lifetime. In another
attempt, the same group demonstrated URTP from the supra-
molecular complex of naphthalene-d8-b-CD-cyclohexane (I) with
a lifetime of around 16 s while the naphthalene-d8-b-CD-
cyclohexane-benzophenone (II) complex showed 14.7 s.95 More
interestingly, the long lifetime of complex II is attributed to the
triplet–triplet (T–T) ET from benzophenone (donor) to
naphthalene-d8 (acceptor).

Another work in the eld of host–guest supramolecular
systems was reported by Liu and coworkers using cucurbit[6]
uril (CB[6]) as the host and a heavy-atom-free phenyl-
methylpyridinium as the guest (Fig. 7a).96 The PBC/CB[6]
complex formed by grinding showed a phosphorescence peak at
510 nm with an ultralong sp of 2.62 s and fp of 9.7% (Fig. 7b–d).
The encapsulation in CB[6] promotes ISC in phenyl-
methylpyridinium, which in turn boosts the population of
triplet excitons. Moreover, CB[6] provides a rigid matrix for the

Scheme 4 Chemical structure of b-estradiol, CzSte and DMAB (host)
and naphthalene-d8, Dyes1–6, coronene, coronene-d12, D1–3, and
Fluc (acceptor) molecules.

Fig. 7 (a) Schematic illustration of the solid-state supramolecular
strategy of PBC and CB[6] for URTP. (b) Excitation, emission, and
phosphorescence spectra of PBC/CB[6] in the solid state. (c) Phos-
phorescence decay of PBC/CB[6] at 510 nm. (d) Photographs of PBC/
CB[6] powder under 365 nm UV irradiation and at different time
intervals after removal of the ultraviolet lamp. Reproduced with
permission from ref. 96. Copyright 2019, Royal Society of Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 4216–4236 | 4225
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guest molecule to suppress molecular motions such as vibra-
tions, rotations, and inter-collisions as well as to provide
protection from oxygen. Eventually, the successful PBC/CB[6]
complex prolonged the phosphorescence lifetime. Notably, the
distinct lifetime and robust phosphorescence properties of
PBC/CB[6] enabled the triple lifetime-encoding for information
encryption and anti-counterfeiting applications.

The salient features of a steroidal compound, b-estradiol
(Scheme 3), such as rigidity, oxygen barrier, high T1 energy, etc.
motivated the research group of Adachi to use it as a host
material to suppress the triplet quenching of phosphors.97,98

Besides, the use of a deuterated aromatic hydrocarbon as the
guest minimized nonradiative deactivation. Red-green-blue
persistent RTP with sp > 1 s, fp > 10% and a persistent RTP
aerglow for several seconds was realized for dyes 1–6 (Scheme
4).97 In 2016, the same group introduced a new host molecule, 3-
(N-carbazolyl)-androst-2-ene (CzSte) (Scheme 4), to enhance the
performance of aerglow LEDs.98 To maximize the lifetime, the
authors used coronene-d12 as the emitter and found a signi-
cant improvement in RTP features. The planar structure of
coronene-d12 was found to be suitable for forming a rigid host
matrix through intermolecular CH–p interactions with the
steroid moiety of CzSte. The suppression of molecular vibration
and nonradiative decay of the guest emitter resulted in an
extended sp of 4.7 s and fp of 5.3%. Furthermore, the prepared
host–guest system was found to be useful in LEDs yielding
higher external quantum efficiency and longer aerglow.

Hirata and coworkers reported a new heavy atom-free
organic molecular design consisting of a secondary amine as
an RTP antenna substituted with different RTP centers D1–3
(Scheme 4) having smaller T1 energy, exhibiting persistent RTP
(Scheme 4).99 The notable feature of the molecular design is the
steric hindrance introduced between the RTP antenna and the
RTP center that decreases kf and enables efficient fisc. The
authors cleverly extended the conjugation of the RTP antenna in
anticipation of obtaining kp > knr. To validate the design
strategy, RTP candidates (0.3 wt%) were dispersed in a b-estra-
diol host and a persistent emission was observed from 470 to
800 nm. The fp and sp of the host–guest systems varied as 11,
50, and 46%, and 1.60, 1.00, and 1.40 s for D1, D2, and D3,
respectively.

Recently, a thermoresponsive RTP has been reported by
taking advantage of ET and intermolecular CT between
N,N-dimethylpyridin-4-amine DMAP (host) and N,N,N0,N0-te-
tramethylbenzidine Tmb (guest) (Scheme 4).100 The cocrystals of
DMAP and Tmb with a mass ratio of 400 : 1 displayed blue RTP
emission with sp and fp up to 2.1 s and 13.4%, respectively. In
addition, the authors studied the concentration-dependent
emission changes by incorporating an additional energy
acceptor, uorescein Fluc (Scheme 4), to form a ternary blend.
Upon changing the concentration of Fluc, a colour-tunable
aerglow from blue to yellow was realized. More interestingly,
on heating, both DMAP–Tmb and DMAP–Tmb–Fluc exhibited
turn-on RTP with increasing RTP lifetime from 1.4 s to 1.97 s.
Here the enhanced intermolecular interactions in DMAP–Tmb
and DMAP–Tmb–Fluc played a signicant role in enhancing the
phosphorescence lifetime. Furthermore, the thermoresponsive

nature of the host–guest RTP materials has been used for multi-
colour thermal printing.

Metal–organic frameworks (MOFs) are capable of encapsu-
lating guest species in their cavities, and the guest connement
can deliver a signicant improvement in RTP. Along these lines,
Kabe, Adachi, and coworkers demonstrated a long-lived emis-
sion from triplet excitons achieved by encapsulating coronene
in a zeolitic imidazolate framework (ZIF-8) host.101 It is
conrmed that the coronene wholly isolated within the pores of
the MOF suppresses the nonradiative decay and molecular
vibrations, enabling long-lived RTP. Coronene@ZIF-8 exhibited
sp of 7.4 s, while an extended lifetime of 22.4 s was achieved for
coronene-d12@ZIF-8 under the same experimental conditions.
The vibrational energy of the C–D stretching mode is lower than
that of the C–H stretching mode, and hence it helps coronene-
d12@ZIF-8 to show enhanced lifetime. Moreover, the
temperature-dependent lifetime measurement conrmed the
suppression of nonradiative deactivation of coronene.

In 2017, Yan and coworkers explored a phosphorescence ET
by incorporating donor and acceptor guest molecules in the
interlayer nanogallery of an inorganic graphene-like layered
double hydroxide (LDH) host material (Fig. 8).102 The authors
used different benzene dicarboxylic acid isomers, namely IPA
(Scheme 2), TPA, and PA (Fig. 6a), as potential donors assem-
bled into the interlayer of the Zn–Al-LDH host by the co-
precipitation method. Interestingly, among the nanohybrids,
the IPA/LDH showed a green phosphorescence emission with
the longest sp up to 1.2 s and fp of 3.02% (Fig. 8b–d). An H-type
aggregation between IPA dimers and LDH nanosheets

Fig. 8 (a) Steady-state emission (left) and phosphorescence (right)
spectra of IPA/LDH nanohybrids (insets show the corresponding
photographs). (b) Phosphorescence decay profile of IPA/LDH (lmon ¼
489 nm, lex ¼ 320 nm). (c) The letter ‘A’ made with IPA/LDH can be
unmistakably identified by the naked eye after the excitation is
switched off. (d) Schematic representation of the proposed mecha-
nism for PET. Reproduced with permission from ref. 102. Copyright
2017, Royal Society of Chemistry.
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stabilized the lowest triplet excited state and minimized the
nonradiative decay to prolong the RTP lifetime. Besides, IPA/
LDH showed thermoresponsive RTP upon varying the temper-
ature from 295 to 335 K. Subsequently, the co-intercalation of
eosin Y as an energy acceptor with the IPA energy donor into the
nanogalleries of LDH nanosheets imparted excellent triplet–
triplet ET (EP ¼ 99.7%) (Fig. 8e).

Co-assembly of RTP inactive terpyridine-derivatives T1 and
T2 (Scheme 5) with LAPONITE® (LP) nanoclay through solvent-
free mechanical grinding signicantly enhanced the RTP to
exhibit green (T1@LP) and blue-green (T2@LP) emissions.103

The long RTP lifetime decay component of both the hybrid
materials was around 1.1 s with a strong aerglow lasting for
more than 10 seconds. The encapsulation of the emitters in LP
helped to achieve fp of 2.96 and 1.86% for T1@LP and T2@LP,
respectively. A transformation from trans–trans to cis–trans
conguration of T1 upon protonation has led to a marginal
increase in spatial separation of the HOMO and LUMO and
eventually narrowed down DEST to facilitate ISC. Moreover, the
hydrogen bonding between T1 and LP reduces the nonradiative
decay and protects the triplet excitons. Zhang and coworkers
came up with a hybrid material by encapsulating various RTPs
(Aba-o, Npaba-m, Npaba-p, Caba-o, Caba-m, and Caba-p) in
[Al(DMSO)6]X3, where X is Cl� or Br� (Scheme 5).104 The new
approach resulted in a very high RTP lifetime and luminescence
quantum yield. The heavy atom effect has a profound impact in
this series: as compared to Cl� hybrids, the analogues with Br�

yield high fp and a shortened sp. The values of sp and fp varied
for Aba-o/Cl (1.1 s, 2.3%),Npaba-m/Cl (1.12 s, 3.9%), Npaba-p/Cl
(1.26 s, 4.8%), Caba-o/Cl (1.81 s, 4.9%), Caba-m/Cl (1.84 s, 8.4%)
and Caba-p/Cl (1.89 s, 2.5%). The presence of many different
types of weak interaction between the matrix and RTPs greatly
supports RTP by suppressing nonradiative decay.

3.3 Polymer-based organic phosphors

The crystalline URTP materials have drawbacks in terms of
reproducibility, processability, and exibility, which signi-
cantly impedes the development of crystalline URTP materials
for practical applications.105 To overcome these fundamental
barriers, special attention has been paid to the development of
organic polymeric materials capable of URTP. Recently, signif-
icant breakthroughs have been achieved by prolonging the
lifetime of polymeric materials through homopolymerization,
ring-opening polymerization, covalent cross-linking reaction,
and radical binary copolymerization, as well as embedding
small molecules into a rigid polymer matrix.105 Polymer-based
RTP materials have been receiving increased attention
because of the large molecular weight of the polymer and the
availability of functional group chains that can help to rigidify
the molecular vibrational and rotational motions of the phos-
phors. Moreover, it can reduce the quenching effects of oxygen
and moisture from the ambient environment, allowing the
triplet excitons to survive long enough to achieve prolonged
lifetimes. More importantly, polymer-based RTPs exhibit easy
processability, excellent exibility, and high thermal stability as
well.

In 2016, Chen et al. applied the intramolecular CT (ICT) state
of N-substituted naphthalimide polylactic acid-based polymers
to obtain RTP enhancement.40 It has been noticed that either
the ICT state or a heavy atom (Cl or Br) can ensure enhanced ISC
and thus strong RTP. In this series, polymer 1,2-OPh-OLA
(Scheme 6) showed strong ICT and a favourable DEST to support
RTP. The existence of an ICT state acted as a bridge between the
excited singlet and triplet states and thus accelerated ISC
leading to sp of 1.12 s. Additionally, N-substituted naph-
thalimides conjugated with natural biomacromolecules such as
chitosan and bovine serum albumin also displayed RTP and
found useful application in time-resolved bioimaging.

Ogoshi and coworkers reported URTP with a lifetime up to
1.22 s for poly(styrene sulfonic acid) PSS in the dry solid-state
(Scheme 6).106 The observed lifetime is one of the most
extended RTP lifetimes for non-doped ORTP polymers. The
sulfonic acid group in the polymer can form strong inter/
intrachain hydrogen bonds in the solid-state that reduce the
nonradiative decay and eventually lead to ultralong RTP. The
RTP lifetime depends on the introduction ratio of sulfonic acid
groups. As the ratio is increased, the phosphorescence lifetime

Scheme 5 Chemical structure of T1, T2, Aba-o, Caba-o, Caba-m,
Caba-p, Npaba-m, and Npaba-p.

Scheme 6 Chemical structure of polymers 1,2-OPh-PLA, BP, PSS,
PAM, G1, and PAM-N1, and model derivative B1.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 4216–4236 | 4227
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became longer due to strong hydrogen bond formation between
sulfonic acid groups. Furthermore, the reversible RTP via
uptake and removal of water contributed to the lifetime-
encoding application. Detailed studies revealed that deutera-
tion of SO3H and exchanging SO3Na or SO3K for SO3H resulted
in an increased RTP lifetime. In contrast, a decrease in RTP
lifetime was noticed when PSS was neutralized with NaOH or
KOH.

Cai et al. demonstrated that the ionic cross-linking between
chromophores is critically supportive in suppressing non-
radiative transitions for URTP, and by utilizing the concept,
a lifetime of 2.1 s for an amorphous polymer is obtained.107 The
replacement of PSS with different ions such as Li+, K+, Rb+,
NH4+, Mg2+, Ca2+, Al2+, and Gd2+ imparted a signicant effect on
the URTP of polymers. The size of the ionic radius is found to
control the RTP features, and as the size increases, the URTP
lifetime also gradually decreases. The replacement with Li+ and
Mg2+ resulted in a lifetime of 1.3 and 1.1 s, respectively, and
thereaer a gradual decrease in the lifetime is observed. It has
been concluded that even though the large ionic radius prevents
the prolonged URTP, the high ion charge state is found to be
supportive. Hence a balance between the ionic radius and
charge state can signicantly alter the lifetime values. Here the
knr is at least one order of magnitude higher than kp, indicating
that the former one played a dominant role in manipulating the
URTP of ionic polymer phosphors. The results of ionic cross-
linking assisted URTP have even been extended to nonaro-
matic ionic polymers and it was found that PAANa (Scheme 6)
with blue URTP has sp of 1.4 ms and 2.1 s, respectively, when
monitored at 450 nm and 480 nm bands.

Recently, boronic acid/ester-based organic phosphors also
excelled as strong RTP candidates. Along these lines, Kubo and
coworkers reported boronate particles BP (Scheme 6) as a self-
assembled URTP system in both solid state and dispersion in
water.108 Solid BP showed phosphorescence peaks located
between 450 and 550 nm with a long-lived sp of 1.95 s and fp of
5% under ambient conditions. The RTP properties of BP were
compared with a model derivative, 3,9-dibenzo-2,4,8,10-
tetraoxa-3,9-diboraspiro[5.5]undecane B1 (Scheme 6). Theoret-
ical calculation and the crystal structure of B1 suggest that
boron-containing CT interactions and the presence of inter-
molecular electron coupling facilitate RTP. Notably, graing
rhodamine B uorophores on the surface enabled the ET
process from the triplet excited state of BP to the singlet state of
the uorophore resulting in an aerglow composed of dual
luminescence at �500 and 600 nm.

In 2020, Ling and coworkers reported a colourful aerglow
through regulation of clusterization-triggered RTP of non-
conjugated amorphous polyacrylamide (PAM).109 The emission
features of these non-conjugated polymers containing carbonyl
and amine groups depend on the aggregation, which can result
in electronic interactions by n–p and p–p interactions.
Furthermore, the clusterization of amides can form a rigid
conformation of polymer chains, which is helpful to inhibit
nonradiative decay of excitons and to stabilize the excited state
through hydrogen bonding. When PAM was blended with
naphthalimide G1 (Scheme 6), URTP with sp up to 1.7 s and fp

of 13.4% was observed in solid powders. Computational studies
revealed the possibility of a clusterization-triggered phospho-
rescence mechanism. When naphthalimide was covalently
linked with the PAMs, PAM-N1 (Scheme 6) exhibited a visible-
light-excited URTP with sp of 1.5 s and fp of 12%.

In 2020, Gu et al. discovered a colour-tunable URTP in
polymers through multi-component cross-linked polymeriza-
tion by using acrylic acid and multiple luminophores.110 A
copolymer, PDNA (Fig. 9a), prepared using vinyl derivatives of
naphthalene (MND) and benzene (MDP), and acrylic acid
(MND/MDP/AA ratio 1/200/10 000) displayed an excitation
dependent multi-colour RTP emission spanning from blue to
yellow with a long-lived sp of 1.1 s and fp of 23.2% (Fig. 9b–d).
As the ratio of MND/MDP/AA varied, the phosphorescence
intensity gradually decreased. Two other polymers with varying
ratios of MND/MDP/AA, namely PDNA-5 (1/5/1000) and PDNA-
10 (1/10/1000), also exhibited excellent RTP features with sp of
1.22 and 1.07 s and fp of 13 and 37.5%, respectively. The exci-
tation spectra of PDNA revealed that the blue and yellow
emission bands originate from two entirely different excited
triplet states of benzene and naphthalene components in the
polymer and this is conrmed by the detailed analysis of the
individual polymers. The numerous carbonyl and hydroxyl
groups of PDNA assist in forming inter- or intramolecular
hydrogen bonds with polyacrylic acid chains. Thus the eventu-
ally created rigid environment suppressed the nonradiative
decay of the excited state and prevented the quenching of triplet
excitons. The hydrogen bonding assisted RTP in PDNA was
revealed by a signicant decrease in RTP features in the pres-
ence of moisture, which breaks the hydrogen bonds between
the polymer chains. The overall tunable emission URTP ach-
ieved by PDNA is demonstrated in Fig. 9d.

Fig. 9 (a) Chemical structure of PDNA. (b) Schematic illustration of the
proposedmechanism of colour-tunable URTP of PDNA. (c) Excitation-
phosphorescence mapping of PDNA under ambient conditions; the
inset displays the phosphorescence spectra excited at 254 nm (blue)
and 365 nm (yellow). (d) CIE chromaticity diagram for PDNA with
excitation varied from 270 to 370 nm; the inset shows the UOP
photographs of PDNA excited at various wavelengths. Reproduced
with permission from ref. 110. Copyright 2020, Springer Nature
Limited.
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3.4 Polymer supported organic phosphors

Apart from incorporating the functional phosphors as a part of
the polymer backbones, polymer-supported phosphors also
found URTP active. In 2019, Zhao and coworkers achieved URTP
from 2-HC (Fig. 10a) by coassembling with polyvinyl alcohol
(PVA).111 The connement of 2-HC in PVA restricts the molec-
ular motions to stabilize the triplet state and thereby generate
URTP (sp ¼ 1.21 s and fp ¼ 16%) with an aerglow lasting for
more than four seconds in the dark. The same group demon-
strated the excitation-dependent persistent emission by con-
structing multiple emission centers in polymeric systems with
hydrogen bonding.112 A polyphosphazene derivative, P4, con-
taining carbazole unit 4-HC was synthesized and mixed with
PVA to develop a composite, PVA-100-P4-1 (Fig. 10a). As shown
in Fig. 10b, an excitation wavelength-dependent (340 to 370 nm)
redshi of phosphorescence (468 to 522 nm) was observed for
PVA-100-P4-1. The aerglow of PVA-100-P4-1 persisted for 12 s,
and the corresponding sp reached 1.29 s with fp of 1.0%
(Fig. 10c). The presence of strong hydrogen bonding between
the polyphosphazene polymer chains and PVA plays a critical
role in the aerglow. The knr for the PVA-100-P4-1 lm has
signicantly come down to 0.77 s�1 as compared with that of
the PVA-100-4HC-1 precursor lm (2.59 s�1). An excitation
wavelength-dependent persistent luminescence colour from
blue to green indicates the presence of multiple radiation
channels in the system (Fig. 10d). Even though the monomer 2-
HC–PVA composite exhibited a longer lifetime, the corre-
sponding polymer PVA-100-P2-1 failed to extend the lifetime.

Recently, George and coworkers reported a delayed sensiti-
zation assisted triplet to singlet ET in polymer-supported D–A

pairs.113 The authors used a PVA matrix to host coronene tet-
racarboxylate salt CS as a triplet energy donor and uorescent
dyes sulpharhodamine101 SR101 and sulpharhodamine G SRG
as acceptors to demonstrate PET (Fig. 11a). Since both the
donor and acceptors are water-soluble dyes having polar side-
groups, it facilitates co-assembly with PVA via ion-dipole and
hydrogen bonding interactions. The CS–PVA hybrid showed
a phosphorescence band in the range of 500 to 700 nm with an
average ultralong sp of 2.46 s with fp of 23.4% (Fig. 11b and c).
The emission spectra of SR101/SRG doped CS–PVA lms
showed a gradual decrease of CS phosphorescence emission

Fig. 10 (a) Chemical structure of monomers 2-HC and 4-HC, and
polymers P2 and P4. (b) Excitation wavelength-dependent phospho-
rescence spectra and (c) temperature-dependent phosphorescence
decay curves of PVA-100-P4-1 film. (d) Photographs of persistent
luminescence of PVA-100-P4-1 film under ambient conditions.
Reproduced with permission from ref. 112. Copyright 2020, WILEY-
VCH.

Fig. 11 (a) Chemical structure of CS, TAT, and aromatic phosphonates
BDPB, BDPB-Ac, and BDPD-PPT. (b) Steady-state and gated emission
spectra and (c) phosphorescence decay profile of CS–PVA film. (d)
Photographs of SRG/SR101 doped CS–PVA hybrid films showing
ambient afterglow properties. (e) Emission spectra of aromatic phos-
phonates under an aerated (light colour) and a nitrogen atmosphere
(dark colour) (left), and delayed spectra showing RTP in an Exceval,
aerated atmosphere (right) along with the corresponding (f) phos-
phorescence decays. (g) Photographs of BDPB-Ac, BDPB, and BDPD-
PPT in Exceval, and delayed phosphorescent image written by masked
UV illumination in a PMMA:BDPB sample covered with Exceval.
Reproduced with permission from (a–d) ref. 113 and (e–g) ref. 115.
Copyright 2020, WILEY-VCH.
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with an enhancement of acceptor emission in the 550–700 nm
region due to ET from the triplet state of a donor to the singlet
state of the acceptors. The hybrid thin lms are self-standing
and exible with stable aerglow features (Fig. 11d). The
same group reported deep blue URTP from triazatruxene TAT
(Fig. 11a) with an average sp of 2.26 s and fp of 17.5% in a PVA
matrix.114 The deep-blue emission of TAT–PVA hybrid lms
persisted over 10 s, pointing to the RTP from the spatially iso-
lated TAT in the PVA matrix, supported by strong hydrogen-
bonding interaction between TAT and PVA. Interestingly,
a mixed RTP hybrid of CS–TAT–PVA exhibited excitation-
dependent multi-colour aerglow emission, including an
ambient white aerglow with the CIE coordinates (0.29, 0.33).

With the understanding of ORTP of amorphous polymer
materials, Reineke and coworkers reported a new family of
halogen-free organic luminescent derivatives called aromatic
phosphonates (Fig. 11a).115 A series of aromatic phosphonates
4,40-bis(diethylphosphonomethyl)biphenyl BDPB and its deriv-
atives BDPB-Ac and BDPD-PPT were embedded in a polymethyl
methacrylate (PMMA) host matrix and covered with Exceval to
prepare a hybrid RTP system (Fig. 11e–g). The presence of
PMMA and Exceval ensures hydrogen bonding to rigidify the
matrix, acts as an oxygen barrier layer, and efficiently
suppresses vibrational dissipation to achieve bright long-lived
RTP. In the PMMA matrix, when excited at 300 nm, sp varied
as 1.7 s (BDPB-Ac), 1.8 s (BDPB), and 2.1 s (BDPD-PPT) and
further varied as 2.0 s, 2.4 s, and 2.6 s, respectively, when excited
at 275 nm (Fig. 11f). Furthermore, RTP of the aromatic phos-
phonates revealed that the main reason for the long lifetimes is
the diethyl-phosphonomethyl units. Interestingly, the lifetime
is increased by around 250 ms upon an increase from two to
three phosphonate groups.

4. Comparative study

To obtain a deeper understanding of the decay pathways, their
trends, and their effect on sp and fp, single-component organic
phosphors have been selected for detailed analysis (Fig. 12).

However, a few cases with incomplete data are omitted for
clarity of the discussion. A comparison made by arranging in
the ascending order of lifetimes showed that a variation in sp is
mostly reected in knr than kp, and this might be due to the
signicant contribution by knr in this particular class of mole-
cules (Fig. 12a and c). A detailed analysis indicates that there
exists a correlation betweensp and knr, as well as fp and kp.
Compared with the increasing value of sp, kp irregularly varied
between 0.01 and 0.15 s�1, while knr varied inversely as 1.24 to
0.21 s�1, with a few exceptions, in this series. This magnitude
difference of knr and kp imparts an upper hand for knr over kp on
lifetime values (Fig. 12c and d). Even though for single
component phosphors knr > kp, the value of fp varied almost in
line with kp (Fig. 12b and d). We consider this discussion as
a qualitative one due to the inconsistencies in sample prepa-
ration, quality of crystals, measuring conditions, reproduc-
ibility, and so on. Hence, a detailed study is highly required to
reveal the underlying details of RTP to go further.

A comparison of the decay pathways connected with sp and
fp showed that the variations in decay parameters of the host–
guest systems are in line with the expected trend (Fig. 13). The
analysis indicates that except for a few cases, the variation of
lifetime is reected on both knr and kp (Fig. 13a, c and d). In this
series, the value of knr varies between 0.79 and 0.04 s�1, while kp
gradually decreased from 0.5 to 0.002 s�1 (Fig. 13c and d).
However, a longer lifetime is achieved by lowering both knr and
kp. The presence of the hosts is found supportive to enhance
RTP lifetimes. Moreover, the values of both knr and kp are
observed to be almost in the same range. It has to be noticed
that irrespective of the host–guest systems considered, a clear
trend is reected in the value of kp and fp (Fig. 13b and d).
Compared to single-component organic phosphors, the
magnitude difference between knr and kp is narrow, and there-
fore, we can assume that the suppression of knr is efficient in the
host–guest based RTP systems due to the rigidication of the
conned phosphors.

Fig. 12 Analysis of (a) sp, (b) fp, (c) knr and (d) kp of single-component
organic phosphors.

Fig. 13 Analysis of (a) sp, (b) fp, (c) knr and (d) kp of host–guest based
phosphors.
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In the case of polymer related systems, a reasonable corre-
lation between sp and fp is visible (Fig. 14a and b). As the sp is
increased from 1 to 2.46 s, an almost steady decrease in fp from
37.5 to 2.34% is noticed (Fig. 14a and b). Similar to host–guest
systems, the comparison of the decay parameters with sp and fp

indicates a direct link between sp and decay rates knr and kp
(Fig. 14). The variation of the lifetime is reected in the values of
both knr and kp, which decreased from 0.8 to 0.3 s�1 and 0.35 to
0.01 s�1, respectively (Fig. 14a, c and d). In polymer and
polymer-supported systems, the distinct difference in the
magnitude of knr and kp is visible. Even though knr > kp, long
lifetimes for polymer-based phosphors have been achieved by
lowering the values of both knr and kp. Interestingly, a similar
trend noticed for fp and kp points to the dependence of fp more
on kp than knr (Fig. 14b and d). The comparison of three
different classes of organic phosphors, crystalline assemblies of
single molecules, host–guest, and polymer-based systems
revealed that compared to other phosphors, hosts provide
a strong support to the guest phosphors and reduce knr as close
to kp as possible. It indicates the need for newer designs to
minimize knr values to improve the efficiency of organic phos-
phors. A meaningful conclusion on the various parameters
inuencing both fp and sp can be generated only by comparing
the SOC and kisc values of the phosphors along with kp and knr.
However, the lack of data in the literature reports prevented us
from having such a detailed discussion.

5. Applications

As mentioned in the introduction, the sudden developments of
URTPs in recent years have engaged them in various potential
applications, including organic electronics, optical recording,
anti-counterfeiting, bioimaging, and sensing.116–121 Since many
reviews have already summarized the applications of various
ORTPs,21–25,59,80–85 we discuss only the recent developments of

very efficient ORTPs. Li and coworkers utilized the strong
interactions of aryl boronic acids via hydrogen bonds to develop
an inkjet printing technology suitable for optoelectronic
displays.41 The comparable intensities of the RTP crystals and
samples from solvent evaporation enabled the use of the aryl
boronic acid-derived phosphors as a low-cost ink. The uores-
cence colour and intensity difference associated with the ther-
mally formed boroxines tPBA-MeO, tPBA-Cl, and tPBA-Br
(Scheme 7) from different monomer phosphors PBA-MeO
(Scheme 2), PBA-Cl, and PBA-Br (Scheme 7) helped to make
distinguishable RTP patterns (Fig. 15a). As a signicant
advantage, the brightness of the inkjet-printed designs can be
improved by cyclic printing (Fig. 15b). The scalable synthesis of
phosphors, stability, accuracy, and reproducibility of the
images point to an impressive printing process. Besides, PBA-
MeO exhibited less toxicity when fed to Bombyxmori silkworms,
making it a potential candidate for biological applications. The
excitation-dependent UOP feature of the phosphors has been
used for multicolor display applications.87 By using TMOT and
DClCzT powders as solid ink for silk-screen printing, different
patterns, including a peace dove, panda, Cp rings, and buttery,
were fabricated (Fig. 15c). Since TMOT is excitation-dependent
UOP active, a change in the excitation wavelength from 254 to
365 nm resulted in a drastic emission color difference
(Fig. 15d). The change in the phosphorescence color from sky-
blue to green demonstrates as a tool for the detection of UV
light.

An encryption algorithm having three different modes of
operation has been used to develop information safety appli-
cations using URTP materials.77 As shown in Fig. 15e, different
modes “a”, “b”, and “c” were encrypted by using ME–IPA, MA
and IPA (Scheme 2), respectively, and the encryption algorithm
enables the real information to be hidden. Besides, the URTP of
MA–IPA was effectively used to prove personal identity through
ngerprints. An inkpad prepared usingMA–IPA with polyacrylic
acid was used to develop the ngerprint on paper (Fig. 15f).
Similarly, a 2-dimensional barcode pattern was created by
screen-printing the supramolecular framework of MA–IPA on

Fig. 14 Analysis of (a) sp, (b) fp, (c) knr and (d) kp of polymer and
polymer-supported phosphors.

Scheme 7 Chemical structure of the supporting phosphors used for
various applications.
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lter paper.91 The blue-green URTP of MA–IPA enabled the
information to be identied by scanning the barcode in dark-
ness. Similarly, the distinctly different lifetime, quantum yield,
and robust RTP features of PBC/CB[6], PCC/CB[6] (Fig. 8a), and
PYCl/CB[6] (Scheme 7) complexes were used for triple encoding
(Fig. 16a).96 The initial colourless pattern turned into a bright
green display aer excitation at 365 nm due to the high
quantum yield of PYCl/CB[6]. Interestingly, the difference in
lifetime enabled sequential phosphorescence displays of PYCl/
CB[6], PCC/CB[6], and PBC/CB[6].

URTP of amorphous PSS (Scheme 4) and its on/off switching
by water vapour has been used for lifetime-encoding application
(Fig. 16b).106 The green RTP emission of PSS lm can be masked
by making patterns using water. Since the uorescence remains
intact, no change is observed under UV light, even in the pres-
ence of water. However, the pattern “KU” created by the water is
not anymore RTP active and can be observed by the naked eye.
The reversibility of the water-induced patterns increases the
applicability of this method. The excitation-dependent URTP
has been used for multilevel information encryption using
polymers PDA (Scheme 7) and PDNA (Fig. 11a).110 As shown in
Fig. 16c, the patterns NTU and RP in the encrypted information

“RNTUP” were fabricated using the polymers PDNA and PDA,
respectively, as inks. The initial blue emission under 254 nm
irradiation was changed to long-lived blue luminescence to
show the false information upon turning off the excitation
source. However, aer excitation with 365 nm UV light, the
correct information of “NTU”was visualized as long-lived yellow
emission. Interestingly, the reversibility of encryption has been
achieved by erasure using water and regain by thermal treat-
ment. Similarly, the difference in persistent luminescence
intensity of PVA-100-2HC-1 and PVA-100-P4-1 (Fig. 12a) inks has
also been used for anti-counterfeiting applications.112

In another attempt, the excellent aerglow properties of
PAM-N1 (Scheme 6) lms were found to be advantageous for the
detection of volatile solvent vapors (Fig. 16d).109 The strong
URTP and green aerglow disappeared in the presence of
vapours, and at the same time, NH3 imparted a drastic emission
quenching. The aerglow restoration achieved by thermal
removal of NH3 ensures an aerglow switch using NH3 vapour
and temperature. Moreover, the security ink developed using
PAM-N1 was found useful for anti-counterfeiting applications.
The exible and transparent lms T1@LP and T2@LP in PVA
have been used for relative-humidity sensing and information
encryption.103 The remarkable RTP characteristics of the hybrid

Fig. 15 (a) Demonstration of security documents with tPBA-MeO,
tPBA-Cl and tPBA-Br before and after heating. (b) A pattern of panda
printed with PBA-MeO for 8 cycles after stopping excitation. (c) The
UOP photographs of peace dove and panda patterns, recorded with
the TMOT (left) and DClCzT (right) as the ink. (d) UV colour chart
showing the ability of TMOT crystalline powder to visually detect
specific wavelengths in the UV region. The schematic diagram of (e)
encryption to decryption and (f) back-free fingerprint identification
and luminescent images of the fingerprint with a special inkpad under
UV excitation and after stopping UV excitation using IPA, MA and IPA-
MA. Reproducedwith permission from (a and b) ref. 41 (copyright 2017,
Royal Society of Chemistry), (c and d) ref. 87 (copyright 2019, Springer
Nature Limited) and (e and f) ref. 77 (copyright 2019, WILEY-VCH).

Fig. 16 Lifetime-encoding for security applications using (a) PYCl/CB
[6], PCC/CB[6] and PBC/CB[6], and (b) PSS. (c) Process of information
encryption by using the multi-component copolymer PDNA (NTU)
and PDA (RP) as encryption ink and long-lived luminescence photo-
graphs of letters (RNTUP and NTU) before and after switching off the
UV light of 254 and 365 nm. (d) Photographs of PAM-N1 films in NH3

vapors, taken under 365 nm UV light, and after turning off the UV light
and afterglow switching based on PAM-N1 films obtained by stimuli of
NH3 vapour and heating. Reproduced with permission from (a) ref. 96
(copyright 2019, Royal Society of Chemistry), (b) ref. 106 (copyright
2018, WILEY-VCH), (c) ref. 110 (Springer Nature Limited) and (d) ref.
109 (copyright 2020, Royal Society of Chemistry).
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materials generated from aromatic-acid and Al-DMSO matrices
have beneted data encryption and decryption applications
through allochroic response recognition and optical logic
gates.104

6. Future perspectives

At themoment, crystallization is a prerequisite for small molecule-
based organic phosphors to exhibit RTP with a long lifetime and
high quantum yield. One of the limitations associated with crys-
talline assembly is the processability of such materials for use in
optoelectronic devices. The continuous search for noncrystalline
RTP materials ended up with amorphous RTP materials such as
polymers,116–121 polymer-supported phosphors,112–115 and organic
solvent-free liquids.122 However, in most of the systems, the
amount of optically inactive molecular components used as
a support is high, leading to the content of active luminophores
being very low. It necessitates new concepts and designs to develop
processable luminogens having excellent RTP efficiency.

ORTPs have exhibited many fascinating features useful for
imaging and anti-counterfeiting applications. One of the areas
that need to be improved is the stimuli-responsive RTP features,
which will enable developing tunable emission smart RTP
materials. More concrete demonstrations in the eld of multi-
stimuli-sensitive and dynamic RTP materials are highly
required to widen the scope.123–125 Another area that can be
explored is the nonlinear optical properties of RTP materials,
which will bring out newer concepts in demonstrations. Even
though a few attempts have been made with lasing126 and
waveguiding45 applications of ORTPs, more detailed studies are
envisioned for RTP materials.

ORTPs with emission spanning from blue to orange colours
have been mainly reported; however, red-emitting metal-free
RTPs are rare. The availability of red or NIR emissive ORTPs
will be appropriate to explore in biological applications. However,
such a target seems to be the most awaiting one due to the many
hurdles associated with ORTPs. Besides, biological applications
demand the biocompatibility of organic phosphors, which is
another challenge due to the current scarcity of high performing
RTPs under physiological conditions. It provides an opportunity
to explore further the excitingmolecular design of ORTPs suitable
for biological applications. In the same line, RTP molecules with
two-photon and multi-photon induced emission will also be
highly benecial due to the possible operation of NIR excitation.
The recent initial developments on dynamic ORTPs point to
a focus on more such candidates.

Recently, Liu and coworkers reported the effect of impu-
rity on the aerglow features of carbazole derivatives.127 An
isomer present in the commercially available carbazole
signicantly contributes to RTP. In another report, Chen
et al. demonstrated that the presence of a trace amount
(0.01%) of structurally similar compound 2-(3,4-
dimethoxybenzyl)-5-(dimethylamino)isoindoline-1,3-dione
formed by the side reaction of an RTP inactive molecule, 5-
bromo-2-(3,4-dimethoxybenzyl)isoindoline-1,3-dione, with
solvent (DMF) results in strong RTP with fp ¼ 25.4% and sp ¼
48 ms.128 The RTP of the impurity is activated by the specic

molecular orbital interactions between these two compo-
nents. It raises serious concerns on the efficiency of organic
phosphors. Hence it is advised to check the purity of the
samples before analysis.

7. Conclusions

In summary, ORTPs have been widely exploited in the last
decade due to the advancement in molecular design, control
over intermolecular interactions, and deeper fundamental
understanding. In this Perspective, we explained the various
successful strategies adopted to improve the RTP efficiency of
metal-free organic molecules having an exceptionally long RTP
lifetime above one second along with high quantum efficiency
and remarkable aerglow properties. The major experiments
were centered on important aspects such as boosting the pop-
ulation of the triplet excited state through enhanced ISC (fisc),
suppression of nonradiative decay (knr) pathways, and slowing
down the decay rate of the triplet excited state (kp). The
successful examples pointed to the incorporation of heavy
atoms, heteroatoms, and carbonyl groups to improve SOC and
control the nonradiative decay of the triplet excitons through
crystallization, framework formation, host–guest interactions,
and polymer support to obtain efficient RTP candidates. A
comparison of the lifetime, quantum yield, and decay parame-
ters revealed that host–guest-based RTPs are better than crys-
talline, small molecules, and polymer-based RTPs. The most
interesting observation is the effective utilization of a long
lifetime and the strong aerglow of RTPs in applications
spanning from data encryption, anti-counterfeiting, and bio-
imaging to sensing. Even though many improvised ways to
elevate the efficiency of organic phosphors are in place, the real
understanding of mechanistic aspects is still missing. Hence
this area is expected to make profound revelations shortly
through combined experimental and theoretical investigations.
The recent increase in both the quality and quantity of publi-
cations indicates that RTPs have a bright future. Similarly, the
latest developments in this area also point to the vital role of
organic functional materials in futuristic applications.
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Abstract: Room-temperature phosphorescence of metal and
heavy atom-free organic molecules has emerged as an area of
great potential in recent years. A rational design played
a critical role in controlling the molecular ordering to impart
efficient intersystem crossing and stabilize the triplet state to
achieve room-temperature ultralong phosphorescence. How-
ever, in most cases, the strategies to strengthen phosphorescence
efficiency have resulted in a reduced lifetime, and the available
nearly degenerate singlet-triplet energy levels impart a natural
competition between delayed fluorescence and phosphores-
cence, with the former one having the advantage. Herein, an
organic helical assembly supports the exhibition of an ultra-
long phosphorescence lifetime. In contrary to other molecules,
3,6-phenylmethanone functionalized 9-hexylcarbazole exhibits
a remarkable improvement in phosphorescence lifetime
(> 4.1 s) and quantum yield (11 %) owing to an efficient
molecular packing in the crystal state. A right-handed helical
molecular array act as a trap and exhibits triplet exciton
migration to support the exceptionally longer phosphorescence
lifetime.

Introduction

Room-temperature phosphorescence (RTP) of organic
molecules has been enthusiastically investigated recently for
various applications such as electroluminescence, sensing,

bio-imaging, etc.[1, 2] It has been demonstrated that the
incorporation of heavy atoms and functional moieties
equipped with lone pair of electrons facilitate intersystem
crossing (ISC) rate (kST) through strong spin-orbit coupling
(SOC), leading to efficient RTP.[3–6] In this direction, diverse
molecular designs have been explored for ultralong organic
phosphorescence (UOP).[7–10] Hence, successful strategies
such as molecular units with n orbitals, which can reduce
the singlet–triplet (S–T) splitting energy (DEST) and stabilize
the triplet excited state through various interactions, have
been widely employed.[5f] Significant advancement has been
noticed in the area of UOP materials and the maximum
lifetime reported for crystalline small molecule-based organic
phosphor is circa 2.5 s (Figure 1a, and Table S1 in the
Supporting Information).[11] Mostly, longer lifetimes under
ambient condition are achieved by stabilization of the triplet
state through H-aggregation (Figure 1b). However, the al-
ready established strategies to improve the phosphorescence
efficiency often lead to shortening the lifetime. Moreover, the
molecular designs to enhance the nearly degenerate triplet
manifolds can, in turn, facilitate reverse intersystem crossing
(RISC) to exhibit delayed fluorescence (DF).[12] Hence it
demands a new alternate plan of action to control the
competitive decay pathways and efficiently manage the triplet
excitons to enhance phosphorescence lifetime. It can be
achieved only through unexplored molecular designs and with
the rigorous assistance of molecular packing. Helical arrays of
organic small molecules and polymers exhibit exciting

Figure 1. a) Recent developments in the area of small molecule-based
organic phosphors with lifetime above 2 s and the present work with
above 4.17 s. b) Schematic of the stabilization of the triplet state,
leading to ultralong phosphorescence.
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optoelectronic properties by controlling the spatial organiza-
tion of the structural units.[13] Hence, the design of a helical
assembly to modulate the triplet state to achieve a longer
phosphorescence lifetime will be highly appreciated. Our
continuous attempts in this direction enabled us to success-
fully utilize the crystalline helical arrays of phenylmethanone
functionalized alkylated carbazole to achieve a longer life-
time of above 4 s (Figure 1b).

Results and Discussion

Among the potential RTP candidates, carbazole has
undergone diverse functionalization using various combina-
tions of heavy atoms and other functional groups to achieve
UOP (Supporting Information, Table S2).[8c,9b, 10d,e] We plan-
ned to study the effect of phenylmethanone functionalization
on the RTP features of 9-hexylcarbazole, which exhibits very
low RTP lifetime.[14] Our design strategy comprised of: 1) N-
alkylation of carbazole to enhance the solubility and impart
alkyl-p interaction to promote crystallization. 2) Introduction
of a phenylmethanone unit to support a strain-induced
crystalline assembly formation and stabilize the triplet state
by providing hybrid (n,p*) and (p,p*) configurations for
UOP.[15] Accordingly, a series of 9-hexylcarbazole molecules
with phenylmethanone units at 3 and 3,6-positions were
synthesized and unambiguously characterized by 1H and 13C
nuclear magnetic resonance spectroscopies and high-resolu-
tion mass spectrometry (Figure 2 a, Scheme 1). While our

study was progressing, Chen et al. , reported the effect of
impurity on the afterglow property of carbazoles.[16] In the
purview of this report, we synthesized carbazole in our lab
using reported protocols[17] and confirmed the purity by high-
performance liquid chromatography (HPLC) using acetoni-
trile-water mixture (Scheme 1). All the final molecules were
also purified similarly and hence, we would like to mention
that the concerns related to the effect of impurity on the
present work, if any, are not valid.

After the complete characterization of the molecules, we
checked the thermal stability and followed by optical proper-
ties. Thermogravimetric analysis indicated the enhanced
stability upon moving from molecule 1 to 3 b, indicating the
importance of substitution on 9-hexylcarbazole (Supporting
Information, Figure S2). We observed a similar trend in the
melting point of 1–3b in differential scanning calorimetry
experiments as well (Supporting Information, Figure S3).
While absorption features of all the luminogens 1–3b in 2-
methyltetrahydrofuran (MTHF) have not varied significantly
(Supporting Information, Figure S4), compared to 1, the
fluorescence spectra of 2–3b showed a bathochromic shift of
50 nm due to the increasing electron-withdrawing ability of
the carbonyl groups (Figure 2b and Table S3 in the Support-
ing Information). An increase in the number of benzoyl
groups did not alter the fluorescence maximum of 2–3b in
MTHF. Fluorescence lifetime decay profiles in MTHF show
that the higher lifetime component varied as 4.11 ns (1),
6.39 ns (2), 6.04 ns (3a), and 6.38 ns (3b) (Table 1, and
Supporting Information Figure S5 and Table S4). Both red-

Figure 2. a) Chemical structure of 1–3b. Normalized steady-state fluo-
rescence spectra of 1–3b in b) MTHF solution and c) crystals at RT.
d) Photographs of 1–3b crystals under UV light (365 nm).

Scheme 1. Synthetic Scheme for carbazole and target molecules 1–3e,
a) Pd(PPh3)4, K3PO4, EtOH, 90 88C, 12 h, 91 %. b) Pd(OAc)2, Imes HCl,
H2O2 (35%), AcOH, 120 88C, 20 min, MW, 80 %. c) TBAB, KOH, DMF,
70 88C, 24 h, 89%. d) Anhy. AlCl3 (1 equiv.), anhy. CH2Cl2, 0 88C @30 min,
30 88C @12 h, 62 %. e) Anhy. AlCl3 (2.5 equiv.), anhy. CH2Cl2, 0 88C
@30 min, 30 88C @12 h, 70–75%. f) Pd(PPh3)4, Zn(CN)2, DMF, 110 88C,
24 h, 61%.
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shifted fluorescence maximum and enhanced fluorescence
lifetime for molecules 2–3b points to the effect of benzoyla-
tion on carbazole. A comparison of the fluorescence spectra
of the MTHF solution at room temperature (298 K) and 77 K
indicates that 1 exhibits additional long-wavelength peaks
(400–550 nm) along with fluorescence peak at 370 nm, where-
as a completely red-shifted fluorescence peak appeared for
molecules 2–3 b (Table 1 and Figure S6 in the Supporting
Information). The fluorescence spectra of 2–3 b both at room
temperature and 77 K match with the red-shifted peak of
1 between 400–550 nm at 77 K (Supporting Information,
Figure S6).

To study further, all molecules were crystallized from
CH2Cl2 and the morphology was visualized by fluorescence
microscopy (FM) (Supporting Information, Figure S7), and
by scanning and transmission electron microscopy (SEM and
TEM) images (Supporting Information, Figure S8). It was
found that molecule 1–3a formed crystalline rods, whereas
flat sheets were formed by 3b (Supporting Information,
Figure S7,8). The bulk purity and ordering of the molecules
were confirmed by matching the experimental and theoretical
powder X-ray diffraction patterns (Supporting Information,
Figure S9). The diffuse reflectance spectra of crystals of 1–3b
exhibited a broad band between 300–450 nm, having an
additional absorption band located around 360–380 nm
(Supporting Information, Figure S10). It is clear from the
fluorescence spectra of crystals at room temperature that
molecule 3a exhibits a far red-shifted peak (lmax = 517 nm)
than that of 1 (lmax = 390 nm), 2 and 3b (lmax = 425 and
490 nm) (Figure 2c,d). Similarly, compared to 1, molecules 2–
3b exhibited a marked difference in fluorescence features at
77 K in the crystalline state (Supporting Information, Fig-
ure S11). The presence of a long-lived component in the
fluorescence lifetime decay of 2–3b was noticed when the
lifetime was monitored at the fluorescence maxima. Hence, to
find out the fluorescence lifetime, the measurement was
carried out by monitoring at lower wavelengths and the
longer lifetime component varied as 11.1 ns (87 %) for 1,
1.88 ns (17%) for 2, 3.37 ns (59%) for 3a, and 3.23 ns (75%)
for 3b (Supporting Information, Figure S12 and Table S4).

The red-shifted fluorescence of the crystals of 2–3b at
room temperature nearly matches with the corresponding
spectra at 77 K, implying RTP for 2–3b in the crystalline
assembly (Supporting Information, Figure S11, S13–16). To
clarify the presence of RTP for crystals of 2–3 b, phosphor-
escence spectra were measured and confirmed that the
observed red-shifted peak at room temperature is due to
phosphorescence (Figure 3 a). In the crystalline state, the

phosphorescence intensity of 3a was found to be highest
among all, and it was about 27 times higher than that of 1. The
enhanced RTP for 3a was visualized by phosphorescence
lifetime measurement and it varied as 5.1, 16.6, 4171, and
114.5 ms for 1–3b, respectively (Figure 3b, and Figure S17
and Table S5 in the Supporting Information). Molecule 3a
exhibited a longer phosphorescence lifetime with afterglow
for > 12 s upon excitation after just dipping in liquid nitrogen
(Supporting Information, Figure S15). The phosphorescence
quantum yield of the crystals varied as 1 (3.36 %), 2 (0.85 %),
3a (11.25%), and 3b (5.15 %) (Supporting Information,
Table S6,7). The observed enhancement in the phosphores-
cence lifetime of 3a raised curiosity about the excited triplet
state of this particular molecule, and hence we decided to
study it in detail.

Time-dependent density functional theory (TD-DFT)
computations at the B3LYP/6-31G(d) level of theory for
single-molecule in vacuum show that the electron density of
the HOMO is located on the carbazole moiety and the
LUMO is delocalized over the entire molecule with a consid-
erable extension to the phenylmethanone group (Figure 3c,
Figures S18–21 and Tables S6—9 in the Supporting Informa-

Table 1: Photophysical parameters of compounds 1–3e based on fluorescence and phosphorescence experiments in the crystal state.

No QYFl [%] tFl [ns] knr, Fl [W 109 S@1] kr,Fl [W 109 S@1] kisc [W 107 S@1] QYPhos [%] tPhos [ms] knr, Phos [S@1] kr, Phos [S@1]

1 59.00 11.09 0.033 0.053 0.302 3.36 5.1 189.4 6.58
2 03.68 1.36 0.701 0.027 0.625 0.85 16.6 59.72 0.51
3a 13.58 2.92 0.257 0.046 3.85 11.25 4171 0.212 0.026
3b 27.14 2.53 0.267 0.107 2.03 5.15 114.5 8.28 0.44
3c 4.14 1.06 0.879 0.039 2.46 2.61 45.3 21.49 0.57
3d 4.52 6.23 0.148 0.007 0.431 2.69 6.59 147.6 4.08
3e 4.47 1.11 0.842 0.040 1.81 2.01 11.9 82.34 1.68

Figure 3. a) Phosphorescence spectra of 1–3b crystals at RT in air.
b) Phosphorescence lifetime decay profile of 3a crystal recorded at RT
in air. c) The frontier molecular orbitals of 3a from DFT calculations.
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tion). The low-lying excited electronic states mainly result
from well-described p–p* transitions along with a significant
contribution from the n-p* character. Upon examining the
relative computed energies for the singlet (Sn) and triplet (Tn)
states for 3 a, it has been found that there are many triplet
states (T4–T9) nearly degenerate with the first singlet excited
state (S1) (Supporting Information, Figure S20 and Table S8).
As the phenylmethanone functionalization increases, an
intense mixing of nearly degenerate excited singlet and triplet
states were observed, which could bring out a natural com-
petition between ISC and RISC (Supporting Information,
Figure S20). The energetic proximity of the singlet and the
triplet manifold potentials established a small DEST. Thus, it
appears that molecules 2–3b have energetically well-matched
states that enable efficient singlet–triplet or triplet–singlet
crossings. Once T4–T9 levels are populated, relaxation
through the triplet manifold to the T1 state leads to
phosphorescence (Supporting Information, Figure S18–21).
Besides, we have to consider the strong possibility of RISC in
a competitive pathway to exhibit DF. The DES1T1 value
calculated for the monomer from DFT and phosphorescence
spectra were varied as 0.72 and 0.32 eV, respectively (Fig-
ure 3a, Figure S20, and Table S8 in the Supporting Informa-
tion). It shows that the aggregation of 3a with the assistance
of intermolecular interactions reduces DES1T1 to facilitate
both ISC and RISC.

Single-crystal X-ray analysis has been employed to get
a deeper structure–property correlation of 1–3b. (Figure 4
and Figures S22—27 in the Supporting Information). The unit
cell of 3a contains six molecules arranged in a helical way in
two rows along b axis using various intermolecular interac-
tions. An extended molecular array was formed by the
arrangement of molecules (Figure 4 a) mainly through p–p

interaction (3.34 c) between carbazole and phenylmetha-
none units of adjacent molecules (Figure 4b) along b-axis.
This one-dimensional (1D) helical array is stabilized with the
help of CH···p interaction (2.88 c) between the alkyl chain on
carbazole and phenylmethanone unit in the adjacent helical
columns to form a three-dimensional network structure
(Figure 4c). We strongly believe that this kind of space filled
packing (Figure 4 c,d) rigidifies the molecular conformations
and remarkably blocks the nonradiative decay pathways. The
dihedral angle between the aryl groups and carbonyl subunits
was found to be around 3088 and it enables efficient electronic
communication between carbazole and phenylmethanone by
conjugation (Figure 4e). It can be anticipated that better
communication between the (n,p*) from the >C=O and
(p,p*) of carbazole could result in hybrid triplet states. The
helical array of 3a was confirmed by the solid-state circular
dichroism (CD) spectrum (Figure 4 f). A bisignated CD signal
observed points to the right-handed helical array of molecules
(Figure 4a,f). However, no such helical array is present in the
case of 1, 2, and 3b, and mostly, a loosely packed crystalline
assembly was observed (Figure 5, and Figures S21—23 in the
Supporting Information). Especially, 3b packs in a kind of
slipped molecular arrangement with a carbazole–carbazole
distance of 5.7 c (Supporting Information, Figure S24).
Hence, the helical array of 3a is responsible for the enhanced
RTP through an efficient space filled molecular packing by

making use of maximum intermolecular interactions (Fig-
ure 4a–d).

Recently, helical/twisted aromatic systems have been of
interest to promote intersystem crossing.[18] Hence, the
stabilization of the triplet state of 3a is strongly supported
by the presence of strained helical arrays. To ascertain the
impact of helical arrays on such a longer phosphorescence
lifetime, we prepared a series of carbazole molecules by
varying the functional moieties on the phenylmethanone unit
(3c–e) (Supporting Information, Scheme S1 and Figures S25–
37). However, molecules 3c–e packed differently (Figure 5,
Figures S25–27 and Tables S5, S10—12 in the Supporting
Information) and hence exhibited lower phosphorescence
lifetimes (Supporting Information, Figure S34 and Table S5).
It indicates the critical supportive role of helical arrays to
impart a longer lifetime for 3a. Besides, we have tested the
emission of 3a in poly(methyl methacrylate) (PMMA) matrix
and found that the spectral feature has been significantly
changed and the lifetime also drastically decreased (8.15 ms)
due to the lack of specific molecular ordering (Supporting
Information, Figure S38).

A perfectly aligned and densely packed fluorescent pi-
conjugated molecular array with a large Stokes shift is known
for optical waveguiding (WG).[2a, 19] Hence, to check the
possibility of WG, one end of the crystals of 3 a was excited at

Figure 4. a) The extended molecular packing of 3a forming the helical
1D-array in the b-axis with the help of b) p–p interaction between
carbazole and phenylmethanone unit of the adjacent molecule. c) Six
adjacent helical arrays of 3a leading to extended columnar packing in
the c-axis. d) All possible intermolecular interactions in a unit cell of
3a. e) Crystal structure of 3a showing the dihedral angles. f) The solid-
state CD spectrum of 3a crystals at RT.
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532 and 633 nm using a 10X, 0.3 NA objective lens[20] and it
was found that the micro rods exhibit intense green and red
emissions at the distal end, respectively, with characteristic
features of the optical WG (Figure 6a). The maximum
phosphorescence intensity at the distal end was observed
when it is excited with polarization along the long axis of the
rod, and it has been significantly reduced in the perpendicular
polarization (Supporting Information, Figure S39). Since
molecule 3a is RTP active, it is obvious that phosphorescence
of 3 a propagates along the long axis of the single crystal rods
(Figure 6b). The self-waveguided phosphorescence was im-
aged on a rod with an excitation spot (l = 532 nm) positioned
at different distances from the end of the rod (Figure 6b). To
examine the secondary emission, we filtered out the excita-
tion wavelength using an edge filter. The propagation loss
coefficient calculated for phosphorescence of 3a by measur-
ing the intensity at the distal end and the distance from the
excitation point is approximately 0.028 dB mm@1 (Supporting
Information, Figure S40). In order to distinguish between the
optical WG and exciton migration, we checked the difference
in emission from the body and tip of the rods. A red-shifted
phosphorescence at the distal end of the crystal compared to
the body at RT was observed (Figure 6c).[21] The red-shifted
emission is due to the triplet exciton migration[21, 22] from the
body to the tip of 3a single crystal rods and thereby actively
supports the long-lived phosphorescence (Figure 6 d). In the
case of other molecules, only waveguiding and no exciton
migration was observed, and it points to the critical suppor-

tive role of molecular packing assisted exciton migration in
achieving longer phosphorescence lifetime.

TD-DFT studies revealed a qualitative picture of the
equal possibility of ISC and RISC for 3a due to the presence
of energetically matching singlet and triplet levels. Even
though a shorter component is noticed, the unambiguously
confirmed long-lived phosphorescence decay supersedes it
with the support of triplet exciton migration through helical
molecular arrays. The afterglow observed for more than 12 s
after just dipping in liquid nitrogen supports the suppression
of RISC and thereby endorses improved radiative decay
through the triplet manifolds at low temperature. The
efficient molecular ordering in the helical array of 3 a ensures
that the populated triplet decays very slowly. Here T1 acts as
a trap state and plays a vital role in triplet exciton migration as
revealed by the WG results. Hence, it can be concluded that
the peculiar helical molecular packing results in a long
phosphorescence lifetime of 3a compared to other molecules
in the series and it is substantiated by the crystal structure and
phosphorescence lifetime. In all other cases, the triplet states
mostly undergo nonradiative internal conversions compared
to radiative transitions.

Conclusion

In summary, we have reported a new series of phenyl-
methanone functionalized N-alkylated carbazoles exhibiting

Figure 5. The molecular packing of a) 1, b) 2, c) 3b, d) 3c, e) 3d, and
f) 3e in the unit cell.

Figure 6. a) Passive waveguiding properties of the crystal of 3a upon
excitation at 532 (above) and 633 nm (below) wavelength, the colors
green and red are attributed to the excitation sources, respectively.
b) Phosphorescence waveguiding by the single crystalline rods of 3a
after filtering out the excitation wavelength (532 nm). c) The red-
shifted phosphorescence observed at the distal end of the crystal
compared to the body (lex =532 nm). d) Schematic of the helical array
of 3a leading to triplet exciton migration.
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UOP. A helical array by the peculiar molecular packing of 3,6-
bis(phenylmethanone) substituted 9-hexylcarbazole in the
crystal state enabled to mix up the singlet-triplet states to
create hybrid triplets to enhance the intersystem crossings. By
optimizing the molecular structure and a strained crystal
packing, a metal- and heavy atom-free carbazole derivative
resulted in a significant improvement of phosphorescence
lifetime and quantum yield. A combined experimental and
theoretical study sheds light on the stabilization of the triplet
state by the helical arrays and the presence of triplet exciton
migration results in the longer phosphorescence lifetime, so
far reported for a single molecule crystal. The findings put
forth a new strategy of helical arrays to support long-lived
phosphorescence under ambient conditions and will invoke
the development of new organic phosphors.
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