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PREFACE 

This thesis presents the design strategies and synthesis of purely organic chromophores for 

ambient triplet harvesting.   We have attempted to synthesize various heavy-atom 

substituted, intra and intermolecular donor-acceptor chromophores based on arylene mono 

and diimides, mostly pyromellitic diimides. Thus, it includes the synthesis of small organic 

chromophores and, finally, investigating its phosphorescence and delayed fluorescence 

properties aided by spectroscopic, single-crystal X-ray diffraction analysis and 

computational investigations. 

The thesis is divided into seven chapters. Where chapter 1 is the introduction, and Chapter 

2 to7 is divided into part A and part B. 

Chapter 1 presents triplet harvesting from purely organic chromophores under ambient 

conditions via room-temperature phosphorescence (RTP) and delayed fluorescence (DF) 

which is the key for achieving maximum efficiency in organic light-emitting diodes 

(OLEDs). In addition, due to the highly oxygen-sensitive nature and high lifetime of the 

triplets, they are very promising for various optical sensing and bioimaging applications. 

In this regard, developing alternative “metal-free” organic triplet emitters are more 

interesting and a promising alternative to the expensive and toxic organometallic 

phosphors. However, most organic chromophores suffer from meager quantum yield as 

their triplets are susceptible to vibrational and oxygen-mediated quenching. In this respect, 

alternative exquisite design strategies are required to achieve high quantum yield organic 

phosphors for further advancement in this field in amorphous and solution states. In this 

Chapter, we will be discussing the fundamental theory of phosphorescence and various 

mechanisms for delayed fluorescence in detail. Also, we will provide an overview of the 

design principles of such triplet emitting materials. 

Part A includes chapters 2 to 6, where we have discussed different ways to harvest the 

triplet excitons and investigated the non-covalent donor-acceptor charge-transfer (CT) 

strategy to achieve phosphorescence from the CT states.  
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Chapter 2.1 presents arylene diimide derived ambient organic phosphors which are seldom 

reported despite their 

potential structural 

characteristics to facilitate 

the triplet harvesting. In this 

context, highly efficient 

room temperature 

phosphorescence (RTP) from simple, heavy-atom substituted pyromellitic diimide 

derivatives in amorphous matrix and crystalline state is presented here. Multiple 

intermolecular halogen bonding interactions among these phosphors, such as halogen-

carbonyl and halogen-π resulted in the modulation of phosphorescence, cyan emission from 

monomeric state and orange-red emission from its aggregated state, to yield dual RTP 

emission. Remarkably, the air-stable phosphorescence presented here shown one of the 

highest quantum yields (~48%) among various organics in orange-red emissive region. 

Chapter 2.2 presents a delayed fluorescence via triplet-triplet annihilation (TTA) and 

phosphorescence from the same molecular crystal, 

which is rarely achieved. Herein, we realized efficient 

cyan delayed fluorescence and orange-red 

phosphorescence emission from structurally simple 

chloro substituted pyromellitic diimide in the 

crystalline state with a quantum efficiency of 22% in 

air. Multiple halogens bonding interactions, halogen-π, and extended π-π interactions are 

responsible for efficient delayed fluorescence via TTA and phosphorescence emission with 

exceptional air and thermal stability.  

Chapter 3 presents a systematic investigation on donor-acceptor CT design based on these 

electron-deficient pyromellitic diimides are shown to 

exhibit small singlet-triplet gap facilitating efficient 

thermally activated delayed fluorescence (TADF) 

properties which is the another way to harvest the 

triplets. The theoretical calculation was performed to 

reinforce the role of the donor (phenyl carbazole) and 

acceptor (pyromellitic diimides) in maintaining both the 
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strong CT nature of the molecules and oscillator strength of emission. Moreover, analysis 

of the emissive phosphorescence bands of these molecules suggests that the confinement 

of CT states within the vicinity of locally-excited triplet states is crucial to harvest the triplet 

excitons via TADF process. 

Chapter 4 shows solution-phase room-temperature phosphorescence (RTP) from organic 

phosphors which is seldom realized. Herein we achieve one of the highest quantum yield 

solution state RTP (~41.8 %) in 

water, from a structurally simple 

phthalimide phosphor, by 

employing an organic-inorganic 

supramolecular scaffolding 

strategy. We further use these 

supramolecular hybrid phosphors as a light-harvesting scaffold to achieve delayed 

fluorescence from orthogonally anchored Sulforhodamine acceptor dyes via an efficient 

triplet to singlet Förster resonance energy transfer (TS-FRET), which is rarely achieved in 

solution. Electrostatic cross-linking of the inorganic scaffold at higher concentrations 

further facilitates the formation of self-standing hydrogels with efficient RTP and energy-

transfer mediated long-lived fluorescence. 

Chapter 5.1 we show the manipulation the optical properties of the chromophores via 

anion-π interaction which is difficult and summoning. Although anion-π induced formation 

of CT ground is known in the naphthalene diimide family, however, 

emissive CT state is rare and requires an elegant molecular design 

strategy. In this regard, we present the formation of anion-π induced 

CT ground state and subsequent realization of a unique through 

space red-emissive   1CT state formation from π-acidic naphthalene 

diimides (NDIs) in aqueous solution. The clever molecular design 

strategy having counter iodide ions creates a perfect microenvironment to achieve an 

emissive CT state rather than the charge-separated state. To a greater extent, we exploit the 

emissive CT state in the aqueous phase for sensitive detection of insulin protein aggregate 

and successfully utilize it as a polarity-sensitive fluorescence marker. 

Anion-π CT complex

Anion-π Induced 
CT emission
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Chapter 5.2 presents modulation of the emission features by toggling between the excited 

states using anion-π interactions. In this chapter we propose an anion-π based molecular 

design for the introduction of emissive singlet and triplet CT excited states, thereby 

expanding the   functional scope of these weak supramolecular interactions. We investigate 

the anion-π induced emission from the singlet 

(1CT) and triplet (3CT) charge-transfer states 

of a dibromo di-cationic pyromellitic diimide 

derivative.  Remarkably, we accomplish dual 

room temperature phosphorescence emission 

from the anion-π mediated 3CT state along 

with the locally excited triplet state (3LE) in the solution phase, using an organic-inorganic 

supramolecular scaffolding strategy. Comprehensive steady-state and time-resolved 

spectroscopy along with theoretical calculations provide detailed insights into the excited 

state manifolds of the phosphor. We envisage that the present study will expedite new 

molecular designs based on weak intermolecular interactions for the excited state 

engineering of organic chromophores to facilitate ambient triplet harvesting and CT 

emission. 

Chapter 6. In this chapter, we introduce a modular, non-covalent approach to bias the 

entire excited state landscape of an organic molecule using tunable ‘through-space charge-

transfer’ interactions with appropriate donors. 

Although CT donor-acceptor complexes have 

been extensively explored as functional and 

supramolecular motifs in the realm of soft 

organic materials, they could not imprint their 

potentiality in the field of luminescent 

materials, and it still remains as a challenge. Thus, in this chapter, we investigate the 

modulation of the excited state emission characteristics of a simple pyromellitic diimide 

derivative on complexation with appropriate donor molecules of varying electronic 

characteristics to demonstrate the selective harvesting of emission from its locally excited 

(LE) and CT singlet and triplet states. Remarkably, co-crystallization of the pyromellitic 

diimide with heavy-atom substituted and electron-rich aromatic donors leads to an 

unprecedented ambient CT phosphorescence with impressive efficiency and notable 
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lifetime. Further, gradual minimizing of the electron-donating strength of the donors from 

1,4-diiodo-2,3,5,6-tetramethylbenzene (or 1,2-diiodo3,4,5,6-tetramethylbenzene) to 1,2-

diiodo-4,5-dimethylbenzene and 1-bromo-4-iodobenzene, modulates the source of ambient 

phosphorescence emission from 3CT excited state to 3LE excited state. Through 

comprehensive spectroscopic, theoretical studies, and single-crystal analyses, we elucidate 

the unparalleled role of intermolecular donor-acceptor interactions to toggle between the 

emissive excited states and stabilize the triplet excitons. We envisage that the present study 

will be able to provide new and innovative dimensions to the existing molecular designs 

employed for triplet harvesting. 

Part B includes chapter 7, where we have discussed circularly polarized phosphorescence 

(CPP) from solution processable film. We have shown the design strategies to achieve CPP 

from the LE and CT state. 

Chapter 7.1 Chiral organic phosphors with circularly polarized room temperature 

phosphorescence (CPP) provide new prospects to the realm of circularly polarized 

luminescence (CPL) materials, owing to the long-lived triplet states and persistent 

emission. Although several molecular designs 

show efficient room temperature 

phosphorescence (RTP), realization of ambient 

organic CPP remains a formidable challenge. In 

this chapter, we  introduce a chiral 

bischromophoric phosphor design, by appending 

molecular phosphors to chiral diaminocyclohexane core, to realize ambient CPP emission. 

Thus, solution processable polymer films of the trans-1,2-diaminocyclohexane (DAC) 

chiral cores with heavy-atom substituted pyromellitic diimide phosphors, exhibits one of 

the most efficient exclusive CPP emission with high phosphorescence quantum yield 

(~18% in air and 46% under vacuum) and significant luminescence dissymmetry factor 

(|glum| ~ 4.0 x 10-3). 
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Chapter 7.2 Achieving the phosphorescence 

from long-lived CT states via intermolecular 

donor-acceptor molecular design is 

challenging. In this chapter, we have presented 

CPP from triplet CT state which is extremely 

rare. To realize the CPP from 3CT state, we 

used a bis-chromophoric molecular design with trans-1,2-diaminocyclohexane chiral core 

and heavy bromo substituted pyromellitic diimides phosphor as acceptor and phenyl 

carbazole as an achiral donor. Thus, solution-processable films exhibit the most efficient 

exclusive CPP emission with high phosphorescence quantum yield (~40% in air) and 

significant luminescence dissymmetry factor (|glum| ~ 1.5 x 10-2). We hypothesized that 

CT-based intermolecular donor-acceptor molecular design helps us to achieve efficient 

|glum| value. 
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Chapter 1 

Design Strategies for Ambient Triplet Harvesters 

Abstract 

The introduction chapter presents triplet harvesting from purely organic chromophores 

under ambient conditions via room-temperature Phosphorescence (RTP) and delayed 

fluorescence (DF), which is the key to achieve maximum efficiency in organic light-

emitting diodes (OLEDs). In addition, due to high oxygen-sensitive nature and - lifetime 

of the triplets, they are very promising in various optical sensing and bioimaging 

applications. In this regard, developing alternative “metal-free” organic triplet emitters 

is more exciting and these emitters make promising alternative to the expensive and toxic 

organometallic phosphors. However, most of the organic chromophores suffer from 

meagre quantum yield as their triplets are susceptible to vibrational and oxygen-

mediated quenching. In this respect, alternative exquisite design strategies are required 

to achieve high quantum yield organic phosphors that function in both amorphous and 

solution states for further advancement in this field. In this chapter, we will discuss the 

fundamental theory of phosphorescence and various mechanisms for delayed 

fluorescence. Further, we will discuss the strategy to access the triplets and their 

stabilization. Also, we will provide an overview of the design principles of such triplet 

emitting materials.  
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1. Introduction: 

1.1. Different Excited State Processes:  

The thesis describes different efficient ways of triplet harvesting of purely organic 

chromophores. Firstly, we have discussed the various excited-state processes for detailed 

understanding.[1,2] In an organic chromophore, the transition process happens between 

two electronic states (Figure 1.1). The singlet or triplet electronic state is designated by 

considering the electron’s spatial coordinates and the position of the nuclei.[1,2] In 

quantum mechanics, spin angular momentum is a vector quantity represented by the 

operator Ŝ. For a two-electron system, there are four possible spin eigen states of Ŝ is 

possible.[1,2] The first spin wavefunction has eigenvalues S = 0, and spin multiplicity M 

= 1 (M = 2S +1). It has only a single possible value of its z-component, i.e., eigenvalue 

Ms = 0, and is called singlet.[1,2] Quantum mechanically it can be written as 

1/√2−.[1,2] The next three spin wavefunctions have eigenvalues S =1 and M = 

3. They only differ in the z-component of the spin, which can take one of three 

eigenvalues (Ms = 1, 0, -1).[1,2] This arrangement is therefore called triplet.[1,2] The three 

plausible states are ,  and 1/√2+ according to the quantum 

mechanics.[1,2] The ground state of an organic molecule is a singlet state; hence, the 

electrons will have antiparallel paired spins.[1,2] However, they could have an antiparallel 

or parallel spin in the excited state as they have no restriction of the spin orientation 

rule.[1,2] According to the occupation of the electron in the orbitals, the orbitals are 

classified as the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbitals (LUMO) in the electronic state.[1,2] The LUMO is empty in the ground 

singlet state. Upon photo excitation, an electron of the HOMO in the ground singlet state 

(S0) goes to the LUMO in the excited singlet state (S1 or Sn).
[1,2] The transition always 

happens from the low energy vibrational levels to the high energy excited state, followed 

by the Boltzmann distribution.[1,2] The Boltzmann distribution describes that the 

maximum population recides in the lowest vibrational level of the singlet state (S0).
[1,2] 

However, a direct transition from the singlet ground state (S0) to the excited triplet state 

(Tn) is not possible due to the spin-forbidden nature of the transition, where total angular 

momentum is not conserved.[1,2] The photo excitation process is very fast and is in the 

femtosecond order (t~10-15 seconds).[1,2] After absorbing the light, a molecule goes to the 

higher energy excited state e.g., S2, S3 or higher (Figure 1.1).[1,2] However, the system 
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wants to come to equilibrium from the non-equilibrium high energy singlet state and 

starts dissipating the energy gained upon light absorption (Figure 1.1).[1,2] First, the 

molecules started dissipating their energy via vibrational relaxation (Figure 1.1).[1,2] 

Vibrational relaxation is a non-radiative process that happens between the same 

electronic states.[1,2] The molecules relax by releasing thermal energy or transferring their 

energy to the neighbouring molecule .[1,2] The time scale of this process is ~10-13 t0 10-11 

seconds.[1,2] Further, the excited electrons relax to the lowest excited singlet state (S1), 

following Kasha’s Rule via the internal conversion (IC) process (Figure 1.1).[2,3] IC is a 

non-radiative transition between two electronic states of the same spin-multiplicity. The 

process is fast, having a time scale of ~10-11 to 10-19 seconds.[1,2] When the IC happens, 

it always competes with fluorescence or the inter-system crossing (ISC) process. [1,2] 

However, when IC becomes complete, the molecules come to the low energy excited 

state and then gets de-excited either radiatively or non-radiatively to the ground singlet 

state (S0) and maintain the spin multiplicity (Figure 1.1).[1,2] The non-radiative way is the 

loss of energy via heat to the surrounding solvent molecule intermolecularly or the same 

molecule intramolecularly.[1,2] If the transition happens radiatively, then the process is 

called fluorescence.[1,2] According to Kasha’s Rule, molecules always emit from low 

energy excited state (S1→S0) (Figure 1.1).[3] Prof. Michael Kasha stated that emission 

(fluorescence or phosphorescence) always takes place from the lowest vibrational level 

of the first excited singlet state (S1) to the ground singlet state (S0).
[3] It is noteworthy that 

if the distribution of HOMO and LUMO becomes almost the same before and after the 

transition, it is called the local excited (LE) state and follows the Frank Condon 

principle.[1,2] However, the excited electrons from the singlet state can also undergo an 

ISC process during the IC process to the nearest excited triplet state (Tn, n>1) and 

eventually go to the low-lying T1 state (Figure 1.1).[1,2] The process of ISC is essential in 

the context of whole work described in the thesis, i.e., to harvest the triplets, and is defines 

as the non-radiative transition between the two spin states having different spin 

multiplicities. ISC is formally a forbidden transition as the spin changes, but orbital 

angular momentum is not changing, so total angular momentum is not conserved.[1,2] For 

ISC to happen, the molecules require to follow El Sayed’s rule so as to have a significant 

amount of spin-orbit coupling matrix element (SOCME), so that orbital angular 

momentum will change and in resultant total angular momentum will be conserved.[4] 

Typically, the time scale of the ISC process is ~10-10 to 10-8 seconds;[1,2] however, it is 
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extremely dependent on hetero atom and heavy atom in the molecular design, which we 

will discuss in detail later in this chapter. 

Upon ISC, when the molecules reach the low energy triplet state (T1), the 

radiative transition of excited electrons from the T1 state to the singlet ground state (S0) 

occurs, known as phosphorescence (Figure 1.1).[1,2] In contrast to fluorescence, which 

happens very fast (~nano second timescale), phosphorescence is slow with a typical time 

scale of microseconds to a few seconds owing to its spin-forbidden nature.[1,2] Thus, the 

situation demands specific additional criteria to be satisfied to get efficient 

phosphorescence from organic chromophores under air.[5] This includes (i) Efficient SOC 

and high ISC rate between the S1 and Tn states to populate the triplet and (ii) Stabilizing 

the triplet excitons by the suppression of non-radiative decay pathways from T1 to S0.
[5] 

Due to the very high lifetime of the triplet, they are susceptible to intermolecular 

collisions with the surrounding molecules(e. g. with solvent molecules), which facilities 

non-radiative relaxation, and the triplet loses its energy by heat.[1,2] Further, the triplet of 

a molecule is easily quenched by the molecular oxygen in the air due to the triplet nature 

of both by the triplet-to-triplet dexter energy transfer process.[1,2,5] However, the main 

objective of the thesis is to harvest the triplet under ambient conditions, so the current 

dissertation will describe the methods to prevent the triplet quenching and stabilization 

of the triplets and describes the molecular design strategy for efficient ambient triplet 

harvesting.  
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Figure 1.1. The Perrin-Jablonski diagram showing the most crucial excited state 

transitions (both radiative and non-radiative) upon absorption of a photon. The spin 

configurations are also shown for the S0, S1, and T1 states.  

1.2. Why Triplet Harvesting?  

Finding a suitable emitter for Organic Light Emitting Diodes (OLEDs) is one of the most 

challenging research areas in scientific and industrial interests.[6] Usage of OLED 

displays can endow multiple advantages due to ots low cost, high lifetime, eco-friendly 

nature and potential to manufacture thin, flat, flexible displays.[6] According to Fermi-

Dirac spin-statistics, there would be 25 % singlet excitons and 75 % triplet excitons in an 

organic luminescent molecule upon excitation (Figure 1.2).[6] Unfortunately, these triplet 

excitons are non-emissive in most organic molecules. On the other hand, fluorescent 

emitting materials can convert only 25% of the singlet excitons into photons in an 

electroluminescent device known as ‘first-generation emitters’ in OLEDs resulting in  

only 25% of the maximum internal quantum efficiency (IQE) (Figure 1.2).[6a,b] However, 

the low IQE of the fluorescent materials prompted researchers to develop high-efficiency 

phosphorescent emitting materials that have a high IQE (Figure 1.2).[6,7] The 

phosphorescent materials can convert both singlet and triplet excitons into photons, 

generated by hole and electron injection by a radiative transition process.[6] Therefore, 

theoretically, 100% IQE can be reached provided there is no loss process during the 

radiative transition (Figure 1.2).[6] These emitters are called ‘second-generation emitters’ 

in OLEDs because they can offer higher IQE than the ‘first-generation emitters,.[6,7] 

Although 100 % IQE is theoretically possible, organic phosphors suffer from meager 
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quantum yield, and the device efficiency is not excellent because long-lifetime generates 

high-efficiency roll-off.[6] Third-generation materials, i.e., thermally activated delayed 

fluorescence (TADF) molecules, are superior to phosphorescent materials in this regard. 

TADF materials also theoretically possess 100 % internal quantum efficiencyand the 

efficient utilization of triplet exciton, efficient quantum yield, good stability, ease in 

fabrication, heavy atom-free molecular design, and most importantly, low-efficiency 

roll-off made them superior candidates for OLEDs.[6] Notably, an IQE of 62.5 % can also 

be reached via triplet-triplet annihilation (TTA) induced delayed fluorescence, where a 

bi-molecular process of two triplet collisions generates a high-energy singlet state.[8] 

Other than OLEDs, the high lifetime of the triplets and oxygen-sensitive nature of the 

organic phosphors make them suitable for diverse applications such as bioimaging, 

sensing, singlet oxygen production, photodynamic therapy, photocatalysis, and optical 

sensing.[5] The field of bio-imaging benefitted the most in this context.[5i]  

 

Figure 1.2. The simplified Jablonski diagram showing the utilization of singlet and 

triplet excitons upon electrical excitation.  

 

 

Maximum internal quantum 

efficiency = 25 %

Fluorescent Light Emitting Diodes

S0

F
lu

o
re

s
c
e
n

c
e

P
h

o
s
p

h
o

re
s

c
e

n
c
e

S1

T1

Electrical excitation

25 %

75 %

e h
- +

Maximum internal quantum 

efficiency = 100 %

Phosphorescent Light Emitting Diodes

S0

e h

F
lu

o
re

s
c
e
n

c
e

P
h

o
s
p

h
o

re
s
c
e

n
c
e

S1

T1

25 %

75 %

Electrical excitation

- +



Chapter 1                                                           Design Strategies for Ambient Triplet Harvesters  

 

 
     9 

 

  

1.3. Different Ways of Triplet Harvesting? 

The triplets can be harvested majorly in three different ways, i) Phosphorescence,[5] ii) 

TADF,[6] and iii) TTA,[7] as discussed in earlier section. We will discuss the 

photophysical process behind it and the molecular design strategy in this part. 

1.3.1. Phosphorescence  

 

Figure 1.3. The simplified Jablonski diagram showing the phosphorescence process 

upon photo excitation.  

1.3.1.1. Design Strategy for Accessing the Triplets: 

Phosphorescence is a radiative transition process occurring from an excited triplet state 

to the ground singlet state of an organic molecule.[1,5] Owing to the spin-forbidden nature 

of the emission, it possesses a high emission lifetime (usually in the order of micro-

seconds to seconds). In addition, phosphorescence often leads to a very high stokes shift 

due to energetically low-lying T1 states, described in the simplified Jablonski diagram in 

Figure 1.3.[1,2] Traditionally, organometallic complexes possessing heavy-metal atoms, 

e.g., Ru, Ir, Pt, etc., are extensively used to facilitate the spin-orbit coupling (SOC) 

between S1-Tn states, leading to very efficient and fast ISC. However, these metals are 

highly toxic and less abundant (Ir is the 3rd rarest element on earth), making this class of 

emitters cost-effective.[5] As a result, the focus of this research field has inclined steeply 

towards metal-free pure organic emitters from organometallic complexes.[5] In the past 

decade, new pure organic chromophores have grown tremendously as potential room-

temperature phosphorescence (RTP) emitters developed.[5] However, to access the 

triplets of organic phosphor high SOC and ISC rate is required due to the spin forbidden 

triplet to singlet transition. ISC is a spin forbidden process due to the spin angular 
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momentum change upon spin flipping.[1,5] For efficient ISC, significant singlet-triplet 

mixing is necessary, which is dependent on the SOC proportionally and inversely 

proportional to the singlet-triplet energy gap. Quantum mechanically singlet-triplet 

mixing can be expressed by,  

 

δ, suggest the singlet-triplet mixing by first-order spin-orbit coupling according to the 

perturbation theory. 1ψ and 3ψ represent singlet and triplet wavefunction participating in 

ISC.[9] HSO is the spin-orbit coupling Hamiltonian, and ES1 and ET1 are the low-energy 

singlet and triplet excited states.[9] So, the mathematical expression suggests that high 

SOC and low singlet-triplet energy gap (ΔEST) will mix the singlet and triplet state 

efficiently, and the ISC rate will increase.[1,9] Further, the HSO can be written as,  

 

where e is the elementary charge of an electron, 𝜀0 is the permittivity of the vacuum, 𝑚 

is the mass of an electron, c is the speed of light, and Z is the atomic number of the 

nucleus.[1,10] When the electron’s spin is influenced by the electron’s motion around the 

nucleus, then strong SOC takes place, which changes the orientation of electrons’ spin 

due to the generation of strong electromagnetic force.[1,10] Thus, to increase the SOC 

significantly, Z is crucial since HSO is proportional to Z4 and highly sensitive to the 

charge/size of the nucleus.[1,10] Heavy atoms like I, Br, and Cl can generate strong 

electromagnetic forces, thus considered as heavy atoms.[1,10] So, in purely organic 

chromophores, the SOC can be enhanced by introducing heavy atoms in the π-conjugated 

core of the chromophores in the molecular backbone.[5] 

Further, to enhance the ISC rate, i.e., the spin flipping process, the dot product of 

orbital and spin total angular momentum (l.s) plays a crucial role. During the ISC process, 

there is a change of spin angular momentum (s); however, for electronic transition to 

happen, there should be a change in the total angular momentum so that the total angular 

momentum will be conserved.[1] To alleviate the scenario, Prof. Mostafa El-Sayed, in his 

seminal works in 1960, postulated a rule which tells that ‘The rate of ISC will be fast 

when there is at the change in their respective molecular orbital (MO) configuration’ 

(Figure 1.4).[4] The rate of ISC will be fast when the singlet is of π-π* and the triplet is 

of n-π* in nature or vice versa, and the rate of ISC will be slow when both the singlet or 
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triplet will be π-π* or n-π* in nature (Figure 1.4).[4] So, the ISC rate can be significantly 

enhanced in purely organic chromophores by introducing a hetero atom with a lone pair 

of electrons.[5] For example, hetero atoms like Oxygen, Nitrogen, Sulphur, or a group 

like a carbonyl or a sulphonyl in the π-conjugated core of the chromophores in the 

molecular structure ensures the conservation of total angular momentum, an essential 

criterion for achieving an electronic transition between states of two different spin 

multiplicities (Figure 1.4).[5] 

 

Figure 1.4. Molecular structure and plausible functional groups or atoms that will 

increase the a) ISC by following El-Sayed and b) SOC via heavy atom effect between 

singlet and triplet states.   

1.3.1.2. Stabilization of the Triplets: 

Once strong SOC and an efficient ISC are achieved in an organic molecule, the next 

challenge is stabilizing those resulting triplets from vibrational dissipation and molecular 

oxygen using various approaches. In this regard, crystallization[11] of the phosphors or 

embedding the phosphor in the polymeric host[12,13] or host-guest[14] strategy would be 

beneficial 

1.3.1.2.1. Crystallization of the Phosphor: 

It has been shown that highly-ordered, rigid, and dense networks of molecules in a 

crystalline sample reduce the vibrational motions of the individual molecules efficiently 

and prevent oxygen diffusion.[11] In that regard, pioneering works by Tang, Kim, and 

Huang and their co-workers have established efficacy using simple molecular design 

principles. ‘Directed heavy atom effect’ and ‘H-aggregation’ in a highly organized 
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crystalline assembly via H-aggregation are considered a as grand strategy for determining 

the triplet stability (Figures 1.5,1.6).[11a-c] 

Tang and co-workers realized ambient phosphorescence via crystallization from 

various benzophenone derivatives with an excellent quantum efficiency of ~40 % at room 

temperature (Figure 1.5a).[11a] Upon crystallization, different non-covalent interactions 

effectively lock the conformational flexibility of the phosphors, leading to unprecedented 

phosphorescence under air (Figures 1.5b-c).[11a] This pioneering ‘crystallization-induced 

phosphorescence’ is considered the foundation of the entire field of the ambient organic 

phosphors.[11a] 

 Further pioneering work is done by Kim and co-workers and develops a unique 

‘directed heavy-atom effect’ approach in the host-guest co-crystal where the crucial role 

played by halogen bonding is established.[11b] Authors have used a dibromo aromatic 

compound as the host and the aromatic aldehyde as a guest in the bi-component 

crystalline assembly (Figure 1.5e).[11b] The halogen-bonding induced external heavy 

atom effect helped to increase the SOC and ISC significantly, which will helped to 

achieve efficient green phosphorescence emission (ΦP = 56 %) in the air at room 

temperature (Figures 1.5f,g).[11b]  

 H-aggregation between the phosphor molecules is another way to achieve an 

efficient triplet yield, which was first proposed by Huang and co-workers (Figures 

1.6a,b).[11c] They have shown that strong H-aggregation between the phosphor molecules 

increases the number of ISC channels, increasing the phosphorescence efficiency without 

any heavy atom (Figure 1.6c).[11b] Bryce and co-workers further showed that 

intermolecular electronic coupling between two different excited state configurations (n-

π* and π-π*) in the closely-packed crystalline assembly would be helpful for efficient 

ISC in a highly twisted donor-acceptor system.[11i] 
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Figure 1.5. a) Molecular structures of Benzophenone derivatives (i to iv). b) Emission 

spectra of Benzophenone in the THF solution, THF solution at 77 K and crystalline state 

at room temperature ([c] = 1 µM, λexc.= 270 nm). c) Extended arrangement of 

Benzophenone crystal driven by C-H···O hydrogen bonds (marked by dotted lines). d) 

Photographs of Benzophenone derivatives (i to iv) in the crystalline state under 365 nm 

UV light illumination at room temperature. e) Schematic representation of directed 

heavy atom organic phosphorescence and its design principle, where the host, a 

dibrominated analogue to the chromophore and the chromophore is diluted by 

substitution into the host crystal. f) Absorption, excitation and emission spectra of the 

crystals. UV absorption comes from host, which constitutes over 99.99 wt.% of the 

crystal, but excitation comes from guest. g) Photograph of mixed crystals grown from 

slow evaporation of a 0.001 wt% host/guest mixture in hexanes solution, under 365 nm 

UV light. (Reproduced from reference 11a and 11b). 
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Figure 1.6. a) Single-crystal structures of DPhCzT showing the formation of H-

aggregates as evident by the measured angle (θ) of 80.9 ̊ between the transition dipoles 

and interconnected axis and schematic energy diagram of J-aggregation (θ <54.7 ̊) and 

H-aggregation (θ >54.7 ̊). The blue and red solid curves represent the exciton energy 

levelsof allowed transition for J- and H-aggregation, respectively. The dotted curve 

refers to the corresponding exciton energy level of forbidden transition. b) Proposed 

energy diagram for fluorescence, phosphorescence and ultralong phosphorescence of 

DPhCzT aggregates. c) The steady-state emission spectra (left) and ultralong 

phosphorescence spectra (right) of a series of specially designed molecules. Insets show 

the corresponding photographs taken before (left) and after (right) the excitation source 

is turned off (λexc.= 365 nm). (Reproduced from reference 11c).  

1.3.1.2.2. Embedding the Phosphor in the Rigid Host or the Polymeric 

Matrix:  

So far, studies on crystal-phase RTP have been investigated to achieve very high 

efficiency and a lifetime of up to several seconds.[11] However, despite these 

a) b)

c)
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breakthrough achievements from these classes of organic RTP emitters, their 

processability is poor and often requires stringent growth conditions. Therefore, the 

researchers in this community have actively pursued a more general and convenient 

strategy to obtain RTP in an amorphous and solution-processable film state.[12,13] For 

stabilizing the triplets in an amorphous state, rigid matrices are necessary to decrease the 

vibrational dissipation and oxygen diffusion.[12,13] The rigid host could be either a small 

molecule host like a steroid (e. g., β-estradiol)[12] or a glassy polymer (e. g., 

polymethylmethacrylate (PMMA)[13], polyvinyl alcohol (PVA).[14] 

1.3.1.2.3. Phosphor in a Rigid Host: 

Adachi and co-workers designed and synthesized a series of aromatic polynuclear 

hydrocarbon (PAH) phosphors as a guest and used steroidal host molecules such as -

estradiol (Figure 1.7a).[12a] These host molecules have high triplet energy (because of 

short -conjugation length); hence, non-radiative loss due to triplet-triplet Dexter energy 

transfer is minimized. In addition, they possess a rigid cyclic fused-ring structure and 

strong hydrogen-bonding interactions in their solid films.[12a] Such structural 

characteristics benefit the suppressed molecular motions, hinder oxygen diffusion to a 

great extent, and help in dispersing the guest phosphors very efficiently. Hence, 

aggregation-caused quenching can be remarkably minimized. The authors showed that 

deuteration of the phosphor molecules substantially reduces the non-radiative decay rate. 

In addition, substituting the phosphors with a secondary amino group enhances 

intersystem crossing from the S1 state to the T1 state (El-Sayed’s Rule) without increasing 

the non-radiative decay rate (Figure 1.6a). As a result, the host-guest systems presented 

in this seminal work provide a slow non-radiative deactivation pathway from the T1 state 

at room temperature and effective intersystem crossing from the S1 state to the T1 state. 

These factors resulted in an efficient persistent, color-tunable afterglow RTP with a 

quantum yield of over 10 % and above 1 second lifetime in air (Figure 1.7b).[12a] 
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Figure 1.7. a) Organic phosphor design based on hydroxyl steroid host and a deuterated 

guest, b) Guest showing efficient persistent RTP in presence of rigid host in air 

(Reproduced from reference 12a).  

1.3.1.2.4. Phosphor in the Polymeric Matrix: 

Unlike their small-molecule counterparts, non-conjugated amorphous polymers offer 

better rigidity, high triplet energy, and more straightforward processing methodologies. 

One of the most widely used polymer host systems for this purpose is polymethyl 

methacrylate (PMMA), with high glass transition temperature (Tg = 108 C) and high 

triplet energy (~3.1 eV), suggesting their ability to form rigid glasses as well as an 

excellent comprehensive band-gap host material.  

Reineke and co-workers studied commercially available hole-transporting 

materials, i.e. (N,N′-Bis(naphthalen-1-yl)-N,N′ bis(phenyl)benzidine (NPB)) as good 

phosphorescent emitters when dispersed in PMMA matrices at very low concentrations 

(Figure 1.8a).[13a] The low concentration of the phosphors is maintained to prevent 

aggregation-caused quenching effects.[13a] However, due to the oxygen-sensitive nature 

of the phosphorescence emission, NPB-doped PMMA films do not show 

phosphorescence emission (Figures 1.8b-d). Further, they have coated NPB-doped 

PMMA layer with an O2-barrier layer (ethylene-vinyl alcohol copolymer) (Figure 1.8e). 

They achieved a very high photoluminescence quantum yield from PMMA hybrid films 

with a very high lifetime with visible afterglow characteristics (Figures 1.8f,g).[13a] 

Further, they have utilized it as a unique ‘programmable luminescent tag’ by using the 

reversible afterglow phosphorescence emission highly sensitive to oxygen.[13a]  
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Figure 1.8. a) Molecular structures of NPB. b) Schematic representation of simplified 

Jablonski diagram showing upon photo-excitation, excited singlet state (S1) of NPB 

generates which leads to fluorescence or ISC to the excited triplet state (T1). c) In the 

absence of an oxygen barrier T1 state of NPB depopulates in the presence of oxygen via 

the triplet-triplet dexter energy transfer process, and d) shows only fluorescence 

emission, no phosphorescence. e-f) Upon putting oxygen barrier, T1 state of NPB does 

not depopulate with surrounding oxygen, and g) shows visible greenish-yellow 

phosphorescence. (Reproduced from reference 13a). 

Kim and co-workers also realized solution-processable RTP by embedding 2,5-

dihexyloxy-4-bromobenzaldehyde (Br6A) into isotactic PMMA with a phosphorescence 

efficiency of 7.5 % at room-temperature (Figure 1.9).[13e] The reduced beta (β)-relaxation 

of isotactic PMMA most efficiently suppresses vibrational triplet decay. 

 

 

NPB
a)

b) c) d)

e) f) g)
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Figure 1.9. a) Molecular structures of Br6A and PMMA matrix. b) Emission spectra of 

Br6A alone and when doped into the isotactic PMMA (i-PMMA), syndiotactic PMMA (s-

PMMA), and atactic PMMA (a-PMMA). c) Phosphorescence emission of Br6A 

embedded into isotactic, syndiotactic, and atactic PMMA at three different temperatures. 

(Reproduced from reference 13e). 

 Other than PMMA, Poly(vinyl alcohol) (PVA) has emerged as a popular choice 

as a host matrix for designing amorphous afterglow RTP emitters in recent years. PVA 

is a water-soluble polymer used extensively in composites due to its high transparency, 

tensile strength, flexibility, and good oxygen barrier performances. The most notable 

difference between PMMA and PVA is the possibility of a more robust packing of 

suitable guest phosphors provided by supramolecular interactions such as hydrogen-

bonding and ion-dipole interactions, possible due to the presence of multiple polar 

hydroxyl groups in PVA.  

In this regard, Kim, and co-workers utilized bromo-aldehyde core, functionalized 

with carboxylic acid side-chains (Figure 1.10a).[14a] The carboxylic acid groups were 

known to form strong hydrogen bonding with the PVA matrix and result in reduced 

vibrational relaxations (Figures 1.10a,b).[14a] In addition, the author proposed unique 

halogen bonding with the neighbouring phosphor molecules, which is well organized in 

the PVA matrix (Figure 1.10b).[14a] Strong hydrogen bonding and the halogen-bonding 

interaction reduced the vibrational dissipation and increased the SOC via external heavy 

atom effect; both factors helped realize excellent phosphorescence quantum efficiency of 

over ~24 % in air (Figure 1.10b).[14a] Further, the author shows the importance of 

carboxylic acid side-chains by eliminating the carboxylic acid group into a long alkyl 

chain where feeble phosphorescence was observed (Figures 1.10a,b).[14a] 

 

PMMA

Br6A

i-PMMAs-PMMAa-PMMAc)a) b)
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Figure 1.10. a) Molecular structures of Br6A, G1, and PVA. b) Photograph of 

phosphorescence emission under 365 nm UV-lamp and schematic illustration of 

phosphorescence processes in the G1-PVA hybrid film. (Reproduced from reference 14a) 

Zhao and co-workers also have taken advantage of the rigidity of the PVA matrix 

and strong oxygen barrier ability to conduct more extensive research on afterglow 

phosphorescence from heavy-atom free phosphors (Figure 1.11a).[14b] Authors have 

developed planar poly nuclear aromatic compounds based on carbazole, dibenzofuran, 

and dibenzothiophene derivatives (Figure 1.11a).[14b] The hetero atom having lone pair 

of electrons helped in an effective ISC process by following El Sayeds’ rule. The planar 

carbazole derivative showed efficient cyan phosphorescence emission with a lifetime of 

more than 2 seconds, with an afterglow duration of more than 20 seconds (Figure 

1.11a).[14b] Further, authors have developed excitation-dependent afterglow emission 

from pyrene derivatives by controlling the H-bonding interaction (Figure 1.11b).[14c]  

In this regard, our group demonstrated blue afterglow phosphors by cleverly 

choosing organic chromophores triazatruxene (TAT) with very high triplet energy and 

dispersing them in low concentrations in rigid polymer, polyvinyl alcohol (Figure 

1.12).[14d]  

 

PVA

Br6A G1

a)

b)
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Figure 1.11. a) Molecular structures of DPCz and photographs of DPCz-PVA hybrid 

showing cyan long-lived phosphorescence using 254 nm UV-lamp excitation. b) 

Molecular structures of different pyrene derivatives and their photographs of excitation-

dependent long-lived phosphorescence emission upon different phosphor concentrations 

in the PVA matrix. (Reproduced from reference 14b and 14c). 

 

Figure 1.12. a) Molecular structures of triazatruxene derivative (TAT). b) Normalized 

steady-state and gated emission spectra of TAT-PVA hybrid film (λexc. = 330 nm, delay 

time = 5 ms) and c) corresponding photographs showing pure blue phosphorescence 

emission. (Reproduced from reference 14d). 

1.3.1.2.5. Host-guest Strategy: 

Employing supramolecular host-guest interactions has been one of the most 

innovative approaches to achieve RTP under ambient conditions. In this approach, the 

macrocyclic host molecule forms a stable inclusion complex with the guest molecule 

using various non-covalent interactions like hydrophobic, ion-dipole, etc. (Figure 1.13a). 

 Recently Liu and co-workers illustrated highly efficient RTP from bromophenyl-

methyl-pyridinium molecule inside the CB[6] (Figure 1.13b).[16a,b] They have shown 
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that bromophenyl-methyl-pyridinium molecule shows weak phosphorescence efficiency 

of 4.6 % in the crystalline state.[16a] The phosphorescence efficiency increased to 81.2 % 

upon complexation with CB[6] (Figure 1.13b).[16a,b] A similar strategy is bestowed from 

the same group to achieve afterglow emission from the phenyl-methyl-pyridinium 

molecule by removing the heavy atom from the core (Figures 1.13c,d).[16b] 

 

Figure 1.13. a) Schematic representation of phosphor, CB[6]complex. b) Molecular 

structure and its corresponding steady-state emission (black dashed line) and gated 

emission (cyan solid line) spectra upon complexation with CB[6] (λexc. = 334 nm, inset: 

photograph of phosphor, CB[6] complex under 365 nm UV light). c) Molecular structure 

and its corresponding excitation (black line), steady-state emission (grey line) and gated 

emission (green line) spectra upon complexation with CB[6] (λexc. = 366 nm). d) 

Afterglow emission of phosphor, CB[6] complex under 365 nm UV light. (Reproduced 

from reference 15a-c). 

In another seminal work from the same group, ultra-long phosphorescent material 

(‘supramolecular pins’) with astonishingly high efficiency of 99.38 % was constructed 

using a similar molecular architecture with phenyl pyridinium moiety (Figure 1.14a).[16c] 

Here, two phenyl pyridinium molecules are linked via an alkyl chain, where one is 

thioether substituted, while the other is substituted with a bromine atom (Figure 

1.14a).[16c] The whole moiety is trapped inside CB[8], resulting in the gradual appearance 

a)

b) c)

d)
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of new red-shifted bands in both absorption and emission spectrum that hint towards the 

formation of an effective CT assembly.[16c] Authors speculate that an efficient 

intramolecular charge (ICT) transfer happens between the thioether-substituted 

phenylpyridinium moiety, which acts as the donor, to the bromo-substituted 

phenylpyridinium moiety, which acts as the acceptor (Figure 1.14a).[16c] 

Phosphorescence quantum yield of 12.10 % achieved with CB[8] alone was enhanced to 

99.38 %  with a lifetime of 110.3 ms upon mixing phenylpyridinium/CB[8] complex 

with polyacrylamide (PAM), PVA and -CD in a treated filter paper (Figure 1.14b).[16c] 

When CB[8] binding and rigid matrix encapsulation stiffens the phosphor from vibration 

dissipation and oxygen quenching of the triplet state, the alkyl bridge helps in the 

‘molecular folding’ that further facilitates - stacking, ICT, and halogen bonding 

(Figure 1.14a).[16c]  

 

Figure 1.14. a) Schematic representation of supramolecular pin formation and its 

complexation in presence of rigid matrix. b)  Afterglow images of filter paper embedded 

with phosphor/CB[8] assemblies under 365 nm UV light. (Reproduced from reference 

15d). 
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b)
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1.3.2. Thermally Activated Delayed Fluorescence (TADF): 

 

Figure 1.15. The simplified Jablonski diagram shows the TADF process upon photo-

excitation.  

Thermally activated delayed fluorescence (TADF) is another efficient way to harvest the 

triplet excitons where a maximum of 100 % IQE can be achieved (Figure 1.15).[6] In 

recent days, TADF materials are promising triplet harvesters due to narrow emissions, 

high stability, easy fabrication, and most importantly, they do not require any heavy 

metals that are costly and toxic.[6] However, the main challenge is to design a promising 

TADF molecule is having a small ∆EST value, a low lifetime, intense fluorescence, and 

satisfying all other conditions for becoming an excellent OLED emitter material like high 

external quantum efficiency, high quantum yield in the solid state, narrow emission, etc. 

[6,16] 

The concept of TADF is not new; in the textbook, it is written as E-type delayed 

fluorescence. In 1929 Perrin was first reported, and it was further studied in 1961 in Eosin 

molecule by Hatachard and co-workers.[17] However, Adachi and co-workers re-

investigated the concept of TADF and showed a potential OLED emitter using Sn4+ based 

porphyrin complex.[18] Further, in 2012, the same group made a path-breaking work by 

proposing a general design strategy of TADF molecule using purely organic 

chromophores (Figure 1.15).[6a] The basic theory of the TADF phenomenon demands 

less energy gap between the singlet and triplet excited state (∆EST) so that it will fall 

within the range of the usual room temperature energy (~25.6 meV when T = 298 K).[6] 

Then there will be a high equilibrium between ISC and the reverse intersystem crossing 

process (RISC). Subsequently, the non-emissive 75 % triplet excitons without going 
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through non-radiative pathways can be converted to singlet excitons, resulting in a 

maximum of 100 % IQE.[6] The rate of RISC can be written as,  

 

where kB is the Boltzmann Constant, T is temperature, and ΔEST is the energy gap 

between the lowest excited singlet and triplet states. kRISC is exponentially proportional 

to (-∆EST/kBT).[6] A decrease in ∆EST will increase the kRISC, and an increase in 

temperature will increase TADF efficiency.[6] The energy gap should ideally be tens of 

meV for an efficient RISC process.[6] Further, the delayed fluorescence lifetime is related 

to kRISC by the relation kRISC= 1/τD.[6]  

1.3.2.1. Design-strategy for Thermally Activated Delayed Fluorescence 

(TADF) Emitters: 

In purely organic chromophores decrease in ∆EST, is possible by purposefully forming 

of charge transfer (CT) state by introducing an electron-rich donor and electron-deficient 

acceptor (Figure 1.16).[6,16] Further, reduction of ΔEST is possible by reducing the overlap 

between the HOMO of the donor and the LUMO of the acceptor (Figure 1.16).[6] 

Theoretically, the singlet and triplet energy depend on the i. energy difference between 

HOMO and LUMO orbitals, ii. electron repulsion energy (K) and iii. exchange energy 

(J), and can be written as, 

ES1 = EHOMO-ELUMO + K + J 

ET1 = EHOMO-ELUMO + K – J 

ΔEST = ES1- ET1 + 2J 

ΔEST is directly related to exchange energy (J), so to reduce the ΔEST, reduction of the 

exchange energy between the electrons residing in HOMO and LUMO orbitals is 

necessary (Figure 1.16a).[6,16] Further, the oscillator strength (f) of emission is directly 

proportional to the exchange energy (J), and then oscillator strength (f) also depends on 

the orbital overlap between HOMO and LUMO (Figure 1.16a).[6,16] Thus, the reduction 

of oscillator strength (f) is necessary to reduce the ΔEST, which is possible if the donor 

and acceptor are spatially separated (Figure 1.16a).[6] So, selecting a suitable bridging 

moiety will help to maintain the proper angle (close to 90°) between donor and acceptor 

in a covalently attached system (Figure 1.16b).[6] Although present theories of the TADF 

are still not widely accepted, few organic systems reported in the literature show efficient 
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TADF emission; however, their ΔEST is very high. Further, finding the triplet state from 

where the RISC happens is also necessary. RISC from locally excited triplet (3LE) states 

of either donor or acceptor is standard; however, evidences are there of forming charge 

transfer triplet (3CT) state.[16e] Although RISC from 3CT and 1CT is unfavourable due to 

forbidden spin-orbit coupling (SOC). Some recent theoretical findings show that 

forbidden spin-orbit coupling (SOC) between 3CT and 1CT states gets favoured by 

vibronically coupled states of 3CT and 3LE.[6] 

 

Figure 1.16. The a) necessary criteria and b) plausible molecular design for a covalently 

bound donor-acceptor molecular design. (Reproduced from reference 6a). 

1.3.3. Triplet-Triplet Annihilation (TTA): 

Delayed fluorescence via triplet-triplet annihilation (TTA) is also another efficient way 

to harvest the triplet excitons (Figure 1.12).[8] Two triplet excitons upon bimolecular 

collision result in a high-energy singlet exciton in this mechanism.[8] For generating an 

excited singlet state, the two triplet energy should be more than or equal to singlet energy 

(2T1 S1) (Figure 1.17).[8] So that maintaining a considerable energy gap between the 

lowest singlet and triplet excited states is necessary.[8] Efficient triplet formation ability 

and essential energy requirement are not easy for purely organic chromophores, resulting 

in minimal molecular design. Hence till now, anthracene and related derivatives only 

show TTA-induced delayed fluorescence. [8e] Although, in triplet harvesting, the TTA-

induced delayed fluorescence is more efficient than the fluorescence emitter as the 

K = electron repulsion energy

J = The exchange energy

ES1 = EHOMO-LUMO + K + J

ET1 = EHOMO-LUMO + K - J

ΔEST = ES1 – ET1 = 2J

I. Oscillator Strength (f) of emission depends on the

orbital overlap between HOMO and LUMO and f J.

II. A proper balance between the twist angle and frontier

orbital overlap is necessary.

III. Decreasing the overlap between the HOMO and LUMO

by spatial separation of these frontier orbitals.

HOMO LUMO

Donor-Acceptor charge-transfer 

molecules with large twist

ΔEST = 0.083 eV
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maximum IQE of 62.5 % can be achieved utilizing this process (25 % + 0.5   75% = 

62.5 %), however further advancement of the field is required (Figure 1.17).[8] 

 

Figure 1.17. The simplified Jablonski diagram showing the TTA process upon photo 

excitation.  

1.3.3.1. Design-strategy for TTA-induced Delayed Fluorescence 

Emitters: 

The necessary conditions for the TTA-induced delayed fluorescence process in the solid-

state are i) efficient ISC rate to generate the triplet and ii) long triplet diffusion length 

with efficient triplet migration.[19] Perepichka and co-workers recently realized TTA-

induced delayed fluorescence in acridone derivatives in the crystalline state (Figure 

1.18).[19a] They found one-dimensional slipped π-stacks (3.41 Å) of N-substituted 

acridone derivatives with the parallel alignment of transition dipole showed TTA-

induced delayed fluorescence (Figures 1.17a,b).[19a] Further, to validate the concept of 

long-range π ordering, they substituted the N position of acridone with a bulky group 

(Figure 1.18b).[19a] They observed that delayed fluorescence is diminished due to 

breaking π ordering.[19a] However, the delayed fluorescence efficiency of the system is 

very less and dominated mainly by the phosphorescence emission with very low quantum 

efficiency (Figure 1.18c).[19a] 
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Figure 1.18. a) Molecular structure and plausible mechanism for TTA process in the 

crystalline state. c) Gated emission spectra (delay time = 1ms) of acridone derivatives 

in CHCl3 glass matrices at 77 K, in crystalline powders at room temperature and in solid-

state at 77K showing dual phosphorescence and DF. (Reproduced from reference 19a). 

1.3.4. Stabilization of the Triplets in Solution: 

Phosphorescence in the crystalline state and the solution-processable amorphous state 

have already been established.[5,11-13] However, some of the latest applications demand 

phosphorescence to be achieved in the solution state. The high lifetime, large stokes-

shift, and oxygen-sensitive nature of the organic phosphors make them suitable for 

bioimaging, sensing, singlet oxygen production, photodynamic therapy, photocatalysis, 

and optical sensing.[5] Harvesting triplet excitons via harnessing phosphorescence in the 

solution state is necessary to realize these applications. Stabilization of triplets in the 

solution is arduous due to the highly susceptible nature of the triplet state via various 

deactivation factors such as vibrational dissipation, molecular oxygen, and so on. The 

non-radiative deactivation is rampant due to higher collisional quenching and 

unrestricted vibrational and rotational motions of the phosphor molecules.[5] Moreover, 

here, dissolved oxygen also serves as a vicious quenching factor; thus, phosphor has to 

be protected from oxygen to achieve RTP in the solution. All these factors make solution-

state phosphorescence a holy grail that can be achieved only after addressing the 

MetAc

PhenAc
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challenges. To alleviate this scenario, we will focus on how supramolecular chemistry 

can solve these fundamental issues to harness the triplet excitons for realizing RTP in the 

solution state and preferably in the aqueous phase (Figure 1.19). 

Heavy and hetero-atom substituted molecular design principles are not only the 

sole criteria, but the rigidity and oxygen tolerance of the chromophores by employing 

various non-covalent interactions can also be the critical factors in achieving solution 

state phosphorescence. In this regard, different supramolecular approaches like i. 

constructing assemblies or creating rigid microenvironments via self-assembly, ii. host-

guest interactions, and iii. organic-inorganic hybrid co-assembly approaches would be 

ideal for attaining solution state phosphorescence at room temperature (Figure 1.19).   

 

Figure 1.19. Various supramolecular approaches to realize ambient room temperature 

phosphorescence in solution. 

1.3.4.1. Self-assembly Approach: 

Ambient phosphorescence from organic phosphors in the crystalline state is mainly 

attributed to the reduced vibrational degrees of freedom of the molecules in the networks, 

which is achieved through various non-covalent interactions, for example, - 

interactions, H-bonding, and halogen bonding.[11] Theoretical insights of some of these 

excitonically-coupled aggregated systems suggest that the intermolecular interactions 

also open up more ISC channels between the lowest singlet and nearest triplet states than 

the isolated chromophores, improving the ISC rates.[11c] Recently, various research 
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groups have attempted molecular organizations of phosphors in a solution state to realize 

efficient ambient RTP. The initial breakthrough using this approach was first made by 

Ceroni and co-workers, using hexathiobenzene molecule with six terpyridine (tpy) 

groups at the periphery (Figure 1.20a).[20a] Upon coordination with Mg2+, they observed 

a turned-on RTP emission after forming a rigid metal-coordinated supramolecular 

polymer which restricted the phosphor molecules’ conformational flexibility by 

inhibiting the intramolecular rotations (Figure 1.20a).[20a] Upon adding Mg(ClO4)2 salt in 

the THF solution of the phosphor, a new red-shifted emission band (max. = 545 nm, Φ = 

10%) with a lifetime of 5.3 μs in air-equilibrated solution suggests the phosphorescence 

nature of the emission (Figure 1.20b).[20a] 

 

Figure 1.20. a) Molecular structure, schematic representation of Mg+2 coordination, and 

photograph of the coordination polymer in presence of UV light. b) Absorption and 

phosphorescence spectra of the phosphor upon titration with a 2.70 mM of Mg(ClO4)2 in 

THF solution (λexc. = 326 nm). (Reproduced from reference 20a). 

In another work, a water-soluble derivative of a hexathiobenzene derivative with 

multiple carboxylate groups at the periphery has been used (Figure 1.21a).[20b] In 

monomer state, the aqueous solution of this molecule does not show any RTP; however, 

upon photo-excitation, there is a conformational change in the excited state geometry 

from its ground state structure which leads to a more hydrophobic and long-lived dark 

state (Figure 1.21b).[20a] The long-lifetime (pico-second/nano-second) of the dark state 

enables the possibility of intermolecular interactions (pico-second or sub-pico-second), 

leading to the formation of aggregates upon photo excitation, which are shown to be more 

stable than the individual monomers (Figures 1.20b,c).[20a] Therefore, the disassociation 

rate of these aggregates was slower than the rate of formation of the aggregation upon 

a) b)
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photo excitation, thereby facilitating the aggregation-induced phosphorescence 

(AIP).[20a]  

 

Figure 1.21. a) Molecular structure and schematic representation of photo excitation-

controlled aggregation-induced phosphorescence in the water. d) Emission enhancement 

and lifetime decay plot (λcollected = 505 nm) of the phosphor in water upon prolonged UV 

irradiation ([c]= 0.01 mM, λexc.= 365 nm). (Reproduced from reference 20b). 

1.3.4.2. Host-guest Strategy: 

In this approach, the macrocyclic host molecule forms a stable inclusion complex 

with the guest molecule, using various non-covalent interactions like hydrophobic, ion-

dipole, etc.[21] Minimizing the vibrational dissipation and oxygen-mediated quenching of 

guest triplets by confining them in a rigid microenvironment inside the host molecule’s 

cavity is crucial for achieving solution state RTP. The binding ability between the host 

macrocycles and phosphors significantly influences the RTP emission efficiency.[21] 

Stronger host-guest binding interactions usually give rise to a higher quantum yield for 

the RTP emission. Cucurbit[n]urils (CB) is a class of host molecules with a higher 

binding constant with the guest molecules.[21] Tian and co-workers showed a pH-

responsive RTP emission based on CB[7] as a molecular shuttle in the bromo-substituted 

isoquinoline derivative which show efficient green phosphorescence at higher pH 

(Figures 1.21a,b). [21a] Similarly, in another attempt, the same group illustrated a yellow 

RTP emission and a single component white light emission in an aqueous solution from 

a) b)

c) e)
XIII
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a heavy-atom-substituted triazine derivative in the presence of CB[8] host (Figures 

1.16c-e). [21b]  

 

Figure 1.22. a) Schematic representation of ICQ[5]-CB[7] complexation modulated by 

pH. b) Phosphorescence emission spectra of the binary ICQ[5]/CB[7] complex in water 

at pH 3.7 (black line) and pH 6.9 (green line)([ICQ[5]]=0.075 mM, CB[7]=0.12 mM, 

λexc. = 300 nm). c) Molecular structure of TBP. d) Emission spectra of TBP upon addition 

of 0 to 1 eqv. CB[8]. (Reproduced from reference 21a and 21b). 

1.3.4.3. Supramolecular Scaffolding Approach: 

The self-organization of organic chromophores in the interlayer galleries of multi-layered 

inorganic minerals is a novel approach for ambient triplet harvesting in aqueous media 

(Figure 1.23)[22a] The controlled and rigid organization is possible by co-assembling the 

organic phosphor in the inorganic silicate template (Figures 1.22a-c).[22a] In this 

approach, limited diffusional motion through the nano-scale periodic galleries in the 

template and restricted oxygen diffusion in the interlayer galleries serve to achieve 

efficient ambient phosphorescence in the solution (Figure 1.23c).[22a] 

Recently, our group has reported RTP from bromo-substituted naphthalene 

diimides in laponite (LP) clay particles via a unique supramolecular scaffolding approach 

(Figure 1.23).[22b] LPs are multi-layered inorganic materials that can act as a platform 

where organic dye molecules can self-organize inside the interlayer galleries (Figure 

c)

a) b)

d)

TBP
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1.23c).[22b] LP particles have a diameter of 25 nm and thickness of 0.9 nm with 

orthogonal negative and positive charges at the surfaces and edges, respectively (Figure 

1.23b).[22] The electro statistically driven ‘House of Cards’ packing in LP particles can 

be prevented by exfoliating them in an aqueous solution, followed by neutralizing the 

positive charges using sodium polyacrylate to co-assemble later with cationic phosphors 

via ionic self-assembly (Figure 1.23c).[22b] BrNDI in the laponite hybrids with a new red-

shifted emission band centered at 613 nm (λexc. = 380 nm) having a lifetime of 347μs, 

which proved the phosphorescence nature of the emission (Figures 1.22d,e). 

 

Figure 1.23. a) Molecular structures of BrNDI. b) Schematic representation of Laponite 

(LP) structure. c) Proposed schematic of the ionic hybrid co-assembly of exfoliated LP 

nanoplates and cationic phosphor in water (blue colour along the edges represents that 

the LP nanoplates are wrapping with anionic polymer). d) Normalized emission spectra 

and e) lifetime decay profile of BrNDI-LP hybrids (LP=2.25 wt%, λexc.=380 nm) in 

water. Inset of (d) shows the photographs of BrNDI-LP hybrids in the solution state 

under 365 nm UV irradiation ([BrNDI]=0.1 mm). (Reproduced from reference 22b). 

1.4: Application of Organic Triplets: 

Organic optoelectronic materials are of profound interest due to the plethora of 

applications endowed by them. Emerging applications of these classes of materials 

outweigh the traditional device applications in LEDs, further reinforcing their importance 
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in the contemporary scientific community.[5,6] Along with OLEDs, organic phosphors 

have diverse applications in bio-imaging, sensing, and data encryption.[5] Due to the long 

lifetime of the triplet, they can easily avoid the autofluorescence of the cell. Bio-imaging 

in the biological realm gained momentum and benefited most after achieving solution 

state phosphorescence.[5] The additional oxygen-sensitive nature of the triplet and 

afterglow phosphors opened a new dimension to sensing and anticounterfeiting.[5]  

1.4.1. Organic Light-Emitting Diodes: 

The utilization of triplet excitons in purely organic chromophores made significant 

advancements in the OLEDs technology due to the dramatic enhancement of the overall 

device efficiency.[7] Previously fluorescence LEDs were used for potential commercial 

applications.[7a] In the 1990s phosphorescent LED field gained attention in the 

optoelectronic community when device fabrication started with the organometallic 

complexes.[7b-d] However, due to the low device stability, poor processibility, and non-

flexible nature of the organometallic phosphors they were replaced by purely organic 

phosphorescent and TADF materials.[6] The easy low-temperature fabrication, highly 

stable and flexible nature of purely organic phosphorescent and TADF emitters, have 

overcome the popularity of the organometallic LED.[5,6] Adachi and co-workers made 

efficient dual-color afterglow phosphorescent OLEDs using 3-(N-carbazolyl)-androst-2-

ene as host and deuterated N,N′-bis(3 methylphenyl)-N,N′-bis(phenyl)-9,9-dimethyl-

fluorene guest molecules (Figure 1.24a).[23] The co-deposited film shows exhibits blue 

fluorescence and green afterglow phosphorescence under photo-excitation (Figure 

1.24b).[23] Further, the authors have used coronene-d12 as a guest, showing a 

phosphorescence lifetime of 4.3 seconds.[23] Next, the authors have utilized the co-doped 

mixture of host-guest in the emitting layer of OLED to obtain electroluminescence 

behaviour (Figures 1.23a,b).[23] The device shows blue emission upon application of 

voltage, and interestingly when the power supply is switched off device exhibits 

persistent green emission (Figures 1.23b,c).[23] 

However, due to the long lifetime and low phosphorescence quantum yield, 

organic phosphorescence materials are not very efficient for the OLEDs (Figure 1.24d).[6] 

A long phosphorescence lifetime always increases the possibility of triplet-triplet or 

triplet-singlet collision, forming non-emissive singlets and decreasing the device 

efficiency (Figure 1.24e).[6] So, organic materials with low lifetime and high quantum 



Chapter 1                                                           Design Strategies for Ambient Triplet Harvesters  

 

 
     34 

 

  

yield are desirable for further advancement of the field.[6] In this regard, TADF materials 

are very efficient due to their low delayed lifetime and very high quantum efficiency and 

are now at the front in OLED technology.[6] 

 

Figure 1.24. a) Schematic representation of an OLED device structure. b) 

Electroluminescence characterisations of the OLED showing blue emission upon 

application of voltage, and exhibits persistent green emission upon switching off. c) 

Steady-state photo-luminescence (black) and phosphorescence (red) spectra of a doped 

CzSte film, and electro luminescence spectra of the OLED during (blue) and after (green) 

electrical excitation. d) Long-lived lifetime decay profile of device after the applied 

voltage was turned off. e) External quantum efficiency vs. current density characteristics 

of the OLED. (Reproduced from reference 23). 

 

a) b)

c) d)

e)
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1.4.2. Time-Resolved Bio-imaging: 

Solution-state RTP, especially in aqueous media, has immense importance in the realms 

of bio-imaging; among this, time-resolved bio-imaging is in the front.[5] Liu and co-

workers have used the phosphorescent nature of bromophenyl-methyl-pyridinium and 

stabilized it in an aqueous solution to achieve their goal of bio-imaging.[24a] First, the 

authors have attached the bromophenyl-methyl-pyridinium (BrBP) molecules with 

hyaluronic acid (HA) and made a polymer out of it, showing blue fluorescence at 380 

nm but no phosphorescence emission (Figure 1.25a). [24a] A green phosphorescence 

appears upon the addition of CB[8] into the solution of the polymer (Figure 1.25a).[24a] 

Authors have hypothesized that the synergistic effect of strong host-guest interaction 

with BrBP and CB[8] and hydrogen bonding with the HA chain restrict the movement 

of the phosphors and reduce their vibrational motion, which results phosphorescence 

efficiency of 7.58 % with a lifetime of 4.33 ms. Further authors have utilized the 

HABrBp-CB[8] conjugated for tumor cell imaging (Figure 1.25b).[24a]  

Using a different approach, Wu and co-workers reported solution state RTP in a 

new class of donor-acceptor type charge-transfer emitting organic nanoparticles based  

on difluoroboron β-diketonate (acceptor) and carbazole (donor) (Figure 1.25c).[24b] The 

strong charge-transfer (CT) nature of the molecules studied in this report ensured a red-

shifted absorption maximum in the visible wavelength region.[24a] These absorption 

features of the CT-derivatives and the additional long-lived emission from these 

molecules make them potential candidates for remarkable advancement in the field as 

novel bio-imaging probes. The authors observed no RTP for the molecularly dissolved 

samples of these derivatives in THF (Figure 1.25d).[24a] However, with the utilization of 

a nano precipitation method in solvent (THF)/anti-solvent (water) medium, they 

successfully synthesized well-dispersed self-assembled nanoparticles with an average 

diameter of 105 nm (H-NpCzBF2NPs), 85 nm (Br-NpCzBF2NPs), 110 nm (I-

NpCzBF2NPs), as evident from the scanning electron microscopy.[24a] These aggregated 

NPs were capable of showing solution state RTP by visible light excitation (Figure 

1.25d).[24a] Upon excitation at 470 nm resulted in bright red-emitting RTP from H-

NpCzBF2NP (max= 610 nm), Br-NpCzBF2NP (max= 620 nm), and I-NpCzBF2NP 

(max= 622 nm), respectively (Figure 1.25d).[24a] Further insights from TD-DFT 

calculations showed that the increased number of ISC channels was partly responsible 

for better triplet state formation in the nanoparticles as compared to the monomer state. 
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The authors further explored the nanoparticles as plausible bio-imaging probes utilizing 

the confocal laser scanning microscopy (CLSM) of I-NpCzBF2NP-loaded HeLa 

cells.[24a] They observed the emission from both green (500-550 nm) and red (570-620 

nm) channels by the CLSM technique upon excitation with a 488 nm laser (Figure 

1.25e).[24a] This observation demonstrates that the I-NpCzBF2NP nanoparticles had 

successfully penetrated through the cell membrane and entered the cell cytoplasm.[24a] 

 

Figure 1.25. a) Schematic representation of HABrBP/CB[8] complexation,  HABrBP 

showing weak and strong phosphorescence before and after complexation respectively. 

b) Confocal microscopy images of A549 cells incubated with HABrBP (above) and with 

CB[8]/HABrBP ([HABrBP] = 25 µM, [CB[8]] = 12.5 µM). c) Molecular structures of 

H-NpCzBF2, Br-NpCzBF2 and I-NpCzBF2. b) Normalized fluorescence in THF (black 

line, [c] = 10 μM), phosphorescence spectra at 77 K in THF (blue line, [c] = 10 μM), 

and phosphorescence spectra of H-NpCzBF2, Br-NpCzBF2 and I-NpCzBF2 nano-

particles in water (red line, λexc. = 470 nm, delay time = 0.1 ms, [c] = 1 mM, red line). 

c) Confocal luminescence images of HeLa cells incubated with I-NpCzBF2 ([c]=1 μM 

in water, λexc. = 488 nm, scale bar: 10 μm). (Reproduced from reference 24a and 24b). 
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1.4.3: Sensing: 

Triplets of an organic molecule are highly sensitive to oxygen, making them suitable 

candidates for the oxygen sensor in physiological conditions.[25] Ceroni and co-workers 

have demonstrated that silica-PEG NPs embedded with persulfurated benzene 

chromophores can act as an oxygen sensor in the physiological oxygen range in water 

(Figure 1.26a).[25a] Authors have synthesized carboxylic end substituted hexathiobenzene 

skeleton modified with (3-aminopropyl) triethoxysilane (Figure 1.26a).[25a] Then, silica 

PEG NPs encapsulated chromophores to form a rigid supramolecular microenvironment 

inside the NPs cavity showing green phosphorescence emission in oxygenated aqueous 

solution was further used for oxygen sensing study.[25a] The phosphorescence lifetime 

and quantum yield were increased upon deoxygenation, which is completely reversible 

upon reoxygenation.[25a] The Stern-Volmer quenching plot was measured at two different 

temperatures (22°C and 36.6°C) in an aqueous buffer solution (Figure 1.26b).[25a] The 

partial pressure of oxygen measured the oxygen concentration, and the lifetime decay 

rate was measured by quenching of lifetime.[25a] 

 

Figure 1.26. a) Molecular structure and schematic representation of phosphor doped 

silica nanoparticles. b) Stern-Volmer oxygen quenching plots of phosphor doped silica 

nanoparticles measured in buffer solutions ([phosphate] = 20 mM, pH = 7.2). 

(Reproduced from reference 25a). 

1.5. Delayed Sensitization: Another Efficient Way to Achieve Colour 

Tunable Delayed Fluorescence: 

In the earlier discussion, we have mainly discussed the effectiveness of specific rigid 

polymers or small molecule hosts in suppressing the non-radiative deactivation pathways 

in simple heteroatom-containing aromatic organic chromophores with high triplet 

yields.[11-15] However, it is worth noting that, to date, most of these chromophores emit 

a) b)
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either green or yellow phosphorescence, whereas blue or red/NIR organic phosphors are 

very rare.[11-14] In this regard, blue afterglow phosphors have been demonstrated by our 

group and Zhao’s group discussed in section 1.3.1.2.2.[14b-e] On the other hand, red/NIR 

afterglow emitters based on purely organic molecules remain a massive challenge as low-

energy triplets are susceptible to more available non-radiative transitions in these 

wavelength regions. Therefore, exploring different ways to achieve afterglow in the 

red/NIR regions is imperative. Achieving metal-free ambient red/NIR afterglow is the 

key to advancing the bio-imaging technologies, in addition to night-vision or 

communication technologies that still depend on rare-earth metals. One of the most 

efficient ways to achieve red/NIR emission is by using Förster Resonance Energy 

Transfer (FRET) from high-energy energy donor molecules to suitable dye molecules 

that emit in these regions (Figure 1.27).[26] Moreover, successfully demonstrating this 

FRET process also benefits using a pool of commercially available dye molecules, 

avoiding tedious synthetic procedures. ‘Delayed fluorescence’ emission can be 

envisioned as a delayed sensitization of singlet excited states of commercially available 

fluorescent dyes by the long-lived triplet state of donor molecules (Figure 1.27).[26b,c] The 

afterglow delayed fluorescence can be realized using the phosphorescence-FRET 

technique.[26b,c] The extent of the afterglow duration is dependent on the phosphorescence 

lifetime of the triplet sensitizer acting as the FRET donor in this process.[26] This FRET 

mechanism has been well investigated in high-energy fluorescence (as donors) and 

commercially available fluorescent dyes for white light emission and other functions. 

Förster proposed the theoretical description of FRET in the 1940s. FRET is a non-

radiative dipole-dipole coupling between energy donor and acceptor molecules (Figure 

1.27a).[2] Its rate is dependent on the inverse sixth power of the distance between donor 

and acceptor molecules.[2] It is interesting to note that traditionally studies and 

applications of FRET have been majorly dominated by singlet-to-singlet energy transfer 

(S-S FRET) as it is a quantum-mechanically allowed transition between two spin-states 

of the same multiplicity.[2] However, it is also to be noted that given the spin-orbit 

coupling is strong in any molecule that allows an intense phosphorescence (T1-S0) 

emission.[26] It is potentially a suitable donor for the triplet-to-singlet energy transfer (TS-

FRET) process (Figure 1.22b).[2, 26] This is possible because an appreciable dipolar 

coupling interaction is possible in such cases.[26] In fact, because of this strong SOC aided 
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by the heavy-transition metals in organometallic complexes, TS-FRET has been 

extensively used in these classes of materials for decades.[2]  

 

Figure 1.27. The a) necessary criteria and b) simplified Jablonski diagram for the 

phosphorescence FRET process.  

Interestingly, such protocol has long been overlooked in metal-free organic 

phosphors until 2019 by Reineke and co-workers.[26b] The authors proposed a 

simultaneous SS-FRET and TS-FRET process between a purely organic bioluminescent 

(emit both by fluorescence and RTP) chromophore (NPB) as a donor and a commercially 

available red-emitting dye as an acceptor (Figures 1.27a,b).[26b] The choice of the donor 

(NPB) and acceptor molecules was based on the spectral overlap of donor emission and 

acceptor absorption wavelengths.[26b] The authors used low-concentration donor 

molecules dispersed in a rigid amorphous PMMA matrix to observe maximum RTP 

intensity while avoiding aggregation-caused quenching.[26b] In PMMA, the donor showed 

fluorescence and phosphorescence, suggesting its bi-luminescent character (Figure 

1.28c).[26b] In general, non-radiative FRET is characterized by a gradual decrease of 

donor radiative lifetime with increasing weight percentages of the acceptor loading 

(Figures 1.27d,f).[26b] As evident from Figures 1.22e,g, the donor’s fluorescence and RTP 

lifetimes decrease with the gradual increase of acceptor loading, which is also 

accompanied by a decrease in its total emission intensity (Figures 1.27d,f).[26b] 

Interestingly, the authors also showed a gradual red-shift in the time-gated emission 

profile (Figure 1.28f).[26b] These observations point toward the simultaneous SS-FRET 

and TS-FRET occurring in two purely organic chromophores, which are also visible by 

the naked eye (Figure 1.28g).[26b]  
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Figure 1.28. a) Molecular structure for SS and TS-FRET pair. b) Simple Jablonski 

diagram showing schematic representation of SS and TS-FRET process. Normalized c) 

steady-state and e) delayed emission spectra show a red-shift of the acceptor emission 

upon increasing the acceptor concentration with a concomitant decrease of the donor 

emission, suggesting SS-FRET and long-lived emission suggesting TS-FRET process. 

Decrease in the donor’s d) fluorescence lifetime and f) phosphorescence lifetime attested 

to the SS and TS-FRET process, respectively. g) Photographs of SS and TS-FRET 

process. (Reproduced from reference 26a). 

In that regard, our group developed a highly efficient afterglow phosphor based 

on coronene tetracarboxylic derivative (CS), which emits yellowish-green afterglow with 

NPB DCJTB
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an excellent quantum efficiency (~25 %) and an ultralong lifetime of over 2.4 s in air, 

when dispersed in low concentration in PVA (Figures 1.28a-c).[26c] Further, we exploited 

the PVA as a host to co-organize other water-soluble organic dyes capable of forming 

hydrogen bonding; hence, close proximity between the donor (CS) and acceptor 

molecules could be ensured.[26c] As discussed earlier, these factors are pre-requisites for 

efficient TS-FRET and were successfully shown through various time-resolved 

experiments (Figure 1.29d). Yellow-emitting SRG and red-emitting SR101 dyes were 

used as FRET acceptors in the system, and over 80 % energy transfer was achieved with 

maximum photoluminescence quantum efficiency of over 50 % (Figures 1.28b-d).[26c] 

The afterglow fluorescence can also be visualized by the naked eye and was shown to be 

air-stable for months (Figure 1.29e). Unlike the previous system, SS-FRET was 

negligible in this case due to the high ISC efficiency of CS and larger spectral overlap 

between the donor phosphorescence and acceptor absorption wavelengths.[26c] Although 

TS-FRET has long been overlooked for any suitable applications in the realm of 

afterglow emission, in the past couple of years it has been advancing with a great pace 

both in terms of molecular design and applications in bio-imaging. 
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Figure 1.29. a) Molecular structure of the phosphorescence energy donor (CS) and 

fluorescence energy acceptor (SRG and SR101). b) Steady-state emission spectra show 

a red-shift of the acceptor emission upon increasing the acceptor concentration with a 

concomitant decrease of the donor emission, suggesting the energy-transfer process. c) 

Delayed emission spectra show the plausibility of phosphorescence energy transfer. d) 

Decrease in the donor’s phosphorescence lifetime attested to the plausibility of 

phosphorescence energy transfer. e) Photographs show visual detection of delayed 

sensitization. (Reproduced from reference 26b). 
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1.6. Circularly Polarized Luminescence: 

 

Figure 1.30. a) Schematic representation shows CPL emission from chiral organic 

chromophores. b) Importance of CPL emitter in CP-OLEDs. (Reproduced from 

reference 27h). 

Circularly polarized luminescence (CPL) materials recently gained particular attention 

in the scientific community due to their several advantages in asymmetric synthesis, 

chiroptical materials, three-dimensional (3D) display, chiral optoelectronic devices, and 

spintronics.[27] Chiroptical properties of a chiral molecule in the ground state are 

measured by the circular dichroism (CD) spectroscopy which measures the differential 

absorption of right- and left-handed circularly polarized light.[27] The magnitude of CD 

is determined by a parameter called absorption dissymmetry factor (|gCD|) and 

mathematically written as  

 

where 𝜀Land 𝜀R are the molar absorption coefficients for the left- and right-handed CP 

light, respectively.[27]
 Experimentally, the value of |gCD| is defined as an equation  

 

However, to realize CPL emission, either the chiral moiety should be emissive or 

the chiral molecule attached to the chromophores should be emissive, where strong chiral 

induction from the chiral core to the luminophore is necessary.[27] The parameter 

measures the CPL activity of a chiral molecule called the luminescence dissymmetry 

factor (|glum|). Mathematically it can be written as 

 

IL and IR are the intensity of left- and right-handed circularly polarized light, respectively. 

Theoretically, the maximum possible |glum| value ranges from +2 to -2.[27] Although 

several chiral units are available in the organic literature, a proper choice of chiral moiety 
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and luminophores is necessary to make a good CPL active material.[27] To design an 

efficient CPL active small organic chromophore, covalent bonding between the chiral 

part with the chromophores are most viable strategy.[27] Also, chromophores should be 

close to chiral moiety for efficient chiral induction to happen.[27] In the literature, the self-

assembly strategy is considered one of the most efficient strategies for CPL activity from 

purely organic chromophores due to its ability to form ordered structures.[27] Non-

covalent interaction between chiral host and achiral guest or vice-versa can also be an 

efficient approach for CPL activity.  

In anti-reflectance technology, CPL active materials are in the front due to their 

ability to generate circularly polarized light (Figure 1.30).[27] Generally, a polarizer and 

quarter-wave plate are required to produce circularly polarized light.[27] However, an 

OLED device composed of a polarizer and quarter-wave plate absorbs half of the 

emission from LED, and device efficiency decreases.[27] On the other hand, most of the 

CPL active purely organic molecules are fluorescent emitters.[28] But the current OLED 

technology demands a phosphorescence emitter or TADF emitter to achieve high 

external quantum efficiency (EQE).[27] So, a smart design strategy is required for further 

development of the field. In addition, efficient |glum| is also required for efficient 

circularly polarized OLEDs.[27] Unfortunately, most of the small organic molecules 

suffer from the low |glum| value due to their low magnetic and high electric dipole 

transition moments. The |glum| value is directly proportional to the magnetic transition 

dipole moments and inversely proportional to the electric transition dipole moment.[27] 

The simplified form of |glum| is  

 

where θ is the angle between magnetic and electric transition dipole moments. The simple 

way to increase the |glum| is by decreasing the electrical transition dipole moment and 

increasing the magnetic transition dipole moment.[29a,b] In this regard formation of CT 

states can decrease the electrical transition dipole moment as it is a forbidden transition 

and increases the magnetic transition.[29a,b] Both factors can increase an organic 

molecule’s overall |glum| value.[29a,b] Further few strategies, including Förster resonance 

energy transfer (FRET) and triplet-triplet-annihilation, can also increase the |glum| 

value.[29c-e] 
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1.7. Molecular Design Strategy: Why Arylene Diimides? 

In our work, we have harvested the triplet exciton using various arylene diimides, 

especially pyromellitic diimides. Arylene diimide is a particular class of molecule where 

the presence of four carbonyl groups in the molecular design inherently makes the system 

electron deficient.[30] Scientists have taken advantage of this type of material and made 

them suitable candidates for electron-deficient n-type semiconductors.[31] Further in 

organic field-effect transistors (OFETs), photovoltaic, batteries arylene diimides are front 

due to their high air stability.[31] However, among the various arylene diimides, perylene 

diimides (PDIs) and naphthalene diimides (NDIs) gained special recognition in 

supramolecular chemistry.[32] Matile and co-workers extensively investigated the NDIs 

for anion-π recognition and made significant contrition in anion-π catalysis and anion-

transport.[33] Würthner and co-workers extensively studied PDIs for self-assembly and 

optoelectronic applications.[34] Further, due to the electron-deficient nature, arylene 

diimides can easily form stable radical anions, which is very useful in catalysis and 

artificial photosynthesis.[35] In addition, the energy levels of any arylene diimides can be 

easily tuned by core-substitution, which already opens a plethora of opportunities in the 

optoelectronic realm.[30b,c] Tunable fluorescence of core-substituted NDIs helped to 

achieve the different function including energy transfer and circularly polarized 

luminescence in solution.[31e] 

 However, the use of arylene diimides in the OLED technology in terms of triplet 

harvesting (phosphorescence, TADF, or TTA) is unexplored. We hypothesize that 

arylene diimide or mono imide would be perfect for triplet harvesters because the class 

of molecules inherently possesses a significant ISC rate. Also, the core can be easily 

substituted by the heavy atom to increase the SOC, which will help to access the triplets 

in cryogenic conditions.  

1.7.1. Why Pyromellitic Diimides? 

We first checked the phosphorescence properties of all heavy atom substituted arylene 

diimides (PDIs, NDIs, and PmDIs) in cryogenic conditions to validate our hypothesis 

(Figure 1.31a). We have realized that the NDIs have triplets in the red region (~580 nm 

to 750 nm) region and PmDIs have triplets in the cyan (~450 nm to 600 nm) region, 

which we can access in the cryogenic conditions using liquid nitrogen (Figure 1.31b).[22a] 
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However, we have not found any triplets of PDIs in the visible region. Keeping this in 

mind, our lab first explored the triplets of NDIs via phosphorescence and TADF.[22a,36] 

Using a unique supramolecular scaffolding approach, our group has reported RTP from 

bromo-substituted NDIs in laponite clay particles.[22a] Detailed we have discussed earlier 

in section 1.3.5.3., how we can efficiently harvest the triplet in solution.[22a] 

Further donor-acceptor-based molecular design strategy helps us to achieve red-

emitting delayed fluorescence from core-substituted NDIs.[36] Although we have 

harvested the triplet excitons of NDIs via phosphorescence and TADF, the efficiency of 

triplet emission is not excellent (~4% in LP film for phosphorescence and ~10 % for 

TADF in air).[22a,36] We hypothesize that, due to the sizeable singlet-triplet energy gap 

(ΔEST), triplet excitons are getting wasted via a non-radiative decay channel during the 

ISC process (Figure 1.31b). As we have earlier discussed in section 1.3.1.1., ΔEST should 

be less for efficient triplet harvesting. So that we have moved further to the smallest 

member of arylene diimide i.e, pyromellitic diimides, due to low ΔEST. The chance of 

triplet exciton loss during the ISC process is more petite in PmDIs, and we have mainly 

focused on this derivative in the entire thesis and showed different ways of triplet 

harvesting. 

 



Chapter 1                                                           Design Strategies for Ambient Triplet Harvesters  

 

 
     47 

 

  

 

Figure 1.31. a) Molecular structures of different arylene diimides. b) Simplified 

Jablonski diagram showing the qualitative singlet and triplet energy level of NDIs and 

PmDIs and their singlet to triplet to energy difference. 

1.7.2. Design Strategy for Arylene Diimides Derived Ambient Triplet 

Harvesters:  

The strategy mentioned earlier i. Increment of SOC between S1 and Tn states by 

incorporating the heavy-atom and ii. Increasing the ISC rate between S1 and Tn states by 

incorporating the hetero-atom or introducing the carbonyl/sulphonyl group will help to 

access the triplet under cryogenic conditions or under an inert atmosphere. We believe 

that PmDIs would be the best choice due to the presence of four carbonyl groups also, 

minimum ΔEST will increase the ISC rate significantly without much non-radiative loss. 

Further easy core substitution with the heavy atom will increase the SOC and benefit 

ambient triplet harvesting via phosphorescence applying the suitable stabilization 

technique. 
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 Further minimization of ΔEST is required for TADF molecules for efficient RISC 

to happen we have already discussed in section 1.3.2. The conventional strategy to make 

charge transfer molecules having electron-rich donor moiety and electron-poor acceptor 

moiety with a large dihedral angle between them can be applied. The PmDI will play the 

role of acceptor here. By selecting the suitable spacer between donor and PmDIs dihedral 

angle can be controlled, which will help to reduce the ΔEST further. An appropriate 

choice of a donor can give color tunability. 

 Further, we envisage that plannar PmDIs with small π surfaces can form long-

range π staking upon short alkyl chain substitution in the imide position. This will be 

helpful for excellent triplet migration in the crystalline state. Triplet migration can 

generate TTA-induced delayed fluorescence. The detailed process we have discussed 

earlier in section 1.3.2. 

1.8. Conclusion: 

In conclusion, in this chapter, we have started the discussion with various excited state 

processes as we believe that a proper understanding of the basic photophysical process 

is required. Next, we discussed the importance of triplet harvesting, the design strategy 

to access the triplets, and different stabilization processes for ambient triplet harvesting, 

mainly via phosphorescence and delayed fluorescence. The fundamental design 

principles in these examples consider two steps: first, designing the phosphors for high 

ISC rates, ensuring the high triplet state density, and second, suppressing the non-

radiative pathways for bright RTP emission. We showed that in the initial years, crystal-

phase RTP had seen tremendous growth; however, limitations such as solution-

processability issues shifted the focus on the amorphous state and solution-processable 

RTP material design. Furthermore, we focused on how efficient TADF emitters can be 

designed for third-generation OLEDs by covalently attached donor-acceptor design. 

Next, we have tried to shed light on advancing more challenging ‘solution state RTP’ 

under ambient conditions. We presented those supramolecular self-assembly strategies 

are used in most of the examples in this area to harness RTP in the solution state and 

showed how the bio-imaging field is benefitted the most. Next, we have discussed the 

design strategy based on arylene diimides and envisioned that every plausible triplet 

harvesting could be bestowed using this molecular design. Phosphorescence FRET 

technique and CPL are discussed further to achieve color-tunable delayed fluorescence 
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from commercially available fluorescence emitters and circularly polarized triplet 

emission from purely organic chromophores, respectively. 
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Chapter 2.1 

Ambient Dual Phosphorescence from Heavy atom 

Substituted Pyromellitic Diimides* 

Abstract 

Arylene diimide derived ambient organic phosphors are seldom reported despite their 

potential structural characteristics to facilitate the triplet harvesting. In this context, 

highly efficient room temperature phosphorescence (RTP) from simple, heavy-atom 

substituted pyromellitic diimide derivatives in amorphous matrix and crystalline state is 

presented here. Multiple intermolecular halogen bonding interactions among these 

phosphors, such as halogen-carbonyl and halogen-π resulted in the modulation of 

phosphorescence, cyan emission from monomeric state and orange-red emission from its 

aggregated state, to yield twin RTP emission. Remarkably, the air-stable 

phosphorescence presented here shows one of the highest phosphorescence quantum 

yield (~48%) among various organics reported in the orange-red emissive region.

 

 

 

 

 

 

 

 

*Manuscript based on this work is published in Angew. Chem. Int. Ed. 2021, 60, 12323-

12327. 
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2.1.1. Introduction: 

Design of ambient organic phosphors is one of the most actively pursued research in 

recent times as promising alternative to the toxic, metal-based organometallic phosphors 

for various applications.[1] One of the important challenges in realizing the RTP from 

organic molecules is to stabilize the triplet states by minimizing the vibrational and 

oxygen mediated triplet quenching.[1a] Recently, very elegant design strategies in this 

direction have been reported to achieve ambient RTP from organic phosphors both in 

their crystalline states[2] and by embedding them in polymeric matrix[3] or in various 

supramolecular scaffolds.[4] However, new molecular designs with high quantum yield 

phosphors are required for the further advancement in this field. Since phosphorescence 

is a spin-forbidden process, a strong spin-orbit coupling (SOC) is considered as a basic 

requisite to promote the intersystem crossing process (ISC) between a singlet (Sn) and 

triplet state (Tn).
[1a,5] In this respect, we envisage that arylene diimides are an important 

class of molecules to be explored, with its multiple carbonyl groups in the backbone and 

with the diverse synthetic strategies available for their core-substitution with heavy atoms 

to increase the SOC and thus the resultant ISC efficiency.[6]  Although arylene diimides 

have been extensively investigated for various optoelectronic applications as electron-

deficient semiconductors, their ambient triplet harvesting properties are rarely 

explored.[7] While arylene monoimides such as naphthalene monoimides and phthalimide 

derivatives are recently shown to exhibit ambient RTP, corresponding diimide 

derivatives are seldom exploited for triplet harvesting.[8] In this context, our group has 

recently reported the ambient triplet harvesting of core-substituted naphthalene diimides 

via RTP[4h] and thermally activated delayed fluorescence (TADF).[9] 

Further we envision that, well-studied supramolecular chemistry of arylene 

diimides would give an opportunity to realize multimode phosphorescence via tuneable 

intermolecular interactions. Recently, (supramolecular) aggregation of organic 

phosphors has been elegantly used by the groups of Huang[2c,10] and Yang[11] for realizing 

dual-mode phosphorescence, which is of great importance for various applications such 

as white-light phosphorescence.[3i,12] In this chapter, we show novel heavy-atom core-

substituted pyromellitic diimide (PmDI) derivatives, as efficient orange-red ambient 

RTP emitters stable in air (Figure 2.1.1).  
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Such intense RTP emission with one of the highest quantum yield (~48 %) in the 

long-wavelength region of the visible spectrum is unprecedented. Further, we show that 

the phosphorescence emission could be modulated from cyan in the monomeric state to 

orange-red in aggregated state of the phosphors, by exploiting various intermolecular 

halogen bonding interactions such as halogen-π and halogen-carbonyl interactions, 

which facilitates the stacking of the phosphors and increases the SOC significantly. 

Although triplet harvesting of PmDI has recently been explored as polymer phosphors, 

small molecule-based phosphors are not yet reported.[13] 

2.1.2. Molecular Design: 

  

Figure 2.1.1. a) Molecular structures of BrPmDI and IPmDI. b) Simplified Jablonski 

diagram to explain the monomer and aggregated phosphorescence and other 

photophysical processes. 

Here we have designed and synthesized two heavy-atom substituted pyromellitic diimide 

derivatives (BrPmDI and IPmDI) from a durene derivative and were fully characterized 

by NMR, mass spectrometry, and single-crystal X-ray diffraction (Figure 2.1.1 and 

Scheme 2.1). We envision that the four carbonyl groups in the molecular design and core 

substitution with heavy atoms will help to increase the ISC rate and SOC significantly. 

2.1.3. Theoretical Calculations: 

The fundamental prerequisite for the triplet emission in arylene diimide based systems is 

to access the triplet excited state. Therefore, in order to have a qualitative understanding 

of ISC efficiency in PmDI derivatives showed here, we investigated their excited state 

characteristics by detailed TDDFT calculations using CAM-B3LYP exchange 

correlation functional (Figure 2.1.2). The rate of ISC is dependent on the SOC strength 
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and this is estimated quantitatively by calculating the SOC matrix element (SOCME) 

between S1 and its closely lying triplet states (Tn). In both these cases, multiple triplet 

states are present below the S1 excited state and thus providing a thermodynamically 

favourable ISC route (Figure 2.1.2). In BrPmDI, there are two main contributing 

pathways for ISC according to the corresponding SOC matrix element (Figure 2.1.2a). 

These are S1 (n-π*) to T6 (π-π*) and S1 to T2, where corresponding calculated SOCME 

are 16 and 526 cm-1, respectively (Figure 2.1.2a). It is important to note that the closely-

lying T5 and T4 possess the similar molecular orbital (MO) configuration as that of S1 and 

this does not follow El-Sayed rule; therefore, the magnitude is much lower than that 

between S1 and T2 having different electron-hole configurations (Figure 2.1.2.a). In 

addition, both these transitions are also facilitated by the presence of heavy Br atoms. 

For IPmDI monomers, the ISC pathway is facilitated by close-lying S1-T2 which follow 

El-Sayed rule and since iodine is expected to show a stronger heavy-atom effect as 

compared to bromine, the magnitude of SOCME is three times higher 

than BrPmDI (Figure 2.1.2.b). 

 

Figure 2.1.2. Ground state geometries, relative excitation energies and their 

corresponding hole, electron wavefunctions and SOC matrix elements for both 

monomeric a) BrPmDI, b) IPmDI were optimized using B3LYP functional in 

conjunction with 6-31+g(d) basis set for C, N, O, H and LANL2DZ basis set for Br with 

effective core potential (Hole and electron wavefunctions are shown below and above in 

the schematic, respectively.  
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2.1.4. Spectroscopic Studies in Solution-state: 

Spectroscopic characterization of BrPmDI and IPmDI in solution was subsequently 

performed using steady-state and time-resolved emission experiments. In solution state 

(THF, 0.05 mM), absorption spectra of BrPmDI and IPmDI showed characteristic S0-

S2 (π-π*) transition with a maximum at 360 nm and 380 nm, respectively (Figures 

2.1.3a,d).[13] In solution, both molecules exhibited only weak fluorescence emission in 

the 400-550 nm regions with a short average lifetime of ~0.8 ns (Figures 2.1.3a,b,d,e). 

On the other hand, when the experiments were performed at 77 K (THF) in the glassy 

matrix to reduce the vibrational dissipation, red-shifted emission in the 425 to 700 nm 

region with an emission maximum at 504 and 507 nm for BrPmDI (𝜏avg = 7.7 ms) and 

IPmDI, (𝜏avg = 1.9 ms), respectively was observed (Figures 2.1.3c,f). The high lifetime 

of this red-shifted emission suggests its phosphorescence origin. 

 

Figure 2.1.3. Normalized absorption and emission spectra at room temperature and 

emission spectra at 77 K of a) BrPmDI and d) IPmDI in THF solution ([c] = 0.05 mM, 

λexc. = 330 nm and 350 nm for BrPmDI and IPmDI, respectively). Fluorescence lifetime 

decay profiles of b) BrPmDI and e) IPmDI in THF ([c] = 0.05 mM, λexc. = 373 nm, 

λcollected = 450 nm). Phosphorescence lifetime decay profiles of c) BrPmDI and f) IPmDI 

in THF at 77 K ([c] = 0.05 mM, λexc. = 330 and 350 nm for BrPmDI and IPmDI, 

respectively, λcollected = 500 nm). 
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2.1.5. Ambient Monomeric and Aggregated Room Temperature 

Phosphorescence in Polymer Matrix and Crystalline State: 

To harvest the triplets by minimizing the vibrational dissipation under ambient 

conditions, we first dispersed the molecules in poly(methylmethacrylate) (PMMA) 

matrix, an amorphous polymeric host known to stabilize RTP, at very low concentrations. 

(1 wt.% with respect to PMMA).[3a] Remarkably, a strong cyan emission was observed 

for both PMMA films with maximum at 480 and 487 nm, respectively under ambient 

conditions (Figures 2.1.4a,d). High lifetime of these red-shifted emissions (1.4 ms and 

6.3 μs for BrPmDI and IPmDI, respectively) and its similarity with that of the emission 

of the pure molecules in frozen THF at 77 K clearly suggest the phosphorescence origin 

from monomeric states (Figures 2.1.4a,d,c,f). In addition these molecule also show very 

weak fluorescence emission in the 380 nm to 430 nm region (Figures 2.1.4a,d).The 

absolute phosphorescence quantum efficiencies of BrPmDI and IPmDI in 1 wt. % 

PMMA matrix were 18 % and 2 %, respectively, under air. Therefore, it is evident that a 

strong internal heavy-atom effect is operative in these derivatives to facilitate substantial 

ISC and subsequent efficient RTP in amorphous matrix. We hypothesized that higher 

phosphorescence efficiency of the BrPmDI compared to the IPmDI in 1 wt. % PMMA 

matrix is due to higher ISC rate (𝑘𝐼𝑆𝐶), lower non-radiative decay rate (𝑘nr) and more 

number of ISC channels present in monomeric state (Figures 2.1.2). It is worth 

mentioning that 1 wt. % amorphous films of BrPmDI when under vacuum, displayed an 

impressive phosphorescence quantum yield of 54 %. Interestingly, on increasing the 

concentration of these phosphors in the PMMA matrix (5 to 50 wt. % with respect to 

PMMA) gradual appearance of a red-shifted emission (orange-red region) with 

maximum at 576 and 585 nm for BrPmDI and IPmDI, respectively, with the 

concomitant disappearance of monomeric cyan phosphorescence, was observed (Figures 

2.1.4b,e). The lifetime in the millisecond time scale for these films suggests the 

phosphorescence modulation of these phosphors via intermolecular interactions (𝜏avg. = 

5.2, 0.32 ms and Φp = 17.5 %, 30 % for BrPmDI and IPmDI, respectively in 50 wt. % 

with respect to PMMA under air) (Figures 2.1.4c,f). Drop-casted films of BrPmDI and 

IPmDI showed similar emission features with lower quantum yield, which confirms the 

emission from aggregated phosphors. Aggregation of phosphors in the polymer matrix 

at higher wt. % is further evident from the increased scattering and red-shift in the 

absorption spectra as well as red-shifted excitation spectra monitored at 650 nm (Figure 
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2.1.5). We envisage that the presence of multiple non-covalent interactions in the 

aggregated state stabilizes the triplet energy level.[10,11] 

 

Figure 2.1.4. Normalized emission spectra of a) BrPmDI and d) IPmDI in frozen THF 

at 77 K, in PMMA films with 1 wt. % of phosphors. Emission spectra of PMMA films 

doped with different wt. % of b) BrPmDI and e) IPmDI, respectively. (Inset: 

photographs of BrPmDI and IPmDI in PMMA films with 1 wt. % and 50 wt. % of 

phosphors under 365 nm UV-lamp excitation). Lifetime decay profile of PMMA films 

doped with different wt. % of c) BrPmDI and f) IPmDI respectively. (λexc. = 330 and 350 

nm for BrPmDI and IPmDI, respectively, λcollected = 500 nm for monomer and 650 nm 

for aggregate). 
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Figure 2.1.5. Normalized absorption spectra of PMMA films doped with different wt. % 

of a) BrPmDI and c) IPmDI, respectively. (λmonitored = 600 nm). Normalized excitation 

spectra of PMMA films doped with different wt. % of b) BrPmDI and d) IPmDI, 

respectively. 

To characterize the various intermolecular interactions in the stacked state of 

these phosphors, single crystals of BrPmDI and IPmDI were further investigated. 

Interestingly, single crystals of BrPmDI and IPmDI showed intense orange-red 

phosphorescence emission with a maximum at 576 and 585 nm for BrPmDI and IPmDI, 

respectively, similar to that of the PMMA films with aggregated phosphors (Figures 

2.1.6a,b,d,e). The high lifetimes of 11.4 ms and 0.61 ms for BrPmDI and IPmDI 

crystals, respectively and gated emission spectra (delay time = 0.5 ms) confirms the 

phosphorescent nature of the emission (Figures 2.1.6b,c,e,f). Selective excitation of the 

aggregated absorption at 450 nm also resulted in similar red-sifted phosphorescence 

emission suggesting the assembled state of the phosphors in crystals (Figures 2.16b,e). 

Remarkably, both BrPmDI and IPmDI crystals showed high absolute phosphorescence 

quantum efficiencies of 26 % and 48 %, respectively, under air, which is the highest 

phosphorescence quantum yield in the arylene diimide family and also one of the highest 

phosphorescence quantum yields reported in the orange-red region among various 

ambient organic phosphors. Remarkably, the phosphorescence quantum yield of IPmDI 

crystals has increased to 68 % under vacuum. Higher phosphorescence quantum 

efficiency of IPmDI crystals compared to the BrPmDI could be attributed to a stronger 
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SOC and high ISC rate (𝑘𝐼𝑆𝐶) in the former, which is also supported by its faster 

phosphorescence lifetime (Figures 2.1.6c,f) as expected in heavy-atom organic 

phosphors. 

 

Figure 2.1.6. Normalized excitation spectra of drop-casted neat films and crystals of a) 

BrPmDI and d) IPmDI. Normalized steady-state and gated emission spectra of b) 

BrPmDI and e) IPmDI. Phosphorescence lifetime decay profiles of c) BrPmDI and f) 

IPmDI of drop-casted neat films and in crystalline state, (λmonitored = 650 nm, λcollected = 

650 nm, λexc. = 330 nm and 350 nm for BrPmDI and IPmDI, respectively, for selective 

excitation λexc. = 450 nm, all experiments were performed in air). 

 X-ray diffraction analysis of the crystals further provided insights into the 

molecular organization of the phosphors in the aggregated state. Single crystals of 

BrPmDI exhibited a layered slip-stacked molecular organization with an interlayer 

distance of 3.8 Å (Figure 2.1.7) which justifies the stabilization of orange-red emissive, 

red-shifted phosphorescence of the aggregated state in the crystalline phase. Further 

stacked arrangement of phosphors is stabilized by the halogen-π (C...Br, 3.5 Å) and the 

interdigitated alkyl chains between molecules of adjacent layers (Figures 2.1.7a-c). In 

addition, within each layer, these molecules are connected by C=O...Br intermolecular 

non-covalent interactions (3.1 Å) (Figure 2.1.7b). It has been well-established that 

halogen bonding can enhance the SOC by external heavy-atom effect.[2a] We envisage 

that, rigid 3D network due to the various non-covalent interactions specially halogen 
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bonding help the triplet stabilization via minimizing the vibrational dissipation and by 

enhancing the SOC. In addition, strong intra-molecular C=O...Br (3.2 Å) (Figure 2.1.7b) 

interactions can also contribute to high SOC even in the molecular dispersed and glassy 

matrix. Similar organization was also observed in the crystals of IPmDI (Figures 2.1.7d-

f). Since the crystal packing is similar in both molecules (Figure 2.1.7) with closely 

matching short-contact distances, we envision that the extent of the external/ internal 

heavy-atom effect determines the differences in their RTP intensity.  

 

Figure 2.1.7. a,d) Unit cell, b,e) slipped stacked arrangement showing various 

intermolecular interactions, c,f) intramolecular and intermolecular halogen-carbonyl 

interaction of BrPmDI (1st row) and IPmDI (2nd row) single crystals. 

To validate the stabilization of triplets in the crystal state we have performed 

time-dependent density functional theory (TDDFT) calculations (Figure 2.1.8). The 

calculated energy levels of the optimized geometry of the first excited triplet state of 

dimeric BrPmDIs support the observed red shift in phosphorescence in the aggregated 

state (Figures 2.1.8). Upon aggregation, number of intersystem crossing channels 

increases significantly as evident from the ground state optimized geometries of BrPmDI 

dimers (Figure 2.1.8.), which could be one of the reasons for the high phosphorescence 

efficiency in the crystalline state compared to the monomeric state. Further, reduced 
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density gradient (RDG) plot of the dimeric triplet state also clearly shows the intra- and 

intermolecular non-covalent interactions observed in the crystalline state, which can 

enhance the ISC/SOC efficiency (Figures 2.1.9a-c). 

 

Figure 2.1.8. a) Ground state geometries, relative excitation energies and their 

corresponding hole, electron wavefunctions and SOC matrix elements for dimeric 

BrPmDI were optimized using B3LYP functional in conjunction with 6-31+g(d) basis 

set for C, N, O, H and LANL2DZ basis set for Br with effective core potential (Hole and 

electron wavefunctions are shown below and above in the schematic, respectively).  
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Figure 2.1.9. a)  Plots of the reduced density gradient versus the electron density 

multiplied by the sign of the second Hessian eigenvalue b,c) Gradient isosurfaces (s = 

0.5 au). The surfaces are colored on a blue-green-red scale according to values of 

sign(λ2)ρ. Blue indicates strong attractive interactions, and red indicates strong 

nonbonded overlap. 

2.1.6. Conclusions:       

In conclusion, we have introduced a new class of small organic molecule based efficient, 

ambient organic phosphors from the smallest member of the arylene diimide family, i.e., 

pyromellitic diimides, by a rational “heavy-atom” substitution strategy. The PmDI 

derivatives reported here showed high phosphorescence quantum yield (~48 % and ~68 

%, in air and vacuum, respectively) with exceptional air stability. Further, the tunable 

phosphoresce emission could also be achieved by the stacking of phosphors using 

multiple intermolecular halogen bonding interactions. Although many organic room 

temperature phosphors are reported recently, the present system is unique with respect to 

its new molecular design, high quantum yield and halogen bonding induced tunable 

phosphorescence. [1f] We envisage that arylene diimide phosphors, with its rich chemistry 

of core-substitution and appropriate molecular structure conducive for efficient SOC and 

ISC, offer plethora of opportunities in the frontier research area of organic phosphors.  

a)

c)

b)
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2.1.7. Experimental Section: 

2.1.7.1. General Methods: 

NMR Measurements: 1H and 13C NMR spectra were recorded on a BRUKER 

AVANCE-400 Fourier transformation spectrometer with 400 and 100 MHz, 

respectively. The spectra were calibrated with respect to the residual solvent peaks. The 

chemical shifts are reported in parts per million (ppm) with respect to TMS. Short 

notations used are s for singlet, d for doublet, t for triplet, q for quartet and m for 

multiplet. 

Optical Measurements: Electronic absorption spectra were recorded on a Perkin Elmer 

Lambda 900 UV-Vis-NIR spectrometer and emission spectra were recorded on FLS1000 

spectrometer, Edinburgh Instruments. Solution state UV-Vis and emission spectra were 

recorded in 1 mm path length cuvette. Fluorescence spectra of films were recorded in 

front-face geometry to avoid self-absorption. 

Lifetime measurements and quantum yield: Fluorescence lifetimes were performed 

on a Horiba Delta Flex time-correlated single-photon-counting (TCSPC) instrument. A 

373 nm LED laser diode with a pulse repetition rate of 1 MHz was used as the light 

source. The instrument response function (IRF) was collected using a scatterer (Ludox 

AS40 colloidal silica, Sigma-Aldrich). Phosphorescence lifetime (λexc. = 330nm, 350 nm, 

430 nm and 450 nm) and gated emission were measured on FLS1000 spectrometer, 

Edinburgh Instruments equipped with a micro flash-lamp (µF2) set-up. Quantum yields 

were measured using an integrating sphere in the same instrument. 

High Resolution Mass Spectroscopy (HRMS): HR-MS was carried out using Agilent 

Technologies 6538 UHD Accurate-Mass Q-TOFLC/MS. 

Matrix-Assisted Laser Desorption Ionization (MALDI): MALDI was performed on a 

Bruker daltonics Autoflex Speed MALDI TOF System (GT0263G201) spectrometer 

using trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) 

as the matrix. 

Single Crystal X-ray Crystallography: Suitable single crystals of both BrPmDI, and 

IPmDI were selected and mounted on a Rigaku Saturn 724+ CCD diffractometer at 150 

K using paratone oil for unit cell determination and intensity data collection. Data 

integration and indexing was carried out using CrysAlisPro software. Using Olex[14a], the 
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structure was solved with the ShelXT[14b] structure solution program using Intrinsic 

Phasing. The complete refinement of the structures were carried out with the ShelXL[14c] 

refinement package using Least Squares minimization. 

Computational Details: Ground State (S0) of BrPmDI and IPmDI monomer molecules 

were optimized using density functional theory (DFT) and electronic absorption spectra 

were calculated using time-dependent density functional theory (TD-DFT) as 

implemented in the Gaussian 16 software.[15a] Ground state (S0) optimization and 

frequency calculations were performed employing B3LYP[15b-d] exchange functional 

with 6-31+g(d) basis set except for Br and I, for which LANL2DZ basis set was used 

with the corresponding effective core potential (ECP). While the excited state 

calculations were performed using long-range corrected CAM-B3LYP[15e] exchange-

correlation functional with the same basis sets as mentioned before. Ground state 

frequency calculations were performed to confirm the absence of any unstable normal 

mode. The first singlet excited state (S1) of monomers were optimized at the TD-DFT 

level of theory. While the first triplet excited states (T1) were also optimized at the TD-

DFT level of theory within the Tamm-Dancoff approximation (TDA) to overcome the 

triplet instability issue.[15f] The spin-orbit coupling (SOC) effect was considered to be a 

perturbation of the scalar relativistic Kohn-Sham orbitals after SCF and TD-DFT 

calculations (pSOC-TDDFT).[15g-i] The SOC matrix elements were calculated using 

B3LYP with a Slater-type all-electron TZP basis set for all atoms as implemented in the 

ADF package.[15j] Reduced density gradient (RDG) plot calculations were done using 

Multiwfn 3.6 package.[15k] 

2.1.7.2. Protocol of Sample Preparation:  

All solution state studies were performed keeping the final concentration of the samples 

to 0.05 mM from a stock solution of THF (1 mM). For thin films, BrPmDI and IPmDI 

molecules (3 mg each) were mixed with appropriate amount of PMMA (depending on 

the weight ratio) in a total 2 ml chloroform solution. (For example, 1 wt. % dye: PMMA 

consists of 3 mg dye in 300 mg PMMA). This mixture was then heated at 50 °C for 10 

minutes, followed by sonication (5 minutes) to completely dissolve all the components. 

Then, 0.5 mL of this solution was drop-casted on a clean glass substrate. Finally, the 

drop-casted thin films were dried at 60 °C for 30 minutes prior to the photophysical 
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studies. For the phosphorescence studies of the crystal, a small amount of the crystal was 

placed in between two quartz plates.  

2.1.8. Synthetic Schemes and Procedures: 

Materials: Pyromellitic dianhydride (PMDA) and [Bis(trifluoroacetoxy)iodo] benzene 

(BTI) was purchased from Sigma Aldrich; Durene, n-Butylamine and Potassium 

Permanganate were purchased from Alfa-Aesar; Pyridine, Acetic acid, Bromine and 

Iodine were purchased from Spectrochem and used without further purification. 

Synthetic Scheme: 

  
Scheme 2.1. Synthetic scheme for BrPmDI and IPmDI. 

Synthetic Procedures: 

Compound 1 and 3 were synthesized according to the literature procedure.[16] 

Synthesis of BrPmDI: Compound 1 (0.50 g, 1.3 mmol)  was taken in a 100 mL round 

bottom flask and 25 mL acetic acid was added into it and stirred at room temperature for 

30 minutes. n-Butylamine (0.25 g, 3.3 mmol) was added to the  reaction mixture and 

stirred for 12 hours at 110 °C. After completion of the reaction, 100 mL of water was 

added to get gray coloured precipitate. The precipitate was filtered and dried under 

vacuum for 10 hours. Column chromatography was performed using 1-5 % methanol in 

chloroform as an eluent to get the pure product as greenish white solid (0.48 g, 74 % 

yield).  

1H NMR (CDCl3, 400 MHz), δ (ppm) =  3.73 (t, 4H, J = 7.4 Hz), 1.72-1.64 (m, 4H), 

1.42-1.32 (m, 4H), 0.96 (t, 6H, J = 7.4 Hz); 13C NMR (CDCl3, 100 MHz), δ (ppm) = 

163.8, 136.5, 114.4, 39.2, 30.6, 20.4, 13.9. HRMS (APCI): m/z calculated for 

C18H18Br2N2O4: 485.9613: observed 486.9807 [M+H]+, MALDI-TOF (DCTB matrix, 

negative mode): m/z calculated for C18H18Br2N2O4:  485.9613: observed 486.514 [M]ꜙ. 
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Synthesis of IPmDI: Compound 3 (0.50 g, 1.06 mmol) was taken in a 100 mL round 

bottom flask and 25 mL acetic acid was added to it and stirred at room temperature for 

30 minutes. n-Butylamine (0.17 g, 2.34 mmol) was added into the reaction mixture and 

stirred for 12 hours at 110 °C. After completion of the reaction 100 mL of water was 

added to get gray coloured precipitate. The precipitate was filtered and dried under 

vacuum for 10 hours. Column chromatography was performed using 1-5 % methanol in 

chloroform as an eluent to get the pure product as yellow solid (0.38 g, 62 % yield).  

1H NMR (CDCl3, 400 MHz), δ (ppm) =  3.73 (t, 4H, J = 7.4 Hz), 1.72-1.64 (m, 4H), 

1.42-1.32 (m, 4H), 0.96 (t, 6H, J = 7.4 Hz); 13C NMR (CDCl3, 100 MHz), δ (ppm) = 

163.8, 136.5, 114.4, 39.2, 30.6, 20.4, 13.9. MALDI-TOF (DCTB matrix, negative mode): 

m/z calculated for C18H18I2N2O4:   579.9376: observed 579.277 [M]ꜙ. 

 

Figure 2.1.10. 1H NMR spectrum of BrPmDI in CDCl3. 
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Figure 2.1.11. 13C NMR spectrum of BrPmDI in CDCl3. 

 

Figure 2.1.12. APCI-HR-MS spectrum of BrPmDI. 
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Figure 2.1.13. MALDI spectrum of BrPmDI. 

 

Figure 2.1.14. 1H NMR spectrum of IPmDI in CDCl3. 
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Figure 2.1.15.  13C NMR spectrum of IPmDI in CDCl3. 

 

Figure 2.1.16. MALDI spectrum of IPmDI. 
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Chapter 2.2 

Delayed Fluorescence via Triplet-triplet Annihilation from a 

Pyromellitic Diimide Phosphor* 

Abstract 

Triplet harvesting via triplet-triplet annihilation (TTA) induced delayed fluorescence 

and phosphorescence from the same molecular crystal is rarely observed. Herein we 

realize efficient cyan afterglow delayed fluorescence and orange-red phosphorescence 

emission from structurally simple chloro substituted pyromellitic diimide in the 

crystalline state with an excellent quantum efficiency of 22 % in air. Multiple 

intermolecular halogen bonding interactions are responsible for efficient orange-red 

phosphorescence in the aggregated state by increasing intersystem crossing (ISC) 

channel and spin-orbit coupling (SOC). Detailed spectroscopic studies reveal that 

dominant cyan emission in the crystalline state is induced by the TTA process, which is 

further evident from laser intensity-dependent study. We envision that long-range π-

stacking of the chromophores helps triplet migration along (010) plane thet results in 

efficient TTA induced delayed fluorescence from sensitizer free purely organic 

phosphor

 

 

 

 

 

*Manuscript based on this work is under preparation. 
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2.2.1. Introduction: 

In recent days, the scientific community has been eagerly waiting for the new efficient, 

purely organic triplet harvesters, especially organic phosphors due to the potential 

applications in optoelectronic display, devices, bioimaging, and perfect alternatives to 

the toxic heavy metal-based inorganic and organometallic complex.[1] However, purely 

organic phosphors demand an efficient inter-system crossing (ISC) rate and significant 

spin-orbit coupling (SOC) for triplet emission.[1] Therefore, along with the elegant 

molecular design strategy, a thoughtful stabilization process needs to be addressed for 

efficient ambient triplet harvesting due to instability of the triplet exciton towards 

vibrational and oxygen quenching.[1] Thus, so far, crystallization of the phosphors,[2] 

embedding the phosphors into the polymeric matrices,[3] the host-guest strategy[4] have 

become most popular in the scientific realm for stabilizing the triplets. Hitherto, 

delayed fluorescence via thermally activated delayed fluorescence (TADF) and triplet-

triplet annihilation (TTA) are also another efficient ways to harvest the triplet 

excitons.[5,6] Spatially separated covalently attached donor-acceptor molecular design 

strategy becomes the grand strategy to achieve TADF emission by reducing energy gap 

via generation of intermediate singlet charge-transfer (1CT) state.[5,7] While, there are 

only a few molecular designs available for TTA process where two triplets (of the 

annihilator) will fuse together and generate an excited singlet that will emit via delayed 

fluorescence without a sensitizer.[8] Plausibly, the TTA process is complicated for 

purely organic emitters due to the involvement of a multistep photophysical 

process.[6a,b] In most cases, the optoelectronic realm considered the TTA process as 

trespassers in delayed emission as the generated excited singlet via the TTA process 

becomes non-emissive in nature.[9] Moreover, scientists believe that TTA is one of the 

reasons for triplet quenching which decreases the device efficiency.[9] Although, TTA-

based up-conversion is a well-known phenomenon in literature due to its ability to give 

anti-stokes emission and become a pervasive research field.[6a,ba,10] The ability to 

upconvert the near-infra-red (NIR) light into UV-visible light is advantageous in bio-

imaging[11a,b] and photo redox-catalysis[11c] due to the excellent penetration power of the 

NIR light. However, the process requires a sensitizer and annihilator, where the 

sensitizer generates a triplet and transfers its triplet energy to the annihilator via the 

triplet-to-triplet dexter energy transfer process.[6a,b10a] Then the triplet of the two 

annihilators collides together and generates an excited singlet which emits.[6a,b10a] 
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However, in this two-component system, a sensitizer is necessary to breed the triplet, 

which is based on the typical toxic heavy-metal based organometallic complex.[6a,b10a]  

On top of that, limited choice of sensitizer design prefers only metal porphyrin complex 

or few organo-metallic complex.[6a,b10a]  Moreover, the multistep process demands 

efficient dexter energy transfer efficiency between sensitizer and annihilator for 

efficient triplet collision of annihilator.[6a,b10a]  However, there is a significant chance of 

triplet quenching which cannot be avoided. In this regard, sensitizer-free, purely 

organic chromophores can be envisioned to be a perfect choice of TTA emitter where 

the triplet loss can be mitigated. Although it is rare, which could be due to the 

formation of non-emissive singlets, the process still demands an elegant molecular 

design strategy for further advancement of the field. We envisage that only the purely 

organic phosphors can satisfy the criteria as it is an efficient triplet emitter, and the 

possibility of triplet collision exists. 

In this chapter, we have designed a chloro substituted pyromellitic diimide 

(ClPmDI) derivative which shows dual highly efficient cyan delayed fluorescence 

emission and orange-red phosphorescence emission in the amorphous film and in the 

crystalline state with an excellent photoluminescence quantum yield of 22 % in air. It is 

noteworthy here that we have observed efficient monomeric phosphorescence emission 

in the polymeric matrix with very low doping concentration having phosphorescence 

quantum yield of 30 %. Detailed spectroscopic analysis revealed that delayed 

fluorescence is originated via TTA process which is further evident from the laser 

intensity dependent study. We hypothesized that long range π-stacking with small π-π 

distance of the ClPmDI along (010) plane increases the plausibility of triplet collision 

via efficient triplet migration. The dual delayed fluorescence via TTA and 

phosphorescence emission from a single molecule in the crystalline state is very 

difficult to realize and rarely observed. 
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2.2.2. Molecular Design: 

 

Figure 2.2.1 a) Molecular structures of ClPmDI and HPmDI. b) Simplified Jablonski 

diagram showing 1LE fluorescence in solution (THF), 3LE phosphorescence in PMMA 

matrix, delayed fluorescence, and phosphorescence simultaneously in the crystalline 

state.  

Our group recently made a significant contribution in the burgeoning field of organic 

phosphor and came up with various arylene diimides especially pyromellitic diimide 

derivatives for efficient phosphorescence emission in the crystalline, amorphous, and 

solution state.[12] Arylene diimides are special class of molecules with which increases 

the ISC rate significantly as the nascent molecule bears multiple carbonyl groups 

inherently, and π-core that can be easy substituted with heavy atoms to increase the 

SOC significantly.[12] Recently we have observed dual phosphorescence emission from 

bromo and iodo substituted pyromellitic diimides in the monomeric and aggregated 

state.[12d] In this chapter we have synthesized ClPmDI from a durene derivative, and it 

was fully characterized by nuclear magnetic resonance spectroscopy (NMR), mass 

spectrometry, and single-crystal X-ray diffraction (Scheme 2.2) to harvest the triplet 

exciton via TTA induced delayed fluorescence. The necessary conditions for the TTA 

process are i) efficient ISC rate to generate the triplet and ii) long triplet diffusion 

length with efficient triplet migration.[13] We envisaged that organic phosphor would be 

the perfect choice for the TTA process as an efficient ISC rate is observed upon heavy 

or hetero atom substitution. Long-range ordering of π stacking is also possible by 
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selective choice of phosphor. Keeping this in mind, we have alleviated the scenario 

using ClPmDI, where efficient ISC is expected due to the presence of multiple 

carbonyl groups in the molecular design. 

2.2.3. Theoretical Calculations: 

We have synthesized ClPmDI from a durene derivative and was fully characterized by 

nuclear magnetic resonance spectroscopy (NMR), mass spectrometry, and single-

crystal X-ray diffraction (Scheme 2.2.1). The fundamental prerequisites of a triplet 

emitter are following El Sayed’s rule and having significant SOCME between singlet 

and triplet state so that the ISC rate will be fast. The computed natural transition 

orbitals (NTOs) of ClPmDI in the monomeric state show that S1 is n-π* in nature and 

T3 and T1 are π- π* in nature (Figure 2.2.2). Change in the molecular orbital 

configuration from singlet to triplet state suggests efficient ISC from S1 to T3 and T1 

states. Furthermore, very high SOCME values between S1→T3 and S1→T1 (94.78 cm-1 

and 7.46 cm-1, respectively) will help to access the triplet under cryogenic conditions or 

inert atmosphere (Figure 2.2.2). We envisage that the designed ClPmDI will show 

efficient phosphorescence emission in the solid-state under ambient conditions.  

 

Figure 2.2.2 Ground state geometries, relative excitation energies and their 

corresponding hole, electron wavefunctions, and SOC matrix elements for ClPmDI 

optimized using B3LYP functional in conjunction with 6-31+g(d) basis set for C, N, O, 

H and LANL2DZ basis set for Cl with effective core potential (Hole and electron 

wavefunctions are shown below and above in the schematic, respectively).  
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2.2.4. Spectroscopic Studies in Solution-state: 

We have done spectroscopic characterization of these molecules in solution and solid 

states and subsequently performed steady-state and time-resolved emission experiments 

for detailed understanding. Photophysical studies of ClPmDI in tetrahydrofuran (THF) 

at a concentration of 0.05 mM showed a characteristic π-π* absorption band in the 280 

to 375 nm region (Figure 2.2.3a). Corresponding emission spectra in THF (λexc.= 340 

nm) showed weak fluorescence emission in the 380 nm to 550 nm region (Figure 

2.2.3a), with a short average lifetime of ~0.78 ns (Figure 2.2.3b). Sharp vibronic 

features in the emission spectra suggest locally excited nature of the emission, similar 

to the previously reported derivatives. However, due to the inefficient ISC, vibrational, 

and oxygen quenching, we have not observed any phosphorescence emission and long 

lifetime components at room temperature in the solution state. Next, to access the 

triplets and to understand the phosphorescence emission in the monomeric state, we 

have reduced the vibrational dissipation by freezing the THF solution (0.05 mM) at 77 

K and performed the experiments. A red-shifted, highly intense emission band in the 

450 to 650 nm region with an emission maximum at 500 nm was observed along with 

the locally excited fluorescence band in the high energy region (Figure 2.2.3a). The 

corresponding lifetime decay experiment of the red-shifted emission shows an average 

lifetime of ~131 ms, suggesting excellent stabilization of triplets at low temperatures 

(Figure 2.2.3c).  

 

Figure 2.2.3. a) Normalized absorption (black line), fluorescence emission (blue line) 

and phosphorescence emission (at 77 K, green line) spectra, b) fluorescence (λexc. = 

373 nm, λcollected = 430 nm) and c) phosphorescence (λexc. = 340 nm, λcollected = 500 nm) 

lifetime decay profile of ClPmDI ([c] = 0.05 mM, λexc. = 340 nm). 
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2.2.5. Ambient Phosphorescence in Polymer Matrix: 

However, to harvest the triplets under ambient conditions in processable polymer films, 

we first dispersed ClPmDI in poly(methylmethacrylate) (PMMA) matrix at very low 

concentrations (1 wt.% with respect to PMMA). PMMA is an amorphous polymeric 

host known to stabilize triplet excitons by minimizing vibrational dissipation and from 

oxygen quenching, thereby enhancing the triplet contribution of the total 

emission.[3a,12b] We realized a strong emission band in the 400-700 nm region with a 

maximum of 500 nm (Figure 2.2.4a). The high lifetime of this red-shifted emission 

(𝜏avg. = 2.3 ms) and its resemblance with that of the emission of the pure molecules in 

frozen THF at 77 K hints toward the phosphorescence nature of emission in the 

monomeric state (Figures 2.2.4a,b). To confirm the phosphorescence nature of the 

emission we performed the photophysical study in a vacuum (Figures 2.2.4c,d). The 

significant enhancement in the photo-luminescence emission intensity (7.42-fold) and 

lifetime (from 𝜏avg. = 2.3 ms to 𝜏avg. = 31.8 ms) confirms the phosphorescence nature of 

the emission (Figures 2.2.4c,d). This significant enhancement of emission intensity and 

lifetime explicitly indicates the contribution of triplet excitons in the emission 

mechanism, as these excitons are prone to substantial quenching in the presence of 

oxygen.[1] Next, to attest to the phosphorescence nature of the emission in the 

monomeric state, we have performed a temperature-dependent study (1 wt. % of 

ClPmDI in PMMA). The gradual increase in the overall emission intensity and lifetime 

with decreasing temperatures (from 300 K to 20 K) reaffirms the phosphorescence 

nature of the emission as reduced vibrational dissipation at lower temperatures 

increases the phosphorescence efficiency (Figures 2.2.4e,f). Therefore, we 

hypothesized that the ubieties of four carbonyl groups inherently in the molecular 

structure of PmDI and the heavy-atom effect of chlorine atom is operative here to result 

in substantial ISC with efficient SOCME between singlet and triplet state are sufficient 

enough to show efficient ambient RTP in a processable polymer film. The absolute 

phosphorescence quantum efficiency of 1 wt. % of ClPmDI in PMMA is 4 % in air 

which is increased to 30 % in oxygen free atmosphere. 
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Figure 2.2.4. a) Normalized steady-state emission spectrum (green line), gated 

emission spectrum (green dot line), emission spectrum at 77 K (red line) and b) lifetime 

decay profile of ClPmDI in PMMA matrix. c) Steady-state emission spectra, and d) 

lifetime decay profile of ClPmDI in PMMA matrix in air and vacuum. Temperature-

dependent e) emission spectra and f) lifetime decay profile of ClPmDI in PMMA matrix 

(λexc. = 340 nm, λcollected = 500 nm, 1 wt. % ClPmDI doped in PMMA matrix is used to 

perform all the experiments). 

2.2.6. Ambient Triplet-Triplet Annihilation Induced Delayed 

Fluorescence and Phosphorescence in the Aggregated State: 

Interestingly, gradual evolution of a new red-shifted band (orange-red region) in the 

emission spectra with maximum at 578 nm is observed upon increasing the doping 

concentration of ClPmDI in the PMMA matrix (5 to 50 wt.% with respect to PMMA) 

(Figure 2.2.5a). We envisaged the same is due to the phosphor's aggregation at the 

higher concentration in the PMMA matrix. Further red-shift in the excitation spectra, 

when monitored at 650 nm, confirms the aggregation propensity of the molecule at 

higher concentrations (Figure 2.2.5b). However, the milli second scale lifetime of the 

new red-shifted band suggests its delayed character of the emission (Figure 2.2.5c). 

Surprisingly the higher energy emission band becomes narrower and blue-shifted 

compared to the original monomeric phosphorescence band, and the maximum shifted 

to 483 nm with increasing the doping concentration of ClPmDI in the PMMA matrix 

(Figure 2.2.5a). Further to understand in detail, we have monitored excitation spectra at 
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470 nm, and astonishingly the excitation spectra are red-shifted compared to the 

monomeric ClPmDI in PMMA matrix (Figure 2.2.5d). Time-resolved emission decay 

experiments of the 50 wt. % doped ClPmDI film shows a high emission lifetime, 

which differs from the monomeric phosphorescence lifetime (Figure 2.2.5c). The 

observations suggest that the origin of the high energy emission band for higher wt. % 

of ClPmDI doped in PMMA is different from the monomeric 1 wt. % of ClPmDI in 

PMMA and originating upon aggregation of the chromophores in high doping 

concentration. 

 

Figure 2.2.5. a) Normalized steady-state emission spectra of PMMA films with 

different wt. of ClPmDI. b) Normalized steady-state excitation spectra of ClPmDI 

monitored at 650 nm. c) lifetime decay profile of 50 wt.% ClPmDI doped PMMA film. 

d) Normalized steady-state excitation spectra of ClPmDI monitored at 470 nm. (λexc. = 

340 nm, all experiments were performed under air). 

To understand the dual emission behavior in detail in the aggregated state, we 

have studied ClPmDI in the crystalline state (Figure 2.2.6). Interestingly, the single 

crystal of ClPmDI showed greenish-yellow emission with dual emission bands 

centered at 483 and 578 nm, respectively, similar to the emission obtained for the 

PMMA films with high doping concentration of the phosphor (Figure 2.2.6a). High 

lifetime values of 111 ms and 118 ms were obtained when we performed lifetime decay 
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(Figures 2.2.6b,c). The excitation spectra in the crystalline state clearly show the 

aggregated band, and we observed a similar emission spectral feature upon selectively 

excited at the aggregated band (λexc.= 450 nm) (Figures 2.2.6a,c). ClPmDI in the 

crystalline state show a high photoluminescence quantum yield of 22 % in air and 24.5 

% under vacuum.  

 

Figure 2.2.6. a) Normalized steady-state and gated emission spectra, b) lifetime decay 

profile and c) excitation spectra of ClPmDI in the crystalline state (λexc. = 340 nm, 

delay time = 1 ms, all experiments were performed under air). 

However, to understand the detailed delayed nature of the dual emission bands 

centered at 483 and 578 nm, respectively, we have performed the temperature-

dependent experiment of ClPmDI in the crystalline state which is the most efficient 

tool to differentiate between delayed fluorescence and phosphorescence. Intensified 

emission intensity and lifetime upon decreasing the temperature (from 340 K to 20 K) 

attested the phosphorescence nature of the low energy emission band (λmaximum = 578 

nm) which is plausibly the aggregated phosphorescence observed previously for bromo 

and iodo substituted PmDIs (Figures 2.2.7a,b). In contrast, the emission intensity and 

lifetime of the high energy emission band (λmaximum = 483 nm) gradually decreases with 

a decrease in temperature hints towards the delayed nature of the emission (Figures 

2.2.7a,c). We hypothesized that these opposite trends of the two bands in temperature-

dependent experiments unambiguously confirm that two mechanisms are operative in 

the crystalline state. Further, the delayed emission spectra at two extreme temperatures 

(20 K and 340 K) were carried out to calculate the triplet to singlet energy gap (ΔEST) 

to further understand the delayed nature of the high energy emission band (Figure 

2.2.7d). We envisioned that the plausible nature of the delayed emission could be 

TADF, TTA or delayed fluorescence via hot exciton transfer. The calculated ΔEST is 
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~430 meV is significantly high and rules out the plausibility of TADF emission as 

reverse intersystem crossing will be inefficient here (Figure 2.2.7d).  

 

Figure 2.2.7. Temperature dependent a) steady-state emission spectra, b) 

phosphorescence lifetime decay profile (λcollected = 650 nm), and c) delayed fluorescence 

(λcollected = 470 nm) lifetime decay profile of ClPmDI in crystalline state. d) Delayed 

emission spectra at 340 K (cyan line), at 20 K (orange line) of ClPmDI in crystalline 

state (λexc. = 340 nm, delay time = 1 ms, all experiments were performed under 

vacuum). 

We realized that laser intensity dependent study will be perfect here to conclude 

possible delayed fluorescence mechanism. The laser intensity dependent study of the 

ClPmDI in the crystalline state showed that the high energy emission band (λmaximum = 

483 nm) dominates at high laser intensity and gradually decreases upon decreasing 

laser power (Figures 2.2.8a,). At the low laser intensity peak reversal is realized and 

phosphorescence peak dominates which is clearer when we have normalized the 

emission spectra at 578 nm (Figures 2.2.8b). The quadratic relationship between triplet 

population and emission intensity of the higher energy band is due to the involvement 

of two triplets in the up-conversion process (Figures 2.2.8c,d). The laser intensity 

dependent study rules out the plausibility of the TADF and delayed fluorescence via hot 

exciton transfer mechanism where linear relationship with between triplet population 

and emission intensity is expected.  
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Figure 2.2.8. Excitation intensity-dependent a) steady-state emission spectra and b) 

normalized steady-state emission spectra (normalized at 578 nm) of ClPmDI in the 

crystalline state. The corresponding double-logarithmic plot of c) TTA-induced delayed 

fluorescence versus laser excitation power and d) TTA-induced delayed fluorescence 

versus phosphorescence peak intensity. (λexc. = 355 nm). 

2.2.7. Single-crystal X-ray Crystallography Analysis: 

Further, to understand the impact of the molecular organization on the delayed 

fluorescence and phosphorescence emission, we have solved the crystal structure of 

ClPmDI (Figure 2.2.9a). We observed multiple intra (3.178 Å) and intramolecular 

(3.057 Å) halogen-carbonyl interactions present in the lateral direction that helped to 

form extended arrangement in the same plane (Figure 2.2.9b). Further slipped stacked 

organization is observed with a π-π distance of 3.886 Å along the (010) plane (Figure 

2.2.9c). Halogen-π (3.484 Å) and halogen-halogen (3.885 Å) interactions with the help 

of π-π interaction formed an extended arrangement (Figure 2.2.9c). We hypothesized 

that multiple halogen bonding interactions form a rigid 3D network of chromophores, 

decreasing vibrational dissipation and increasing the SOC significantly to stabilize the 

triplets.  
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Figure 2.2.9. a) Unit cell, b) intramolecular and intermolecular halogen-carbonyl 

interaction and c) slipped stacked arrangement showing various halogen bonding 

interactions and π-π stacking of ClPmDI single crystal. 

2.2.8. Theoretical Calculations of ClPmDI Dimer: 

Further, to understand the role of intermolecular interaction and halogen 

bonding interaction in phosphorescence emission, we have computed NTOs of dimeric 

ClPmDI (Figure 2.2.10). Theoretical calculations coincide with our experimental 

findings and precisely explain that an increased number of intersystem crossing 

channels and significant SOCME is responsible for efficient phosphorescence emission 

of the crystalline state (Figure 2.2.10). Although intermolecular halogen bonding 

interactions and computed NTOs explain the efficient phosphorescence in the 

crystalline state, further understanding is required to explain efficient TTA delayed 

fluorescence in the crystalline state. 
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Figure 2.2.10. Ground state geometries, relative excitation energies and their 

corresponding hole, electron wavefunctions, and SOC matrix elements for dimeric 

ClPmDI optimized using B3LYP functional in conjunction with 6-31+g(d) basis set for 

C, N, O, H and LANL2DZ basis set for Cl with effective core potential. 

2.2.9. TTA Induced Delayed Fluorescence in HPmDI Single Crystal: 

ClPmDI shows efficient ambient phosphorescence in the orange-red region in the 

crystalline state. Further, we have observed long-range π stacking with a π-π distance of 

3.886 Å driven by multiple halogen bonding interactions along the (010) plane and we 

envisage efficient triplet migration along this plane (Figure 2.2.11). We have made the 

control molecule HPmDI without any heavy atom in the core for proof of concept. We 

observed dual delayed fluorescence (Figures 2.2.12a,b) and phosphorescence (Figures 

2.2.12a,c) behavior from the HPmDI derivative similar to the ClPmDI derivative. 

Similar molecular packing with long-range ordering is realized with a π-π distance of 

3.406 Å (Figure 2.2.12d). We can hypothesize that the long-range order of π stacking is 

essential for efficient triplet migration, which is responsible for TTA to occur. 

Although HPmDI meets the criteria of long-range π-stacking, due to the absence of 

heavy atoms in the molecular design, its TTA efficiency is less. We hypothesized that 
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along with the long-range ordering of π-stacks, efficient triplet generation is also 

essential for triplet fusion.  

 

Figure 2.2.11. Long-range slipped stacked arrangement showing the plausible way of 

triplet migration in ClPmDI single crystal. 

 

Figure 2.2.12. Temperature-dependent a) gated emission spectra, b) delayed 

fluorescence (λcollected = 470 nm) and c) phosphorescence lifetime decay profile (λcollected 

= 650 nm) of HPmDI in the crystalline state. d) Long-range slipped stacked 

arrangement showing plausible way of triplet migration in HPmDI single crystal. (λexc. 

= 340 nm, gate time = 1 ms, all experiments were performed under vacuum). 

2.2.10. Conclusions: 

In conclusion, here, we have achieved efficient dual delayed fluorescence and 

phosphorescence from structurally simple chloro substituted pyromellitic diimides in 
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excellent thermal and air stability. Detailed spectroscopy, crystal structure, and laser 

intensity-dependent study affiliated the strong delayed cyan emission in the crystalline 

state is induced by the TTA process where orange-red emission is due to 

phosphorescence. Multiple halogen bonding interactions (halogen-carbonyl, halogen-π) 

increased the number of ISC channels and SOC significantly and helped to achieve 

efficient orange red-emitting phosphorescence emission. Further long-range slipped 

stacking driven by halogen-π and π-π interaction along the (010) plane is helpful to 

meet the criteria for efficient triplet migration by increasing triplet diffusion length for 

triplet fusion to occur which resulted in efficient delayed fluorescence in the aggregated 

and crystalline state. Further study of the control molecule HPmDI suggested that 

along with the long-range π stacking, efficient ISC is also necessary for TTA-induced 

delayed fluorescence in purely organic chromophores. We envisioned that an elegant 

molecular design of organic phosphor would be the ideal choice for sensitizer-free 

TTA-induced delayed fluorescence to occur due to their excellent triplet formation 

ability. We hope that the current hypothesis of heavy-atom substituted organic 

phosphor having long-range π stacking will open many opportunities to achieve TTA-

based delayed fluorescence in the near future. 

2.2.11. Experimental Section: 

2.2.11.1. General Methods: 

NMR Measurements: 1H and 13C NMR spectra were recorded on a BRUKER 

AVANCE-400 FFourier transformation spectrometer with 400 and 100 MHz, 

respectively. The spectra were calibrated with respect to the residual solvent peaks. The 

chemical shifts are reported in parts per million (ppm) with respect to TMS. Short 

notations used are s for singlet, d for doublet, t for triplet, q for quartet, and m for 

multiplet. 

Optical Measurements: Electronic absorption spectra were recorded on a Perkin 

Elmer Lambda 900 UV-Vis-NIR spectrometer, and emission spectra were recorded on 

FLS1000 spectrometer, Edinburgh Instruments. Solution state UV-Vis and emission 

spectra were recorded in 1 mm path length cuvette. Fluorescence spectra of films were 

recorded in front-face geometry to avoid self-absorption. 

Lifetime Measurements and Quantum Yield: Fluorescence lifetimes were performed 

on a Horiba Delta Flex time-correlated single-photon-counting (TCSPC) instrument. A 
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373 nm LED laser diode with a pulse repetition rate of 1 MHz was used as the light 

source. The instrument response function (IRF) was collected using a scatterer (Ludox 

AS40 colloidal silica, Sigma-Aldrich). Phosphorescence lifetime (λexc. = 340 and 440 

nm) and gated emission were measured on FLS1000 spectrometer, Edinburgh 

Instruments equipped with a micro flash-lamp (µF2) set-up. Quantum yields were 

estimated using an integrating sphere in the same instrument. 

High Resolution Mass Spectroscopy (HRMS): HR-MS was carried out using Agilent 

Technologies 6538 UHD Accurate-Mass Q-TOFLC/MS. 

Matrix-Assisted Laser Desorption Ionization (MALDI): MALDI was performed on 

a Bruker daltonics Autoflex Speed MALDI TOF System (GT0263G201) spectrometer 

using trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) 

as the matrix. 

Single crystal X-ray crystallography: Suitable single crystal of the ClPmDI and 

HPmDI compound was mounted on a thin glass fibre with commercially available 

super glue. Intensity data were collected at 302 K on a Bruker Smart X2 APEX II CCD 

diffractometer having a normal focus, 2.4 kW sealed tube X-ray source with graphite 

monochromatic Mo-Kα radiation (λ = 0.71073 Å) operating at 50 kV and 30 mA, with 

ω scan mode an exposure time of 1 s per frame. The programme SAINT was used for 

integration of diffraction profiles, and absorption correction was made with SADABS 

programme. All the structure were solved by direct method, and refinement were done 

with full matrix least square on F2 using SHELXL-2014 and Olex2 software. All of the 

non-hydrogen atoms were refined anisotropically. 

Computational Details: Ground State (S0) of ClPmDI monomer molecules were 

optimized using density functional theory (DFT), and electronic absorption spectra 

were calculated using time-dependent density functional theory (TD-DFT) as 

implemented in the Gaussian 16 software.[14a] Ground state (S0) optimization and 

frequency calculations were performed employing B3LYP[14b-d] exchange functional 

with 6-31+g(d) basis set except for Br and I, for which LANL2DZ basis set was used 

with the corresponding effective core potential (ECP). While the excited-state 

calculations were performed using long-range corrected CAM-B3LYP[14e] exchange-

correlation functional with the same basis sets as mentioned before. Ground state 

frequency calculations were performed to confirm the absence of any unstable normal 
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mode. The first singlet excited state (S1) of monomers was optimized at the TD-DFT 

level of theory. While the first triplet excited states (T1) were also optimized at the TD-

DFT level of theory within the Tamm-Dancoff approximation (TDA) to overcome the 

triplet instability issue.[14f] The spin-orbit coupling (SOC) effect was considered to be a 

perturbation of the scalar relativistic Kohn-Sham orbitals after SCF and TD-DFT 

calculations (pSOC-TDDFT).[14g-i] The SOC matrix elements were calculated using 

B3LYP with a Slater-type all-electron TZP basis set for all atoms as implemented in the 

ADF package.[14j]  

2.2.11.2. Protocol of Sample Preparation:  

All solution state studies were performed, keeping the final concentration of the 

samples to 0.05 mM from a stock solution of THF (1 mM). For thin films, ClPmDI 

molecules (3 mg each) were mixed with appropriate amount of PMMA (depending on 

the weight ratio) in a total 2 ml chloroform solution. (For example, 1 wt. % dye: 

PMMA consists of 3 mg dye in 300 mg PMMA). This mixture was then heated at 50 

°C for 10 minutes, followed by sonication (5 minutes) to completely dissolve all the 

components. Then, 0.5 mL of this solution was drop-casted on a clean glass substrate. 

Finally, the drop-casted thin films were dried at 60 °C for 30 minutes prior to the 

photophysical studies. For the phosphorescence studies of the crystal, a small amount 

of the crystal was placed in between two quartz plates. 

2.2.12. Synthetic Schemes and Procedures: 

 

Scheme 2.2. Synthetic schemes of ClPmDI and HPmDI. 
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Materials: Pyromellitic dianhydride was purchased from Sigma-Aldrich, Durene, n-

Butylamine, and Potassium Permanganate were purchased from Alfa-Aesar. Trichloro 

cyanuric acid was purchased from TCI, Acetic acid and tert-butyl alcohol were 

purchased from Spectrochem and used without further purification. 

Synthetic Procedures: 

Synthetic procedure for ClPmDI and HPmDI:  

Synthesis of 6: Durene (5) (4 g, 29.80 mmol) and trichlorocyanuric acid (TCCA) (3.8 g, 

20.86 mmol) were ball-milled at room temperature for 7 hours at 15 Hz rotation speed. 

The reaction mixture was dissolved in dichloromethane (DCM) and filtered. The filtrate 

was evaporated to get an off-white solid. Column chromatography was performed using 

n-hexane as an eluent to get the pure product as a white solid (3.1 g, 51 % yield). 

1H NMR (CDCl3, 400 MHz) δ (ppm)=2.38 (s, 6H); 13C NMR (CDCl3, 100 MHz), δ 

(ppm) = 133.4, 133.1, 18.2. 

Synthesis of 7: In a 250 ml 2 neck round bottom flask, compound 6 (3 g, 14.78 mmol) 

was taken. 60 ml (1:1 v/v) tert-Butyl alcohol and water were added into it. Then the 

temperature was increased to 90 °C. Potassium permanganate (KMnO4) was added in 

portions over 1 hour. The reaction was stirred for 24 hours. The mixture was cooled to 

room temperature, and 10 ml of ethanol was added to quench the unreacted KMnO4. 

The mixture was filtered via celite filtration. Drop by drop, concentrated HCl was 

added to it to make pH~ 2. The filtrate was evaporated under reduced pressure, and 

300ml acetone was added into it. The mixture was again stirred for 12 hours at room 

temperature. The mixture was filtered, and the filtrate was evaporated to get a white 

solid as product (2.2 g, 46 % yield). We proceed to the next step without further 

purification. 

In a 100 ml round bottom flask, white solid (2.2 g, 6.8 mmol) was taken. 60 ml 

acetic acid and acetic anhydride (1:1 v/v) were added. Then the reaction mixture was 

stirred for 12 hours at 100 °C. Acetic acid and acetic anhydride were evaporated under 

reduced pressure to get a pale-yellow product (1.9 g, 97 % yield). Due to the very low 

solubility, we proceed to the next step without any further purification. 

Synthesis of ClPmDI: In a 100 ml round bottom flask, compound 7 (0.5 g, 1.74 mmol) 

was taken, and 25 ml acetic acid was added to it. The mixture was stirred for 15 
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minutes. n-butyl amine (280 mg, 3.83 mmol) was mixed with 10 ml acetic acid and 

added dropwise into the mixture. The reaction mixture was stirred at 110 °C for 16 

hours. The mixture was cooled to room temperature and poured into ice-cold water to 

get the white precipitate. The solid was filtered, and column chromatography was 

performed using chloroform as an eluent to get the pure product as an off-white solid 

(420 mg, 61 % yield). 

1H NMR (CDCl3, 400 MHz) δ (ppm) = 3.73 (t, 4H, J = 7.4 Hz ), 1.72-1.65 (m, 4H), 

1.42-1.33 (m, 4H), 0.96 (t, 6H, J = 7.4 Hz); 13C NMR (CDCl3, 100 MHz), δ (ppm) = 

163.2, 134.7, 127.1, 38.7, 30.3, 20.0, 13.6; APCI-HR-MS (negative mode): m/z 

calculated for C18H18Cl2N2O4: 396.0644, found: 396.0369 [M]ꜙ. 

Synthesis of HPmDI: In a 100 ml round bottom flask, compound 9 (0.50 g, 2.4 mmol) 

was taken in a 100 ml round bottom flask, and 50 mL of dry DMF was added into it 

and stirred at room temperature for 30 minutes. Then n-butylamine (0.37g, 5.1 mmol) 

was addedinto the reaction mixture, and it was allowed to stir for 16 hours at 100°C. 

After completion of the reaction, 100 ml water was added to this reaction mixture to 

result in a white precipitate. The precipitate was then filtered and dried under vacuum 

for 10 hours. The white crude solid was then purified by silica-gel (100-200 mesh) 

column chromatography using chloroform as an eluent to obtain the pure product as 

white solid (0.39 g, 52 % yield). 

1H NMR (CDCl3, 400 MHz), δ (ppm) = 8.25 (s, 2H), 3.73 (t, 4H, J = 7.4 Hz), 1.72-1.64 

(m, 4H), 1.41-1.32 (m, 4H), 0.97 (t, 6H, J = 7.4 Hz); 13C NMR (CDCl3, 100 MHz), δ 

(ppm) = 166.3, 137.3, 118.1, 38.5, 30.5, 20.1, 13.6. HRMS (ESI): m/z calcld. for 

C18H20N2O4 328.1423: observed 329.1493 [M+H]+. 

 



Chapter 2.2                                                                                          Triplet-Triplet Annihilation 

 
 
 

     105 
 

  

 

Figure 2.2.13. 1H NMR spectrum of 6 in CDCl3. 

 

Figure 2.2.14.13C NMR spectrum of 6 in CDCl3. 
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Figure 2.2.15. 1H NMR spectrum of ClPmDI in CDCl3. 

 

Figure 2.2.16.13C NMR spectrum of ClPmDI in CDCl3. 
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Figure 2.2.17. HR-MS spectrum of ClPmDI in APCI mode. 

 

Figure 2.2.18. 1H NMR spectrum of HPmDI in CDCl3. 
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Figure 2.2.19.13C NMR spectrum of HPmDI in CDCl3. 

 

Figure 2.2.20. ESI-HRMS spectrum of HPmDI. 
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Chapter 3 

Thermally Activated Delayed Fluorescence: Color Tunable 

Delayed Fluorescence from Core-substituted Pyromellitic 

Diimides* 

Abstract 

Thermally activated delayed fluorescence (TADF) is alternate way to harvest the triplet 

exciton to achieve 100 % internal quantum efficiency. This chapter presents a systematic 

investigation of donor-acceptor charge-transfer (CT) design based on the electron-

deficient pyromellitic diimides and electron-rich phenyl carbazole, and triphenylamine 

that has shown to exhibit small singlet-triplet gap facilitating efficient thermally 

activated delayed fluorescence (TADF) properties. Theoretical calculation was 

performed to understand the role of the donor (phenyl carbazole) and acceptor 

(pyromellitic diimides) in maintaining the strong CT nature of the molecules. Moreover, 

a detailed photophysical analyses of the emissive bands of the current molecules suggest 

the presence of dual TADF and phosphorescence emission at room temperature.

 

 

 

 

 

 

 

 

*Manuscript based on this work is under preparation. 
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3.1. Introduction: 

Recently, the scientific community has been eagerly waiting for the new efficient purely 

organic triplet harvesters due to their paramount importance in optoelectronic display, 

devices and bioimaging.[1] However, harvesting the triplet excitons from purely organic 

materials are difficult and challenging compared to the heavy atom based toxic 

organometallic phosphors.[2] Despite the challenges involved, profound interest to 

harvest the triplet excitons from purely organic chromophores is due to their relatively 

high air stability, processability and large number of molecular designs with tuneable 

emission.[1] In this respect, phosphorescence,[3] TADF[4] and triplet-triplet annihilation 

(TTA)[5] are becoming the efficient approaches to harvest the triplet excitons effectively 

from purely organic emitters. Among these three-processes, maximum internal quantum 

efficiency (IQE) 100 % can be achieved via phosphorescence and TADF.[1] However, 

most of the phosphorescence reported in the literature are in the crystalline state and 

suffers from meagre quantum efficiency so that TADF materials are  preceding in 

harvesting the triplets due to their high quantum yield and solution-processability.[4] 

Designing efficient TADF emitters require clever molecular design strategies with 

covalently linked spatially separated donor and acceptor, which spontaneously form 

emissive charge-transfer states to reduce the singlet-triplet energy gap (ΔEST) for 

efficient reverse inter system crossing (RISC).[1,4] However, most of the TADF emission 

delayed fluorescence under deaerated conditions as triplets are very susceptible to 

quenching in air due to the triplet nature of the oxygen. Additionally, there are very rare 

molecular designs present that can show ambient dual TADF and phosphorescence.[6] It 

is essential to understand the role of the triplet state which is responsible for delayed 

fluorescence emission. In this regard the objective of the chapter is to achieve dual TADF 

and room temperature phosphorescence (RTP) simultaneously from the same emitter, 

and in addition, understanding the role of locally excited (3LE) or 3CT for delayed 

emission.[1-4] 

To alleviate the scenario here, we have used pyromellitic diimide (PmDI) as an 

acceptor, which is the smallest congener of the arylene diimide family, having efficient 

triplet formation ability due to the presence of four carbonyl groups which enhances the 

ISC by following El Sayed’s rule.[7] On the other hand, the core of the PmDIs can be 

easily substituted by the aromatic planar donor by the C-C coupling reaction. Here we 
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have used phenyl carbazole (CzPh) and triphenylamine (TPA) as the donors and designed 

core-substituted PmDI derivatives CzPhPmDI and TPAPmDI via Suzuki coupling 

reaction. A systematic photophysical study reveals that both the molecules show 

intramolecular charge transfer (ICT) character in both the ground and excited states. 

Further, the dispersed molecules in the PMMA matrix at very low concentrations showed 

efficient triplet harvesting properties at room temperature. Further, a temperature-

dependent study attested the triplet harvesting via dual TADF and phosphorescence with 

an efficient quantum efficiency of 30 % and 16 % under ambient conditions with 

excellent color tunability for CzPhPmDI and TPAPmDI, respectively. 

3.2. Molecular Design: 

The basic design principle for a TADF emitter consists of an electron-rich donor and 

electron-deficient acceptor where the donor and acceptor should be spatially separated to 

decrease the ΔEST. The covalent donor-acceptor molecular design will form an 

intermediate CT state which will help to reduce the ΔEST (Figures 3.1a,b). In this chapter, 

we have used PmDI as an acceptor and phenyl carbazole (CzPh), triphenylamine (TPA) 

as donor to achieve the color tuneable TADF upon varying the donor strength (Figures 

3.1a,b). Further to understand the ground state geometries, we have performed time-

dependent density functional theory (TDDFT). The obtained natural transition orbitals 

(NTOs) show that donor and acceptor are spatially separated at a significant angle 

between them (Figures 3.1c,d). On the other hand, NTOs show that HOMO is located on 

the donor part of the chromophores, and the LUMO located on the acceptor part, that 

suggests the propensity of CT state formation (Figures 3.1c,d). The calculated oscillator 

strength for CzPhPmDI and TPAPmDI are f=0.0003 and 0.0213, respectively, which 

are significant enough to obtain the ICT band in the UV-Visible absorption spectra. 
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Figure 3.1 a,b) Molecular structures of CzPhPmDI and TPAPmDI. Natural transition 

orbitals for S1 state at the optimized S0 geometry for optical absorption of c) CzPhPmDI 

and d) TPAPmDI, calculated using *B97XD/6-31+g(d) level of theory in vacuum. Hole 

and electron wave functions and the oscillator strength for the transition (f) are also 

provided. 

3.3. Spectroscopic Studies in Solution-state: 

The core substituted pyromellitic derivatives CzPhPmDI and TPAPmDI, were 

synthesized and characterized by nuclear magnetic resonance spectroscopy (NMR) and 

mass spectrometry. To understand the detailed photophysical properties of CzPhPmDI 

and TPAPmDI, first, we have done a systematic investigation in the solution state ([c] = 

0.05 mM) (Figure 3.2). Further, to understand the intermolecular charge-transfer (ICT) 

nature of the emission, we have performed studies in methylcyclohexane (MCH) and 

toluene. UV-Visible absorption spectra showed the π-π* absorption band at 320 nm to 

420 nm region and 350 nm to 450 nm region for CzPhPmDI and TPAPmDI, 

respectively, in both MCH and toluene (Figures 3.2a,d). Along with the strong π-π* 

absorption band, a weak band at 420 nm to 530 nm and 450 to 580 nm observed for 

CzPhPmDI and TPAPmDI, respectively, which we hypothesized as ICT band (Figures 

3.2a,d). Corresponding emission spectra (λexc. = 405 nm) of CzPhPmDI show an 

f = 0.0003 S1

HOMO

LUMO

f = 0.0213 S1
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Donor Donor

Acceptor Acceptor

Donor Donor

CzPmDI TPAPmDI

a) b)

d)c)



Chapter 3                                                                    Thermally Activated Delayed Fluorescence 

 

 
    120 

 

  

emission maximum at 625 nm, which is bathochromically shifted to 685 nm in more 

polar solvent toluene, suggesting the ICT nature of the CzPhPmDI emission (Figure 

3.2b). A similar bathochromic shift is also observed for the TPAPmDI derivative upon 

changing solvent polarity from MCH to toluene (Figure 3.2e). CT nature of the emission 

is further supported by the lifetime decay experiments upon direct excitation at the CT 

band, which showed an average lifetime of 3.85 ns (toluene) and 2.90 ns (MCH) for 

CzPhPmDI and TPAPmDI, respectively (Figures 3.2c,f, Table 3.1). However, we have 

not observed any delayed fluorescence in the solution state.  

 

Figure 3.2. Normalized absorption a)CzPhPmDI, d)TPAPmDI and corresponding 

emission spectra of b)CzPhPmDI, e)TPAPmDI in MCH and toluene. Lifetime decay 

profile of c)CzPhPmDI, f)TPAPmDI in toluene and MCH, respectively (λexc. = 480 nm, 

λcollected = 650 nm) ([c] = 0.05 mM, λexc. = 405 nm). 

Table 3.1 Summary of fluorescence decay of CzPhPmDI and TPAPmDI in solution. 

System Solvent λexc. 

(nm) 

 

λmonitored 

(nm) 

 

τ1 (ns) τ2 (ns) τ3 (ns) τavg. 

(ns) 

CzPhPmDI TOL 480  650  3.54 

(92 %) 

7.48  

(8 %) 

- 3.86 

TPAPmDI MCH 480  650  2.68 

(98 %) 

15.06 

(2 %)  

- 2.93 
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3.4. Ambient Dual TADF and Phosphorescence in Polymer Matrix: 

However, to harvest the triplets under ambient conditions, we first dispersed CzPhPmDI 

and TPAPmDI in poly(methylmethacrylate) (PMMA) matrix at very low concentrations 

(1 wt.% with respect to PMMA). PMMA is an amorphous polymeric host that stabilizes 

triplet excitons by minimizing vibrational dissipation, thereby facilitating triplet 

harvesting. We observed strong emission at 450-800 nm region with a maximum at 590 

nm and 650 nm for CzPhPmDI and TPAPmDI respectively (Figures 3.3a,d). A high 

lifetime component of this emission 𝜏avg. = 1.86 µs and 1.18 µs for CzPhPmDI (λexc. = 

405 nm, λcollected = 590 nm) and TPAPmDI (λexc. = 405 nm, λcollected = 650 nm) 

respectively, suggests the plausibility of delayed emission via TADF (Figures 3.3c,f, 

Table 3.2). It is interesting to mention here that TADF emission is always composed of 

prompt and delayed emission from 1CT state; similarly, in the present case, we have also 

observed the prompt lifetime of 68 ns and 8.56 ns for CzPhPmDI and TPAPmDI, 

respectively. Further to understand the delayed nature of the emission, we have 

performed temperature-dependent lifetime decay experiments. For a TADF emitter, we 

can expect a decrease in lifetime decay upon decreasing the temperature due to a decrease 

in thermal energy reduce the RISC rate. The experimental observation matches our 

hypothesis, and we observed the decrease in the initial decay in the lifetime decay profile 

for both the CzPhPmDI and TPAPmDI upon decreasing the temperature (λexc. = 405 

nm, λcollected = 590 nm and 650 nm for CzPhPmDI and TPAPmDI, respectively) 

attesting the TADF contribution in the total emission (Figures 3.3a,d). However, we do 

notice that the long-range decay component in the lifetime decay profile increases upon 

decreasing the temperature, which assuaged us to investigate the phosphorescence 

contribution to the total emission (Figures 3.4a,d). To validate our observation, we have 

performed a temperature-dependent study to understand the phosphorescence nature of 

the emission. The gradual increase in overall emission intensity and lifetime (from 𝜏avg. 

= 7.7 µs at 300 K to 𝜏avg. = 17 µs at 20 K and 𝜏avg. = 6.3 µs at 300 K to 𝜏avg. = 45.8 µs at 

20 K for CzPhPmDI and TPAPmDI respectively) upon decreasing temperature 

reaffirms the phosphorescence nature of the emission (Figures 3.4b,c,e,f, Table 3.3), as 

reduced vibrational dissipation at lower temperature increases the phosphorescence 

efficiency. The experiments suggest that the overall emission has dual delayed and 

phosphorescence contribution. Although observation of phosphorescence emission from 

a TADF emitter at very low temperature is obvious and there should be a triplet state 
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involved from where the RISC should occur. However, observation of dual TADF and 

phosphorescence emission simultaneously at room temperature is rare and seldom 

reported. We hypothesized that the phosphorescence emission originates from the locally 

excited triplet state (3LE) of overall chromophores, results in the generation of the red-

shifted 3LE state compared to the individual donor and acceptor. It is important to 

mention here that the calculated energy difference between singlet and triplet state(ΔEST) 

is ~0.05 eV and ~0.09 eV for CzPhPmDI and TPAPmDI, respectively, and the 3LE state 

is higher in energy than the 1CT state which is violating the Hund’s rule (Figure 3.5). 

Although ΔEST in the current molecules is quite low and meets the criteria of efficient 

RISC, we believe that the RISC is happening from the 3CT state, which is prone to form 

in donor-acceptor type molecular design. However, we have not experimentally observed 

the phosphorescence from a lower-lying 3CT state due to the inherently low oscillator 

strength of the 3CT excited state. We have shown a simplified Jablonski diagram and 

hypothesized that 3LE and 3CT states are vibronically coupled, and 3CT indeed plays a 

role in the efficient RISC process (Figure 3.6). 

 

Figure 3.3. Steady-state emission spectra of a) CzPhPmDI and d) TPAPmDI in air and 

vacuum. Steady-state and gated excitation spectra of b) CzPhPmDI and e) TPAPmDI 

in air. Lifetime decay profile of c)CzPhPmDI, f)TPAPmDI respectively in air and 

vacuum (λexc. = 405 nm, λcollected = 590 nm and 650 nm for CzPhPmDI and 

TPAPmDI respectively , λmonitored = 650 nm, delay time = 50 µs). 
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Figure 3.4. Temperature dependent studies of CzPhPmDI and TPAPmDI as doped 

PMMA films. TADF lifetime decay profile of a) CzPhPmDI, c) TPAPmDI in 20 K and 

300 K (λexc. = 405 nm, λcollected = 590 nm and 650 nm for CzPhPmDI and 

TPAPmDI respectively). Steady-state emission spectra of b) CzPhPmDI and e) 

TPAPmDI.  Phosphorescence lifetime decay profile of c) CzPhPmDI, f) TPAPmDI. 

(λexc. = 405 nm, λcollected = 540 nm and 590 nm for CzPhPmDI and 

TPAPmDI respectively) For all cases 1 wt.% of compounds in PMMA matrix was used. 

 

Figure 3.5. Experimental singlet-triplet energy gap (ΔEST) calculation of a) CzPhPmDI 

and b) TPAPmDI (calculated from phosphorescence spectra at 20 K  and delayed 

emission spectra at 300 K showing ΔEST =~ 0.09eV and ~0.05 eV respectively for 

CzPhPmDI and b) TPAPmDI, λexc. = 405 nm). For all cases 1 wt.% of compounds in 

PMMA matrix was used. 
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Figure 3.6. Simplified Jablonski diagram showing prompt fluorescence, delayed 

fluorescence via TADF and Phosphorescence emission also depicting the plausible way 

of RISC mechanism.  

Table 3.2 Summary of delayed fluorescence decay of 1 wt.% CzPhPmDI and TPAPmDI 

doped in PMMA. 

System  λexc. 

(nm) 

 

λmonitored 

(nm) 

 

τ1 (ns) τ2 (µs) τ3 (µs) 

CzPhPmDI Air 405 590  68  

(20 %) 

1.86  

(80 %) 

- 

CzPhPmDI Vacuum 405  590  155  

(98 %) 

3.62 

 (92 %)  

- 

TPAPmDI Air 405 650 8.56 

(80 %) 

36.59 ns 

(6 %) 

1.18 

(14 %) 

TPAPmDI Vacuum 405 650  11.28  

(57 %) 

0.4 

(8 %) 

4.02 

(35 %) 
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Table 3.3 Summary of phosphorescence decay of 1 wt.% CzPhPmDI and TPAPmDI 

doped in PMMA. 

System Temperature λexc. 

(nm) 

 

λmonitored 

(nm) 

 

τ1 (µs) τ2 (µs) τ3 (µs) τavg. (µs) 

CzPhPmDI 20 K 405 540 1.85  

(14 %) 

13.52 

(80 %) 

50.00 

(14 %) 

17.00 

CzPhPmDI 300 K 405  540  2.94 

(35 %) 

10.35 

 (65 %)  

- 7.75 

TPAPmDI 20 K 405 590 1.36 

(36 %) 

17.08 

(36 %) 

139.9 

(28 %) 

45.80 

TPAPmDI 300 K 405 590  1.65  

(47 %) 

10.39 

(53 %) 

- 6.28 

3.5. Conclusions:       

In conclusion, in this chapter, we have discussed an indirect way to harvest the triplet 

exciton via TADF. Theoretical calculation predicts that the structurally simple donor-

acceptor-based design of core-substituted PmDIs (CzPhPmDI and TPAPmDI) showed 

the plausibility of CT state formation, which is proved by the detailed spectroscopic 

studies in the solution state in different solvents. Further, spectroscopic studies in the 

solid-state (CzPhPmDI and TPAPmDI doped in the PMMA matrix at very low 

concentration) reveal the emission of both CzPhPmDI and TPAPmDI composed of 

dual TADF and phosphorescence at room temperature which is confirmed by the 

temperature-dependent studies of the films in vacuum. We envisaged that PmDI is an 

efficient acceptor core that can be easily used for triplet harvesting by combining with 

the suitable donor molecules to achieve color-tunable TADF emission. We believe that 

the donor-acceptor-based strategy can be easily extended to the through-space TADF 

design shortly.  

3.6. Experimental Section: 

3.6.1. General Methods: 

NMR Measurements: 1H and 13C NMR spectra were recorded on a BRUKER 

AVANCE-400 Fourier transformation spectrometer with 400 and 100 MHz respectively. 
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The spectra were calibrated with respect to the residual solvent peaks. The chemical shifts 

are reported in parts per millon (ppm) with respect to TMS. Short notations used are, s 

for singlet, d for doublet, t for triplet, q for quartet and m for multiplet. 

Optical Measurements: Electronic absorption spectra were recorded on a Perkin Elmer 

Lambda 900 UV-Vis-NIR spectrometer and emission spectra were recorded on FLS1000 

spectrometer, Edinburgh Instruments. Solution state UV-Vis and emission spectra were 

recorded in 1 mm path length cuvette. Fluorescence spectra of films were recorded in 

front-face geometry to avoid self-absorption. 

Lifetime Measurements and Quantum yield: Fluorescence lifetimes were performed 

on a Horiba Delta Flex time-correlated single-photon-counting (TCSPC) instrument. A 

480 nm LED laser diode with a pulse repetition rate of 1 MHz was used as the light 

source. The instrument response function (IRF) was collected using a scatterer (Ludox 

AS40 colloidal silica, Sigma-Aldrich). Phosphorescence lifetime (λexc. = 330 and 350 

nm) and gated emission were measured on FLS1000 spectrometer, Edinburgh 

Instruments equipped with a micro flash-lamp (µF2) set-up. Quantum yields were 

measured using an integrating sphere in the same instrument. 

High Resolution Mass Spectrometry (HRMS): HR-MS was carried out using Agilent 

Technologies 6538 UHD Accurate-Mass Q-TOFLC/MS. 

Matrix-Assisted Laser Desorption Ionization (MALDI): MALDI was performed on a 

Bruker daltonics Autoflex Speed MALDI TOF System (GT0263G201) spectrometer 

using trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) 

as the matrix. 

3.6.2. Protocol of Sample Preparation:  

All solution state studies were performed keeping the final concentration of the samples 

to 0.05 mM from a stock solution of CHCl3 (1 mM). For thin films, CzPhPmDI and 

TPAPmDI molecules (3 mg each) were mixed with appropriate amount of PMMA 

(depending on the weight ratio) in total 2 mL chloroform solution. (For example, 1 wt. 

% dye: PMMA consists of 3 mg dye in 300 mg PMMA). This mixture was then heated 

at 50 °C for 10 minutes followed by sonication (5 minutes) to completely dissolve all the 

components. Then, 0.5 mL of this solution was drop-casted on a clean glass substrate. 
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Finally, the drop-casted thin films were dried at 60 °C for 30 minutes prior to the 

photophysical studies. 

3.7. Synthetic Schemes and Procedures: 

The synthesis of CzPhPmDI and TPAPmDI is shown in Scheme 3. 

Materials: The reagents and solvents were purchased from vendors and used directly. 

The starting materials 4-(diphenylamino)phenylboronic acid pinacol ester and 

dodecylamine were purchased from Sigma Aldrich; 1-bromo-4-iodobenzene, 

tetrakis(triphenylphosphine)palladium and 1,1′ 

Bis(diphenylphosphino)ferrocene]dichloropalladium (II) were purchased from TCI; 

other all reagents and solvents were purchased from local vendors. Solvents used for 

various reactions were dried using a commercial solvent purification/drying system. 

Synthetic Scheme: 

 
Scheme 3. Synthetic scheme for TPAPmDI and CzPhPmDI. 

Synthetic Procedures: 

Compound 2-5 and 6 were synthesized according to the literature procedure. [7a,8] 

Synthesis of 16: Compound 1 (0.50 g, 1.3 mmol) was taken in a 100 mL round bottom 

flask and 20 mL acetic acid was added into it and stirred at room temperature for 15 

minutes. dodecylamine (0.739 g, 3.99 mmol) was added to the reaction mixture and 

stirred for 24 hours at 115 °C. After completing the reaction, 100 mL of ice-cold water 
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was added to get white colored precipitate. The precipitate was filtered and dried under 

a vacuum. Column chromatography was performed using 30-40 % chloroform in hexane 

as an eluent to get the pure product as white solid (0.739 g, 76 % yield).  

1H NMR (400 MHz, CDCl3) δ (ppm) 3.74-3.71 (t, J = 7.31 Hz, 4H), 1.71-1.68 (m, 4H), 

1.33-1.25 (m, 36H), 0.89-0.86 (t, J = 6.98 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ (ppm) 

163.48, 136.22, 114.08, 39.17, 31.92, 29.73, 29.62, 29.55, 29.43, 29.34, 29.10, 28.21, 

26.82, 22.69, 14.11; MALDI-TOF (negative mode): m/z calculated for C34H50Br2N2O4: 

710.211: observed 709.856 [M]-. 

Synthesis of TPAPmDI: In a 100 mL vacuum-dried round bottom flask, K2CO3 (116.6 

mg, 0.84 mmol) and Pd(PPh3)4 (3.2 mg, 2.81 µmol) were added to the solution of 

compound 7 (100 mg, 0.14 mmol) and N,N-Diphenyl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)aniline (17) (130 mg, 0.35 mmol) in THF: H2O (15 mL; 9:1 v/v) 

solvent mixture under nitrogen atmosphere. The reaction mixture was stirred at 70 °C for 

18 hours. Progress of the reaction was monitored by TLC. After completion, the reaction 

mixture was diluted with water and extracted with dichloromethane (2 × 20 mL). The 

combined organic layers were washed with water followed by brine and dried over 

anhydrous NaSO4. The organic layer was filtered and concentrated under reduced 

pressure. The residue was purified by silica gel column chromatography eluting with 40 

% dichloromethane in hexane to afford TPAPmDI as a brown solid (78 mg, 53%).  

1H NMR (400 MHz, CDCl3) δ (ppm) 7.32-7.28 (m, 12H), 7.24-7.22 (m, 8H), 7.15-7.06 

(m, 8H), 3.59-3.55 (t, J = 7.23 Hz, 4H), 1.64-1.58 (m, 4H), 1.27-1.23 (m, 36H), 0.88-

0.85 (t, J = 6.74 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ (ppm) 165.67, 148.69, 147.35, 

137.34, 134.36, 130.75, 129.42, 125.51, 123.61, 123.30, 120.54, 38.56, 31.90, 29.71, 

29.61, 29.55, 29.47, 29.33, 29.15, 28.41, 26.96, 22.68, 14.11; MALDI-TOF (negative 

mode): m/z calculated for C70H78N4O4: 1038.602: observed 1038.722 [M]ꜙ. 

Synthesis of CzPhPmDI: In a 100 mL vacuum-dried round bottom flask, K2CO3 (116 

mg, 0.84 mmol) and Pd(PPh3)4 (3.2 mg, 2.81 µmol) were added to the solution of 

compound 7 (100 mg, 0.14 mmol) and compound 18 (149 mg, 0.309 mmol) in THF: H2O 

(15 mL; 9:1 v/v) solvent mixture under nitrogen atmosphere. The reaction mixture was 

stirred at 70 °C for 16 hours. Progress of the reaction was monitored by TLC. After 

completion, the reaction mixture was diluted with water and extracted with 

dichloromethane (2 × 20 mL). The combined organic layers were washed with water 
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followed by brine, and dried over anhydrous NaSO4. The organic layer was filtered and 

concentrated under reduced pressure. The residue was purified by silica gel column 

chromatography eluting with 30 % dichloromethane in hexane to afford CzPmDI as a 

yellow solid (85 mg, 48%).  

1H NMR (400 MHz, CDCl3) δ (ppm) 8.17-8.16 (d, J = 1.54 Hz, 4H), 7.76-7.69 (m, 8H), 

7.59-7.57 (d, J = 8.62 Hz, 4H), 7.52-7.49 (dd, J = 1.89 Hz, 8.66 Hz, 4H), 3.66-3.62 (t, J 

= 7.56 Hz, 4H), 1.70-1.62 (m, 4H), 1.49 (s, 36H), 1.33-1.23 (m, 36H), 0.87-0.83 (t, J = 

6.68 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ (ppm) 165.42, 143.13, 139.62, 139.25, 

139.06, 134.58, 131.19, 128.96, 125.58, 123.68, 123.62, 120.39, 117.94, 116.22, 115.51, 

109.64, 34.77, 32.04, 31.90, 29.61, 29.56, 29.49, 29.33, 29.16, 26.98, 22.67, 14.09; 

MALDI-TOF: m/z calculated for C86H106N4O4: 1258.821: observed 1259.347 [M+H]+. 

 

Figure 3.7. 1H NMR spectrum of compound 16 in CDCl3. 
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Figure 3.8. 13C NMR spectrum of compound 16 in CDCl3. 

 

Figure 3.9. MALDI spectrum of compound 16. 
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Figure 3.10. 1H NMR spectrum of TPAPmDI in CDCl3. 

 

Figure 3.11. 13C NMR spectrum of TPAPmDI in CDCl3. 
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Figure 3.12. MALDI spectrum of TPAPmDI 

 

Figure 3.13. 1H NMR spectrum of CzPhPmDI in CDCl3. 
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Figure 3.14. 13C NMR spectrum of CzPhPmDI in CDCl3. 

 

Figure 3.15. MALDI spectrum of CzPhPmDI 
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Chapter 4 

Solution-state Phosphorescence and Delayed Sensitization via 

Supramolecular Scaffolding* 

Abstract 

Solution phase room-temperature phosphorescence (RTP) from organic phosphors is 

seldom realized. In this Chapter we discuss one of the highest efficient solution state 

RTP (~41.8 %) in water, from a structurally simple phthalimide phosphor, by 

employing an organic-inorganic supramolecular scaffolding strategy. We further use 

these supramolecular hybrid phosphors as a light-harvesting scaffold to achieve 

delayed fluorescence from orthogonally anchored sulforhodamine acceptor dyes via an 

efficient triplet to singlet Förster resonance energy transfer (TS-FRET), which is rarely 

achieved in solution. Electrostatic cross-linking of the inorganic scaffold at higher 

concentrations further facilitates the formation of self-standing hydrogels with efficient 

RTP and energy-transfer mediated long-lived fluorescence. 

 

 

 

 

 

 

 

 

*Manuscript based on this work is published in Angew. Chem. Int. Ed. 2021, 60, 

19720-19724. 
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4.1. Introduction: 

Recent years have witnessed a rapid surge in the research field of purely organic room-

temperature phosphors by minimizing the triplet deactivation of the chromophores, 

which possess efficient inter-system crossing (ISC) efficiency and high triplet quantum 

yield, because of their likely applications in bioimaging, sensing and light-emitting 

materials.[1] This has been often achieved by suppressing the molecular motion in their 

crystalline states[2] or by embedding them in polymer matrices,[3] which minimizes the 

vibrational and oxygen meditated non-radiative quenching of the triplet states. 

However, the next challenge in this field is the realization of efficient RTP in solution 

and gel phases, which is of paramount importance for exploring applications of organic 

phosphors in the biological realm.[4] One elegant strategy to achieve RTP in these “soft-

phases” would be to construct supramolecular microenvironments to arrest the 

dynamics and the vibrational dissipation of the phosphors either by non-covalent 

encapsulation or scaffolding.[5] Thus far, the most successful strategy in this direction is 

the host-guest approach to encapsulate the phosphors through hydrophobic and other 

specific non-covalent interactions.[6]  Ma, Tian and co-workers have shown that well-

known hydrophobic hosts, cyclodextrin and cucurbituril (CB), could harvest the triplets 

of a variety of organic phosphors, both in solution and gel phases.[7] Liu and co-workers 

have extended CB host-guest complexation strategy to phenyl-pyridinium derivatives to 

extract efficient RTP in solution.[8] Our group has recently introduced an organic-

inorganic hybrid strategy to achieve aqueous phase phosphorescence, wherein inter-

layer galleries of soluble inorganic materials were used as scaffolds to non-covalently 

anchor and rigidify the phosphors apart from providing a barrier to oxygen.[9] However, 

most of the solution state phosphorescence reported so far exhibits low quantum yield 

compared to their crystalline or film states.[10] Although Liu and co-workers have 

recently reported the highest quantum yield in the film state using a host-guest 

“supramolecular pin” strategy, the corresponding solution exhibits only one-eighth of 

this efficiency.[11] Thus, further development of solution state phosphors demands an 

improvement in its efficiency under ambient conditions.  

To alleviate this scenario, herein, we present highly efficient ambient RTP from 

a simple heavy atom substituted cationic phthalimide derivative (CPthBr) in aqueous 

solution with a remarkable phosphorescence quantum yield of ~41.8 %, using a 

supramolecular anchoring approach. Such intense RTP emission in the low-wavelength 
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region is one of the highest yield reported to date for organic phosphors in fluid phases. 

We show the ambient RTP of CPthBr in aqueous solution by host-guest encapsulation 

with cucurbit[7]uril (CB[7]) and also by the electrostatic supramolecular scaffolding 

using negatively charged laponite (LP) clays (Figure 4.1). Further, we utilize these 

phosphor-LP hybrids as efficient light-harvesting scaffolds by the orthogonal 

functionalization of the LP nanoclays with negatively charged fluorescent dyes (Figure 

4.1). These multi-component donor- acceptor hybrids show delayed fluorescence from 

the acceptor molecule by an efficient TS-FRET which is seldom reported in the 

solution phase.[8b] Interestingly, we also show that, at higher concentration, these LP-

phosphor hybrids form self-standing hydrogels which also shows highly efficient 

phosphorescence and tuneable long-lived fluorescence by the delayed sensitization of 

the singlets of various acceptor dyes. 

4.2. Molecular Design: 

   

Figure 4.1. Molecular structures of CPthBr and schematic representation of CPthBr, 

CB[7] and LP.  

First, we have synthesized a water-soluble, heavy-atom bromo-substituted phthalimide 

derivative, CPthBr, bearing cationic trimethylammonium group at the imide position 

and was fully characterized using nuclear magnetic resonance spectroscopy (NMR), 

high-resolution mass spectrometry (HR-MS) and high-performance liquid 

chromatography (HPLC) (See synthetic scheme 4 and experimental section). The 

molecular structures and schematic representation of CB[7] and LP nanoparticles are 

shown in Figure 4.1. In this work, we have used water-soluble CB[7] as host 

and LP clay nanoplates as the inorganic scaffold. Hence to promote the host-guest 

interaction and ionic self-assembly, the phosphors (CPthBr) was functionalized with 

quaternary ammonium cation groups. Another important feature of these chromophores 
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includes aromatic carbonyl groups and Br-atoms in the core, which is envisioned to 

promote efficient ISC and significant spin-orbit coupling (SOC) between singlet and 

triplet states.    

4.3. Spectroscopic Studies in Solution-state: 

CPthBr in water ([c] = 0.1 mM) exhibited characteristic π-π* absorption (λmax. = 306 

nm) and weak monomer fluorescence emission in the 370-570 nm region (λmax. = 420 

nm) (Figures 4.2a,b). The weak emission with a maximum at 520 nm obtained by the 

selective excitation at 404 nm and the corresponding excitation spectrum confirms the 

presence of aggregated molecules (Figures 4.2c,d). The time-resolved fluorescence 

decay experiments further showed the fluorescence lifetime of monomer and aggregate 

as 3.39 ns and 5.31 ns, respectively (Figures 4.2e,f). Further detailed light-scattering 

and microscopic studies have revealed that the molecules are aggregated in water to 

give thin two-dimensional sheet-like nanostructures (Figures 4.3a,b). The triplet 

emissive character of CPthBr was evident in the glassy matrix of THF at 77 K ([c] = 

0.05 M), which showed red-shifted phosphorescence emission with a maximum at 470 

nm and with a long average lifetime of 6.2 ms (Figures 4.3c,d). This observation is 

consistent with the molecular design with carbonyl group and heavy atom to facilitate 

an efficient SOC and ISC (Figure 4.3e). Theoretical studies using time-dependent 

density functional theory (TD-DFT) further showed that the major contributing ISC 

channels in this molecular system would be S1 (n-π*) to T4 (π-π*), T3 (π-π*) and T1 (π-

π*) which follows El Sayed's rule to allow the spin forbidden singlet-to-triplet 

transition (Figure 4.3e). The calculated spin-orbit coupling matrix element (SOCME) 

between S1 to T4, T3 and T1 are found to be 27.42, 18.23 and 14.71 cm-1, respectively 

(Figure 4.3e). 
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Figure 4.2. a) Absorption spectrum, b) emission spectrum at λexc. = 310 nm, c) emission 

spectrum at λexc. = 404 nm, d) excitation spectrum (λmonitored = 530 nm), e) lifetime decay 

plot obtained by λexc. = 286 nm, λcollected = 370 nm and f) lifetime decay plot obtained by 

λexc. = 404 nm, λcollected = 530 nm of CPthBr in water ([c] = 0.1 mM). IRF = Instrument 

response function. 
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Figure 4.3. a) Dynamic Light Scattering (DLS) data depicting size of CPthBr (0.1 mM) 

in presence of CB[7], b) TEM image of CPthBr (0.1 mM) in aqueous solution. c) 

Steady state emission spectra of CPthBr (λexc. = 310 nm, black line at room-

temperature in water, dark cyan line = 77 K in THF). d) Time-resolved decay profile of 

CPthBr in THF (0.05 mM) at 77 K (λexc. = 310 nm, λcollected = 530 nm, τavg. = 6.2 ms). e) 

Relative excitation energies and their corresponding hole (below) and electron (above) 

wavefunctions and SOCME values of CPthBr (without cationic trimethylammonium 

group) obtained from TD-DFT calculation using CAM-B3LYP functional in 

conjunction with 6-31+g(d) basis set for C, H, N, O, and LANL2DZ basis set for Br 

with effective core potential. 

4.4. Ambient Solution-state Room Temperature Phosphorescence 

using Host-guest Strategy: 

Next, we endeavoured the ambient triplet harvesting from CPthBr in solution by 

minimizing the vibrational dissipation using various supramolecular strategies. First, 

the host-guest complexation of CPthBr ([c] = 0.1 mM) with CB[7], by exploiting the 

high binding constant of the ammonium groups with the rim carbonyl groups of CB 

host, through ion-dipole interactions is attempted.[12] Upon titration with CB[7], a new 

red-shifted emission band with a maximum at 475 nm is observed with the gradual 

disappearance of monomer fluorescence, similar to the emission in the glassy matrix 

hinting towards the solution state phosphorescence from CPthBr-CB[7] complexes 
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(Figures 4.4a,b). The time-gated emission spectrum (delay time = 50 μs), which 

showed similar emission features as that of the steady-state emission and the long 

average lifetime of 104 μs, confirmed the solution phase RTP (Figures 4.4b,c).  

 

Figure 4.4. a) Photoluminescence titration study of the CPthBr with increasing 

equivalents (0 eqv. to 1.4 eqv.) of CB[7] in water. Inset: schematic showing interaction 

of CPthBr in the absence and presence of CB[7]. b) Steady-state (black line = without 

CB[7], green line = 77 K, 1:1 CPthBr-CB[7] complex = blue line) and gated emission 

spectra of CPthBr in water. Inset: photograph of 1:1 CPthBr-CB[7] complex upon 310 

nm Xe lamp excitation. c) Lifetime decay plot of 1:1 CPthBr-CB[7] complex. 

The formation of a stable CPthBr-CB[7] host-guest complex with a 1:1 

stoichiometry was confirmed by HR-MS and NMR analyses (Figure 4.5). ESI-HR-MS 

of the complex showed 1553.2875 m/z, a mass corresponding to the formation of 1:1 

host-guest complex, which is also confirmed by the similarity between the 

experimentally observed and simulated isotopic patterns (Figures 4.5a,b). Tandem mass 

spectroscopy (MS/MS) experiments of the complex ion (CPthBr-CB[7]) showed a 

high stability for the complex, as very high accelerating voltages were required to 

disassociate the complex to individual molecular ions (Figure 4.5c). The up-field shift 

of Ha, Hb and Hc from 4.131 to 3.298 ppm (Δd = 0.833 ppm), from 3.621 to 2.703 ppm 

(Δd = 0.918 ppm) and from 3.200 to 3.125 ppm (Δd = 0.075 ppm), respectively 

suggests the formation CPthBr-CB[7] host-guest complex (Figure 4.5d).  Again 

splitting of the CB[7] proton into two sets of equivalent proton (CH[2] from 5.753 and 

5.714 ppm to 5.729, 5.690 ppm and 5.635, 5.596 ppm respectively and CH[3] from 

4.189 and 4.151 ppm to 4.166, 4.128 ppm and 4.086, 4.047 ppm, respectively)  and up-

field shift ( CH[1] from 5.477 to 5.399 ppm) also suggests asymmetric charge density 

environment of the CB[7] proton (Figure 4.5d).  
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Figure 4.5. a) Simulated and b) experimental high-resolution ESI-MS isotopic pattern 

of 1:1 CPthBr-CB[7] complex. c) ESI tandem MS/MS pattern of 1:1 CPthBr-CB[7] 

complex ion (1553.2875, m/z) upon varying accelerating voltage. d) 1H NMR spectra of 

CB [7], CPthBr and 1:1 CPthBr-CB[7] complex in D2O (0.1 mM). 

However, the absolute phosphorescence quantum yield (ΦP.) of this complex in 

water is found to be only 6 %. The ΦP of this complex have further been enhanced to 13 

% under inert atmosphere and 14 % in film state by incorporating to a polyvinyl alcohol 

(PVA) matrix, suggesting the possibility of improving the ΦP by reducing the oxygen 

diffusion and arresting the vibrational dissipation to a greater extent, respectively 

(Figure 4.6).  
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Figure 4.6. a) Steady-state, gated emission spectra and b) lifetime decay profile of 

1:1 CPthBr-CB[7] complex by incorporating into a polyvinyl alcohol (PVA) 

matrix.(λexc. = 310 nm, λcollected  = 530 nm). 

4.5. Ambient Solution-state Room Temperature Phosphorescence in 

Laponite using Supramolecular Scaffolding: 

To increase the solution phase ΦP of CPthBr, next an organic-inorganic supramolecular 

scaffolding strategy previously reported by our group is attempted,[9] wherein the 

negatively charged surface of LP nano-clays is used as a template to anchor the 

cationic phosphors. The dual-charged disc-shaped nano-clays, with a negative charge at 

the surface and positive charge at the rim (edge), were first exfoliated in water by 

wrapping the positive charges at the rim with anionic sodium polyacrylate polymer, 

thus preventing the electrostatically driven clay networks.[13] Zeta potential studies 

showed a decrease in the negative charge of the LP nanoplates, upon increasing the 

CPthBr concentration, suggesting the hybrid co-assembly (Figure 4.7a). Titration of an 

aqueous solution of CPthBr ([c] = 0.5 mM) with increasing wt. % of LP (0.125 wt. % 

shows gradual appearance of an intense cyan phosphorescence (λmax. = 487 nm), 

(Figure 4.7b). The high lifetime of 1.62 ms and gated emission spectrum (delay time = 

0.5 ms) confirms the phosphorescence nature of this emission (Figures 4.7c,d). 

Maximum phosphorescence was observed with 6 wt. % of LP and the corresponding 

hybrid solution showed a remarkable ΦP of 41.8 % under ambient conditions and could 

be improved further to 43 % upon purging the solution with nitrogen. It should be 

mentioned that hybrids with 6 wt.% is a viscous (85 mPaS) solution, due to the 

electrostatically driven interaction between the laponite nanoclays. However, the 

hybrids with lower wt. % of laponite (2.25 wt. %), which behaves like normal solution 

(1.40 mPaS) also showed impressive ΦP of 36 %. Further we envisage that, the less 

quantum yield of the previously reported systems using LP templates could be due to 
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their less number of ISC channels and low SOCME value compared to the present 

system.[9,10f] Anchoring of the cationic phosphors to the clay surface minimizes the 

vibrational motion of the phosphors and spatially separates the phosphors to reduce the 

inter-phosphor interactions, thus yielding a very high phosphorescence intensity. 

 

Figure 4.7. a) Zeta potential of CPthBr-LP hybrids upon titration in aqueous solution 

(LP = 2.25 wt. %). b) Photoluminescence titration study of the CPthBr with increasing 

the LP wt. % (0.125 wt. % to 6 wt. %) in an aqueous solution. Inset: schematic showing 

interaction of CPthBr in absence and presence of LP. c) Steady-state and gated 

emission spectra of CPthBr-LP hybrids. Inset: photograph of CPthBr-LP hybrid upon 

310 nm Xe lamp excitation. d) Lifetime decay plot of CPthBr-LP hybrid (LP = 6 wt. 

%). (In all cases λexc. = 310 nm, λcollected = 530 nm). 

4.6. Triplet to Singlet Förster Resonance Energy Transfer via Delayed 

Sensitization: 

Recently TS-FRET has emerged as an efficient strategy to achieve long-lived tunable 

fluorescence by a delayed sensitization process.[3g] However, an efficient TS-FRET in 

organic systems requires significant oscillator strength for the donor (D) 

phosphorescence to facilitate the dipole-dipole coupling with an acceptor (A) (Figure 

4.8a).[3e,g] Further, TS-FRET also demands the spatial closeness of D and A molecules 

and hence has been reported mostly in condensed states such as in films.[3e,g] To 

achieve the TS- FRET in solution, we envisage that LP with complementary charges at 
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its surface and edges provide an unprecedented scaffold to orthogonally anchor and to 

spatially separate the cationic D and anionic A dyes without any electrostatically driven 

ground-state interactions (Figure 4.8b). Thus, negatively charged Sulforhodamine G 

(SRG) and Sulforhodamine101 (SR101) with high fluorescence quantum yield and 

with good spectral overlap with the CPthBr triplet emission were selected as the 

acceptors (Figure 4.8c). The simplified Jablonski explains the TS-FRET process in 

figure 4.8d, where CPthBr transfers its triplet exciton to the fluorescence acceptor. 

 

Figure 4.8. a) Molecular structures for TS-FRET donor (CPthBr) and fluorescence 

acceptor (SRG, SR101). b) Schematic showing TS-FRET from CPthBr to SRG dyes. c) 

Spectral overlap of CPthBr phosphorescence ([c] = 0.5 mM) with the absorption 

spectra of SRG and SR101 ([c] = 0.05 mM) in LP hybrids. d) Simplified Jablonski 

diagram explains the TS-FRET process. 

To explore the TS-FRET process, the concentration of the A molecules (0.005 

to 0.05 mM) in CPthBr-LP hybrid solution (0.5 mM in 2.25 wt. %) was gradually 

increased (Figures 4.9a,b). The emission intensity of SRG (λmax. = 560 nm) and SR101 

(λmax. = 610 nm) showed a gradual increase with a concomitant decrease of the CPthBr 

phosphorescence upon increasing D:A composition from 100:1 to 100:10, which hint 

toward a TS-FRET in the solution state (Figures 4.9a,b). Time-resolved decay 

experiments showed a decrease in the phosphorescence lifetime of the donor from 1.03 

ms to 0.698 ms and 0.418 ms in the 100:10 D:A hybrid solution of SRG and SR101, 
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respectively, and thus rules out the possibility of any trivial energy transfer process 

(Figures 4.9c,d). Interestingly, the gated spectrum (delay time = 50 μs) clearly showed 

that emission from the acceptor had delayed fluorescence characteristics, which clearly 

demonstrates the delayed sensitization process and TS-FRET (Figures 4.9e,f).  

 

Figure 4.9. a,b) Steady-state emission spectra, c,d) lifetime decay profiles and e,f) 

gated emission spectra of CPthBr-SRG-LP and CPthBr-SR101-LP hybrids, 

respectively with increasing the doping concentration of SRG and SR101 in aqueous 

solution. (λexc. = 310 nm, λcollected. = 490 nm, delay time = 50 μs, for all cases LP = 2.25 

wt. %, IRF = Instrument response function). 

Accordingly, the lifetime of SRG and SR101 scaffolded on to CPthBr-LP hybrids are 

found to be 163.5 μs and 60.4 μs, respectively (Figure 4.10a). On the other hand, direct 

excitation of these hybrids leads to the prompt fluorescence in the ns timescale (𝜏avg. = 

4.25 ns and 4.75 ns for SRG and SR101, respectively), unambiguously indicating that 

the delayed fluorescence occurs through the sensitization of the singlets (Figure 4.10b). 

The efficiency of the energy transfer was calculated to be ~32% and ~60% for SRG 

and SR101, respectively (D:A = 100:10), (Table 4.1). The role of laponite scaffolding 

in creating microenvironments with spatially separated D and A chromophores is 

crucial to achieve the same as no energy transfer was observed in the absence of LP 

template. 
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Figure 4.10. a) Delayed fluorescence lifetime decay profiles of CPthBr-SRG-LP and 

CPthBr-SR101-LP hybrids (λexc. = 310 nm, λcollected = 640 nm, and λcollected = 670 nm for 

CPthBr-SRG-LP and CPthBr-SR101-LP, respectively). Inset: photographs of 

CPthBr-SRG-LP and CPthBr-SR101-LP hybrids, respectively upon 310 nm Xe lamp 

excitation. (D:A = 10:1). b) Lifetime decay profiles of CPthBr-SRG-LP and CPthBr-

SR101-LP hybrids in aqueous solution ([c] = 0.05 mM, λexc. = 532 nm, λcollected = 640 

nm and 670 nm for CPthBr-SRG-LP and CPthBr-SR101-LP, respectively, for all 

cases LP = 2.25 wt. %, IRF = Instrument response function). 

An increase of the acceptor emission in the gated emission spectra upon 

increasing the acceptor concentration suggests the TS-FRET is operative in the LP 

scaffolded drop-casted films on quartz substrates (Figures 4.11a,b). Further, the 

decrease of the donor lifetime and high delayed fluorescence lifetime of the acceptor 

confirms the TS-FRET in the CPthBr-SRG-LP hybris in the film state, suggesting 

spatial separation of D and A and efficient TS-FRET also be retained in the drop-casted 

films (Figures 4.11c-f). 
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Figure 4.11. a,d) Gated emission spectra (λexc. = 310 nm, delay time = 50 μs), b,e) 

lifetime decay profiles (λexc. = 310 nm, λcollected. = 490 nm) and d,f) delayed fluorescence 

lifetime decay plot (λexc. = 310 nm, λcollected = 640 nm and λcollected = 670 nm for CPthBr-

SRG-LP and CPthBr-SR101-LP, respectively) of drop casted thin film of CPthBr-SRG 

-LP and CPthBr-SR101-LP hybrids, respectively (LP = 2.25 wt. %, [c] of CPthBr = 

0.5 mM, IRF = Instrument response function).  

4.7. Ambient Phosphorescence and Delayed Fluorescence in Hybrid 

Hydro Gel: 

LP scaffold is known to form unique self-standing supramolecular hydrogel at higher 

concentrations through an electrostatically driven house of card organization fostered 

by its differentially charged surfaces. Thus, it can be used to make soft-hybrid-based 

phosphorescent hydrogels.[9] First, phosphorescent hydrogels of CPthBr ([c] = 0.5 

mM) were made by the co-assembly with 10 wt.% of LP, which exhibits a cyan 

phosphorescence with an average lifetime of 1.34 ms and ΦP of 34.2% (Figures 

4.12a,b). Similarly, yellow and orange emitting hydrogels could be made by exploiting 

the TS-FRET process in these CPthBr-LP hydrogels by incorporating SRG and SR101 

dyes (D:A = 100:10), respectively (Figure 4.12a,b). Corresponding SRG and SR101 

hydrogels exhibit delayed fluorescence with an average lifetime of 162 μs and 55 μs, 

respectively, and with ΦP’s of 81% and 37% with SRG and SR101 dye, respectively 

(Figure 4.12c, Table 4.1). Phosphorescent hydrogels are seldom reported, and the 
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organic-inorganic hybrid co-assembly presents an attractive strategy to make self-

standing luminescent hydrogels.  

 

Figure 4.12. a) Normalized gated emission spectra and b) lifetime decay profiles (λexc. 

= 310 nm, λcollected = 500 nm) of CPthBr, 10:1 CPthBr-SRG-LP and CPthBr-SR101-

LP hybrid hydrogels, respectively. c) delayed fluorescence lifetime decay profiles (λexc. 

= 310 nm, λcollected = 640 nm and 670 nm for CPthBr-SRG-LP and CPthBr-SR101-LP, 

respectively) of 10:1 CPthBr-SRG-LP and CPthBr-SR101-LP hybrid hydrogels, 

respectively. Top inset: Photographs of self-standing hydrogel and ‘NCU’ is written 

under visible light and under 254 nm UV light using hydrogel. (LP = 10 wt.% for 

hydrogels, all photographs were taken under 256 nm UV lamp excitation, IRF = 

Instrument response function).  
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Table 4.1. Summary of energy transfer (ΦET) efficiency. 

Acceptor Physical State Donor 

(CPthBr) and 

Acceptor (SRG 

or SR101) Ratio 

Average 

Lifetime (in ms) 

of CPthBr at 

490 nm (λexc. = 

310 nm) 

Energy 

Transfer 

Efficiency 

(%) 

- Liquid 100:0 1.030 - 

SRG Liquid 100:1 0.910 11.7 

SRG Liquid 100:5 0.809 21.5 

SRG Liquid 100:10 0.698 32.2 

SR101 Liquid 100:1 0.877 14.9 

SR101 Liquid 100:5 0.621 39.7 

SR101 Liquid 100:10 0.418 59.4 

- Solid (Thin 

Film) 

100:0 0.558 - 

SRG Solid (Thin 

Film) 

100:1 0.469 15.9 

SRG Solid (Thin 

Film) 

100:5 0.386 30.8 

SRG Solid (Thin 

Film) 

100:10 0.288 48.4 

SR101 Solid (Thin 

Film) 

100:1 0.348 37.6 

SR101 Solid (Thin 

Film) 

100:5 0.227 59.3 

SR101 Solid (Thin 

Film) 

100:10 0.184 67.0 

- Gel 100:0 1.340 - 

SRG Gel 100:10 1.060 20.9 

SR101 Gel 100:10 0.74 44.8 

The energy transfer efficiency was calculated from the following equation: ΦET 

=1−<𝜏DA>/<𝜏D>. Here, <𝜏DA> is the lifetime of the donor in the presence of the 

acceptor, and <𝜏D> is the lifetime of the donor without any acceptor. 
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4.8. Conclusions:       

In conclusion, we have reported an efficient RTP emission in an aqueous solution and 

amorphous hydrogel, from a simple phthalimide derivative using a soluble inorganic 

silicate template to anchor the phosphor molecules. This strategy has resulted in one of 

the highest solution and gel phase phosphorescence quantum yields reported till date, 

under ambient conditions. The laponite-phosphor soft-hybrids could further be used as 

an efficient light-harvesting scaffold by co-anchoring negatively charged 

Sulforhodamine dyes, utilizing the facially separated, complementary charges of the 

nanoclay scaffold. Consequently, the TS-FRET between the triplet state of phosphor 

and the singlet state of the fluorescent dyes have resulted in long-lived singlet emission 

by a delayed sensitization process both in solution and gel states, which is rarely 

reported for purely organic systems. We envisage that this study would steer active 

research in solution-state phosphors and their use for imaging and sensing applications 

in biological systems.  

4.9. Experimental Section: 

4.9.1. General Methods: 

NMR Measurements: 1H and 13C NMR spectra were recorded on a BRUKER 

AVANCE-400 Fourier transformation spectrometer with 400 and 100 MHz, 

respectively. The spectra were calibrated with respect to the residual solvent peaks. The 

chemical shifts are reported in parts per million (ppm) with respect to TMS. Short 

notations used are, s for singlet, d for doublet, t for triplet, q for quartet and m for 

multiplet. 

Optical Measurements: Electronic absorption spectra were recorded on a Perkin 

Elmer Lambda 900 UV-Vis-NIR spectrometer and emission spectra were recorded on 

FLS1000 spectrometer, Edinburgh Instruments. Solution state UV-Vis and emission 

spectra were recorded in 1 mm path length cuvette. Fluorescence spectra of films were 

recorded in front-face geometry to avoid self-absorption. 

Lifetime Measurements and Quantum yield: Fluorescence lifetimes were performed 

on a Horiba Delta Flex time-correlated single-photon-counting (TCSPC) instrument. A 

286 nm diode and 404 nm, 532 nm laser diode with a pulse repetition rate of 1 MHz 

were used as the light source. The instrument response function (IRF) was collected by 
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using a scatterer (Ludox AS40 colloidal silica, Sigma-Aldrich). Phosphorescence 

lifetime (λexc. = 310 nm) and gated emission were measured on FLS1000 spectrometer, 

Edinburgh Instruments equipped with a micro flash-lamp (µF2) set-up. Quantum yields 

were measured using an integrating sphere in the same instrument. 

High Resolution Mass Spectrometry (HRMS): HR-MS was carried out using Agilent 

Technologies 6538 UHD Accurate-Mass Q-TOFLC/MS. 

High Performance Liquid Chromatography (HPLC): HPLC was carried out using 

Agilent 1260 infinity quaternary HPLC system equipped with analytical ZORBAX 

Eclipse plus C18 column (4.6 mm × 100 mm, 3.5 micron). 

Computational Details: Ground State (S0) of CPthBr molecule was optimized using 

density functional theory (DFT) and electronic absorption spectra were calculated using 

time-dependent density functional theory (TD-DFT) as implemented in the Gaussian 16 

software.[14a] Ground state (S0) optimization and frequency calculation was performed 

employing B3LYP[14b-d] exchange functional with 6-31+g(d) basis set except for Br for 

which LANL2DZ basis set was used with the corresponding effective core potential 

(ECP). While the excited state calculations were also performed B3LYP exchange-

correlation functional with the same basis sets as mentioned before. Ground state 

frequency calculation was performed to confirm the absence of any unstable normal 

mode. The first singlet excited state (S1) was optimized at the TD-DFT level of theory. 

While the first triplet excited states (T1) were also optimized at the TD-DFT level of 

theory within the Tamm-Dancoff approximation (TDA) to overcome the triplet 

instability issue.[14e] The spin-orbit coupling (SOC) effect was considered to be a 

perturbation of the scalar relativistic Kohn-Sham orbitals after SCF and TD-DFT 

calculations (pSOC-TD-DFT).[14f-h] The SOC matrix elements were calculated using 

B3LYP with a Slater-type all-electron TZP basis set for all atoms as implemented in the 

ADF package.[14i] 

4.9.2. Protocol of Sample Preparation:  

All solution state studies and phosphorescence studies of CPthBr in the presence of 

CB[7] were performed, keeping the final concentration of the samples at 0.1 mM. 1 

mM CPthBr and 0.2 mM CB[7] in an aqueous solution was used as a stock 

solution. Phosphorescence studies of CPthBr with LP were performed, keeping the 

final concentration of the samples at 0.5 mM, using a stock solution of 5 mM CPthBr 
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and 7 wt. % LP in water (suspending 630 mg of LP in 9 mL millipore distilled aqueous 

solution under intense sonication followed by treating the suspension with 24 mg of 

sodium polyacrylate). The phosphorescent hydrogel was prepared using 10 wt. % LP. 

For the TS-FRET studies, the required amount of SRG and SR101 was added into 0.5 

mM CPthBr-LP hybrids (LP = 2.25 wt. %) and sonicated for 5 minutes to get a clear 

hybrid solution 0.1 mM SRG and SR101 in an aqueous solution were used as a stock 

solution. For thin film preparation, hybrid solutions were drop casted on clean quartz 

substrates and dried under vacuum overnight at 50 °C. 

4.10. Synthetic Schemes and Procedures: 

Materials: o-Xylene and N, N’-dimethylethylenediamine were purchased from Alfa-

Aesar; Pyridine, Acetic acid, Bromine and Potassium Permanganate were purchased 

from Spectrochem, India and used without further purification. 

Synthetic Scheme: 

  

Scheme 4. Synthetic scheme for CPthBr. 

Synthetic Procedures: 

Compound 21 was synthesized according to the literature procedure.[15] 

Synthesis of compound 22: Dibromophthalic anhydride (21) (500 mg, 1.63 mmol) was 

taken in a 100 mL round bottom flask, and 25 mL acetic acid was added into it and 

stirred at room temperature for 30 minutes. N, N’-dimethylethylenediamine (180.0 mg, 

2.04 mmol) was added to the reaction mixture and allowed to reflux for 16 hours. 

Subsequently aqueous solution was added to the reaction mixture, and acetic acid was 

neutralized by sodium bicarbonate and the compound was extracted with chloroform. 

The chloroform was evaporated under reduced pressure and dried under vacuum for 10 

hours. Column chromatography was performed using 1 to 5 % methanol in chloroform 

as an eluent to get the pure product as white solid (430 mg, 70 % yield).  
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1H NMR (CDCl3, 400 MHz), δ (ppm) = 8.07 (s, 1H), 3.79 (t, 2H, J = 6.4 Hz), 2.57 (t, 

2H, J = 6.4 Hz), 2.26 (S, 6H); 13C NMR (CDCl3, 100 MHz), δ (ppm) = 166.5, 131.9, 

131.2, 128.4, 56.8, 45.4, 36.5. HRMS (ESI): m/z calculated for C12H12Br2N2O2: 

375.9245: observed 376.9312 [M+H]+. 

Synthesis of compound CPthBr: In a 100 mL round bottom flask, compound 22 (400 

mg, 1.29 mmol) and methyl iodide (0.8 mL, 12.9 mmol) were added. 50 mL 

chloroform was added into it and stirred for 24 hours at room temperature. The white 

precipitate formed during the reaction was filtered, washed with diethyl ether, and dried 

under vacuum to give pure compound CPthBr (523 mg, 95% yield). 

 1H NMR (DMSO-d6, 400 MHz), δ (ppm) = 8.32 (s, 1H), 4.02 (t, 2H, J = 6.8 Hz), 3.60 

(t, 2H, J = 7.0 Hz), 3.16 (s, 9H); 13C NMR (DMSO-d6, 100 MHz), δ (ppm) = 165.8, 

132.0, 130.7, 128.2, 61.8, 52.5, 31.7. HRMS (ESI): m/z calculated for C13H13Br2N2O3: 

390.9474: observed 390.9491 [M]+. 

 

Figure 4.13. 1H NMR spectrum of 22 in CDCl3. 
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Figure 4.14. 13C NMR spectrum of of 22 in CDCl3. 

 

Figure 4.15. ESI-HR-MS spectrum of 22. 
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Figure 4.16. 1H NMR spectrum of CPthBr in DMSO-d6. 

 

Figure 4.17. 13C NMR spectrum of CPthBr in DMSO-d6. 
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Figure 4.18. ESI-HR-MS spectrum of CPthBr. 

 

Figure 4.19. HPLC profile of CPthBr ([c] = 0.5 mM, A gradient elution of acetonitrile 

from 80-100% in aqueous solution was used by monitoring at 310 nm). 
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Chapter 5.1 

Anion-π Induced Charge-transfer Emission from Cationic 

Naphthalene Diimide* 

Abstract 

Manipulating the optical properties of the chromophores via anion-π interaction is 

difficult and summoning. Although anion-π induced formation of charge-transfer (CT) 

ground is known in the naphthalene diimide family, however, emissive CT state is rare 

and requires an elegant molecular design strategy. In this regard, we present the 

formation of anion-π induced CT ground state and subsequent realization of a unique 

through space red-emissive 1CT state formation from π-acidic naphthalene diimides 

(NDIs) in aqueous solution. The clever molecular design strategy having counter iodide 

ions creates a perfect microenvironment to achieve an emissive CT state rather than the 

charge-separated state. To a greater extent, we exploit the emissive CT state in the 

aqueous phase for sensitive detection of insulin protein aggregate and successfully utilize 

it as a polarity-sensitive fluorescence marker.

 

 

 

 

 

 

 

 

 

*Manuscript based on this work is under preparation 
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5.1.1. Introduction: 

Anion-π interactions between electron-deficient arenes and anions have emerged as an 

important non-covalent interaction over the last decade and provided new scopes in the 

study of self-assembly and molecular recognition.[1] The meteoric rise in anion-π 

research is due to its functional relevance in distinct frontier research areas of materials 

science,[2] supramolecular chemistry,[3] and chemical biology.[4] The recent surge in this 

filed was propelled by the contributions of Matile and co-workers using electron-

deficient arylene diimide systems, with respect to the experimental probing of these weak 

interactions and with unique applications in selective anion transport[5] and anion-π 

catalysis.[6] Most of these results have been revealed, using naphthalene diimide 

derivatives owing to the diverse electronic character of its π-acidic surface, which can be 

easily tweaked by the structural modifications at the core.[7] Anion-π induced ground-

state charge transfer between anions and electron deficient NDIs was also exploited for 

anion sensing using associated colour changes.[8] Surprisingly, anion-π induced 

modulation of emission properties by the creation of charge-transfer excited states has 

not been explored, despite the unique fluorescent characteristics of core-substituted 

NDIs. We envision that anion-π induced emissive charge-transfer states would further 

expand the functional scope of these week interactions especially in the burgeoning area 

of ambient triplet harvesting of organic chromophores.[9] Further, anion-π induced 

emission with charge-transfer character would provide a new mechanism to polarity-

sensitive fluoroprobes, which often relies on intramolecular charge-transfer (ICT) or 

twisted intramolecular charge-transfer (TICT) based fluorescence signalling from 

covalently connected push-pull fluorophores.[10]   

In this chapter we present a unique anion-π induced red-emissive charge-transfer 

fluorescence from a cationic NDI derivative with bromo groups at the core and trimethyl 

ammonium groups at the imide position and iodide ions as the counter ions, in water. We 

have previously reported this molecule for harvesting aqueous phase phosphorescence 

from the locally excited triplet state (3LE), by scaffolding in the interlayer galleries of the 

layered clay materials.[11] Although, we have postulated the presence of charge-transfer 

interactions in this molecule, a detailed study was not performed. In the present 

investigation, with detailed experimental and theoretical studies, we unambiguously 

prove the Anion-π interactions between the counter anions and electron deficient NDI 
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core, which leads to dual fluorescence originating from the locally excited (1LE) and 

anion-π induced charge-transfer (1CT). Further, we demonstrate that the solvatochromic 

nature of the CT emission can be used as a novel polarity sensitive fluorescence 

mechanism to probe and visualize the hydrophobic regimes of protein aggregates. 

5.1.2. Molecular Design: 

  

Figure 5.1.1. Molecular structure of BrNDI with counter iodide ions and schematic 

representation showing the formation of the Anion-π CT complex.  

In this chapter, we synthesized a water-soluble, naphthalene diimide derivative, BrNDI, 

bearing cationic trimethylammonium group at the imide position. In the molecular 

design, the quaternary ammonium cations having iodide counter ions are envisioned to 

house the perfect microenvironment for Anion-π interaction with the π-acidic NDI core 

with high binding affinity.  

5.1.3. Spectroscopic Studies in Solution-state: 

First, we have performed detailed photophysical studies of BrNDI in water ([c] = 0.1 

mM). Absorption spectrum showed π-π* transition with vibronic maxima at 366 nm and 

411 nm typical of molecularly dissolved NDI chromophores (Figure 5.1.2a). In addition, 

it also showed of a weak broad absorption in the 450 nm to 600 nm region, characteristic 

of anion-π induced CT band in NDIs (Figure 5.1.2a). Interestingly, BrNDI exhibits dual 

emission (λexc. = 320 nm) maxima at 436 nm and 620 nm (Figure 5.1.2b). The high-

energy emission band is characteristic of the locally excited (1LE) emission of 

unsubstituted NDI molecules, which is also evident from the excitation spectrum 

monitored at this emission (λmonitored = 430 nm) (Figure 5.1.2c). On the other hand, the 

excitation spectrum monitored at the red-shifted emission (λmonitored = 650 nm) matched 

Anion-π CT complex

Anion-π induced 

CT emission

BrNDI
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with the red-shifted broad absorption spectrum in the 450-600 nm, hinting towards its 

anion-π induced CT origin (Figure 5.1.2d). Further exclusive formation of the this red-

shifted emission upon the direction excitation of the CT absorption at 510 nm, supported 

its CT origin (Figure 5.1.2d). Lifetime decay profiles showed average fluorescence 

lifetimes of 0.04 ns and 1.3 ns, respectively for the 1LE and 1CT emission and the higher 

lifetime of the latter is in consistent its CT character (Figure 5.1.2e). As expected, CT 

fluorescence is strongly dependent on the solvent polarity and large Stokes shifts are 

observed in water (~110 nm) (Figure 5.1.2f). Further the Stokes shift of BrNDI in water 

(~110 nm) is larger than that in relatively less polar acetonitrile (~80 nm), which further 

confirms the CT character of the excited states of BrNDI (Figure 5.1.2f). 

 

Figure 5.1.2. a) Absorption (blue line) and zoomed in anion-π induced CT absorption 

(inset, red line) of BrNDI in water. b) Steady-state emission spectrum (λexc. = 320 nm) 

and c) excitation spectrum (λmonitored = 440 nm) of BrNDI in water. d) Normalized anion-

π induced CT absorption spectrum, excitation spectrum (λmonitored = 650 nm) and emission 

spectrum upon selective excitation at the CT band (λexc. = 510 nm) of BrNDI in water. e) 

lifetime decay profile (λexc. = 373 nm and 532 nm, λcollected = 430 nm and 650 nm for 1LE 

and 1CT emission respectively) of BrNDI in water. f) Normalized excitation spectra 

(λmonitored = 650 nm) and emission spectra upon selective excitation at the CT band (λexc. 

= 510 nm) in polar solvent water and relatively non-polar solvent acetonitrile. ([c] = 0.1 

mM). Inset of b) shows the photograph of the red CT fluorescence obtained by 370 nm 

Xe lamp excitation 
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5.1.4. High-resolution Electrospray Ionization Mass Spectrometry 

(ESI-MS) and Single-crystal X-ray Crystallography Analysis: 

High-resolution electrospray ionization mass spectrometry (ESI-MS) is one of the 

methods to probe anion-π interaction. Hence, we performed ESI-MS experiments in the 

positive ion mode. Interestingly, the ESI-MS spectrum of BrNDI in water showed the 

presence of [BrNDI-I]+ complex-ion at 722.9477 m/z which is similar to the simulated 

isotopic patterns corroborated the anion-π interaction in BrNDI (Figures 5.1.3a,b). 

Further, tandem mass spectrometry (MS/MS) experiments on the complex-ion peak 

showed its dissociation into individual components with increased accelerating voltage 

(Figure 5.1.3c). ESI-MS and MS/MS experiments affirm anion-binding with the π-acidic 

arylene diimides (Figures 5.1.3a-c). 

Single-crystal X-ray crystallography analysis in the solid-state is the easiest 

method to prove anion-π interaction due to the proximity of the anions and π surface and 

where there is no possibility of solvent caging of the anions. Hence, we have grown 

BrNDI single crystal in water at room temperature. The single-crystal X-ray 

crystallographic data of BrNDI unveils the iodides ions are at the top of the π surface 

with the closest distance between iodide ion and π surface is 3.705 Å, unequivocally 

proves the subsistence of anion-π interaction (Figures 5.1.3d-f). Along with the anion-π 

interaction, π---π (3.461 Å) and halogen---π (3.475 Å) interactions is observed in a 

layered a slip-stacked arrangement and Iodide ions are embedded and stabilized in a vein 

via anion---π interactions in a layered structure (Figures 5.1.3e,f). The crystal structure 

analyses offer us forthright experimental evidence of anion---π interactions in the ground 

state.  
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Figure 5.1.3. a) Simulated isotropic pattern and b) high-resolution ESI-MS spectrum of 

the [BrNDI-I]+ anion-π complex (722.9477, m/z). c) ESI tandem MS/MS pattern of 

[BrNDI-I]+ anion-π complex (722.9477, m/z) upon varying accelerating voltage. d) Unit 

cell of BrNDI single crystal. e) Single-crystal X-ray crystallographic structure showing 

anion-π interaction between iodide ion and π surface with a closest distance of 3.705 Å 

(blue line). f) Slipped π-stacked layered molecular arrangement of BrNDI driven by 

halogen-π (Br---π, orange line), π---π (green line) and anion-π (blue lines) interactions. 

5.1.5. Theoretical Calculations: 

To interpret the experimental observations, we have performed time-dependent density 

functional theory (TD-DFT) calculations on the anion-π complexes of BrNDI with 

iodide counter anion using CAM-B3LYP exchange-correlation functional. The presence 

of CT interaction from iodide (donor) to the NDI core (acceptor) is clear from the 

computed natural transition orbitals (NTOs) of the first excited singlet state where hole 

is located on the iodide ion and electron is on the π surface (Figure 5.1.4a). Furthermore, 

the reduced density gradient (RDG) plot of the complex-ion clearly shows the 

intermolecular non-covalent interactions between iodide ion and π surface helps us to 

culminate the anion-π induced formation of CT complex (Figure 5.1.4b). 
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Figure 5.1.4. a) Computed natural transition orbitals (NTOs) of BrNDI showing CT 

complex, calculated for first excited singlet state using TD-CAM-B3LYP/6–31+g(d) level 

of theory. b) Gradient iso-surfaces (s = 0.5 au) of BrNDI showing non-covalent 

interaction between iodide ion and π surface (Blue, green, and red indicates attractive, 

van der Waals and non-bonding interactions, respectively). 

5.1.6. Sensing by Anion-π Induced Through Space CT Emission: 

The anion-π interactions are different than most of the reported examples, as it is induced 

by the counterions, and hence an equivalent concentration of the anions is able to induce 

an efficient anion-π interaction. We hypothesize that the position of trimethyl ammonium 

groups houses a perfect environment for iodide ions to weakly co-ordinate with the π-

acidic surface and prevent it from completely getting converted into a charge-separated 

state. We have further validated our hypothesis by exchanging the iodide counter ion 

with the weakly co-ordinating anion BF4
-. Broad absorption band at low energy region, 

dual emission feature in the emission spectrum, and broad red-shifted emission band 

upon selective excitation at the CT band similar to BrNDI help us to realize that the CT 

emission exits even upon exchanging the weakly co-ordinating BF4
- ion (Figures 5.1.5a-

c). As a result, in the present case, the anion-π interactions are present in a wide range of 

concentrations, even in the solution phase (Figures 5.1.5d,e). It is interesting to mention 

that CT emission persists even at a very low concentration (2.5 μM) of the solution, 

although the relative intensity of the CT emission with respect to the LE emission 

decreased upon decreasing the concentration as expected from a weakened interaction 

(Figure 5.1.5e). Existence of the through space emissive CT state at very low 

concentration and its bathochromic shift of ~20 nm in less polar acetonitrile solvent 

prompted us to utilize BrNDI as a polarity-sensitive fluorescence marker (Figure 5.1.5f). 

It is well studied that solvatochromic dyes work efficiently in the intercellular 

environment and change their colour upon polarity changes from hydrophilic to 
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hydrophobic regions.[12] Keeping this in mind, we have applied the novel anion-π induced 

through space CT emission of BrNDI for sensitive protein fibril detection. Recently, the 

sensitive detection of protein aggregate is one of the most active research areas being 

pursued due to their paramount importance for detecting Alzheimer's, Parkinson's, and 

Huntington's diseases.[13] In the present study, we have utilized insulin as a model protein 

composed of two peptide chains having 51 amino acid residues that readily undergo 

fibrilization under various destabilizing conditions (like high temperature, low pH, 

shaking, stirring, and so on) and which forms extended β-sheet structure via self-

assembly and prepared insulin oligomer and fibril solution in presence of 0.1 mM BrNDI 

using 1mM native insulin.[14] Then we kept it in a heating bath for 5 hours and 96 hours 

at 70 °C in 10 mM sodium phosphate buffer (pH-7.4) to prepare insulin oligomer and 

fibril respectively. After removing from the heating bath, we kept the solutions for 

overnight at room temperature to prior photophysical experiments. Detailed 

spectroscopic analysis revealed a significant bathochromic shift of the emission 

maximum from 620 nm to 590 nm and 580 nm is observed from water ([c] of BrNDI = 

0.1 mM) to insulin oligomer and fibrillar solution respectively (λexc. = 510 nm, [c] of 

BrNDI in insulin solution = 12 μM) (Figure 5.1.6a). We hypothesized that the 

bathochromic shift is observed because the change in polarity from hydrophilic to the 

hydrophobic environment leads to apparent orange emissivity in hydrophobic insulin 

fibril solution. Time resolved emission decay profile further analyses the CT nature of 

the broad-band (Figure 5.1.6b). However, a substantial increase in CT emission intensity 

(λexc. = 320 nm) is realized along with the sizeable bathochromic shift (Figure 5.1.6c). It 

is exciting to mention that the relative intensity ratio of 1CT to 1LE (1CT:1LE) changes 

from 1.64 to 34.7 from hydrophilic water to hydrophobic insulin fibril solution (Figure 

5.1.6c). We hypothesized that significant increase in the CT emission intensity (1CT) 

compared to the (1LE) even at a very low concentration of BrNDI ([c] of BrNDI in 

insulin solution = 12 μM) in insulin solution could be because of increasing the iodide 

ion's local concentration in the confined microenvironments enhances ground state 

interaction, leading to enhanced CT emission. To avoid any optical artifact (for example 

self-absorption) we have used 10/2 mm cuvette and performed repeated experiments by 

changing excitation and emission slit width and rotating the cuvette to 90° (Figure 

5.1.6d). It is noteworthy to mention that novel molecular design presented here having 

high binding affinity (Ka = 104 M-1) with π-surface leads to enhanced CT emission even 
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at very low concentration of BrNDI in protein solution which is not possible using 

externally added ion due to the low their low binding ability.[5a] However, the successful 

spectroscopic detection provoked us to image the insulin oligomers and fibrils using 

confocal microscopy (Figure 5.1.6e). The clear oligomeric and fibrillar structure is 

obtained upon visible light excitation (λexc. = 514 nm), suggesting the binding of BrNDI 

in the fibrillar network and making it a potential visible light excited polarity sensitive 

fluorescence marker (Figure 5.1.6e). Further spectral evaluation from the confocal image 

of fibrillar structure matches with the emission spectrum of the insulin fibril solution 

attested the origin of fibrillar emission comes from the CT states of BrNDI (Figure 

5.1.6f). 

Figure 5.1.5 a) Absorption spectra (Inset: Zoomed in absorption spectrum showing CT 

band), b) emission spectra (λexc. = 320 nm) and c) emission spectra upon selective 

excitation at the CT band (λexc. = 510 nm) of BrNDI-BF4
 in water at two different 

concentrations. d) Normalized excitation spectra (λmonitored. = 650 nm) and e) emission 

spectra upon selective excitation at the CT band (λexc. = 510 nm) of BrNDI in different 

concentration. f) Solvatochromism study of BrNDI in ACN, 50% ACN-water and water 

([c] = 0.1 mM) upon selective excitation at the CT band (λexc. = 510 nm). 
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Figure 5.1.6 a) Normalized emission spectra of BrNDI in water ([c] = 0.1 mM), in 

presence of insulin oligomer and fibril ([c] = 12 µM) upon selective excitation at CT 

band (λexc. = 510 nm, Inset: photograph of insulin fibril (orange) and oligomer (red) upon 

370 nm Xe lamp excitation in presence of BrNDI). b) Lifetime decay profile of BrNDI 

in presence of insulin fibril ([c] = 12 µM, λexc. = 510 nm, λcollected = 650 nm). c) 

Normalized emission spectra of BrNDI in water ([c] = 0.1 mM) and in presence of 

insulin fibril ([c] = 12 µM) (λexc. = 320 nm). d) Emission spectra of BrNDI in insulin 

fibril ([c] = 12 μM) upon changing the slit width and rotating the cuvette to 90° to avoid 

self-absorption (λexc. = 320 nm, all the experiments we performed in 10/2 mm cuvette in 

front-face geometry). e) Confocal microscopy image showing the fibrillar structure of 

insulin protein in presence of BrNDI (λexc. = 514 nm). f) Emission spectra evolution from 

confocal image of insulin fibril showing anion-π induced CT emission. 

5.1.7. Conclusions: 

In conclusion, detailed spectroscopy, single-crystal XRD analysis, and mass-

spectrometry assuage us to mitigate anion-π interactions between electron-rich anion and 

electron-deficient NDI core, leading to emissive CT states. The controlled modulation of 

CT state via ingenious molecular design strategy emanated red emission in water. 

Further, we have utilized the novel anion-π induced emissive through space CT as a 

polarity-sensitive fluorescent marker for visualizing insulin protein aggregate. The 

proposed result will give a new dimension in molecular design strategies to modulate the 
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triplet states for ambient triplet harvesting via phosphorescence from CT triplet state 

(3CT) and thermally activated delayed fluorescence to a greater extent. 

5.1.8. Experimental Section: 

5.1.8.1. General Methods: 

NMR Measurements: 1H and 13C NMR 1H and 13C NMR spectra were recorded on a 

BRUKER AVANCE-400 Fourier transformation spectrometer with 400 and 100 MHz 

respectively. The spectra are calibrated with respect to the residual solvent peaks. The 

chemical shifts are reported in parts per million (ppm) with respect to TMS. Short 

notations used are, s for singlet, d for doublet, t for triplet, q for quartet and m for 

multiplet. 

Optical Measurements: Electronic absorption spectra were recorded on Jasco V-750 

UV-Visible spectrophotometer and emission spectra were recorded on FLS1000 

spectrometer, Edinburgh Instruments. Solution state emission spectra were recorded in 

10/2 mm path length cuvette in front-face geometry to avoid self-absorption. 

Fluorescence lifetimes were performed on a same instrument. A 510 nm LED diode with 

a pulse repetition rate of 1 MHz was used as the light source. 

Confocal Laser Scanning Microscopy (LCSM): Confocal microscopy imaging was 

done at room temperature using Leica TCS SP8 laser scanning confocal microscope with 

a laser excitation of λexc.= 514 nm. Imaging was performed using Leica oil-immersion 

objectives: HC PL APO CS2 63x with numerical aperture (NA) 1.40. Fluorescence light 

was specially filtered with emission filters (TD 488/561/633) and imaged with HvD 

detector. Confocal images were processed using LAS X (Leica) and image J software.  

Lifetime Measurements and Quantum yield: Fluorescence lifetimes were performed 

on a Horiba Delta Flex time-correlated single-photon-counting (TCSPC) instrument. A 

373 nm and 532 m LED diode with a pulse repetition rate of 1 MHz was used as the light 

source. The instrument response function (IRF) was collected using a scatterer (Ludox 

AS40 colloidal silica, Sigma-Aldrich).  

Single Crystal X-ray Crystallography: Suitable single crystal of the BrNDI compound 

was mounted on a thin glass fibre with commercially available super glue. Intensity data 

were collected Bruker D8 VENTURE diffractometer equipped with a PHOTON detector 
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and graphite-monochromated Mo-Kα radiation (λα = 0.71073 Å, 50 kV, 1mA) at 100 K. 

APEX III software was used to collect, reduce and integrate the raw data. The direct 

method was used for solving crystal structure, followed by full-matrix least-squares 

refinements against F2 (all data HKLF 4 format) using the SHELXL 2014/7R1 and 

difference Fourier synthesis and least-squares refinement revealed the positions of the 

non-hydrogen atoms. All nonhydrogen atoms were refined anisotropically and remaining 

hydrogen atoms were placed in geometrically constrained positions and refined with 

isotropic temperature factors, generally 1.2×Ueq of their parent atoms. Molecular 

structure drawings were prepared using the program Mercury (version 3.1). We have 

selected the best crystal; however, few alerts are generated and can't be resolved despite 

several attempts due to the weak diffraction of crystals. 

Computational Details: Ground State (S0) of BrNDI molecules was optimized using 

density functional theory (DFT) and electronic absorption spectra was calculated using 

time-dependent density functional theory (TD-DFT) as implemented in the Gaussian 16 

software considering solvent effect.[15] Ground state (S0) optimization and frequency 

calculation was performed employing B3LYP[16-18] exchange functional with 6-31+g(d) 

basis set except for Br and I for which LANL2DZ basis set was used with the 

corresponding effective core potential (ECP) in gas phase. While the excited state 

calculations were performed using CAMB3LYP exchange-correlation functional with 

the same basis sets as mentioned before. The first singlet excited state (S1) was optimized 

at the TD-DFT level of theory. While the first triplet excited states (T1) were also 

optimized at the TD-DFT level of theory within the Tamm-Dancoff approximation 

(TDA) to overcome the triplet instability issue. [19] The solvent (acetonitrile) effects were 

taken into accounts by the polarized continuum model (PCM) using the integral equation 

formalism variant (IEFPCM). [20] Reduced density gradient (RDG) plot calculations were 

done using Multiwfn 3.6 package.[21] 

5.1.8.2. Protocol of Sample Preparation:  

All solution state studies of BrNDI were performed, using the study concentration of the 

samples at 0.0025 mM to 0.1 mM, where 0.5 mM BrNDI was used as a stock solution. 

Insulin oligomer and fibril stock solutions were prepared using 0.1 mM BrNDI and 1mM 

native insulin. Then kept it in a heating bath for 5 hours and 96 hours at 70 °C in 10 mM 

sodium phosphate buffer (pH-7.4) to prepare insulin oligomer and fibril solutions, 
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respectively. After removing them from the heating bath, we kept the solutions overnight 

at room temperature before photophysical experiments. Then all the solution state studies 

of BrNDI were performed, using the study concentration of the samples at 12 μM to 3 

μM. 12 μM solution of insulin oligomer and fibril were drop casted on clean glass 

substrate for confocal imaging. 

5.1.9. Synthetic Scheme and Procedures: 

 

Scheme 5.1. Synthetic scheme for BrNDI. 

Compound 24, 25 and BrNDI was synthesized according to literature procedure.[11] 
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Chapter 5.2 

Anion-π Induced Phosphorescence from Charge-transfer 

States* 

Abstract 

The burgeoning non-covalent interactions between π-acidic aromatic surfaces and 

anions have been recently shown to have unique functional relevance in anion transport, 

ion sensing and organocatalysis. Despite its potential to instigate charge-transfer (CT) 

states, modulation of the emission features by toggling between the excited states using 

anion-π interactions is not yet explored. On the other hand, excited states with CT 

characteristics play an important role in the ambient triplet harvesting of organic 

chromophores. In this context, in this chapter we propose an anion-π based molecular 

design for the introduction of emissive singlet and triplet CT excited states, thereby 

expanding the functional scope of these weak supramolecular interactions. In the present 

study, we investigate the anion-π induced emission from the singlet (1CT) and triplet 

(3CT) CT states of a dibromo di-cationic pyromellitic diimide derivative. Remarkably, 

we accomplish dual room temperature phosphorescence emission from the anion-π 

mediated 3CT state along with the locally excited triplet state (3LE) in solution 

 

 

 

* Manuscript based on this work is published in J. Am. Chem. Soc. 2022, 144, 10854-

10861. 
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phase, using an organic-inorganic supramolecular scaffolding strategy. Comprehensive 

steady-state and time-resolved spectroscopy along with theoretical calculations provide 

detailed insights into the excited state manifolds of the phosphor. We envisage that the 

present study will expedite new molecular designs based on weak intermolecular 

interactions for the excited state engineering of organic chromophores to facilitate 

ambient triplet harvesting and CT emission. 

5.2.1. Introduction: 

Anion-π interactions between π-acidic aromatic surfaces having positive quadrupole 

moments with anions, have recently attracted immense attention in supramolecular 

chemistry.[1] In contrast to the corresponding complementary interaction between cations 

and π-basic aromatic surfaces, anion-π interactions are less explored due to the 

difficulties in accessing anion-π contacts. Despite its whimsical nature, the recent past 

has witnessed a meteoric rise in the number of reports on the occurrence and plausible 

functional relevance of anion-π interactions.[2] The seminal work by Matile and co-

workers provided the experimental evidence for the existence of anion-π interactions 

using electron-deficient naphthalene diimides (NDIs).[3] Further they also demonstrated 

the functional relevance of this burgeoning interaction by demonstrating its importance 

in modulating the anion transport across the bilayer membrane.[1d,3] With this pioneering 

work, Matile group continued to exploit the possibilities of anion-π interactions for 

various functional outcomes, primarily for catalysis.[4] The explicit contributions of 

anion-π interactions in catalysis are by stabilizing the negatively charged intermediate 

with catalysts that are π-acidic in nature. Hitherto, anion-π interactions have been utilized 

for catalysing multifarious reactions such as enolate, enamine, iminium, and 

enantioselective chemistry.[4] In addition to these, Saha and co-workers have also 

exploited the anion-π interactions-based fluoride ion sensors, using the ground state 

charge-transfer (CT) interaction between arylene diimides and anions.[5] In the present 

work, we expand the functional scope of anion-π interactions and propose that these weak 

interactions can be utilized to realize both fluorescence and ambient phosphorescence. 

More recently, there has been an expeditious upsurge in harvesting the ambient 

triplet states of purely organic chromophores due to their ease of processability and non-

toxicity, compared to its organometallic counterparts.[6] The ambient triplet harvesting in 

organic systems have been achieved usually via three important photophysical processes: 
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phosphorescence[7], triplet-triplet fusion (TTF)[8] and thermally activated delayed 

fluorescence (TADF).[9] Various efficient (supra)molecular designs have been recently 

introduced to minimize the vibrational and oxygen quenching of triplet states to harvest 

room temperature phosphorescence from organic chromophores owning high triplet 

yields.[10] On the other hand, reverse inter-system crossing (RISC) mediated TADF has 

also been realized from elegantly designed donor-acceptor molecular systems by 

modulating the energy gap between singlet and triplet states.[10] It is well understood that 

both singlet (1CT) and triplet (3CT) CT states play a decisive role in biasing the excited 

state manifold to facilitate the triplet harvesting.[9] Hence, we envisage that the anion-π 

induced interactions would provide an alternative and simple molecular design to 

mediate the triplet harvesting pathways through CT states. In addition, this 

supramolecular strategy can also boost the inter-system crossing (ISC) efficiency of the 

organic chromophores through external heavy atom effect provided by the non-

covalently bound anions. Generally, the spin forbidden nature of triplet emission 

demands a significant ISC efficiency and strong spin-orbit coupling (SOC) between 

singlet and triplet states, which can be satisfied via hetero and heavy atom substitution in 

the molecular design.[6] In this context, arylene diimides are the finest class of 

chromophores to investigate anion-π induced CT states, with their electron deficient 

character and versatile synthetic flexibility available to tune the electronic and optical 

characteristics via core-substitution.[11] Recently, we have shown that triplet excitons can 

be efficiently harvested from arylene diimide cores such as naphthalene diimides (NDIs) 

and pyromellitic diimides (PmDIs), via room-temperature phosphorescence[10a,12] and 

TADF.[13] The multiple carbonyl groups present in the molecular design and easy core 

substitution with heavy atoms accelerate the ISC process and increase the SOC 

significantly in these derivatives.[10a,12] Thus, keeping in mind the π-acidity and triplet 

character of arylene diimides, herein we investigate the anion-π induced modulation of 

the optical properties of a di-cationic PmDI derivative, with heavy-atom core substitution 

and iodide counterions (BrPmDI). The easier accessibility to the triplet states of PmDIs 

compared to the NDIs and their facile synthetic route make them an ideal choice to 

investigate anion-π interaction.  

In this contribution, we show an unprecedented anion-π interaction induced 

emissive singlet and triplet CT states from BrPmDI under ambient conditions, thereby 

expanding the functional relevance of these weak interactions towards the optical 
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functionality of organic materials. Efficient CT interaction between the counter iodide 

anions with the PmDI core leads to the ground state CT absorption and corresponding 

CT fluorescence (1CT) in aqueous solution. On the other hand, supramolecular 

scaffolding of BrPmDI inside the inorganic hybrids to stabilize the triplet states from 

oxygen and vibrational quenching, leads to a dual solution phase phosphorescence 

emission from both the locally excited (3LE) and the anion-π induced CT (3CT) triplet 

states. To the best of our knowledge, this is the first report on anion-π induced 

phosphorescence properties accomplished from organic phosphors under ambient 

conditions. 

5.2.2. Molecular Design: 

  

Figure 5.2.1. a) Molecular structure of BrPmDI with counter iodide ions. b) Schematic 

representation of Laponite (LP) nanodisc structure. c) Schematic representation 

showing formation of hybrid co-assembly between BrPmDI and LP.  

The PmDI derivative, BrPmDI, (Figure 5.2.1) is appended with trimethyl ammonium 

cationic moiety at the imide position with iodide counter ions and core-substituted with 

bromine heavy atoms. BrPmDI was synthesized according to synthetic procedure shown 

in synthetic scheme 5.2.1 and was fully characterized by nuclear magnetic resonance 

spectroscopy (NMR), high-resolution mass spectrometry (HRMS), and was checked for 

purity by high-performance liquid chromatography (HPLC). The negatively charged 

surface of LP nanoplates can easily bind electrostatically with complementarily charged 

BrPmDI having positively quaternary ammonium groups appended to its imide position 

and providing them a confined environment in the interlayer galleries of LP. The cationic 
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BrPmDI molecule can organize in the interlayer galleries of LP nanoplates and is 

envisioned to harvest the triplet excitons via phosphorescence.  

5.2.3. Spectroscopic Studies in Solution-state: 

BrPmDI exhibited characteristic π-π* absorption bands with a maximum at 366 nm in 

water ([c] = 0.1 mM) (Figure 5.2.2a). A closer look at the absorption spectrum showed a 

very broad, weak, red-shifted band ranging from 450 nm to 600 nm, in addition to the π-

π* transitions (Figure 5.2.2a). Similar spectral features were attributed to the anion-π 

interactions for electron-deficient NDI derivatives with various anions reported by Matile 

and co-workers,[3] hinting towards similar interactions between the counter iodide ions 

with the electron deficient arylene diimide core. Remarkably, the steady-state emission 

spectrum in water displayed dual emission with maxima at 427 nm and 605 nm (Figure 

5.2.2b, λexc. = 320 nm). Further, the blue shifted emission centered around 430 nm is 

characteristic of the fluorescence emission from LE singlet state of these derivatives 

(1LE), which is also confirmed by the excitation spectrum collected at this emission 

(Figure 5.2.2c). On the other hand, excitation spectrum collected at the red-shifted 

emission by monitoring at 650 nm, showed a maximum at 480 nm which is closely 

matching with the corresponding, red-shifted band of absorption spectrum (Figure 

5.2.2d). This result confirms the anion-π interaction induced emissive CT complexation 

between iodide counter anion and π-acidic PmDI core. This is further supported by the 

emission measurements performed by the selective excitation at the broadband (λexc. = 

470 nm), which showed the exclusive formation of the red-shifted emission band 

spanning from 500 nm to 750 nm region in both cases (Figure 5.2.2b). Hence it can be 

inferred that the origin of the red-shifted emission band is due to the anion-π induced CT 

fluorescence (1CT). For further understanding, the lifetime decay measurements were 

performed by selectively exciting at the LE (λexc. = 373 nm) and CT bands (λexc. = 480 

nm) (Figures 5.2.2e). Notably, the lifetime analyses of the high energy band (λcollected = 

430 nm) showed a lifetime of 0.9 ns, while the low energy red-shifted band (λcollected = 

650 nm) showed an increased lifetime of 5.2 ns (Figures 5.2.2e). The enhanced lifetime 

of the red-shifted band reiterated the anion-π induced formation of emissive CT state. In 

addition, solvatochromic changes in the emission maximum further reaffirm the CT 

nature of the emission occurring at higher wavelengths (Figures 5.2.2f).  



Chapter 5.2                                                                               Anion-π Induced Phosphorescence 

 

 
    188 

 

  

 

Figure 5.2.2. Spectroscopic characterization of BrPmDI. a) Absorption (inset: zoomed 

in anion-π induced CT absorption), b) steady-state emission (λexc. = 320 nm), normalized 

excitation (λcollected = 420 nm), d) normalized excitation (λcollected = 650 nm) and emission 

spectra (λexc. = 470 nm) of the CT state and f) fluorescence lifetime decay profiles of both 

1LE and 1CT emissions (λexc. = 373 nm, 480 nm and λcollected = 420 nm, 650 nm for 1LE 

and 1CT, respectively), f) normalized emission spectra (λexc. = 510 nm) in polar solvent 

water and relatively non-polar solvent acetonitrile. ([c] = 0.1 mM, IRF is the instrument 

response function. Inset of d) shows the photograph of the red CT fluorescence obtained 

by 370 nm Xe lamp excitation. 

5.2.4. High-resolution Electrospray Ionization Mass Spectrometry 

(ESI-MS), Single-crystal X-ray Crystallography Analysis and 

Theoretical Calculations: 

To further probe the counter anion induced anion-π interactions in the cationic BrPmDI, 

high-resolution electrospray ionization mass spectrometry (ESI-HRMS) was performed 

in the positive ion mode (Figure 5.2.3).[3] Interestingly, the ESI-MS analyses of BrPmDI 

showed peak at 672.9305 m/z which is similar to the simulated isotopic patterns, 

corresponding to the anion-π complex with intact counter ions (Figures 5.2.3a,b). 

Tandem mass spectrometry (MS/MS) experiments on the complex ion peak further 

showed that its dissociation into individual components indeed requires increased 

accelerating voltages (Figure 5.2.3c).  
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Figure 5.2.3. a) Simulated isotropic pattern and b) high-resolution ESI-MS spectrum of 

the [BrPmDI-I]+ anion-π complex (672.9305, m/z). c) ESI tandem MS/MS pattern of 

[BrPmDI-I]+ anion-π complex (672.9305, m/z) upon varying accelerating voltage.  

The presence of anion-π interaction was further unambiguously proven by the 

single crystal X-ray diffraction studies (Figures 5.2.4a,b). Single crystals of BrPmDI 

displayed a layered molecular organization with a slip-stacked arrangement (Figure 

5.2.4a). The distance between the interlayers was observed to be 3.88 Å and I- ions were 

embedded and stabilized in a channel via anion-π interactions with contact distances of 

3.69 Å, thus providing the direct evidence of anion-π CT complex (Figures 5.2.4b). In 

addition, supramolecular arrangement of BrPmDI was further stabilized by various 

halogen bonding interactions such as, C=O···Br (3.91 Å), Br···Br (3.94 Å) and Br···π 

(3.88 Å) (Figure 5.2.4a). Theoretical studies also supported these experimental 

observations, where natural transition orbitals (NTO) of BrPmDI obtained from the 

TDDFT calculations using CAMB3LYP functional showed localization of hole and 

electron on the iodide ion and PmDI π-surface, respectively suggesting the presence of 

CT transition (Figure 5.2.4c). The calculated oscillator strength (f = 0.012) is significant 

enough to observe the CT band in UV-Vis absorption spectrum. 
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Figure 5.2.4. a-b) Single crystal X-ray diffraction data of BrPmDI: a) Slipped π-stacked 

layered molecular arrangement of PmDI driven by various halogen bonding interactions 

such Br---Br (marked with red lines), Br---C=O (marked with green lines) and Br---π 

(marked with orange lines) and b) anion-π contacts (marked with blue lines). c) Natural 

transition orbitals (NTOs)of BrPmDI and iodide complex for first excited singlet state 

(S1), calculated at TD-CAM-B3LYP level in conjunction with 6-31+g(d) basis set for C, 

N, O, H and LANL2DZ basis set for Br and I with effective core potential. 

5.2.5. Phosphorescence Study of BrPmDI-LP hybrid in Solution: 

The studies so far substantiated that anion-π interactions can indeed stabilize the CT 

states in arylene diimides, leading to CT emission from singlet states (1CT). In the recent 

past it has been shown that CT triplet states play an important role in harvesting triplets 

via phosphorescence or TADF.[8,12] So, we have further explored the possibility of anion-

π induced CT states to instigate the triplet harvesting in arylene diimides. Recently, we 

have introduced an efficient supramolecular scaffolding approach by utilizing laponite 

nanoplates, to stabilize the triplet states of arylene diimides by reducing the vibrational 

and oxygen quenching.[10a,h] Laponite (LP) is an inorganic, water soluble silicate-based 

nano-template with structural rigidity and nanoscale periodicity that can organize small 

molecules inside the interlayer galleries.[14] These dual charged disc-shaped nanoplates 

were exfoliated in aqueous solution after neutralizing the positively charged edges with 

sodium polyacrylate to prevent the electrostatically driven clay network formation.14] 

Next, the hybrid co-assembly between BrPmDI and LP nanoplates (BrPmDI-LP) in 

water was probed using spectroscopic studies. Systematic titration studies were carried 

out to identify the composition of the co-assembly with maximum emission intensity and 

a) b) c)

S1

Hole

Electron

f = 0.0120

3.70 Å

3.91 Å

3.94 Å

3.91 Å

(Br---Br = 3.94 Å)

(Br---C=O = 3.91 Å)

(Br---p = 3.88 Å)

(I---p = 3.70 Å, I---Centroid = 3.91 Å)

3.88 Å



Chapter 5.2                                                                               Anion-π Induced Phosphorescence 

 

 
    191 

 

  

accordingly subsequent studies were performed with 1.00 mM solution of BrPmDI in 5 

wt.% of LP (Figure 5.2.5a). Interestingly emission spectrum of the aqueous solution of 

the BrPmDI-LP co-assembly, showed a dual emission with maxima at 470 nm and 560 

nm, along with a weak insignificant emission in the range of 390 nm to 430 nm 

corresponding to the 1LE emission (Figure 5.2.5b). The gated emission spectrum (λexc. = 

370 nm, delay time = 50 μs) was identical to the steady-state emission spectrum, which 

further confirmed the delayed character of the emission (Figure 5.2.5b). The emission 

collected at 470 nm (λexc. = 370 nm) showed an average lifetime of 0.37 ms, hinting 

towards the phosphorescence nature of the emission (Figure 5.2.5c). Temperature 

dependent lifetime decay profiles (283 K to 353 K), further confirmed the 

phosphorescence nature of the emission in LP hybrid solution (Figure 5.2.5d). Further 

the redshift of this emission (λmax. = 470 nm) compared to the singlet LE fluorescence 

(λmax. = 427 nm) suggest that this could be originated from the triplet LE state, which is 

confirmed by the steady-state and gated excitation spectra monitored at 470 nm (Figure 

5.2.5e). The cyan phosphorescence emission of BrPmDI is similar to our previously 

reported 3LE of PmDI derivatives,[12] which reiterates the 3LE origin of the emission 

(Figure 5.2.5b). The absolute phosphorescence quantum efficiency of 1 mM BrPmDI in 

5 wt.% LP is found to be ~5.4 %.  

A deeper examination of the steady-state and gated emission spectra revealed the 

presence of another emission band with a maximum at 560 nm, along with the 3LE 

emission centered at 470 nm (Figure 5.2.5b). Interestingly, the excitation spectrum 

collected at 650 nm emission displayed a broadband in the 465 nm to 575 nm region, 

corresponding to the CT absorption, along with the LE band, indicating the CT nature of 

the latter emission band (1CT or 3CT), which is of different origin compared to the 3LE 

emission at 470 nm (Figure 5.2.5e). In addition, the selective excitation of the lower 

energy band at 470 nm also resulted in the exclusive formation of this red-shifted 

emission (Figure 5.2.5b). Time-resolved decay experiments showed that this red-shifted 

emission consists of CT fluorescence with an average lifetime of 7.17 ns which is very 

high than the 1LE fluorescence and a long-lived emission with an average lifetime of 0.23 

ms, suggesting the involvement of triplet CT states (3CT) (Figures 5.2.5c,f). Further, we 

have carried out time-resolved excitation spectra monitored at 650 nm to understand the 

involvement of CT state (Figure 5.2.6a). With the time evolution (0 ms to 9.5 ms) the LE 

state contribution gradually decreased with a concomitant rise in the red-shifted CT band 
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in the excitation spectra (Figure 5.2.6a). The gradual formation of long-lived emissive 

CT states was further evident from the time-resolved emission spectra (λexc. = 370 nm) 

(Figure 5.2.6b). Theoretical calculations revealed that the NTOs (calculated from the 

TDDFT, using CAMB3LYP functional) of BrPmDI triplet state have a hybrid character 

where the LE state is dominated by π-π* transition and excited CT state arises due to the 

presence of counter iodide ion (Figure 5.2.6c). The significant change in orbital 

involvement in the excitations (hole) of S1 and T1 facilitates high ISC from S1 to T1. 

 

Figure 5.2.5. Dual Phosphorescence of BrPmDI-LP hybrid in aqueous solution. a) 

Steady-state emission spectra (λexc. = 370 nm) of BrPmDI-LP hybrids in solution with 

increasing LP wt.%. b) Normalized steady-state (solid line), gated (dashed line) emission 

spectra upon λexc. = 370 nm (green line) showing the contribution from both LE and CT 

emissions. The emission from CT upon direct excitation at λexc. = 470 nm (orange line) is 

also shown. Inset: photograph of BrPmDI-LP hybrid solution upon Xe lamp excitation 

with 330 nm and 470 nm. c) Lifetime decay profile for LE (green, λcollected = 470 nm)) and 

CT (orange, λcollected = 650 nm) emissions at λexc. = 370 nm. d) Temperature dependent 

lifetime decay profile (λexc. = 355 nm, λcollected = 470 nm). e) Normalized steady-state 

(solid lines) and gated excitation spectra (dashed lines) for LE (green line, λmonitored = 

470 nm) and CT (orange line, λmonitored = 650 nm) emissions. Lifetime decay profile of 

BrPmDI-LP hybrid in aqueous solution. f) 1LE fluorescence (blue, λexc. = 373 nm, λcollected 

= 410nm, 𝜏avg. = 1.18 ns) and 1CT fluorescence (orange, λexc. = 480 nm, λcollected = 650 

nm) and f) long-lived CT emission (λexc. = 470 nm, λcollected = 650 nm). 
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Figure 5.2.6. Dual Phosphorescence of BrPmDI-LP hybrid in aqueous solution: Time 

resolved a) excitation (λmonitored = 650 nm) and b) emission spectra (λexc. = 370 nm). 

Arrows indicate the spectral changes with time. c) Natural transition orbitals (NTOs) 

BrPmDI and iodide complex for first excited triplet state (T1), calculated at TD-CAM-

B3LYP level in conjunction with 6-31+g(d) basis set for C, N, O, H and LANL2LDZ basis 

set for Br and I with effective core potential showing both LE and CT character. 

Concentration of the hybrid solution used 1 mM of BrPmDI-LP and 5 wt.% LP in water. 

Delay time used in the gated spectra is 50 µs.  

5.2.6. Phosphorescence Study of BrPmDI-LP Hybrid as Drop-casted 

Films: 

The delayed CT emission at 560 nm could be composed of either 3CT phosphorescence 

or a delayed emission from the 1CT state. To perform the photophysical study in the 

absence of oxygen and at different temperatures for investigating the involvement of 3CT 

states in delayed CT emission, we have made the film by drop-casting the hybrid solution 

onto a quartz plate. Similar to the hybrid solution, the steady-state and gated emission 

spectra (λexc. = 370 nm and 470 nm, delay time = 50 μs) of the film showed the presence 

of 3LE emission at 470 nm along with the CT emission band at 560 nm, which was also 

obtained by the direct excitation at the CT band (Figure 5.2.7a). Steady-state excitation 

spectra (λmonitored = 470 nm and 650 nm) displayed a broad CT absorption band, along 

with the LE band similar to the hybrid solution (Figure 5.2.7b). Further delayed excitation 

spectra (λmonitored = 470 nm and 650 nm, delay time = 50 μs) confirmed the contribution 

of the LE and CT absorption to the former and latter long-lived emission bands, 

respectively (Figure 5.2.7b). The triplet nature of the broad band was further evaluated 

by performing the photophysical experiments under vacuum, where emission intensities 

were increased by 3.64x and 1.64x folds, and lifetimes were increased from 0.62 ms to 

0.89 ms and 0.65 ms to 0.99 ms when excited at 370 nm and 470 nm, respectively 
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(Figures 5.2.7c-f). However, to attest the phosphorescence nature of the emission, we 

have performed temperature-dependent studies of the film. (Figure 5.2.8). The increase 

in the resultant intensity of the emission in both steady-state and gated emission and 

corresponding lifetime with the decrease in temperature for both the LE (λexc. = 370 nm) 

and CT (λexc. = 470 nm) emission components, substantiate the phosphorescence nature 

of the delayed emission (Figure 5.2.8). The temperature-dependent studies further helped 

us to culminate that the red-shifted band can be explained as the anion-π induced 

formation triplet CT state (3CT). The absolute phosphorescence quantum efficiency of 

BrPmDI-LP hybrid film is found to be ~11 %, which increased to ~40 % in a vacuum. 

Further study of BrPmDI in the glassy matrix (acetonitrile) at 77 K showed both the 

triplet state emissions (3LE and 3CT) with high lifetime components similar to laponite 

hybrids (Figure 5.2.9a,b).We have also observed the presence of a very fast short lifetime 

component along with a long-lived feature in the decay profile in the film state with an 

average lifetime of around 1.4 μs (λexc. = 373 nm, λcollected = 650 nm) (Figure 5.2.9c). In 

the time-gated emission spectra at shorter time scales (such as 0.5 μs and 1 μs), a 

predominant emission of the CT states with a maximum at 550 nm was observed, 

suggesting the presence of delayed fluorescence from the 1CT states, which disappeared 

at higher timescales (Figure 5.2.9d). Although the close proximity of 3CT (λmaximum = 550 

nm) and 1CT (λmaximum = 560 nm) states with a smaller energy gap (ΔEST = ~0.05 eV) 

suggest the possibility of a TADF pathway for this delayed emission (Figure 5.2.9e) we 

could not provide a convincing experimental support for the same with temperature 

dependent studies due to the significant contribution from the phosphorescence emission 

(Figure 5.2.8). These results further suggests that anion-π induced CT states may be used 

for the design of through space TADF systems, which emerged recently as an alternative 

molecular design to the well-studied covalently linked donor-acceptors systems.[15] Since 

anion-π interactions are well known to be dependent on the nature of the anions, we 

further investigated the role of the counter ions on the observed phosphorescence. Thus, 

we have synthesised BrPmDI having different counter ions such as Br-, BF4
-, and BPh4

-

The hybrids of these molecules with LP, BrPmDI-Br-LP, BrPmDI-BF4-LP and 

BrPmDI-BPh4-LP, in solution showed similar 3LE emission behaviour suggesting the 

negligible external heavy atom effect from the iodide counter ion for the parent molecule 

(Figure 5.2.9f). However, the formation of 3CT state is largely influenced by the counter 

ion as visible in the emission spectra, where the emission with maximum around 560 nm 
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is decreased significantly when bulky BPh4
- ion was used (Figure 5.2.9f). In resultant, 

these experiments suggest that the 3CT emission is more influenced by the ability of the 

counter anions to induce the CT states rather than the external heavy atom to stabilize the 

triplet states. However, the existence of CT interaction even after exchanging with the 

bulky counter ion is due to the higher association constant of the counter ion compared 

to the externally added anions reported in literature.[3] 

In summary, based on the detailed spectroscopic studies, we realized all the 

possible excited states of BrPmDI in LP hybrids, i.e., 1LE (390-430 nm), 1CT (560 nm), 

3LE (470 nm), 3CT (550 nm). It is worth mentioning that the maximum of 1CT state in 

the LP scaffold is blue-shifted (λmaximum = 560 nm) compared to that in aqueous solution 

(λmaximum = 605 nm), which could be due to the less polar nature of the interlayer galleries 

of LP as a result of its secluded microenvironment. However, we envisage that in polar 

solvents the CT fluorescence is more stabilized to give a much more red-shifted emission 

at 605 nm. Although the singlet and triplet states are closely spaced in these hybrids, 

experimental results suggested a low-lying 1CT compared to the 3CT, which could be due 

to the difference in the molecular geometry of the CT complex in these two excited states. 

[16] 
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Figure 5.2.7. Dual Phosphorescence of BrPmDI-LP hybrid as drop-casted films: a) 

Normalized steady-state (solid line), gated (dashed line) emission spectra upon λexc. = 

370 nm (green line) showing the contribution from both LE and CT emissions. 

Corresponding steady-state (solid line) and gated (dashed line) CT emission upon direct 

excitation at λexc. = 470 nm (orange line) is also shown. Inset shows the photograph of 

BrPmDI-LP hybrid film upon 365 nm UV light irradiation. b) Normalized steady-state 

(solid lines) and gated excitation spectra (dashed lines) for LE (green line, λmonitored = 

470 nm) and CT (orange line, λmonitored = 650 nm) emissions. Steady-state emission 

spectra under air and vacuum c) λexc. = 370 nm, d) λexc. = 470 nm. Lifetime decay profiles 

of e)3LE phosphorescence (λexc. = 370 nm, λcollected = 470 nm) and f) long-lived CT 

emission (λexc. = 370 nm, λcollected = 650 nm). Concentration of the hybrid solution used 

for drop-casting is 1 mM of BrPmDI-LP and 5 wt.% LP in water. 
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Figure 5.2.8. Temperature dependent studies of BrPmDI-LP hybrid as drop-casted 

films: Steady-state emission spectra at a) λexc. = 370 nm excitation. b) Delayed emission 

spectra (λexc. = 370 nm, delay time = 50 μs) of the CT emission. Steady-state emission 

spectra at c) λexc. = 470 nm excitation. d) Delayed emission spectra (λexc. = 470 nm, delay 

time = 50 μs) of the CT emission. Lifetime decay profiles of e) 3LE phosphorescence (λexc. 

= 370 nm, λcollected = 470 nm) and  f) 3CT phosphorescence (λexc. = 370 nm, λcollected = 650 

nm). Concentration of the hybrid solution used for drop-casting is 1 mM of BrPmDI-LP 

and 5 wt.% LP in water. 
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Figure 5.2.9. a) Normalized steady-state (solid line), gated (dashed line, delay time = 

0.1 ms) emission spectra upon λexc. = 340 nm (green line) showing the contribution from 

both LE and CT emissions of BrPmDI in acetonitrile glassy matrix under cryogenic 

conditions at 77 K. The emission from CT upon direct excitation at λexc. = 470 nm (orange 

line) is also shown. b) Lifetime decay profile for LE (green, λcollected = 470 nm) and CT 

(orange, λcollected = 650 nm) emissions at λexc. = 340 nm of BrPmDI in acetonitrile glassy 

matrix under cryogenic conditions at 77 K. c) Lifetime decay profile (λexc. = 373 nm, 

λcollected = 650 nm) of the film, which attributed to delayed fluorescence character. d) 

Normalized steady-state and delayed emission spectra (delay time = 0.5 μs to 0.5 ms) of 

BrPmDI-LP hybrid as drop-casted films at 300 K (λexc. 355 nm). e) Experimental singlet 

triplet energy gap (ΔEST) calculation of BrPmDI-LP hybrid as drop-casted films 

(calculated from delayed emission spectra at 20 K and steady state emission spectra at 

300 K showing ΔEST = 0.05 eV, λexc. 470 nm, concentration of the hybrid solution used 

for drop-casting is 1 mM of BrPmDI-LP and 5 wt.% LP in water). f) Steady-state 

emission spectra upon λexc. = 370 nm (green line) showing the contribution from both LE 

and CT emissions of BrPmDI-LP, BrPmDI-Br-LP, BrPmDI-BF4-LP and BrPmDI-

BPh4-LP hybrid in aqueous solution, and the CT emission contribution is least for 

BrPmDI-BPh4-LP i.e., in presence of bulky counterion.  
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5.2.7. Conclusions:       

In conclusion, we have reported the anion-π interaction induced emissive CT states in a 

simple electron-deficient di-cationic pyromellitic diimide derivative with electron rich 

counter iodide anion. BrPmDI in aqueous solution exhibited anion-π induced CT 

absorption and corresponding CT fluorescence (1CT), indicating the potential of these 

interactions in imparting the emissive CT states to electron-deficient arylene diimides. 

Inspired by the high triplet yields of PmDI derivatives, triplet stabilization of BrPmDI 

was further attempted by a supramolecular scaffolding strategy in the interlayer galleries 

of clay nanosheets in solution to minimize the vibrational and oxygen quenching of the 

triplet states. Interestingly, the resulting BrPmDI-LP hybrids exhibited ambient 

phosphorescence in the solution state. A deeper examination unravelled dual 

phosphorescence emission: cyan emissive phosphorescence from locally excited triplet 

state and an orange-emissive emission from the anion-π induced 3CT state. This anion-π 

induced triplet CT emission is unprecedented, and it was unambiguously validated with 

a series of steady state and time resolved emission experiments. We envisage that the 

red-shifted CT phosphorescence emission in the solution state opens a plethora of 

opportunities in the field of bioimaging and sensing. But more importantly, we believe 

that anion-π induced formation of emissive CT states indeed offers an exciting molecular 

design for purely organic phosphors with tunable emission. 

5.2.8. Experimental Section: 

5.2.8.1. General Methods: 

NMR Measurements: 1H and 13C NMR spectra were recorded on a BRUKER 

AVANCE-400 Fourier transformation spectrometer with 400 and 100 MHz respectively. 

The spectra were calibrated with respect to the residual solvent peaks. The chemical shifts 

are reported in parts per million (ppm) with respect to TMS. Short notations used are, s 

for singlet, d for doublet, t for triplet. 

Optical Measurements: Electronic absorption spectra were recorded on Jasco V-750 

UV-Visible spectrophotometer and emission spectra were recorded on FLS1000 

spectrometer, Edinburgh Instruments. Solution state UV-Vis and emission spectra were 

recorded in 10 mm path length cuvette. Fluorescence spectra of the films were recorded 

in front-face geometry to avoid self-absorption. 
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Lifetime Measurements and Quantum yield: Fluorescence lifetimes were performed 

on a Horiba Delta Flex time-correlated single-photon-counting (TCSPC) instrument. A 

373 nm diode and 480 nm laser diode with a pulse repetition rate of 1 MHz was used as 

the light source. The instrument response function (IRF) was collected using a scatterer 

(Ludox AS40 colloidal silica, Sigma-Aldrich). Phosphorescence lifetime (λexc. = 370 nm 

and 470 nm), gated emission and time-resolved excitation and emission were measured 

on FLS1000 spectrometer, Edinburgh Instruments equipped with a micro flash-lamp 

(µF2) set-up. Quantum yields were measured using an integrating sphere in the same 

instrument. Delayed PL (delay time = 0.5µs, 1µs, 10µs and 0.5 ms) is performed using a 

355 nm excitation source (repetition rate: 1 kHz and pulse width of ~0.8 ns) from Innolas) 

with a continuous neutral density filter, and the delayed PL is collected using gated Andor 

iCCD as described earlier.[17] 

High Resolution Mass Spectrometry (HR-MS): HR-MS was carried out using Agilent 

Technologies 6538 UHD Accurate-Mass Q-TOFLC/MS. 

High Performance Liquid Chromatography (HPLC): HPLC was carried out using 

Agilent 1260 infinity quaternary HPLC system equipped with analytical ZORBAX 

Eclipse plus C18 column (4.6 mm × 100 mm, 3.5 micron). 

Single Crystal X-ray Crystallography: Suitable single crystal of the BrPmDI was 

mounted on a thin glass fibre with commercially available super glue. Intensity data were 

collected Bruker D8 VENTURE diffractometer equipped with a PHOTON detector and 

graphite-monochromated Mo-Kα radiation (λα = 0.71073 Å, 50 kV, 1mA) at 100 K. 

APEX III software was used to collect, reduce and integrate the raw data. The direct 

method was used for solving crystal structure, followed by full-matrix least-squares 

refinements against F2 (all data HKLF 4 format) using the SHELXL 2014/7R1 and 

difference Fourier synthesis and least-squares refinement revealed the positions of the 

non-hydrogen atoms. All nonhydrogen atoms were refined anisotropically and remaining 

hydrogen atoms were placed in geometrically constrained positions and refined with 

isotropic temperature factors, generally 1.2×Ueq of their parent atoms. Molecular 

structure drawings were prepared using the program Mercury (version 3.1).  

Computational Details: Ground State (S0) of BrPmDI molecules was optimized using 

density functional theory (DFT) and electronic absorption spectra was calculated using 

time-dependent density functional theory (TD-DFT) as implemented in the Gaussian 16 
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software considering solvent effect.[18a] Ground state (S0) optimization and frequency 

calculation was performed employing B3LYP[18b-d] exchange functional with 6-31+g(d) 

basis set except for Br and I for which LANL2DZ basis set was used with the 

corresponding effective core potential (ECP) in gas phase. While the excited state 

calculations were performed using CAMB3LYP exchange-correlation functional with 

the same basis sets as mentioned before. The first singlet excited state (S1) was optimized 

at the TD-DFT level of theory. While the first triplet excited states (T1) were also 

optimized at the TD-DFT level of theory within the Tamm-Dancoff approximation 

(TDA) to overcome the triplet instability issue. [18e] The solvent (acetonitrile) effects were 

taken into accounts by the polarized continuum model (PCM) using the integral equation 

formalism variant (IEFPCM). [18f] 

5.2.8.2. Protocol of Sample Preparation:  

All solution state studies of BrPmDI were performed, using the study concentration of 

the samples at 0.05 and mM 0.1 mM, where 0.5 mM BrPmDI were used as a stock 

solution.  

Phosphorescence studies of BrPmDI/BrPmDI-BF4 with LP were performed, 

keeping the final concentration of the samples at 1 mM, using a stock solution of 5 mM 

BrPmDI/BrPmDI-BF4 and 7 wt. % LP in water (suspending 630 mg of LP in 9 mL 

millipore distilled aqueous solution under intense sonication followed by treating the 

suspension with 24 mg of sodium polyacrylate). For thin film preparation, hybrid 

solutions were drop casted on clean quartz substrates and dried under vacuum overnight 

at 50 °C. 

5.2.9. Synthetic Schemes and Procedures: 

Dibromo-pyromellitic dianhydride was purchased from TCI; N,N-dimethyl ethylene 

diamine was purchased from Alfa-Aesar; methyl iodide, acetonitrile and acetic acid were 

purchased from local vendors and used without further purification. 
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Scheme 5.2.1. Synthetic scheme for BrPmDI. 

 

Scheme 5.2.2. Synthetic scheme for BrPmDI-Br, BrPmDI-BF4 and BrPmDI-BPh4 

Synthesis of 27: Dibromo-pyromellitic dianhydride (1) (100 mg, 0.266 mmol) was added 

into the 10 mL glacial acetic acid in a 25 mL round bottom flask and stirred at room 

temperature for 10 minutes. N, N-dimethyl ethylene diamine (70 mg, 0.798 mmol) was 

added into the reaction mixture and stirred for 16 hours at 115 °C. After completing the 

reaction, acetic acid was removed under a high vacuum using a rotary evaporator, and 

the crude product was precipitated in a DCM/hexane mixture (10:1). The precipitate was 

filtered and washed with hexane and diethyl ether several times and dried under vacuum 

to afford 2 (105 mg, 76%) as a yellowish-white solid. 

1H NMR (400 MHz, CDCl3) δ (ppm) 3.85 (t, 4H, J = 8 Hz), 2.62 (t, 4H, J = 8 Hz), 2.27 

(s, 12H); 13C NMR (100 MHz, CDCl3) δ (ppm) 163.50, 136.24, 114.13, 56.60, 45.48, 

36.95; HRMS (ESI): m/z calculated for C18H20Br2N4O4: 515.9831; observed 516.9896 

[M+H]+.  
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Synthesis of BrPmDI: Compound 27 (100 mg, 0.193 mmol) was dissolved in 20 mL of 

acetonitrile: chloroform (1:1) mixture. Then, excess methyl iodide was added and stirred 

at 70 °C for 12 hours. The obtained suspension was evaporated under vacuum using a 

rotary evaporator and washed with chloroform and hexane to get BrPmDI (90 mg, 59%) 

as a crimson solid. 

1H NMR (400 MHz, DMSO) δ (ppm) 4.13 (t, 4H, J = 7 Hz), 3.62 (t, 4H, J = 7 Hz), 3.20 

(s, 18H); 13C NMR (100 MHz, DMSO) δ (ppm) 163.41, 135.83, 113.35, 61.70, 52.79, 

31.87; HRMS (ESI): m/z calculated for C20H26Br2N4O4I2: 799.8390; observed 672.9340 

[M-I]+, 531.0045 [M-2I-CH3]
+. 

Synthesis of BrPmDI-Br: BrPmDI: (5 mg, 6.25 µmol) was dissolved in 5 mL distilled 

water and stirred for 5 min and subsequently NaBr (6.43 mg, 62.5 µmol) was added to it. 

The reaction mixture was stirred for 8 h at room temperature to obtain a a pale-yellow 

solution. The excess solvent was removed under vacuum and the crude compound was 

washed (2-3 times) with ethanol to remove excess NaBr and dried under vacuum to 

obtain BrPmDI-Br (3.39 mg, 76%) as a colorless solid. HRMS (ESI): m/z calculated for 

C20H26Br4N4O4: 705.8647; observed [M-Br]+ 626.9429, [M-2Br-CH3]
+ 531.0034. 

Synthesis of BrPmDI-BF4: BrPmDI: (15 mg, 0.01 mmol) was dissolved in 10 mL 

distilled water and stirred for 5 min and subsequently NaBF4
 (0.03 mmol) was added to 

it. The reaction mixture was stirred for 6 h at room temperature to obtain a light brown 

precipitate. The excess solvent was removed under vacuum and the crude compound was 

washed (2-3 times) with methanol to remove excess NaBF4 and dried under vacuum to 

obtain BrPmDI-BF4 (10 mg, 74%) as a light-yellow solid. HRMS (ESI): m/z calculated 

for C20H26Br2N4O4B2F8 720.0359; observed 633.0314 [M-BF4]
+, 531.0047 [M-2BF4-

CH3]
+ 

Synthesis of BrPmDI-BF4: BrPmDI BrPmDI-I2: (5 mg, 6.25 µmol) was dissolved in 5 

mL water acetonitrile mixture (1:4 ratio) and stirred for 5 min, NaBPh4
 (21.39 mg, 62.5 

µmol) was added to it. The reaction mixture was stirred for 2 h at room temperature to 

obtain a light-yellow precipitate. The precipitation was collected through filtration and 

the crude compound was washed (2-3 times) with ethanol to remove excess NaBPh4 and 

dried under vacuum to obtain BrPmDI-BPh4 (6.92 mg, 93%) as a pale-yellow solid. 
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1H NMR (400 MHz, DMSO-d6) δ (ppm) 7.17 (br, s 16H), 6.94-6.80 (t, 16H, J = 7.3 Hz), 

6.78-6.77 (t, 8H, J = 7.1 Hz), 4.06-4.02 (t, 4H, J = 7 Hz), 3.62-3.58 (t, 4H, J = 7.4 Hz), 

3.18 (s, 18H); HRMS (ESI): m/z calculated for C68H66B2Br2N4O4: 1184.3616; observed 

865.1925 [M-BPh4]
+, 531.0027 [M-2BPh4-CH3]

+. 

 

Figure 5.2.10. 1H NMR spectrum of compound 27 in CDCl3. 

 

Figure 5.2.11. 13C NMR spectrum of compound 27 in CDCl3. 
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Figure 5.2.12. ESI-HRMS data of compound 27. 

 

Figure 5.2.13. 1H NMR spectrum of BrPmDI in DMSO-D6. 
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Figure 5.2.14. 13C NMR spectrum of BrPmDI in DMSO-D6. 

 

Figure 5.2.15. ESI-HRMS data of BrPmDI. 

 

Figure 5.2.16. ESI-HRMS data of BrPmDI-Br. 
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Figure 5.2.17. ESI-HRMS data of BrPmDI-BF4. 

 

Figure 5.2.18. 1H NMR spectrum of BrPmDI-BPh4 in DMSO-D6. 

 

Figure 5.2.19. ESI-HRMS data of BrPmDI-BPh4. 
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Figure 5.2.20. HPLC profile of BrPmDI ([c] = 0.5 mM, A gradient elution of acetonitrile 

from 60-100% in aqueous solution  was used by monitoring at 375 nm). 
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Chapter 6 

Biasing the Excited State Manifold via Non-covalent Donor-

Acceptor Approach* 

Abstract 

Engineering the electronic excited state manifolds of organic molecules can give rise to 

various functional outcomes, including ambient triplet harvesting, that has received 

prodigious attention in the recent past. In this chapter, we introduce a modular, non-

covalent approach to bias the entire excited state landscape of an organic molecule using 

tunable ‘through-space charge-transfer’ interactions with appropriate donors. Although 

charge-transfer (CT) donor-acceptor complexes have been extensively explored as 

functional and supramolecular motifs in the realm of soft organic materials, they could 

not imprint their potentiality in the field of luminescent materials, and it still remains as 

a challenge. Thus, in the present study, we investigate the modulation of the excited state 

emission characteristics of a simple pyromellitic diimide derivative on complexation with 

appropriate donor molecules of varying electronic characteristics to demonstrate the 

selective harvesting of emission from its locally excited (LE) and CT singlet and triplet 

states. Remarkably, co-crystallization of the pyromellitic diimide with heavy-atom 

substituted and electron-rich aromatic donors 
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leads to an unprecedented ambient CT phosphorescence with impressive efficiency and 

notable lifetime. Further, gradual minimizing of the electron-donating strength of the 

donors from 1,4-diiodo-2,3,5,6-tetramethylbenzene (or 1,2-diiodo3,4,5,6-

tetramethylbenzene) to 1,2-diiodo-4,5-dimethylbenzene and 1-bromo-4-iodobenzene, 

modulates the source of ambient phosphorescence emission from 3CT excited state to 3LE 

excited state. Through comprehensive spectroscopic, theoretical studies, and single-

crystal analyses, we elucidate the unparalleled role of intermolecular donor-acceptor 

interactions to toggle between the emissive excited states and stabilize the triplet 

excitons. We envisage that the present study will be able to provide new and innovative 

dimensions to the existing molecular designs employed for triplet harvesting. 

6.1. Introduction: 

Biasing the landscape of electronic excited state manifolds of organic molecular 

systems has paramount importance in controlling various photophysical processes and 

resultant functions. The necessity to harvest triplet excitons owing to their practical 

implications in organic lighting devices, sensing, and bioimaging has triggered interest 

in manipulating the singlet and triplet excited states by innovative molecular designs.[1] 

Thus, the recent past has witnessed a renaissance in the field of ambient triplet harvesting 

by effectively tuning the excited state dynamics with pertinent introduction of elegant 

molecular designs. Generally, the triplet excitons are harvested via two major 

photophysical processes; phosphorescence[2-4] and thermally activated delayed 

fluorescence (TADF).[5] Often, CT states play an important role in these ambient triplet 

harvesting processes, where these states can assist the exciton transfer by acting as an 

intermediate state or excitons can be directly harvested from the CT states.[5] In the 

present contribution, we propose a modular approach to realize efficient triplet 

harvesting, by toggling between the LE and CT states of an organic molecule by through-

space CT interactions, in non-covalent co-crystal scaffolds of donor and acceptor 

molecules (Figure 6.1).  

Supramolecular networks of CT co-crystals, with the co-facial organization of 

donor and acceptor chromophores,[6] are an important class of organic functional 

materials and have been extensively explored in organic ferroelectrics[7] and charge-

transport.[8] Further, the reversible dynamic nature of the CT interactions with tunable 

association constant, has been used for the design of various supramolecular materials, 
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such as molecular motors,[9] supramolecular polymers[10] and foldamers.[11] Despite the 

functional and supramolecular diversities offered by CT complexes, their optical 

properties are relatively less explored as they often form non-fluorescent CT complexes 

or charge-separated states.[12] Even though emissive CT states (1CT) are reported, 

phosphorescence from triplet CT states is rarely encountered.[12] Although, attempts have 

been made to achieve phosphorescence under cryogenic conditions from CT 

complexes,[13] to the best of our knowledge, there are no reports on organic CT based 

ambient phosphors known to date. 

Earlier, we have unveiled that the anomalous exciplex like emission emanating 

from the arylene diimides in the presence of aromatic solvents have clear CT 

characteristics, resulting from the ground-state CT complexation between electron-rich 

aromatic solvents and electron-deficient arylene diimide cores.[14] Thus, to toggle 

between different excited states by the CT strategy, we have chosen a donor-acceptor 

intermolecular architecture with arylene diimides based on pyromellitic diimide as 

acceptor and various electron rich heavy atom substituted benzene as donor components. 

Apart from the countless opportunities offered by arylene diimides to tune their electronic 

properties by structural modification,[15] the added advantage bestowed by pyromellitic 

diimides due to their facile synthetic route and high triplet yields,[16] urged us to continue 

exploring their potentials as the acceptor in the CT system. The simplified Jablonski 

diagram (Figure 6.1) explains the possible electronic transitions realized by judiciously 

choosing the donor component to interact with pyromellitic diimide (PmDI). In presence 

of non-aromatic solvents like THF, PmDI exhibits its characteristic highly blue-shifted 

LE fluorescence (1LE). This can be further pushed into CT fluorescence with the help of 

electron rich aromatic solvents with low ionization potential that can form emissive CT 

complex with PmDI, as observed previously with naphthalene diimide derivatives.[14] 

Remarkably, the integration of heavy atom into the donor counterpart induces ambient 

locally-excited (3LE) phosphorescence of PmDI via external heavy atom effect. More 

interestingly, the coalescence of both the above concepts, i.e., introducing donor with 

strong electron-donating capacity with heavy atoms can trigger unique CT 

phosphorescence under ambient conditions, from the triplet 3CT states, (Figure 6.1). 

Therefore, we illustrate tunable ambient phosphorescence from a simple arylene diimide 

derivative by selectively tuning the excited state dynamics of the phosphor using a 

modular non-covalent organic co-crystal approach. 
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Figure 6.1. Schematic of the modular donor-acceptor co-assembly strategy to tune the 

excited state manifold of pyromellitic diimide (PmDI) phosphor. Molecular structure of 

acceptor (PmDI, A) and its tunable emission with different aromatic donors (D). 

Simplified Jablonski diagram showing various emission processes possible in the excited 

state. 

6.2. Molecular Design: 

In this chapter, we introduce a modular donor-acceptor co-crystal approach to realize the 

unprecedent ambient CT phosphorescence. In this co-crystal approach, we envision that 

the excited state manifold can be modulated by the structural engineering of either donor 

and acceptor molecular components, and thereby selectively harnessing emission from 

LE or CT triplet excited states. This can be realized by the simultaneous incorporation of 

heavy atoms into the individual components, and/or tuning the acceptor or donor 

strength. The former results in populating the triplet state by enhancing spin-orbit 

coupling (SOC), and thereby inter-system crossing (ISC) efficiency by external or 

internal heavy atom effect,[1a] while the latter prompts the excitons to preferentially 

channel into the CT states.[1b] Further, we envisage that the co-crystal organization 

stabilized by various intermolecular interactions, would harvest the triplets by 

minimizing the common triplet quenching vibrational pathways.[1a,2a]  
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Figure 6.2. Molecular structure of acceptor (PmDI, A) and its tunable emission with 

different aromatic donors; locally excited fluorescence (1LE) in THF solution, charge-

transfer (1CT) fluorescence in electron rich-aromatic solvents (TMB), locally excited 

phosphorescence (3LE) in 1-bromo-4-iodobenzene (D4), 1,4-dibromo-benzene (D5) and 

charge-transfer phosphorescence (3CT) in 1,4-diiodo-2,3,5,6-tetramethylbenzene (D1), 

1,2-diiodo-3,4,5,6-tetramethylbenzene (D2). (Photographs of 1LE, 1CT emission obtained 

by 340 nm and 370 nm Xe lamp excitation and 3LE and 3CT phosphorescent co-crystals 

under 365 nm UV lamp). 

6.3. Spectroscopic Studies in Solution-state: Formation of 1LE and 1CT 

States: 

Pyromellitic diimide (PmDI) derivative without any heavy-atom substitution was chosen 

as the acceptor component for the present study (Figure 6.2). Initially, the CT 

complexation of PmDI with various aromatic solvents was investigated by detailed 

spectroscopic studies (Figure 6.3). In THF, PmDI showed an absorption maximum of 

320 nm and a structured emission with vibronic maxima at 420 nm, 440 nm and 460 nm, 

characteristic of local excited (1LE) fluorescence of PmDI monomer (Figures 6.3a,b). 

Further investigation was carried out to unravel the differences in the spectroscopic 

properties of PmDI in the presence of various aromatic solvents which is crucial for the 

scope of the present investigation. As the electron donating capacities of the aromatic 

solvents were increased from benzene to 1,2,3,4-tetramethylbenzene (TMB), a new red-

shifted absorption band appeared, with a maximum red-shift observed for TMB, which 

indicates the ground-state electronic interaction with the solvent molecules (Figure 6.2a). 
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The corresponding emission spectra upon exciting at the π-π* band (λexc. = 320 nm) of 

PmDI in the same set of solvents exhibited dual emission bands, where the higher energy 

band corresponds to the 1LE state of PmDI, whereas the new broad red-shifted emission 

can be correlated to the 1CT emission (Figure 6.2b). This is further confirmed by the 

emission spectra obtained upon the direct excitation of the lower energy band in the 

absorption spectra, which showed structureless emission with a gradual red-shifted 

maxima, with the increase in the donor strength of solvent, while moving from toluene 

to tetramethylbenzene (Figure 6.2c). This is more evident from the plot of emission 

maximum vs ionization potential where a nearly linear trend (from toluene to TMB) was 

observed confirming the CT nature of the interaction between PmDI and various 

aromatic solvents (Figure 6.2d).[17] These inferences fall in line with the previous results 

reported by our group[14] and Kitagawa’s group[18] where emissive ground state CT 

complexes were formed between naphthalene diimides (NDIs) and various aromatic 

solvents. Furthermore, the time-resolved lifetime decay experiments showed average 

lifetimes of 0.86 ns in THF (λexc. = 340 nm, λcollected = 420 nm) corresponding to the 1LE 

state of PmDI, and 2.56 ns in TMB (λexc. = 442 nm, λcollected = 500 nm), corresponding to 

the newly formed 1CT state (Figure 6.2e).  The increased lifetime in presence of TMB 

and other electron rich aromatic solvents, suggests the stabilization of the complex in 

electron donating solvents (Figure 6.2e) which reiterated the CT nature of the red-shifted 

emission. 
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Figure 6.3. Solution state CT fluorescence of PmDI in electron rich aromatic solvents: 

a) Normalized absorption spectra of PmDI in various solvents, which shows the presence 

of ground state CT band in electron rich aromatic donors. b) Normalized steady-state 

emission spectra showing 1LE emission in THF, benzene and broad, red-shifted CT 

emission band in electron-rich aromatic solvents (λexc. = 340 nm). c) Normalized 

emission spectra showing CT emission in electron-rich aromatic solvents upon selective 

excitation at the CT band (λexc. = 420 nm). d) Plot of emission maximum versus the 

ionization potential of various aromatic solvents under study, which shows that emission 

maximum becomes red-shifted upon decreasing the ionization potential of the solvent. e) 

Fluorescence lifetime decay profiles of PmDI in various solvents: 1LE emission in THF 

(λexc. = 340 nm, λcollected = 420 nm), 1CT emission in toluene, p-xylene, mesitylene (λexc. = 

404 nm, λcollected = 500 nm) and TMB (λexc. = 442 nm, λcollected = 500 nm), IRF is the 

instrument response function (𝜏avg. = 1.82 ns, 2.62 ns and 6.42 ns for toluene, p-xylene 

and mesitylene, respectively).  

6.4. Spectroscopic Studies of A+D1 and A+D2 Co-crystals: Formation of 

3CT States: 

Inspired by the emissive singlet CT state formed between the electron-rich aromatic 

solvents and PmDI, we made an attempt to realize phosphorescence from 3CT state, by 

donor-acceptor co-crystallization approach while modulating the donor characteristics, 

and thereby the intermolecular interactions. We have chosen the positional isomers based 
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on electron-rich aromatic donor TMB with heavy atom substitution, i.e., 1,4- diiodo-

2,3,5,6-tetramethylbenzene (D1) and 1,2-diiodo-3,4,5,6- tetramethylbenzene (D2), to 

facilitate ISC and hence to stabilize the 3CT state (Figure 6.2). The preliminary studies 

of D2 with PmDI in solution state under cryogenic conditions exhibited a highly red-

shifted band in the excitation spectra compared to the bare acceptor (A), suggesting the 

formation of CT complex even in solution under cryogenic conditions (Figure 6.4a). 

Emission spectrum of A+D2 gets red-shifted by 44 nm (λmax. = 544 nm) compared to A 

upon direct excitation at the CT band (λexc. = 430 nm) pointing towards the CT nature of 

the phosphorescence emission (Figure 6.4b). Unlike A, the sharp decay component in the 

lifetime decay plot of A+D2 implies the formation of another state different from that of 

3LE state, which could be the 3CT state (Figure 6.4c). However, we have successfully 

extracted the newly formed state upon selectively exciting at the CT band, which clearly 

shows a short lifetime component compared to the 3LE emission, and validated our 

hypothesis of 3CT state formation (Figure 6.4d). Therefore, 1:1 co-crystals of donor: 

acceptor (A+D1 and A+D2); where donor used is D1 or D2, and acceptor PmDI were 

grown, that resulted in beautiful greenish-yellow crystals (Figure 6.2). Subsequent 

photophysical studies of the co-crystals exhibited an evident, red-shifted band in the 

excitation spectra monitored at 560 nm, incongruous to individual donor and acceptor 

spectral characteristics (Figure 6.5a). The steady-state emission spectra when excited at 

340 nm, showed an intense greenish-yellow emission with maxima centred at 520 nm 

and 528 nm for A+D1 and A+D2, respectively, whereas respective individual donors and 

acceptors were weakly emissive (Figure 6.5b). Notably, the gated emission spectra (delay 

time = 50 μs) of the co-crystals and emission lifetimes (λcollected = 560 nm) of 22.02 μs 

and 12.24 μs for A+D1 and A+D2, respectively, collected under 340 nm excitation, 

pointed towards the delayed nature of the emission that emanates from them (Figures 

6.5c,d). Intensified emission and pro-longed lifetime in vacuum compared to ambient 

conditions confirmed the role played by triplet state in the emission of these co-crystals 

(Figure 6.6). The nature of the delayed emission was further validated by temperature 

dependent studies (Figure 6.7). The increased emission intensity and lifetime upon 

decreasing the temperature confirms the phosphorescent nature of the emission (Figure 

6.7). In order to get further insights into the nature of the emission, we investigated 

photophysical characteristics of the individual components (Figure 6.8). Individual 

donors D1 and D2 in the crystal state were weakly emissive while the acceptor PmDI in 
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PMMA matrix at 20 K and in THF at 77 K under cryogenic conditions showed a 

maximum around 500 nm, corresponding to the phosphorescence emission from LE 

triplet state of (3LE) of PmDI (Figures 6.8a,b). Remarkably, the delayed emission of the 

co-crystals is further red-shifted (A+D1 with λmaximum at 520 nm and A+D2 with λmaximum 

at 528 nm) and broadened, which ruled out the possibility of the co-crystal emission to 

be originating from the acceptor 3LE emission and steered us to further investigate the 

role of CT states on the long-lived emission (Figure 6.8b). The key role played by CT 

process was investigated by selectively exciting at the CT band of the co-crystals at 430 

nm (Figures 6.5d,6.8b). Similar emission spectral profiles and lifetime decay profiles 

observed upon selective excitation with that of the LE excitation at 340 nm, clearly 

substantiated the origin of long-lived emission to be the CT states formed by the donor-

acceptor interactions (Figures 6.5d,6.8b,d). In addition, the closer examination of 

excitation spectra showed a significant contribution from the CT band (shaded portion) 

which is much more red-shifted than the individual LE states of both D and A (Figure 

6.5a). Further, the temperature dependent studies carried out by the selective excitation 

at the CT band also displayed an increase in the emission intensity and lifetime at lower 

temperatures pointing towards phosphorescent nature of the CT emission (Figure 6.9). 

Upon amalgamating both the observations, it can be inferred that the phosphorescence 

emission of these co-crystals indeed originates from the 3CT state of the donor-acceptor 

complex, and to the best of our knowledge this is the first report on 3CT phosphorescence 

from organic co-crystals at room-temperature. The time-resolved excitation and emission 

(both excitation at LE and selective excitation at CT band) experiments did not show any 

changes in the spectral maxima at various time intervals and wholly matched with the 

delayed emission spectra while suggesting the exclusive contribution of the 3CT state in 

the phosphorescence emission (Figure 6.10). It is noteworthy to mention that the 

proposed CT co-crystal approach is very efficient to exclusively realize 3CT emission in 

clearing out the contributions from 3LE and 1LE states. Over and above to this, CT co-

crystals exhibit exceptionally high phosphorescence quantum yields compared to that of 

individual components and were measured to be 46 % and 43 % in air, and 71 % and 65 

% under vacuum, for A+D1 and A+D2, respectively. 
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Figure 6.4. Comparison of the spectroscopic studies of A+D2 complex and A alone at 77 

K in THF glassy matrix: a) Excitation spectra (λmonitored = 560 nm), b) delayed emission 

spectra (delay time = 0.5 ms). Corresponding lifetime decay profiles when excited at c) 

λexc. = 340 nm, (𝜏avg. = 0.48 s and for A alone and 𝜏avg. = 0.33 s (excluding fast component) 

for A+D2), and d) λexc. = 430 nm (𝜏avg. = 0.16 ms). In both cases the emission was collected 

at 560 nm. (Concentration of each component is 0.1 mM). 
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Figure 6.5. 3CT Phosphorescence studies of A+D1 and A+D2 co-crystals: a) Normalized 

excitation spectra of individual donors (D1 and D2, λmonitored = 420 nm), acceptor (A, 

λmonitored = 560 nm) and donor-acceptor co-crystal (A+D1 and A+D2, λmonitored = 560 nm), 

which shows the red-shifted band for donor-acceptor co-crystal compared to individual 

components suggesting the formation of CT complex. b) Steady-state emission spectra of 

the acceptor (A) and donor-acceptor co-crystal (A+D1 and A+D2), which shows the 

weakly emissive nature of bare acceptor and highly emissive nature of donor-acceptor 

pair (λexc. = 340 nm). c) Normalized steady-state (solid line) and delayed (dotted line, 

delay time = 50 μs) emission spectra of A+D1 (green) and A+D2 (red) co-crystal (λexc. = 

340 nm λmonitored = 560 nm). d) Lifetime decay profile for A+D1 and A+D2 co-crystal upon 

excitation at 340 nm and selective excitation at CT band (λexc. = 430 nm) (λcollected = 560 

nm). 
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Figure 6.6. Spectroscopic studies of A+D1 and A+D2 co-crystals under air and vacuum: 

Steady-state emission spectra (λexc. = 340 nm) of a) A+D1 and c) A+D2 and 

corresponding lifetime decay profiles (λexc. = 340 nm, λcollected = 560 nm) of b) A+D1 (𝜏 = 

22.02 μs in air and 34.14 μs in vacuum) and d) A+D2 (𝜏 = 12.24 μs in air and 17.39 μs 

in vacuum). 
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Figure 6.7. Temperature dependent studies of A+D1 and A+D2 co-crystals: Steady-state 

emission spectra (λexc. = 340 nm) of a) A+D1 and c) A+D2. Corresponding lifetime decay 

profiles (λexc. = 340 nm, λcollected = 560 nm) of b) A+D1 (𝜏 = 48.47 μs at 20 K and 24.12 

μs at 300 K), and d) A+D2 (𝜏 = 35.83 μs at 20 K and 17.39 μs at 300 K). 

 

Figure 6.8. a) Steady-state emission spectra of individual donors (D1 and D2), acceptor 

(A) shows weakly emissive nature of individual donors and acceptor (λexc. = 340 nm). b) 
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(delay time = 1 ms for A and 50 ms for A+D1 and A+D2, λexc. = 340 nm for A and 430 

nm A+D1 and A+D2). 
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Figure 6.9. Temperature dependent studies of A+D1 and A+D2 co-crystals by the 

selective excitation at the CT absorption: Steady-state emission spectra (λexc. = 430 nm) 

of a) A+D1 and c) A+D2. Lifetime decay profiles (λexc. = 430 nm, λcollected = 560 nm) of b) 

A+D1 (𝜏 = 49.39 μs at 20 K and 35.67 μs at 300 K) and d) A+D2 (𝜏 = 35.38 μs at 20 K 

and 17.33 μs at 300 K). 

 

Figure 6.10. Time-resolved a) excitation spectra, (λmonitored = 560 nm), b) emission 

spectra upon exciting at λexc. = 340 nm and c) upon selective excitation at the CT band 

(λexc. = 430 nm) of A+D1 co-crystal. 
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6.5. Single-crystal X-ray Crystallography Analysis and Theoretical 

Calculations: 

Further, we have attempted to characterize the molecular arrangement of donor and 

acceptor in the CT co-crystal by single-crystal X-ray diffraction (XRD) analysis (Figure 

6.11a). We have observed that the donor and acceptor are arranged in a slipped stacked 

manner where the donor is partially stacked on top of the acceptor (Figure 6.11a). For 

example, in the case of A+D2, a weak π-π interaction (4.281 Å) is present between donor 

and acceptor (Figures 6.11a). Interestingly, the two-iodine atoms of the donor (D2) face 

the π-surface of PmDI with a distance of 3.849 Å suggesting the presence of strong 

halogen-π interaction (Figures 6.11a). Thus, the co-facial organization of the donor and 

acceptor components mediated by halogen-π and weak π-π interactions could be 

responsible for the intermolecular CT interaction observed in these co-crystals (Figures 

6.11a). The interdigitated nature of PmDI alkyl chains of adjacent D-A stacks suggests 

that hydrophobic interactions between alkyl chains also play a crucial role in the non-

covalent organization of the co-crystals (Figure 6.11a). Interestingly, we observed 

another type of halogen bonding interaction between iodine and carbonyl with a distance 

of 3.161 Å within the same layer of donor-acceptor pair (Figure 6.11b). We envisage 

that, these halogen bonding interactions in the co-crystal increase the SOC significantly 

and along with the CT interaction, facilitate the efficient harvesting of triplet excitons. 

The presence of through-space CT interaction between D1 (donor) and PmDI 

(acceptor) via their co-facial organization is further validated from the computed natural 

transition orbitals (NTOs) of the first excited singlet state (S1) where the hole is located 

on the D1 and electron on the π-surface of the acceptor (Figures 6.11c). The significant 

oscillator strength (f = 0.0023) with spatially separated highest occupied molecular 

orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) leads to strong CT 

transition in the ground state (Figures 6.11b). Interestingly, HOMO and LUMO of first 

excited triplet state (T1) were also located over donor and acceptor, respectively similar 

to S1 state suggesting the CT nature of T1 state of A+D1. (Figures 6.11c). The calculated 

spin-orbit coupling matrix element (SOCME) between S1 and T1 is 34.212 cm-1, which 

is significant enough to populate the triplet excitons to the 3CT state and thus helped to 

realize phosphorescence emission from a more thermodynamically stable state. Although 

the experimental energy gap between 3LE from 3CT is not very high, the presence of 
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heavy atoms decreases the vibronic coupling, and thus the repopulation of 3LE from the 

3CT state is not favourable. Further the significant energy difference (ΔEST = ~ 110 meV) 

between 1CT (λmaximum = 500 nm) and 3CT (λmaximum = 528 nm) prevents the reverse 

intersystem crossing (RISC) to harvest triplets through the TADF pathway, thus leading 

to the exclusive 3CT pathway for the triplet harvesting. 

 

Figure 6.11. Single-crystal X-ray diffraction data of A+D2 co-crystal: Donor-acceptor 

arrangement of A+D2 pair, driven by various halogen bonding and weak π---π 

interactions, such as a) I---π (marked with red lines), π---π (marked with black lines) in 

a stack and b) I---C=O (marked with green lines) in the same plane. c) Theoretical 

calculations of A+D1: Natural transition orbitals (NTOs) of A+D1 pair for first excited 

singlet (S1) and triplet state (T1), calculated using TD-CAM-B3LYP level in conjunction 

with 6-31+g(d) basis set for C, N, O, H and LANL2DZ basis set showing CT character. 

6.6. Spectroscopic Studies of A+D3 Co-crystals: 

We have further realized that the CT complexation can be indeed applied to a wide subset 

of electron-rich donors with heavy-atom incorporated into them to harvest the 3CT 

phosphorescence. For example, CT co-crystals of PmDI with another electron rich 

donor, with only two methyl groups and heavy atoms, 1,2-diiodo-4,5-dimethylbenzene 

(D3), also exhibited similar results although we could not solve the crystal structure 

(Figure 6.12). It is worth noticing that, due to the reduced electron-rich character of D3, 

compared to D1 or D2 the extent of CT strength was diminished, which is reflected as a 

blue-shift in the excitation spectrum and emission spectrum of A+D3 compared to that of 

the A+D2 cocrystal (Figures 6.12a,b). The Comparison between respective maxima of 

3LE phosphorescence of bare acceptor and 3CT phosphorescence of A+D3 and A+D2 pair 

suggested that we can indeed modulate the 3CT phosphorescence emission by changing 
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the donor strength (Figure 6.12b), which would be worth exploring with a different series 

of electron rich donor molecules.  

 

Figure 6.12. 3CT phosphorescence studies of A+D3 co-crystals and comparison with the 

3LE phosphorescence of A alone and 3CT phosphorescence A+D2 co-crystals: a) 

Excitation spectra of acceptor (A) alone and donor-acceptor co-crystal A+D2 (red line), 

A+D3 (orange line), red-shifted band of donor-acceptor co-crystal compared to the bare 

acceptor (A) suggests the formation of CT state (λmonitored = 560 nm). d) Delayed emission 

spectra of acceptor (A) alone at cryogenic conditions ([c] = 0.05 mM in THF) and in 

PMMA matrix (1 wt.% of A doped in PMMA matrix) show 3LE phosphorescence, and 

A+D2 and A+D3 in air show 3CT phosphorescence (delay time = 1 ms for A and 50 µs 

for A+D2 and A+D3 co-crystals). 

6.7. Spectroscopic Studies of A+D4 and A+D5 Co-crystals: Formation of 

3LE States: 

Finally, in order to confirm the role of the electron rich aromatic donors in 

stabilizing the 3CT state, we have utilized similar heavy atom substituted aromatic donor 

without any methyl substitution to decrease the donor strength (Inset of Figure 6.13a). 

Hence, we have grown 1:1 co-crystal of PmDI with 1-bromo-4-iodobenzene (D4) as the 

donor. In contrast to the previous observations, the excitation spectra of A+D4 co-crystal 

monitored at 560 nm did not show any red-shifted band and was similar to the excitation 

spectra of acceptor PmDI, pointing towards the absence of a CT complexation. (Figure 

6.13a). The resulting bright green crystals exhibited intense emission upon exciting at 

340 nm with a maximum at 500 nm, unlike weakly emissive individual donor and 

acceptor (Figure 6.13b). The emission lifetime was measured out to be 0.38 ms (λexc. = 

340 nm, λcollected = 560 nm), and the gated emission spectra (delay time = 0.1 ms) 

indicated the presence of delayed component in the emission which was proven out to be 
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phosphorescence by the temperature dependent studies (Figures 6.13c-f). Surprisingly, 

the gated emission spectra of the co-crystals entirely replicated the phosphorescence 

spectrum of PmDI in PMMA, collected at 20 K under 340 nm excitation, suggesting the 

source of origin of emission of A+D4 to be the LE triplet state (3LE) of the PmDI (Figure 

6.13d). Impressively, the phosphorescence quantum yield of A+D4 is 52 % in air and 70 

% under vacuum, indicating a significant enhancement in the phosphorescence efficiency 

compared to that of PmDI alone which is weakly emissive in crystalline state. Single 

crystal XRD analysis helped us to explain the reason behind the excellent 3LE 

phosphorescence efficiency of the A+D4 co-crystal (Figure 6.14). The co-crystals 

showed layers of self-sorted donor and acceptor molecules, which are alternatively 

spaced in the lateral direction, directed by the halogen-carbonyl interactions (iodo- 

carbonyl and bromo-carbonyl) between the molecules within a layer (Figure 6.14a). In 

addition, four interlayer halogen-carbonyl interactions per donor molecules and, two 

each with the above and below layers, (together constituting a total of six halogen 

carbonyl interactions) were also observed (Figures 6.14b). We envisage that the presence 

of multiple halogen bonding interactions resulted in the significant enhancement of the 

SOC value via external heavy atom effect to achieve very high phosphorescence 

efficiency from 3LE state of PmDI. Further, in the absence of significant CT interactions, 

A+D4 molecules adapt a two-dimensional lateral organization, rather than an 

alternatively stacked arrangement observed in case of A+D2. Further, we have used 1,4-

dibromobenzene derivative (D5) as a donor to deeply investigate the role of external 

heavy atom effect in triggering the 3LE phosphorescence. As expected, the emission 

spectra of A+D5 co-crystal was exactly similar to the 3LE phosphorescence of acceptor 

suggesting the origin of the phosphorescence emission to be 3LE in nature (Figure 6.15a). 

Although we could not obtain the crystals for A+D5, powder XRD studies suggest that 

the packing of the donor and acceptor is similar in both A+D5 and A+ D4 (Figure 6.15b). 

Intriguingly, A+D5 showed a quantum yield of 11 % in air, which is lesser than that of 

A+D4 (52%), signifying the pivotal role of external heavy atom in inducing efficient 

phosphorescence emission (3LE). We infer that the presence of heavier iodine in A+D4 

in the place of bromine increased the SOC, which resulted in efficacious emission with 

higher quantum yield. Furthermore, the theoretical calculations of A+D5 also supported 

the observed spectroscopic properties which showed that CT interactions are absent 

between the donor and acceptor molecules (Figures 6.15c). The computed NTOs showed 
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that both the hole and electron are located on the π-surface of the acceptor for first excited 

singlet (S1) and triplet (T1) states, suggesting the LE transition (Figure 6.15c). 

 

Figure 6.13. 3LE Phosphorescence studies of A+D4 co-crystal: a) Excitation spectra of 

individual donor (D4, λmonitored = 420 nm), acceptor (A, λmonitored = 560 nm) and donor-

acceptor co-crystal (A+D4, λmonitored = 560 nm), which suggest absence of CT band (Inset 

shows molecular structure for A+D4 pair). b) Steady-state emission spectra of bare 

acceptor (A) and donor-acceptor pair (A+D4) shows weakly emissive nature of acceptor 

and highly emissive nature of donor-acceptor co-crystal (λexc. = 340 nm). c) Lifetime 

decay profiles (λexc. = 340 nm, λcollected = 560 nm) of A+D4. d) Normalized delayed 

emission spectra of acceptor doped in PMMA matrix at 20 K (1 wt.% with respect to 

PMMA) and donor-acceptor pair at room temperature show the same emission 

maximum, hinting towards the 3LE emission (λexc. = 340 nm). e) Steady-state emission 

spectra (λexc. = 340 nm) and f) corresponding lifetime decay profile (λexc. = 340 nm, 

λcollected = 560 nm, 𝜏avg = 0.61 ms at 20 K and 0.49 at 300 K) at different temperatures. 
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Figure 6.14.  Single-crystal X-ray diffraction data of A+D4 co-crystal: Donor-acceptor 

arrangement of A+D4 pair, driven by halogen carbonyl interactions, a) I---C=O (marked 

with red lines) and Br---C=O (marked with green lines) in the same plane, b) I---C=O 

(marked with light-green and brown lines) and Br---C=O (marked with blue and orange 

lines) in the parallel plane. 

 

Figure 6.15. a) Normalized delayed emission spectra of acceptor (A)alone at 77 K in 

THF, doped in PMMA matrix at 20 K (1 wt.% with respect to PMMA) and A+D5 at room 

temperature (λexc. = 340 nm, delay time = 1 ms). b) Powder XRD pattern of A+D4 and 

A+D5 co-crystals. c) Natural Transition Orbitals (NTOs) for A+D5. Singlet and triplet 

states were calculated at TD-B3LYP level with 6-31+g(d) basis set for C, H, O and N 

and LANL2DZ basis set for I with effective core potential. 

6.8. Conclusions:       

In summary, we have reported room-temperature CT phosphorescence from organic 

donor-acceptor co-crystals for the first time using pyromellitic diimide as the acceptor 

and heavy atom-substituted aromatic molecules as donors. The detailed spectroscopic 

studies and further analyses suggested that the donor-acceptor non-covalent 

complexation is an efficient modular approach to manipulate the electronically excited 

states of molecules.  
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Firstly, we have shown that PmDI (acceptor) can form ground-state CT complex 

with different aromatic solvents which has led to the CT fluorescence emission from the 

newly formed 1CT states in solution. The progressive traversing from non-aromatic 

solvents to highly electron-donating aromatic solvents has resulted in the shift of 

emission from 1LE state to 1CT states with maxima at 440 nm and 500 nm, respectively. 

Inspired from the potential of PmDI to form CT complexes and its effortless accessibility 

to triplet state, we further extrapolated the CT complexation of PmDI with heavy atom 

substituted electron-rich aromatic donors to extract 3CT phosphorescence from the 

donor-acceptor complex under ambient conditions. Strikingly, the 1:1 co-crystal of 

PmDI with donors 1,4-diiodo-2,3,5,6-tetramethylbenzene (D1) and 1,2-diiodo 3,4,5,6-

tetramethylbenzene (D2) exhibited an efficient greenish-yellow room-temperature 

phosphorescence emission from the CT states with appreciable quantum yields and 

lifetime. The exceptionally efficient phosphorescence emission from the CT co-crystal 

can be justified by the minimal vibrational dissipation of the triplet state and the enhanced 

rate of ISC facilitated by various intermolecular interactions between the donor and 

acceptor molecules in the long-range ordered alternate assembly. Although, very 

recently, a few examples on through-space CT based TADF have been reported,19 to the 

best of our knowledge, we have presented the first report on 3CT phosphorescence 

realized under ambient conditions. Later, we have switched the 3CT (λmaximum = 528 nm) 

emission to 3LE (λmaximum = 500 nm) emission, similar to neat PmDI by utilizing heavy-

atom substituted donors, 1-bromo-4-iodobenzene (D4) and 1,4-dibromobenzene (D5), 

with reduced donor strength. Remarkably, we have also realized that the co-

crystallization strategy that not only modulate the origin of excited state emission, but 

also significantly amplify the 3LE emission compared to neat PmDI via external heavy-

atom effect. 

In a concise, we can conclude that the supramolecular strategy based on through-

space CT interactions, delineated in the current study can be cleverly used as tool to 

modulate between the various excited state manifolds of arylene diimide acceptors by the 

judicious choice of donors. We envisage that the current study also opens up an 

innovative way for generating 1CT and 3CT states by a supramolecular strategy for the 

molecular design of efficient TADF emitters unlike the conventional covalently linked 

systems. We believe that the present study has a momentous scope to harness triplet 
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excitons from purely organic phosphors with remarkable efficiency, tunable emission 

and less synthetic efforts. 

6.9. Experimental Section: 

6.9.1. General Methods: 

NMR Measurements: 1H and 13C NMR spectra were recorded on a BRUKER 

AVANCE-400 fourier transformation spectrometer with 400 and 100 MHz respectively. 

The spectra were calibrated with respect to the residual solvent peaks. The chemical shifts 

are reported in parts per million (ppm) with respect to TMS. Short notations used are, s 

for singlet, d for doublet, t for triplet, q for quartet and m for multiplet. 

Optical Measurements: Electronic absorption spectra were recorded on Jasco V-750 

UV-Visible spectrophotometer and emission spectra were recorded on FLS1000 

spectrometer, Edinburgh Instruments. Solution state UV-Vis and emission spectra were 

recorded in 10 mm path length cuvette. Fluorescence spectra of the films were recorded 

in front-face geometry to avoid self-absorption. 

Lifetime Measurements and Quantum yield: Fluorescence lifetimes were performed 

on a Horiba Delta Flex time-correlated single-photon-counting (TCSPC) instrument. A 

340 nm diode and 373 nm, 442 nm laser diode with a pulse repetition rate of 1 MHz was 

used as the light source. The instrument response function (IRF) was collected by using 

a scatterer (Ludox AS40 colloidal silica, Sigma-Aldrich). Phosphorescence lifetime (λexc. 

= 340 nm and 430 nm), gated emission and time-resolved excitation and emission were 

measured on FLS1000 spectrometer, Edinburgh Instruments equipped with a micro 

flash-lamp (µF2) set-up. Quantum yields were measured using an integrating sphere in 

the same instrument. 

High Resolution Mass Spectrometry (HR-MS): HR-MS was carried out using Agilent 

Technologies 6538 UHD Accurate-Mass Q-TOFLC/MS. 

High Performance Liquid Chromatography (HPLC): HPLC was carried out using 

Agilent 1260 infinity quaternary HPLC system equipped with analytical ZORBAX 

Eclipse plus C18 column (4.6 mm × 100 mm, 3.5 micron). 

Single Crystal X-ray Crystallography: Suitable single crystal of the A+D2 and A+D4 

compound was mounted on a thin glass fibre with commercially available super glue. 
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Intensity data were collected Bruker D8 VENTURE diffractometer equipped with a 

PHOTON detector and graphite-monochromated Mo-Kα radiation (λα = 0.71073 Å, 50 

kV, 1mA) at 100 K. APEX III software was used to collect, reduce and integrate the raw 

data. The direct method was used for solving crystal structure, followed by full-matrix 

least-squares refinements against F2 (all data HKLF 4 format) using the SHELXL 

2014/7R1 and difference Fourier synthesis and least-squares refinement revealed the 

positions of the non-hydrogen atoms.  All nonhydrogen atoms were refined 

anisotropically and remaining hydrogen atoms were placed in geometrically constrained 

positions and refined with isotropic temperature factors, generally 1.2×Ueq of their 

parent atoms. Molecular structure drawings were prepared using the program Mercury 

(version 3.1). We have selected the best crystal; however, few alerts are generated and 

can't be resolved despite several attempts due to the weak diffraction of crystals. 

Computational Details: Ground State (S0) of donor-acceptor pairs (A+D5) was 

optimized using density functional theory (DFT). We are not able to optimize other 

donor-acceptor pairs. Excitation energies were calculated using B3LYP functional with 

6-31+g(d) basis set except for Br and I. For which we have used Lanl2dz functional with 

effective core potential. NTO calculations were done after TDDFT calculations. No 

solvent corrections were added in this work. The spin orbit coupling effect were 

considered to be a perturbation of scalar relativistic Kohn-Sham orbitals after SCF and 

TDDFT calculations (pSOC-TDDFT). The SOC matrix elements were calculated using 

B3LYP functional with a Slater type all-electron TZP basis set for all atoms as 

implemented in the ADF package.[20] While the excited state calculations were performed 

using B3LYP exchange-correlation functional with the same basis sets as mentioned 

before.  

6.9.2. Protocol for Sample Preparation:  

Protocol for co-crystal synthesis: We prepared saturated solutions of both donor and 

acceptors in chloroform and mixed them in a 1:1 molar ratio. Then acetonitrile was added 

into it as a bad solvent. The mixture was heated at 70 °C for ten minutes and then kept at 

room temperature for crystallization.  

Protocol for sample preparation: All solution state studies were performed, keeping the 

final concentration of the samples to 0.05 mM and 0.1 mM from a stock solution of THF 

(1 mM). For thin films, acceptor molecules (1 mg) were mixed with 100 mg of PMMA. 
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This mixture was then heated at 50 °C for 10 minutes followed by sonication (5 minutes) 

to dissolve all the components thoroughly. Then, 0.5 mL of this solution was drop-casted 

on a clean quartz substrate. Finally, the drop-casted thin films were dried at 60 °C for 30 

minutes before performing the photophysical studies. For the phosphorescence studies of 

the co-crystal, a small amount of the co-crystal was placed in between two quartz plates.  

6.10. Synthetic Scheme and Procedures: 

Pyromellitic dianhydride (PMDA) was purchased from Sigma Aldrich;  Durene and 2-

Ethylhexyl amine were purchased from Alfa-Aesar; 1-Bromo-4-iodobenzene and 1,4 

Dibromobenzene were purchased from TCI, Acetic acid was purchased from 

Spectrochem and used without further purification. 

 

Scheme 6. Synthetic scheme for PmDI. 

Synthesis of PmDI: Pyromellitic dianhydride (9) (0.50 g, 2.4mmol) was taken in a 100 

mL round bottom flask and 25 mL acetic acid was added into it and stirred at room 

temperature for 30 minutes. 2-Ethylhexylamine (0.66 g, 5.1 mmol) was added to the 

reaction mixture and the reaction mixture was allowed to reflux for 12 hours. Water was 

added to the reaction mixture to get white precipitate. The precipitate was then filtered 

and dried under vacuum for 10 hours. Column chromatography was performed using 

chloroform as an eluent to get the pure product as white solid (0.86 g, 85 % yield). 1H 

NMR (CDCl3, 400 MHz), δ (ppm) = 8.26 (s, 2H), 3.64 (d, 4H, J = 7.2 Hz), 1.85 (t, 2H, J 

= 6 Hz), 1.55-1.26 (m, 16 H), 0.94-0.87 (m, 12 H); 13C NMR (CDCl3, 100 MHz), δ (ppm) 

= 166.6, 137.2, 118.2, 42.6, 38.3, 30.6, 28.5, 23.9, 23.00, 14.0 10.4 HRMS (APCI): m/z 

calculated for C26H36N2O4: 440.2675: observed 440.2760 [M] ꜙ. 

Experimental Procedures:  We have used the following acceptors and donors for the 3CT 

and 3LE phosphorescence studies. The donors D1
[21], D2

 [22] and D3
 [23] were synthesized 

according to the literature procedures. 

 
A (32, PmDI) 33, D1 34, D2 35, D3 13, D4 36, D5
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Figure 6.16. 1H NMR spectrum of PmDI in CDCl3. 

 

Figure 6.17. 13C NMR spectrum of PmDI in CDCl3. 
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Figure 6.18. APCI-HR-MS spectrum of PmDI. 
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Chapter 7.1 

Circularly Polarized Phosphorescence from Pyromellitic 

Diimides* 

Abstract 

Chiral organic phosphors with circularly polarized room temperature phosphorescence 

(CPP) provide new prospects to the realm of circularly polarized luminescence (CPL) 

materials, owing to the long-lived triplet states and persistent emission. Although several 

molecular designs show efficient room temperature phosphorescence (RTP), realization 

of ambient organic CPP remains a formidable challenge. Herein, we introduce a chiral 

bischromophoric phosphor design to realize ambient CPP emission by appending 

molecular phosphors to chiral diaminocyclohexane core. Thus, solution processable 

polymer films of the trans-1,2-diaminocyclohexane (DAC) chiral cores with heavy-atom 

substituted pyromellitic diimide phosphors, exhibits one of the most efficient exclusive 

CPP emission with high phosphorescence quantum yield (~18% in air and 46% under 

vacuum) and significant luminescence dissymmetry factor (|glum| ~ 4.0 x 10-3). 

 

 

 

 

 

 

*Manuscript based on this work is published in Angew. Chem. Int. Ed. 2022, 61, 

e2021157. 
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7.1.1. Introduction: 

Chiral organic chromophores with circularly polarized luminescence (CPL) have been 

an active field of research in the optoelectronics realm due to their potential in various 

optical displays and bioimaging.[1] However, most of the molecular designs for organic 

CPL have been based on chiral fluorophores[2a-l] and chiral thermally activated delayed 

fluorophores.[2m] In this context, the emerging research field of ambient organic 

phosphors,[3,4] which displays room temperature phosphorescence, offers a new 

dimension to attain CPL and is an auspicious substitute to the toxic metal based chiral 

organometallic phosphors.[5] However, circularly polarized phosphorescence (CPP) from 

purely organic systems is relatively unexplored, as it requires elegant molecular designs, 

which cater to both chiral induction and stabilization of triplets. Thus, the recent efficient 

examples of organic CPP systems utilize the restriction of motions of well-known chiral 

phosphors either in the crystalline state or in a host matrix.[6] In a pioneering report, 

Hirata and co-workers have demonstrated CPP by incorporating metal-free chiral 

binaphthyl phosphors into amorphous steroid matrix.[6a] Chen, Huang, and co-workers 

have shown persistent CPP in powders by appending known phosphors to chiral ester 

chains.[6b] More recently, CPP emission in an amorphous state has also been realized 

independently by the groups of Zhao[6d] and Ma,[6e] by attaching axial chiral phosphors 

to polymer chains. However, further advancement of ambient chiral phosphors certainly 

demands generalized molecular designs with improved CPP efficiency and solution 

processability.  

In this chapter we have shown mirror image cyan (~495 nm) CPP emission with 

significant luminescence dissymmetry factor of |glum| of ~1.3-4.0 x 10-3 and high 

phosphorescence quantum yield of ~10-18% under ambient conditions (42-46% under 

vacuum) from the enantiomeric mono-bromo (RR)/(SS)-BrPmDI) and di-bromo 

(RR)/(SS)-Br2PmDI) bischromophoric PmDIs in PMMA matrix. Such intense RTP 

emission with one of the highest quantum yield (~48 %) in the short-wavelength region 

of the visible spectrum is unprecedented.  
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7.1.2. Molecular Design: 

  

Figure 7.1.1. Molecular structure of (RR)-/(SS)-BrPmDI and (RR)-/(SS)-Br2PmDI.  

The chiral phosphors (RR)-/(SS)-BrPmDI and (RR)-/(SS)-Br2PmDI were synthesized 

through statistical imidation reaction of the mono-bromo/di-bromo pyromellitic 

anhydride with (1R,2R)-(-)-1,2-diaminocyclohexane or (1S,2S)-(+)-1,2- 

diaminocyclohexane and 2-ethylhexylamine (See Scheme 7.1 and 7.2). Chiral 

diaminocyclohexane (DAC) derived bischromophoric design has been explored as an 

efficient molecular strategy to impart strong chirality bias for the asymmetric 

organization of the fluorophores.[2a-e,7] This molecular design has been extensively used 

to construct helical chromophoric assemblies with interesting chiroptical and 

optoelectronic functions.[2a,b] Although, circularly polarized fluorescence has been well 

established using bischromophoric systems,[2a-e] the extension of this molecular design 

to realize chiral emission from triplet states is seldom attempted. With this perspective, 

in this chapter we introduce the bischromophoric chiral phosphor design by appending 

small molecular phosphors to the chiral DAC core, to realize solution-processable, 

ambient CPP with high quantum yield and good luminescence dissymmetry factor i.e., 

|glum|. Recently, we have contributed to the burgeoning field of ambient RTP phosphors, 

with a variety of arylene diimide derivatives, as they exhibit good inter-system crossing 

(ISC) efficiency by virtue of multiple imide groups in its backbone, with heavy halogen 

atoms in the core.[8] Among various arylene diimides, pyromellitic diimides (PmDI) 

possess excellent triplet quantum yields and we have recently reported efficient ambient 

(RR)-/(SS)-BrPmDI (RR)-/(SS)-Br2PmDI
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RTP from heavy-atom substituted PmDIs in the crystalline state.[8a] Thus, the 

bischromophoric molecular design presented here to realize ambient CPP consists of 

enantiomeric DAC chiral cores, functionalized with heavy atom substituted pyromellitic 

diimide (PmDI) phosphors (Figure 7.1.1). Presence of multiple carbonyl groups and 

heavy-atoms associated with the chiral bischromophoric design, which would enhance 

the spin-orbit coupling and ISC rate to realize phosphorescence in their monomeric 

states.  

7.1.3. Spectroscopic Studies in Solution-state: 

First, we have performed detailed photophysical studies of (RR)-BrPmDI and (RR)-

Br2PmDI in tetrahydrofuran (THF) ([c] = 0.05 mM, 25 °C), in which the phosphors exist 

in monomeric state. Both the derivatives showed the π-π* absorption band in the 280 to 

400 nm region (Figures 7.1.2a,d). The circular dichroism (CD) spectra of enantiomeric 

mono-bromo derivative (RR)-/(SS)-BrPmDI in THF showed a mirror image signal with 

maxima at 342 and 277 nm (anisotropy factor, gCD = 1.5 × 10-4), while the di-bromo 

derivative (RR)-/(SS)-Br2PmDI showed CD signal with maxima at 372, 337 and 293 

nm (gCD = 1.7 × 10-4), suggesting the induction of chirality to the pyromellitic 

chromophores from the chiral DAC core (Figures 7.1.2c,d).   

 

Figure 7.1.2. Absorption and their corresponding mirror image CD spectra of a, c) 

(RR)-BrPmDI/(SS)-BrPmDI and b, d) (RR)-Br2PmDI/(SS)-Br2PmDI in THF ( [c] = 

0.05 mM, l = 10 mm). 
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The corresponding emission spectra in THF showed sharp vibrational features 

with maxima at 404 nm and 385 nm with an average lifetime of 4.3 ns and 3.1 ns for 

(RR)-BrPmDI and (RR)-Br2PmDI, respectively indicative of the locally excited 

fluorescence nature of the emission (Figures 7.1.3a,d,b,e). However, no phosphorescence 

emission and long lifetime decay were observed at room temperature in solution state 

(THF), due to the non-radiative decay paths associated with the triplets via vibrational or 

oxygen mediated quenching. However, emission spectra of both the derivatives at 77 K 

(THF glassy matrix) exhibited strikingly different emission characteristics with a red-

shifted band in the 425 to 650 nm region (Figures 7.1.3a,d). Time-resolved emission 

decay profiles revealed a high average lifetime of 31.5 ms and 7.2 ms for (RR)-BrPmDI 

and (RR)-Br2PmDI, respectively, pointing towards the triplet stabilization and 

phosphorescence emission in the glassy matrix due to reduced vibrational deactivation 

(Figures 7.1.3c,f). 

 

Figure 7.1.3. Steady-state emission at room-temperature (blue line) and at 77 K (green 

line) of a) (RR)-BrPmDI and d) (RR)-Br2PmDI in THF. Fluorescence lifetime decay 

profiles of b) (RR)-BrPmDI (λexc. = 286 nm, λcollected = 410 nm) and e) (RR)-Br2PmDI 

(λexc. = 373 nm. λcollected = 410 nm) in THF. Phosphorescence lifetime decay profiles of 

c,f) (RR)-BrPmDI and b) (RR)-Br2PmDI (λexc. = 310 and 330 nm for (RR)-BrPmDI/ 

(RR)-Br2PmDI respectively, λcollected = 500 nm). 
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7.1.4. Ambient Monomeric Room Temperature Phosphorescence in 

Polymer Matrix: 

To realize ambient phosphorescence in the amorphous state, (R,R)-enantiomers of both 

phosphors were incorporated into PMMA matrix (1 wt.% with respect to PMMA), by 

drop-casting chloroform solution of the mixture on glass substrates. Interestingly, 

PMMA films of both the phosphors showed similar emission characteristics with that of 

the nascent molecules in frozen THF at 77 K, implying the ambient phosphorescence 

from the PMMA films (Figures 7.1.4a,d). Both (RR)-BrPmDI (λexc. = 310 nm) and 

(RR)-Br2PmDI (λexc. = 330 nm) showed intense red-shifted emission band at the 425-

650 nm region with a maximum around 495 nm along with a shoulder band in the 350-

430 nm range (Figures 7.1.4a,d). Time-resolved emission decay profiles of both 

phosphors at the high energy shoulder emission (flu. = 380 nm) showed short lifetimes 

(~2 ns and 5 ns for (RR)-BrPmDI and (RR)-Br2PmDI respectively), which points to 

its fluorescence nature (Figures 7.1.4b,e). On the other hand, the average lifetime of the 

red-shifted band at 500 nm is found to be in the millisecond regime for both the phosphors 

(τavg. = 1.6 ms and 0.36 ms for (RR)-BrPmDI and (RR)-Br2PmDI, respectively, phos. = 

495 nm), consistent with the phosphorescence nature of the emission (Figures 7.1.4c,f). 

Further, gated emission, with a delay time of 0.5 ms and time-resolved emission spectra 

reiterated the long-lived component of this emission with receded fluorescence intensity 

at the high energy end (Figures 7.1.4a,d).  

 



Chapter 7.1                                                                          Circularly Polarized Phosphorescence 

 

 
    254 

 

  

 

Figure 7.1.4. Steady-state and gated emission spectra (delay time = 0.5 ms) of the PMMA 

(1 wt.%) films of a) (RR)-BrPmDI and d) (RR)-Br2PmDI. Fluorescence lifetime decay 

profiles (blue circles, λexc. = 286 nm and 373 nm for (RR)-BrPmDI/ (RR)-Br2PmDI 

respectively, λcollected = 420 nm) of b) (RR)-BrPmDI and e) (RR)-Br2PmDI.  

Phosphorescence lifetime decay profiles (red circles, λexc. = 310 and 330 nm for (RR)-

BrPmDI/ (RR)-Br2PmDI respectively, λcollected = 500 nm) of c) (RR)-BrPmDI and f) 

(RR)-Br2PmDI. Inset of c) and f): Photographs of corresponding PMMA films on glass 

substrate and as free-standing sheets under UV light; all experiments were performed 

under air).  

The temperature-dependent studies showed an increase in phosphorescence 

emission intensity and corresponding lifetime, with a decrease in temperature due to the 

reduced vibrational relaxation, which is expected for phosphorescence emission (Figure 

7.1.5). The similarity of the phosphorescence emission of the PMMA films of these chiral 

PmDIs (1 wt.%) with that of the emission of control molecules, pyromellitic mono- and 

di-bromo derivatives without the chiral core, hints towards the monomeric nature of the 

phosphors in the PMMA matrix at low concentrations (1 wt.%) (Figures 7.1.6). 
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Figure 7.1.5. Temperature-dependent a,c) emission spectra and b,d) lifetime decay 

profiles of 1 wt.% (RR)-BrPmDI (1st row) and (RR)-BrPmDI (2nd row) doped in PMMA 

matrix (λexc. = 310 nm and 330 nm for (RR)-BrPmDI and (RR)-BrPmDI respectively 

λcollected = 500 nm, τavg. = 23.4 ms and 2.1 ms for (RR)-BrPmDI and (RR)-BrPmDI 

respectively at 20 K). 

 

Figure 7.1.6. a) Molecular structure of the control molecules BrPmDI and Br2PmDI. 

Spectral comparisons of b) (RR)-BrPmDI, and c) (RR)-Br2PmDI with their 

corresponding control molecules (for all cases, 1 wt.% PmDI doped in PMMA matrix 

was used for experiments, λexc. = 310 nm and 330 nm for (RR)-BrPmDI and (RR)-

Br2PmDI, respectively.) 

Increasing the doping concentration of the chiral PmDIs in the PMMA matrix (1 

to 50 wt.%) showed a decrease in the phosphorescence intensity and lifetime, suggesting 

the aggregation caused quenching (Figures 7.1.7a-d). 1 wt.% PMMA films of (RR)-

BrPmDI exhibited exceptional ambient stability (Figures 7.1.7e,f). PMMA films of 
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(RR)-BrPmDI and (RR)-Br2PmDI (1 wt.%) show phosphorescence quantum yields 

(ΦP) of ~10.7 % and ~17.5 % in the air. The significant increase in the phosphorescence 

emission intensity (3.9x and 2.5x folds for (RR)-BrPmDI and (RR)-Br2PmDI, 

respectively) and phosphorescence lifetime (1.6 to 6.6 ms and 0.36 to 1.0 ms for (RR)-

BrPmDI and (RR)-Br2PmDI, respectively) of these films under vacuum when 

compared to that in air, further reaffirms the stabilization of triplets (Figure 7.1.8a-d). 

Accordingly, the Φp of (RR)-BrPmDI and (RR)Br2PmDI doped films showed a 

remarkable increase to ~42 % and ~46 %, respectively, which renders them one of the 

most efficient chiral phosphors reported in the literature. As anticipated, the enantiomeric 

(SS)-BrPmDI and (SS)-Br2PmDI exhibited similar phosphorescence spectral features 

under similar conditions. (Figures 7.1.9e,f). 

 

Figure 7.1.7. Composition-dependent studies of various wt.% (RR)-BrPmDI/(RR)-

Br2PmDI doped in PMMA matrix: Steady-state emission spectra of a) (RR)-BrPmDI 

and b) (RR)-Br2PmDI. Phosphorescence lifetime decay profiles of c) (RR)-BrPmDI and 

d) (RR)-Br2PmDI. (λexc. = 310 nm and 330 nm for (RR)-BrPmDI and (RR)-Br2PmDI 

respectively, λcollected = 500 nm). e) Normalized steady-state, gated emission spectra and 

f) lifetime decay profiles of (RR)-BrPmDI after 45 days in PMMA film (λexc. = 310 nm, 

λcollected = 500 nm, delay time = 0.5 ms, 1 wt.% (RR)-BrPmDI in PMMA is used for the 

experiments, τavg. = 1.28 ms). 
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Figure 7.1.8. Steady-state emission spectra of a) (RR)-BrPmDI and b) (RR)-Br2PmDI 

under air and vacuum in PMMA film. Phosphorescence lifetime decay profiles of c) 

(RR)-BrPmDI and d) (RR)-Br2PmDI under air and vacuum in PMMA film. Normalized 

steady-state and gated emission spectra of e) (SS)-BrPmDI and f) (SS)-Br2PmDI  in 

PMMA film. (λexc. = 310 nm and 330 nm for (RR)-/(SS)-BrPmDI and (RR)-/(SS)-

Br2PmDI respectively, λcollected = 500 nm, delay time = 0.5 ms, 1 wt.% (RR)-/(SS)-

BrPmDI-/(RR)-/(SS)-Br2PmDI in PMMA is used for all the experiments). 

7.1.5. Theoretical Calculations: 

To get the qualitative understanding of the ISC channels and SOC between singlet and 

triplet states of chiral PmDIs, time-dependent density functional theory (TDDFT) 

calculations using CAMB3LYP exchange-correlation functional were performed. 

(Figure 7.1.9). The TDDFT calculations showed that the main contributing ISC pathway 

is from S1/S2 (n-π*) to T3/T4 (π-π*), respectively for both the phosphors, which 

corroborates with El Sayed’s rule (Figure 7.1.9). The spin-orbit coupling matrix element 

(SOCME) between S1→T3 and S2→T4 for (RR)-BrPmDI is calculated to be 27.8 cm-1 

and 43.4 cm-1, respectively (Figure 7.1.9). On the other hand, the SOCME between S1→

T3, S1→T4 and S2→T3, S2→T4 are 500.9 cm-1, 195.7 cm-1 and 197.0 cm-1, 195.7 cm-1, 

respectively for (RR)-Br2PmDI (Figure 7.1.9). Thus, the strong SOCME with a faster 

ISC rate of the chiral phosphors results efficient ambient triplet yield. 
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Figure 7.1.9. Relative excitation energies and their corresponding hole (below) and 

electron (above) wavefunctions of a) (RR)-BrPmDI and b) (RR)-Br2PmDI, calculated 

using CAMB3LYP functional. 

7.1.6. Circularly Polarized Phosphorescence in Processable Films: 

Having established the RTP in chiral bischromophoric PmDIs, next, we investigated their 

chiroptical properties (Figures 7.1.10 and 7.1.11). The circular dichroism (CD) spectra 

of the PMMA films (1 wt.%) of enantiomeric (RR)-/(SS)-BrPmDI showed a mirror 

image CD spectrum with a |gCD| of 1.4 x 10-4 (Figure 7.1.10). Thus, the CD studies 

clearly suggest the transfer of chirality bias from the chiral core to the intramolecular 

asymmetric organization of PmDI bischromophores in PMMA films (Figure 7.1.10).  
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Figure 7.1.10. Absorption and their corresponding mirror image CD spectra of a, c) 

(RR)-BrPmDI/(SS)-BrPmDI and b, d) (RR)-Br2PmDI/(SS)-Br2PmDI in the PMMA (1 

wt.%) films. 

Chiral organization and the ambient phosphorescent nature of the PmDI 

phosphors in amorphous PMMA films motivated us to explore their excited state 

chiroptical properties. The CPL spectra of PMMA films of enantiomeric (RR)-/(SS)-

BrPmDI and (RR)-/(SS)-Br2PmDI derivatives showed mirror image CPL emission 

under ambient conditions (Figure 7.1.11). The CPL emission of both the phosphors with 

a maximum around 500 nm suggests exclusive triplet state contribution to yield pure 

mirror-imaged CPP emission (Figure 7.1.11). A similar sign of the CPP emission with 

that of the first Cotton-effect of the corresponding CD spectrum for the both the 

phosphors, suggest that the ground and excited states are having same electric or 

magnetic dipole transition moment (Figures 7.1.11 and 7.1.11). This was further 

validated by emission under ambient conditions. Additional linear dichroism (LD) 

experiments ruled out any LD contribution due to the macroscopic alignment of the 

phosphors in thin films to the observed chiroptical properties (Figure 7.1.12). Further, 

the magnitude of CPP could be evaluated by luminescence dissymmetry factor (glum), 

which is defined as |glum| = 2 × (IL-IR)/ (IL +IR), where IL and IR present the emission 

intensity of the left-handed and right-handed circularly polarized light, respectively 

(Figure 7.1.11). Both the PmDI derivatives exhibit remarkably high CPP efficiency with 

a |glum| of 1.3 x 10-3 and 4.0 x 10-3 for (RR)-BrPmDI and (RR)-Br2PmDI, respectively. 
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It is noteworthy that CPP under ambient conditions has been effortlessly realized in the 

crystal state but rarely reported in the amorphous film state.[6] 

 

Figure 7.1.11. CPL, direct current (DC) spectra and dissymmetry factor(|glum|) of a) 

(RR)-BrPmDI / (SS)-BrPmDI and b) (RR)-Br2PmDI / (SS)-Br2PmDI (λexc. = 310 nm 

and 330 nm for BrPmDI and Br2PmDI respectively, in all cases 1 wt.% PmDI in PMMA 

is used, all experiments were carried out in air). 

 

Figure 7.1.12. LD spectra of a) (RR)-BrPmDI, b) (RR)-Br2PmDI in PMMA film (1 wt.% 

PmDI in PMMA is used). 
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In conclusion, we have successfully introduced a chiral bischromophoric design to realize 

ambient CPP emission from molecular phosphors, which is well known in exciton 
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PMMA films, with excellent phosphorescence quantum yields of 10.7% and 17.5 % in 

air (42 % and 46 % under vacuum) and luminescence dissymmetry factor i.e., |glum| of 

1.3 x 10-3 and 4.0 x 10-3, respectively. We envisage that the present design opens the door 

to investigation to the myriads of room temperature molecular phosphors to realize chiral 

phosphorescence emission. 

7.1.8. Experimental Section: 

7.1.8.1. General Methods: 

NMR Measurements: 1H and 13C NMR 1H and 13C NMR spectra were recorded on a 

BRUKER AVANCE-400 Fourier transformation spectrometer with 400 and 100 MHz 

respectively. The spectra are calibrated with respect to the residual solvent peaks. The 

chemical shifts are reported in parts per million (ppm) with respect to TMS. Short 

notations used are, s for singlet, d for doublet, t for triplet, q for quartet and m for 

multiplet. 

Optical Measurements: Electronic absorption spectra were recorded on a Perkin Elmer 

Lambda 900 UV-Vis-NIR spectrometer and emission spectra were recorded on FLS1000 

spectrometer, Edinburgh Instruments. Solution state UV-Vis and emission spectra were 

recorded in 10 mm path length cuvette. Fluorescence spectra of films were recorded in 

front-face geometry to avoid self-absorption. Circular Dichroism (CD) spectra were 

recorded on a Jasco J-815 spectrometer where the sensitivity, time constant and scan rate 

were chosen appropriately. Circularly polarized luminescence (CPL) measurements were 

performed with a Jasco CPL-300 spectrometer. A scanning speed of 50 nm/min, 

excitation slit width of 4000 μM and emission slit width of 4000 μM, integration time 

(D.I.T) of 8 sec, and with multiple spectral accumulations were employed. 

Lifetime Measurements and Quantum yield: Fluorescence lifetimes were performed 

on a Horiba Delta Flex time-correlated single-photon-counting (TCSPC) instrument. A 

286 nm LED diode with a pulse repetition rate of 1 MHz was used as the light source. 

The instrument response function (IRF) was collected by using a scatterer (Ludox AS40 

colloidal silica, Sigma-Aldrich). Phosphorescence lifetime (λexc. = 310 and 330 nm) and 

gated emission were measured on FLS1000 spectrometer, Edinburgh Instruments 

equipped with a micro flash-lamp (µF2) set-up. Quantum yield was measured using an 

integrating sphere in the same instrument. 
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Matrix-Assisted Laser Desorption Ionization (MALDI): MALDI was performed on a 

Bruker daltonics Autoflex Speed MALDI TOF System (GT0263G201) spectrometer 

using trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) 

as the matrix. 

Computational Details: Ground State (S0) of (RR)-BrPmDI and (RR)-Br2PmDI 

monomer molecules were optimized using density functional theory (DFT) and 

electronic absorption spectra was calculated using time-dependent density functional 

theory (TD-DFT) as implemented in the Gaussian 16 software.[10a] Ground state (S0) 

optimization and frequency calculations were performed employing B3LYP[10b-d] 

exchange functional with 6-31+g(d) basis set except for Br for which LANL2DZ basis 

set was used with the corresponding effective core potential (ECP). While the excited 

state calculations were performed using long-range corrected CAM-B3LYP[10e] 

exchange-correlation functional with the same basis sets as mentioned before and NTOs 

calculations were performed. NTOs were plotted with the isosurface value of ±0.02 with 

the help of VMD. Ground state frequency calculations were performed to confirm the 

absence of any unstable normal mode. The solvent (THF) effects were taken into account 

using polarizable continuum model (PCM) through integral equation variant formalism. 

[10f] The first singlet excited state (S1) of monomers were optimized at the TD-DFT level 

of theory. While the first triplet excited states (T1) were also optimized at the TD-DFT 

level of theory within the Tamn-Dancoff approximation (TDA), which overcomes the 

triplet instability issue.[1g] The spin orbit coupling (SOC) effect was considered to be a 

perturbation of the scalar relativistic Kohn-Sham orbitals after SCF and TD-DFT 

calculations (pSOC-TDDFT).[10g-j] The SOC matrix elements were calculated using 

B3LYP with a Slater-type all-electron TZP basis set for all atoms as implemented in the 

ADF package.[10k]  

7.1.8.2. Protocol of Sample Preparation:  

All solution state studies were performed keeping the final concentration of the samples 

to 0.05mM from a stock solution of THF (1 mM). For thin films, (RR)-BrPmDI/(RR)-

Br2PmDI or (SS)-BrPmDI/(SS)-Br2PmDI molecules (3 mg each) were mixed with 

appropriate amount of PMMA (depending on the wt. ratio) in total 2 ml chloroform 

solution. (For example, 1 wt.% dye: PMMA consists of 3 mg dye in 300 mg PMMA). 

This mixture was then heated at 50 °C for 10 minutes followed by sonication (5 minutes) 
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to completely dissolve all the components. Then, 0.5 ml of this solution was drop-casted 

on a clean glass substrate and was dried at 60 °C for 30 minutes prior to the photophysical 

studies.  

7.1.9. Synthetic Schemes and Procedures: 

Materials: Pyromellitic dianhydride (PMDA) and [Bis(trifluoroacetoxy)iodo] benzene 

(BTI) was purchased from Sigma Aldrich; Durene, n-Butylamine and Potassium 

Permanganate were purchased from Alfa-Aesar; Pyridine, Acetic acid, Bromine and 

Iodine were purchased from Spectrochem and used without further purification. 

Synthetic Scheme: 

 
Scheme 7.1. Synthetic scheme for (RR)-BrPmDI and (SS)-BrPmDI.  

 
Scheme 7.2. Synthetic scheme for (RR)-Br2PmDI and (SS)-Br2PmDI.  
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Synthetic Procedures: 

Compound 37 and 1 were synthesized according to literature procedure.[11] 

Synthesis of (RR)-BrPmDI and (SS)-BrPmDI: Compound 37 (250 mg, 0.84 mmol) was 

taken in a 100 ml round bottom flask and 50 ml of acetic acid was added into it and stirred 

for 15 minutes at room temperature. Either (S,S)- or (R,R)- enantiomers of 

diaminocyclohexane (45 mg, 0.42 mmol) was mixed with 10 ml acetic acid and added 

drop wise into the reaction mixture and stirred at 110 °C for 3 days. The reaction mixture 

was cooled to room temperature and then 2-ethylhexylamine (109 mg, 0.84 mmol) was 

mixed with 10 ml acetic acid and added drop wise into the mixture and stirred at 110 °C 

for additional 12 hours. The completion of the reaction was monitored using thin layer 

chromatography. Subsequently, the reaction mixture was poured into ice-cold water to 

get the white precipitate. The solid was filtered and dried under vacuum for 10 hours, 

and column chromatography was performed using 15 % ethyl acetate in hexane (v/v) as 

an eluent to get the pure product as white solid. 

(RR)-BrPmDI: 1H NMR (400 MHz, CDCl3, δ): 8.17-8.04 (b, 2H), 5.02 (d, 2H, J = 9.2 

Hz), 3.59 (d, 4H, J = 7.6 Hz), 2.49 (b, 2H), 1.96-1.94 (m, 4H), 1.81-1.78 (m, 2H), 1.57 

(b, 2H), 1.31-1.26 (m, 16H), 0.91-0.85 (m, 12H). 13C NMR (100 MHz, CDCl3, δ): 163.8, 

164.5, 164.4, 138.9, 135.0, 116.8, 115.8, 51.8, 42.7, 38.3, 30.5, 28.9, 28.5, 24.8, 23.9, 

22.9, 14.0, 10.3; Yield = (67 mg) 9 %; Elemental analysis calculated for C42H46Br2N4O8: 

C 56.39, H 5.18, N 6.26; found: C 56.63, H 5.37, N 6.29. MALDI-TOF (DCTB matrix, 

negative mode): m/z calculated for C42H46Br2N4O8: 894.66, found: 894.24 [M]ꜙ. 

(SS)-BrPmDI: 1H NMR (400 MHz, CDCl3, δ): 8.16-8.03 (b, 2H), 5.02 (d, 2H, J = 9.2 

Hz), 3.59 (d, 4H, J = 7.2 Hz), 2.48 (b, 2H), 1.96-1.94 (m, 4H), 1.81-1.78 (m, 2H), 1.57-

1.54 (b, 2H), 1.31-1.26 (m, 16H), 0.91-0.85 (m, 12H). 13C NMR (100 MHz, CDCl3, δ): 

164.9, 164.6, 164.5, 138.9, 134.9, 116.8, 115.8, 51.8, 42.7, 38.3, 34.2, 30.5, 28.5, 24.8, 

23.9, 22.9, 22.4, 14.1, 10.4; Yield = (70 mg) 10 %; Elemental analysis calculated for 

C42H46Br2N4O8: C 56.39, H 5.18, N 6.26; found: C 56.61, H 5.40, N 6.33. MALDI-TOF 

(DCTB matrix, negative mode): m/z calculated for C42H46Br2N4O8: 894.66, found: 

894.06 [M]ꜙ. 

Synthesis of (RR)-Br2PmDI and (SS)-Br2PmDI: Compound 1 (310 mg, 0.83 mmol) 

was taken in a 100 mL round bottom flask and 50 mL of acetic acid was added into it 

and stirred for 15 minutes at room temperature. Either (SS)- or (RR) enantiomers of 
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diaminocyclohexane (45 mg, 0.42 mmol) was mixed with 10 ml acetic acid and added 

drop wise into the reaction mixture and stirred at 110 °C for 3 days. The reaction mixture 

was cooled to room temperature and then 2-ethyl hexyl amine (107 mg, 0.83 mmol) was 

mixed with 10 mL acetic acid and added drop wise into the mixture and stirred at 110 °C 

for 12 hours. The completion of the reaction was monitored by using thin layer 

chromatography. The reaction mixture was poured into ice-cold water to get the white 

precipitate. The solid was filtered and dried under vacuum for 10 hours, and column 

chromatography was performed using 25 % dichloromethane in chloroform (v/v) as an 

eluent to get the pure product as white solid. 

(RR)-Br2PmDI: 1H NMR (400 MHz, CDCl3, δ): 5.03 (d, 2H, J = 10 Hz), 3.59 (d, 4H, J 

= 6.8 Hz), 2.48-2.46 (m, 2H), 1.96-1.93 (m, 4H), 1.80-1.79 (m, 2H), 1.52-1.50 (m, 2H), 

1.30-1.26 (m, 16H), 0.92-0.89 (m, 12H). 13C NMR (CDCl3, 100 MHz), δ (ppm) = 163.6, 

163.1, 136.2, 114.3, 51.9, 42.9, 38.2, 30.5, 29.7, 28.5, 24.8, 23.9, 22.9, 14.0, 10.3; Yield 

= (100 mg) 12 %; Elemental analysis calculated for C42H44Br4N4O8: C 47.93, H 4.21, N 

5.32; found: C 48.13, H 4.35, N 5.63.  MALDI-TOF (DCTB matrix, negative mode): m/z 

calculated for C42H44Br4N4O8: 1051.99, found: 1052.84 [M] ꜙ. 

(SS)-Br2PmDI: 1H NMR (400 MHz, CDCl3, δ): 5.03 (d, 2H, J = 10 Hz), 3.59 (d, 4H, J 

= 7.2 Hz), 2.48-2.46 (m, 2H), 1.96-1.93 (m, 4H), 1.80-1.79 (m, 2H), 1.52-1.50 (m, 2H), 

1.30-1.26 (m, 16H), 0.92-0.88 (m, 12H). 13C NMR (CDCl3, 100 MHz), δ (ppm) = 163.6, 

163.1, 136.2, 114.3, 51.9, 42.9, 38.2, 30.5, 29.7, 28.5, 24.8, 23.9, 22.9, 14.0, 10.3; Yield 

= (95 mg) 11 %; Elemental analysis calculated for C42H44Br4N4O8: C 47.93, H 4.21, N 

5.32; found: C 48.11, H 4.32, N 5.43. MALDI-TOF (DCTB matrix, negative mode): m/z 

calculated for C42H44Br4N4O8: 1051.99, found: 1052.33 [M]ꜙ. 
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Figure 7.1.13. 1H NMR spectrum of (RR)-BrPmDI in CDCl3 at 25 °C. 

 

Figure 7.1.14. 13C NMR spectrum of (RR)-BrPmDI in CDCl3 at 25 °C. 
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Figure 7.1.15. MALDI spectrum of (RR)-BrPmDI in DCTB matrix. 

 

Figure 7.1.16. 1H NMR spectrum of (SS)-BrPmDI in CDCl3 at 25 °C. 



Chapter 7.1                                                                          Circularly Polarized Phosphorescence 

 

 
    268 

 

  

 

Figure 7.1.17. 13C NMR spectrum of (SS)-BrPmDI in CDCl3 at 25 °C. 

 

Figure 7.1.18. MALDI spectrum of (SS)-BrPmDI in DCTB matrix. 
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Figure 7.1.19. 1H NMR spectrum of (RR)-Br2PmDI in CDCl3 at 25 °C. 

 

Figure 7.1.20. 13C NMR spectrum of (RR)-Br2PmDI in CDCl3 at 25 °C. 
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Figure 7.1.21. MALDI spectrum of (RR)-Br2PmDI in DCTB matrix. 

 

Figure 7.1.22. 1H NMR spectrum of (SS)-Br2PmDI in CDCl3 at 25 °C. 
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Figure 7.1.23. 13C NMR spectrum of (RR)-Br2PmDI in CDCl3 at 25 °C. 

 

Figure 7.1.24. MALDI spectrum of (SS)-Br2PmDI in DCTB matrix. 
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Figure 7.1.25. 1H NMR spectrum of BrPmDI in CDCl3 at 25 °C. 

 

Figure 7.1.26. 13C NMR spectrum of BrPmDI in CDCl3 at 25 °C. 
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Figure 7.1.27. APCI-HR-MS spectrum of BrPmDI. 

 

Figure 7.1.28. 1H NMR spectrum of Br2PmDI in CDCl3 at 25 °C. 
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Figure 7.1.29. 13C NMR spectrum of Br2PmDI in CDCl3 at 25 °C. 

 

Figure 7.1.30. APCI-HR-MS spectrum of Br2PmDI.  
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Chapter 7.2 

Circularly Polarized Room Temperature Phosphorescence 

from Charge-Transfer State Via Non-covalent Donor-

Acceptor Approach* 

Abstract 

Achieving phosphorescence from long-lived CT states via intermolecular donor-acceptor 

molecular design is challenging. In this chapter, we are presenting CPP from triplet CT 

state. To realize the CPP from 3CT state, we used a bis-chromophoric molecular design 

with trans-1,2-diaminocyclohexane chiral core and heavy bromo substituted pyromellitic 

diimides phosphor as acceptor and phenyl carbazole as an achiral donor. The resultant, 

solution-processable films exhibit the most efficient CPP emission with high 

phosphorescence quantum yield (~40% in air) and significant luminescence dissymmetry 

factor (|glum| ~ 1.5 x 10-2). We hypothesized that CT-based intermolecular donor-

acceptor molecular design helps us to achieve efficient CPP with high |glum| value.

 

 

 

 

 

*Manuscript based on this work is under preparation. 
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7.2.1. Introduction: 

Efficient circularly polarized luminescence (CPL) materials are important in the 

optoelectronic community due to their several applications in flat panel 3D technology, 

chiral sensing, spintronics, optical imaging, and photoelectric devices.[1] Also, CPL 

emitters are in the front of CP light-emitting diodes (CPLEDs) as they can reduce the 

reflectance from the surrounding without a polarizer and quarter waveplate.[1] However, 

most of the CPL active materials are organometallic lanthanide complexes, as they have 

high luminescence dissymmetry factor (|glum|), due to large the magnitudes of magnetic 

transition moments.[1h,k] Although there are several reports of CPL active small organic 

molecules, most are fluorescence emitters and show low |glum| due to their low magnetic 

and high electric dipole transition moments.[1h] In this regard, scientific community is 

eagerly trying to increase the |glum| value further via different strategies like Up-

conversion,[2a] Förster resonance energy transfer (FRET),[2b-d] and charge-transfer 

(CT)[2e-f] for further advancement of the field. However, triplet harvesters having CPL 

emission is an efficient progress nowadays in the optoelectronic realm as 100 % internal 

quantum efficiency could be achieved theoretically.[3] In this regard, CPL active TADF 

materials are growing very fast; however, most of them are efficient under inert 

conditions, and also, their emission is dominated by prompt fluorescence.[4] Hitherto 

achieving efficient solution-processable organic phosphor is still difficult and is an active 

research area nowadays due to their potential to replace the unstable toxic organometallic 

phosphors.[5,6] However, CPL active purely organic phosphors are rare and seldom 

reported,[7] as they require an elegant molecular design strategy consisting of efficient 

phosphor with a strong chiral induction motif. Although there are a few reports of purely 

organic circularly polarized phosphorescence (CPP), they all suffer from meager 

quantum efficiency and low |glum| value.[7] In this regard, our group made a significant 

contribution to the field of organic phosphors using novel arylene diimides,[8] especially 

pyromellitic diimides.[9] This smallest member of arylene diimide received attention till 

date for being used in electron-deficient semiconductors.[10] Although, we have utilized 

these pyromellitic diimides as efficient triplet harvesters and processable circularly 

polarized phosphorescence (CPP) emitter in PMMA matrix with |glum| of 4x10-3.[9c] 

However, efficient CPP emission with high quantum yield and high |glum| is required to 

advance the field further.  
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This chapter presents efficient CPP emission from a charge-transfer triplet (3CT) 

state with a high |glum| value to alleviate this scenario and we have achieved efficient CT 

phosphorescence with a very high quantum yield of 40 % in air. Further, excited state 

chiroptical properties reveal the highest efficient CPP emitter with |glum| of 1.5x10-2, 

which is the first report of the CPP from the triplet CT state till date. 

7.2.2. Molecular Design: 

  

Figure 7.2.1. Molecular structure of (RR)/(SS)-Br2PmDI (acceptor) and CzPh (donor). 

Recently our group came up with a novel 3CT phosphorescence concept via a non-

covalent donor-acceptor strategy where heavy-atom substituted donor or acceptor is 

essential for significant spin-orbit coupling between singlet and triplet CT state (chapter 

6). To achieve the CPP from the CT state, we have used our bis-chromophoric molecular 

design with trans-1,2-diaminocyclohexane chiral core with heavy bromo substituted 

pyromellitic diimides phosphor ((RR)/(SS)-Br2PmDI) as an acceptor and achiral phenyl 

carbazole (CzPh) as a donor (Figure 7.2.1). We envisage the formation of CT interaction 

between donor and acceptor with significant enhancement of |glum| value by decreasing 

electrical transition dipole moment and increasing magnetic transition dipole 

moment.[2e,f] 

 

 

Acceptor

Donor

Acceptor
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7.2.3. Formation of CT Complex: 

First, we have mixed the donor-acceptor molecules in a 2:1 molar ratio in chloroform, 

and observed a significant color change from a colorless solution of the donor and 

acceptor to brown color of the mixture solution at a very high concentration ([c] = 0.1 

mM) (Figure 7.2.2a). The results indicate mutual CT interaction between donor and 

acceptor. We have further probed the CT interaction by 1H NMR experiments where 

significant up-field shift of the donor aromatic proton was observed, which justifies the 

CT interaction between (RR)-Br2PmDI and CzPh (Figures 7.2.2b,c). However, the CT 

state is non-emissive in nature in the solution state. 

 

Figure 7.2.2. a) Photographs of (RR)-Br2PmDI (A), CzPh (D) and D-A pair in CHCl3. 

b) Molecular structure of D. c) Partial 1H NMR spectra (aromatic region) of D (red line) 

and 2:1 molar ratio of D+A pair (400 MHz, CDCl3) ([c] = 0.1 M). 

7.2.4. Spectroscopic Studies in Thin Films: Formation of 3CT state: 

We have spin-coated the 2:1 molar ratio of D-A on a clean quartz slide to harvest the 

triplets. Interestingly, we observed red-shifted band formation in the excitation spectra 

compared to the individual D and A (D and A doped in the PMMA matrix at very low 

concentration, λmonitored = 500 nm for individual D and A and λmonitored = 600 nm for D-A 

pair) due to the formation of the CT complex (Figure 7.2.3a). Corresponding emission 

spectra show a broad emission band with a maximum of 590 nm (λexc. =340 nm) (Figure 

7.2.3b). The CT nature of the orange emission is proved by the selective excitation at the 
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red-shifted band in the excitation spectra (λexc. =480 nm) that showed the same spectral 

features similar to excitation at the LE band (λexc. =340 nm) (Figure 7.2.3b). Further time-

resolved emission decay experiments showed an average lifetime of 0.88 µs, hinting 

towards the triplet contribution to the emission (λexc. =405 nm, λcollected = 600 nm) (Figure 

7.2.3c). The triplet contribution of the delayed emission is further confirmed by 

performing the emission and lifetime decay measurement in the absence of oxygen 

(Figures 7.2.3c,d). Significant increment of the emission intensity (3.4x fold) and lifetime 

(from 0.88 µs to 1.13 µs) under vacuum compared to air attested triplet contribution to 

the total delayed emission (Figures 7.2.3c,d). However, to understand the delayed nature 

of the emission, we have performed a temperature-dependent study (Figures 7.2.3e,f). 

Intensified emission and prolonged lifetime upon decreasing the temperature suggested 

the phosphorescence nature of the delayed emission (Figures 7.2.3e,f). The formation of 

the CT band in the excitation spectra of the D-A complex assuaged us to investigate the 

CT nature of the orange phosphorescence (3CT) emission. To understand the LE or CT 

phosphorescence nature in detail, we have studied the individual donor and acceptor 

doped in the PMMA matrix at very low concentration (1wt.% with respect to PMMA). 

However, increasing the emission intensity and lifetime upon decreasing the temperature 

for both processable polymer films of donor and acceptor suggests the phosphorescence 

nature of the emission (Figure 7.2.4a-d). Further, the sharp vibrational of the emission 

for both donor and acceptor attested to the LE phosphorescence nature of the emission 

(Figures 7.2.4a,d). It is very interesting to mention here that the phosphorescence 

emission of the donor-acceptor pair is highly red-shifted (λmax. = 590 nm) compared to 

the individual donor (λmax. = 441 nm) and acceptor (λmax. = 500 nm) confirmed the CT 

phosphorescence of the donor-acceptor pair (Figure 7.2.4e). Further, time-resolved 

emission experiments suggest the exclusive formation of the 3CT state in the 

phosphorescence emission as there is no change in the spectral maximum upon time 

evolution (λexc. = 480 nm) (Figure 7.2.4f). The absolute phosphorescence quantum yield 

is measured to be 40 % for the D-A pair. We hypothesize the presence of delayed 

contribution to the total emission due to the proximity of the 1CT and 3CT states (Figures 

7.2.5a,b). It is noteworthy that, when we made a closer look into the temperature-

dependent lifetime decay profile, we found a small TADF emission contribution (Figure 

7.2.5b). There is a decrease in the lifetime decay component upon increasing temperature 

attested to TADF contribution to the total emission (Figure 7.2.5b). A similar 
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phosphorescence emission and lifetime decay was observed for the 2:1 molar ratio of D 

(CzPh)-A ((SS)-Br2PmDI) (Figure 7.2.5c,d). 

 

Figure 7.2.3. 3CT Phosphorescence studies of the A,  D, and A+D pair. a) Normalized 

excitation spectra of individual D and A (λmonitored = 500 nm, 1 wt. % of D and A doped 

PMMA film is used) and A+D pair (λmonitored = 600 nm), which shows the red-shifted band 

for A+D pair compared to individual components suggesting the formation of CT 

complex. b) Steady-state emission spectra of the A+D pair show the highly emissive 

nature upon excited at 340 nm and selective excitation at the CT band (λexc. = 480 nm). 

c) Lifetime decay profiles (λexc. = 405 nm, λcollected = 600 nm) and d) steady-state emission 

spectra (λexc. = 480 nm) and of A+D pair showed intensified lifetime and emission under 

vacuum suggesting triplet contribution to the emission. e) Steady-state emission spectra 

(λexc. = 340 nm) and f) corresponding lifetime decay profiles (λexc. = 405 nm, λcollected = 

600 nm) of A+D pair in different temperatures, suggesting the phosphorescence nature 

of the emission. (For all cases (RR)-Br2PmDI is the A (acceptor)). 

300 400 500
0.0

0.5

1.0

 A

 D

 A+D

In
te

n
s
it

y
 (

a
.u

.)

Wavelength (nm)

400 600 800
0.00

1.40×106
 lexc. = 340 nm

 lexc. = 480 nm

In
te

n
s
it

y
 (

a
.u

.)

Wavelength (nm)

500 600 700 800
0.0

9.0×105

  Air

 Vacuum

In
te

n
s
it

y
 (

a
.u

.)

Wavelength (nm)

0 5 10
100

101

102

103

104

 Air

 Vacuum

 
In

te
n

s
it

y
 (

c
o

u
n

ts
)

Time (ms)

a) b) c)

d)

0 5 10 15
100

101

102

103

104

 20 K

 100 K

 200 K

 250 K

 275 K

 300 K

In
te

n
s
it

y
 (

c
o

u
n

ts
)

Time (ms)

400 500 600 700 800
0.00

4.50×106

 20 K

 100 K

 200 K

 250 K

 275 K

 300 K

In
te

n
s
it

y
 (

a
.u

.)

Wavelength (nm)

e) f)



Chapter 7.2                                                Circularly Polarized Charge-transfer Phosphorescence 

 

 
    287 

 

  

 

Figure 7.2.4. a) Steady-state emission spectra (λexc. = 340 nm) and corresponding b) 

lifetime decay profiles (λexc. = 340 nm, λcollected = 500 nm) of A at different temperatures, 

suggesting the 3LE phosphorescence nature of the emission. c) Delayed emission spectra 

(λexc. = 300 nm, delay time = 0.5 ms) and d) lifetime decay profiles (λexc. = 300 nm, λcollected 

= 430 nm) of D at different temperatures, suggesting the 3LE phosphorescence nature of 

the emission. e) Delayed emission spectra of D, and A alone in PMMA matrix (1 wt.% of 

A doped in PMMA matrix) show 3LE phosphorescence, and A+D in air show 3CT 

phosphorescence (delay time = 0.5 ms for A, D). f) Time-resolved emission spectra upon 

selective excitation at the CT band (λexc. = 405 nm) of A+D pair (For all cases (RR)-

Br2PmDI is the A (acceptor)). 
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Figure 7.2.5. a) Steady-state and gated emission spectra (λexc. = 340 nm, delay time = 50 

μs) of D-A pair. b) Temperature dependent lifetime decay profiles of D-A pair (λexc. = 

405 nm, λcollected = 600 nm) showing TADF contribution. c) Steady-state emission spectra 

of the A ((SS)-BrPmDI)+D pair show the highly emissive nature upon excited at 340 nm 

and selective excitation at the CT band (λexc. = 480 nm). d) Lifetime decay profile of A 

((SS)-Br2PmDI)+D pair (λexc. = 405 nm and λcollected = 600 nm). 

7.2.5. Chiroptical Properties in Thin Films: Circularly Polarized 

Phosphorescence from Charge-transfer State: 

Here we have used chiral heavy-atom substituted bischromophoric PmDIs ((RR)/(SS)-

Br2PmDI) as A and CzPh as a D to achieve CPP emission from the CT state. To 

accomplish that, first, we have established the 3CT phosphorescence nature of the donor-

acceptor pair (Figures 7.2.4, 7.2.5). Next, we have performed circular dichroism (CD) 

study of the of enantiomeric (RR)-/(SS)-BrPmDI (A) and CzPh (D) pair (Figures 

7.2.6a,b). CD spectra showed a mirror image CD signal with a |gCD| of 1.66 x 10-4, 

suggesting the transfer of strong chiral bias from the chiral core (Figure 7.2.6b). Efficient 

phosphorescence from CT state and its potent to give CPP emission by reducing electrical 

transition dipole moment made us more curious to perform chiroptical properties in the 

excited state. Upon executing the chiroptical experiment in the excited state, we have 

observed a mirror image CPL signal with a maximum of 590 nm under ambient 

conditions (λexc. = 340 nm) (Figure 7.2.6). 
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Interestingly, we have achieved a very high CPP efficiency (|glum|) of 0.8 x 10-2 (Figure 

7.2.6b). To increase the |glum| further, we have coated the spin-coated film with polyvinyl 

alcohol (PVA), which reduces oxygen diffusion.[12] We observed that emission intensity 

(3.23x) and lifetime (0.88 µs to 1.00 µs) increases significantly upon PVA coating 

(Figure 7.2.7a,b). We envisaged that PVA coating would help to increase the |glum| value 

further. PVA is known to reduce triplet quenching via restricting the oxygen diffusion.[12] 

As a result, significant enhancement in emission intensity and lifetime was observed 

upon PVA coating (Figure 7.2.7a). Upon performing the CPP experiments with the PVA 

coated film, we observed increment with |glum| value from0.8 x 10-2 to 1.2 x 10-2 (Figures 

7.2.7c). Further, to avoid any macroscopic alignment of the phosphors in thin films, we 

have performed linear dichroism (LD) experiments. The observed results suggest the 

systems have negligible LD contribution to the chiroptical properties (Figure 7.2.6). 

Further rotation-dependent experiments (ϕ = 0⁰, 90⁰ with respect to the direction of 

excitation light) were also performed to rule out the phosphors' macroscopic alignment 

(Figure 7.2.8). It is noteworthy to mention that CPP from purely organic phosphors is the 

systems have negligible LD contribution to the chiroptical properties (Figure 7.2.6). 

Further rotation-dependent experiments (ϕ = 0⁰, 90⁰ with respect to the direction of 

excitation light) were also performed to rule out the phosphors' macroscopic alignment 

(Figure 7.2.8). It is noteworthy to mention that CPP from purely organic phosphors is 

rare and seldom reported, and CPP from charge-transfer triplet state is not reported in the 

literature till now. 
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Figure 7.2.6. a) Absorption and their corresponding mirror image CD, LD spectra, and 

b) CPL, direct current (DC) spectra and dissymmetry factor (|glum|) for the spin-coated 

films of A ((RR)-Br2PmDI/(SS)-Br2PmDI)+D pair. (λexc. = 340 nm, all experiments were 

carried out in air). 

 

Figure 7.2.7. a) Steady-state emission spectra (λexc. = 480 nm) and b) lifetime decay 

profiles (λexc. = 405 nm, λcollected = 600 nm) of A+D pair show intensified emission and 

lifetime upon PVA coating. c) CPL, direct current (DC) spectra and dissymmetry 

factor(|glum|) for the PVA coated films of A ((RR)-Br2PmDI/(SS)-Br2PmDI) + D pair. 

(λexc. = 340 nm, all experiments were carried out in the air). 
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Figure 7.2.8. Direct current (DC), and CPL spectra and plot of dissymmetry factor 

versus wavelength of a) (RR)-Br2PmDI and b) (SS)-Br2PmDI after 90° rotation of the 

film to the direction of light irradiation. 

7.2.6. Conclusions: 

In conclusion, we have achieved room-temperature CT phosphorescence from organic 

donor-acceptor molecules via a non-covalent strategy using chiral heavy atom 

substituted pyromellitic diimide as the acceptor and achiral phenyl carbazole as donors. 

The 1H NMR and detailed spectroscopic studies analyses CT complexation between 

donor and acceptor. Further phosphorescence studies of the individual donor, acceptor, 

and temperature-dependent studies of the donor-acceptor pair reveal the 3CT 

phosphorescence nature of the emission. The well-known excitonic coupling model 

system, i.e., bis-chromophoric molecular design of the acceptor and CT strategy, helped 

us achieve efficient CPP phosphorescence emission for the first time with very high 

luminescence dissymmetry of 1.5x10-2 with excellent phosphorescence quantum yield 

(40 %) in air.  
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7.2.7. Experimental Section: 

7.2.7.1. General Methods: 

Optical Measurements: Electronic absorption spectra were recorded on a Perkin Elmer 

Lambda 900 UV-Vis-NIR spectrometer and emission spectra were recorded on FLS1000 

spectrometer, Edinburgh Instruments. Solution state UV-Vis and emission spectra were 

recorded in 10 mm path length cuvette. Fluorescence spectra of films were recorded in 

front-face geometry to avoid self-absorption. Circular Dichroism (CD) spectra were 

recorded on a Jasco J-815 spectrometer where the sensitivity, time constant and scan rate 

were chosen appropriately. Circularly polarized luminescence (CPL) measurements were 

performed with a Jasco CPL-300 spectrometer. A scanning speed of 50 nm/min, 

excitation slit width of 4000 μM and emission slit width of 4000 μM, integration time 

(D.I.T) of 8 sec, and with multiple spectral accumulations were employed. 

Lifetime Measurements and Quantum yield: Fluorescence lifetimes were performed 

on a Horiba Delta Flex time-correlated single-photon-counting (TCSPC) instrument. A 

340 nm diode and 373 nm, 442 nm laser diode with a pulse repetition rate of 1 MHz were 

used as the light source. The instrument response function (IRF) was collected using a 

scatterer (Ludox AS40 colloidal silica, Sigma-Aldrich). Phosphorescence lifetime (λexc. 

= 340 nm and 430 nm), gated emission and time-resolved excitation and emission were 

measured on FLS1000 spectrometer, Edinburgh Instruments equipped with a micro 

flash-lamp (µF2) set-up. Quantum yields were measured using an integrating sphere in 

the same instrument. 

7.2.7.2. Protocol of Sample Preparation:  

Protocol for sample preparation: All solution state studies were performed, keeping the 

final concentration of the samples 0.1 mM in CHCl3 (1 mM). For the phosphorescence 

studies of the D+A pair, 50 µL of the stock solution was spin coated on a quartz plate. 

For individual D and A thin films, D or A molecules (1 mg) were mixed with 100 mg of 

PMMA. This mixture was then heated at 50 °C for 10 minutes followed by sonication (5 

minutes) to dissolve all the components thoroughly. Then, 0.5 mL of this solution was 

drop-casted on a clean quartz substrate. Finally, the drop-casted thin films were dried at 

60 °C for 30 minutes before performing the photophysical studies.  
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7.2.8. Synthetic Scheme and Procedures: 

The synthetic of the Acceptors is shown in the previous chapter 7.1. and the donor was 

synthesized according to the literature procedures.[9b, 13] 
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